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Abstract

The focus in many fields of research is the generation of materials with adjustable
properties for specific applications. Among porous materials, metal-organic
frameworks (MOFs) have developed over the past 20 years to a material class with
enormous potential. Due to the modular design of MOFs from metal cations and
organic linkers, it is possible to tailor the properties of the resulting extended
frameworks by selecting individual components for the needs of specific
applications. Careful selection of metal ions and organic molecules with functional
groups makes it possible to adjust and influence the pore system, the type of linkage
and the physical and chemical properties of the framework.

In the present work, the main aspect was the preparation of a novel MOF with high
adjustability of its properties, based on light-induced postsynthetic reactions on the
organic linker molecules. The framework is composed of Zr** ion-based oxo clusters
and benzophenone-4,4'-dicarboxylate anions (bzpdc*~) as linker molecules. The
benzophenone unit is able to react with any molecule that contains C-H bonds after
excitation with photons, resulting in a covalent bond. This reaction opens the
possibility of changing the properties of the framework post-synthetically. The novel
Zr-bzpdc MOF is chemically and thermally stable and has a two-dimensional
structure, which opens up the possibility of obtaining nanometer-thin layers through
delamination methods. Further studies have shown that the adaptation of the surface
chemistry by the linkage of molecules has a huge impact on the dispersibility in polar
and nonpolar solvents. Furthermore, the direct polymerization of a conductive
polymer, starting from the surface of the MOF, yields electrically conductive
composite materials. Interestingly, in the course of this study it was found that the
unmodified MOF is also electrically conductive. Furthermore, a systematic study
concerned with the postsynthetic modification of Zr-bzpdc-MOF with alkanes and
alcohols of different chain lengths was undertaken. This showed that small
hydrophilic molecules react with all linker molecules throughout the crystal,
whereas molecules with longer chain lengths and thus more hydrophobic properties
only modify the surface of the MOF crystals.

The so far largely unaccessed approach to employ specific photochemical
modification reactions on the linker molecule the modification of MOFs has been
developed here to upgrade the novel Zr-bzpdc-MOF to an unexpectedly versatile
compound which is further augmented by the possibility to obtain nanosheets of this
substance. Various pathways to adapt this material to specific applications have thus
been opened up.

Keywords: metal-organic  framework, Zr-based MOF, benzophenone,
photochemistry, postsynthetic modification, delamination

I



Kurzfassung

In vielen Bereichen der Forschung liegt der Fokus auf der Erzeugung von Materialien
mit einstellbaren Eigenschaften fiir spezifische Anwendungsgebiete. Unter den
porésen Materialien haben sich in den letzten 20 Jahren Metall-organische
Gertuistverbindungen (metal-organic frameworks: MOFs) zu einer Materialklasse mit
enormem Potenzial entwickelt. Aufgrund des modularen Aufbaus von MOFs aus
Metallkationen und organischen verbriickenden Molekiilen ist es moglich, ihre
Eigenschaften anzupassen, indem einzelne Komponenten fiir den Aufbau der
resultierenden Netzwerke gemafl den Anforderungen spezifischer Anwendungen
ausgewdhlt werden. Die gezielte Auswahl von Metallionen und organischen
Molekiilen mit funktionellen Gruppen ermdglicht es, das Porensystem, die Art der
Verkniipfung und die physikalischen und chemischen Eigenschaften des Geriists
anzupassen und zu beeinflussen.

In der vorliegenden Arbeit lag der Hauptaspekt auf der Herstellung eines neuartigen
MOFs mit variabel einstellbaren Eigenschaften, basierend auf lichtinduzierten
Reaktionen an den organischen Linkermolekiilen. Das Gertiist besteht aus Zr**-
basierten Oxo-Clustern und Benzophenon-4,4'-dicarboxylat-Anionen (bzpdc?") als
Linkermolekiilen. Die Benzophenoneinheit kann nach Anregung mit Photonen mit
jedem Molekiil unter Ausbildung einer kovalenten Bindung reagieren, das C—H-
Bindungen enthailt. Diese Reaktion erdffnet die Moglichkeit, die Eigenschaften des
Geriists postsynthetisch zu verdndern. Der neuartige Zr-bzpdc-MOF ist chemisch
und thermisch stabil und weist eine zweidimensionale Struktur auf, die die
Moglichkeit eroffnet, nanometerdiinne Schichten durch Delaminierungsverfahren
zu gewinnen. Weitere Studien haben gezeigt, dass die Anpassung der
Oberflachenchemie durch die Anbindung von unterschiedlichen Molekiilen einen
groflen Einfluss auf die Dispergierbarkeit in polaren und unpolaren Losungsmitteln
hat. Weiterhin kann durch direkte Polymerisation eines leitfadhigen Polymers von
der Oberflaiche des MOF aus ein elektrisch leitfahiges Kompositmaterial erhalten
werden. Interessanterweise wurde im Verlauf dieser Untersuchungen bemerkt, dass
auch der unmodifizierte Zr-bzpdc-MOF elektrisch leitfahig ist. Darliber hinaus hat
eine systematische Studie der postsynthetischen Modifizierung des Zr-bzpdc-MOF
mit Alkanen und Alkoholen verschiedener Kettenlingen gezeigt, dass kleine,
hydrophile Molekiile mit allen Linkermolekiilen im gesamten Kristall reagieren,
wahrend Molekille mit lingeren Kettenldingen und stdrker hydrophoben
Eigenschaften nur die Oberflaichen der MOF-Kristalle modifizieren.

Der bisher kaum beschrittene Weg, spezifische photochemische Reaktionen des
Linkers zur Modifizierung von MOFs zu nutzen, wurde hier so weit ausgebaut, dass
der neue Zr-bzpdc-MOF zu einer unerwartet vielseitigen Verbindung veredelt
werden konnte, was durch die Moglichkeit zur Herstellung von nanometerdiinnen
Schichten noch verstirkt wird. In diesem Sinne wurden verschiedene Wege
aufgezeigt, dieses Material fiir unterschiedliche Applikationen anzupassen.
Stichworter: Metall-organisches Geriist, Zr-basiert, Benzophenon, Photochemie,
Postsynthetische Modifizierung, Delaminierung
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Introduction

1 Introduction

In materials science, the design of (multi)-functional and advanced materials has
been one of the main tasks for the last years, with challenging current and future
requirements on functional materials for specific applications, e.g. industrial usage
or environmental issues. One of the main goals is to combine required functions and
properties in a novel material with enhanced performances.

However, many classes of materials possess only a limited customizability and a
restricted amenability to further chemical optimization procedures for specific
applications. A class of materials with the potential to overcome this lack is the class
of metal-organic frameworks (MOFs). MOFs have been one of the most investigated
and discussed materials class for the last two decades. Since the first publication of a
coordination polymer with a three-dimensional framework in 1990 by Hoskins and
Robson(!! and later, in 1999, the published structure of a porous zinc terephthalate
framework, the nowadays well-known and widely investigated MOF-5, by Yaghi and
co-workers, many MOFs with targeted properties and diverse structures and
compositions could be generated.[?]

Metal-organic frameworks consist of metal ions or metal oxo clusters which are
coordinated to organic molecules via functional groups like carboxylates resulting in
one- to three-dimensional frameworks. The modular construction of MOFs opens
nearly unlimited possible combinations of metal centers and organic molecules to
adjust the pore shape and dimensions as well as the functionalities. Larger organic
molecules can lead to expanded pore dimensions and additional functional groups
like halide-, amino-, hydroxy- or carboxy-groups to facilitate the equipment of the
framework with specific functionalities. In spite of the various possibilities to adapt
the properties of MOFs, near-term prospects for commercial applications still remain
limited. Major challenges for further applications lie in the limited choice of organic
ligands with sensitive yet desirable functionalities which are not stable under
synthesis conditions of MOFs and also tailoring properties like thermal and chemical
stability of the framework in an appropriate way for specific applications as well as
aspects like shaping.

Some strategies have been developed to alleviate the restrictions of the integration
of specific functionalities. The most intensively investigated one is to modify and
functionalize MOFs via postsynthetic modification (PSM) reactions at functionalities
of the already formed framework. Nowadays, PSM implies different approaches like
linker exchange, postsynthetic metalation or organic reactions at the linker
molecules, whereby the reaction at linker molecules can facilitate a good
combination of processability and versatility.
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The first prerequisite for a permanent and robust adjustment of properties would be
a covalent attachment of molecules to the framework through the linker molecules.
In this work, the linker molecule benzophenone-4,4’-dicarboxylate (bzpdc®”) was
chosen because of the possibility of postsynthetic modifications at the keto group of
the benzophenone moiety. After excitation with light this linker reacts with
practically any compound containing a C-H bond. Few metal-organic frameworks
containing benzophenone-4,4’-dicarboxylate as linker molecule are already reported,
based on copper, zinc and cadmium and lanthanides.3-7] Also AI(IlI)-based
frameworks, CAU-8 and CAU-21 (CAU: Christian-Albrechts-University), are reported
and investigated by Stock and co-workers.[3°1 Further investigations of CAU-8
indicated a possible postsynthetic modification of the framework performed on the
keto group of the linker molecule. Based on the crystal structure, these reactions
always occur throughout the whole pore system.[19]

A prerequisite for a reliable postsynthetic modification at the keto groups of
benzophenone-4,4’-dicarboxylate linker molecules is a high chemical and thermal
stability of the resulting framework. Zr-based MOFs are well-known for their high
chemical and thermal stability making them an appropriate prospect for the
processability in specific postsynthetic modification reactions at the linker molecule
while largely retaining the structural properties, especially the topology, of the
pristine framework. Therefore, in parallel to the work of the group from Kiel we
studied the synthesis system containing Zr** ions and the H2bzpdc linker.

Accordingly, this work focusses on the preparation, characterization and
postsynthetic modification of a novel two-dimensional zirconium-based metal-
organic framework with the photoreactive linker molecule benzophenone-4,4’-
dicarboxylate. A novel Zr-benzophenonedicarboxylate-MOF, short Zr-bzpdc-MOF,
has been successfully synthesized using the synthesis control offered by the
modulation approach, inspired by Kitagawa and co-workers and further developed
in our group,[:12] and resulting in a crystalline material with crystals suitable for
the proposal of a structure model based on single-crystal X-ray diffraction. The
resulting two-dimensional framework crystallizes in an orthorhombic system as
rhombic shaped crystals.

A prominent feature of this novel MOF is based on the two-dimensional structure,
which facilitates delamination of the microcrystals by an ultrasonication approach
to produce sheets with thicknesses of a few nanometers. The accessibility of those
sheets could be interesting for various applications like membranes,[1314]
dielectrics!'®] or as heterostructures!!9 for further applications. The main interesting
feature of this MOF is based on the already mentioned photoreactivity of the linker
molecule and the possibility to form covalent C—C bonds by reactions of C-H bond
containing molecules with photo-excited keto groups. The photoreactive keto groups
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of the benzophenone moieties are exposed at the surface of the largest faces of the
rhombic crystals, facilitating postsynthetic photochemical modifications to regulate

the surface properties.

In several studies it was possible to regulate the hydrophilicity or hydrophobicity of
the framework by postsynthetic modification with simple hydrophilic and
hydrophobic molecules. The direct polymerization reaction of an electrically
conductive polymer at the outer surface resulted in an electrically conductive hybrid
material. A systematic consideration of molecules with different chain lengths and
different polarities gave an insight into preferred postsynthetic modifications at the
outer surface or through the whole crystals. The consequences for the framework
are discussed, building a helpful basis for the handling of other molecules for targeted
adjustments of the properties of the MOF.

The novel Zr-bzpdc-MOF, on the one hand, showed some promising features for
shaping MOFs, like the delamination approaches and the adjustment of the surface
properties; on the other hand it opens the way to a wide range of different
postsynthetic modification reactions with the reported generation of an electrically
conductive composite material and also a facilitating guideline for selective PSM

reactions.
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2  General background

The following chapters deal with an introduction into metal-organic frameworks
(MOFs), their modular composition, properties and peculiarities. Subsequently Zr-
based MOFs are described, followed by an overview of different strategies of
postsynthetic modification reactions and a deeper insight into the photochemical
reactivity of the benzophenone group, which is used as linker basis for the linker
molecule of the novel MOF described in this work.

2.1 Metal-organic frameworks

2.1.1 General principles

Metal-organic frameworks (MOFs), also called porous coordination polymers (PCPs),
are one of the most investigated class of materials in the last decades since O. Yaghi
and co-workers introduced the concept of permanent porous metal-organic
frameworks constructed of organic molecules and metal ions in 1995.[17] Two years
later, Kitagawa and co-workers synthesized porous three-dimensional coordination
polymers as methane storage materials and named them porous coordination
polymers.['8] Yaghi and co-workers published in 1999 the first so-called MOF
synthesis and the structure of MOF-5, a porous framework consisting of zinc oxo
clusters coordinated by terephthalate molecules as organic linker molecules.[?!

In general, metal-organic frameworks consist of metal ions or metal oxo clusters
coordinated by organic linker molecules with two or more coordinating groups
which can connect at least two metal units resulting in one-, two- or three-
dimensionally infinite frameworks. MOFs are well known for their high surface areas
and tunable pore sizes. Besides of these outstanding properties, the hallmark of MOFs
is their structural diversity and the possibility to tailor properties by designing a
target structure with specific metal nodes and linker molecules. That provides
endless possibilities in combinations and captivates the imagination of materials
with perfectly adjusted properties for specific applications!'%2%] including gas storage
and separation,[21-24] catalysis,[?225] biomedicine[2¢-2%] and sensing.[30-33] In the last
years, first commercial attemptsl34 for the application of metal-organic frameworks
started indicating the growth to market-ready class of materials. The main drawback
of MOFs compared to other porous materials, which also hinders the commercial
viability is the lower stability under mechanical, chemical and thermal stress, making
them unusable for some applications. Normally, high stabilities are required but in
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specific cases a precise or continuous degradation can also be an advantage, like in

biomedical applications.

One of the most intensively investigated metal-organic frameworks is MOF-5, a Zn-
terephthalate-MOF, and therefore a suitable example to explain several aspects on
the description and definition of MOFs. The so-called inorganic building unit (IBU)
consists of a central oxygen atom coordinated tetrahedrally by four zinc atoms,
which are also coordinated tetrahedrally by the oxygen atoms of six carboxylate
groups of the terephthalate molecules (Figure 1a). Two IBUs are connected with a
terephthalate molecule through the carboxylates (Figure 1b). The six points of
extension of the IBUs in combination with the linear linker molecule lead to a three-
dimensional framework with a primitive cubic (pcu) topology (Figure 1c). It should
be mentioned that due to the alterning orientation of the linker molecules the
resulting structure of MOF-5 is less symmetrical than this idealized topology. This

results in two types of pores with different dimensions.
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Figure 1. Schematic representation of the construction of a metal-organic framework, here shown by
the example of MOF-5, starting with a) a zinc-oxo-cluster capped by the oxygen atoms of the
carboxylates of the linker (IBU). b) The bridging of two IBUs with a terephthalate molecule (and a
simplified version). c) lllustration of the primitive cubic topology, pcu-net, with simplified polyhedra
(orange) representing the octahedral coordination pattern of the IBU and a straight line representing
the terephthalate molecules.

The term inorganic building unit describes the metal-oxo-cluster including the
oxygen atoms of the carboxylates of the linker molecules and overcomes the
inconsistent terminology of the term secondary building unit (SBU), which was
transferred from zeolites; there, it describes the basic building units with which the
whole zeolite framework can be described. Its use in context of MOF structures does
not take into consideration the majority of the linker molecules, and therefore it
should not be applied to describe the framework of MOFs. To show the diversity of
possible IBUs built up of different metal ions, Figure 2 illustrates some IBUs of well-
investigated MOFs. The geometry of the polyhedra of the different metal-oxo
clusters is generated by taking the metal ions as central atom and the surrounding
oxygen atoms as edges of the polyhedra. For the copper based MOF HKUST-1
(HKUST: Hong Kong University of Science and Technology) with the tritopic linker
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1,3,5-benzenetricarboxylate, this results in two square pyramids of two copper atoms

coordinated by four carboxylates of the linker molecule and two water molecules.[3%]

For the already mentioned MOF-5, the IBU consists of four corner-connected
tetrahedra resulting in a Zn4O basic building unit capped with six carboxylates of the
linker molecules. In case of the zirconium-based MOF UiO-66 (UiO: Universitetet i
Oslo; linker: terephthalate), six edge-connected antiprisms of ZrsO4(OH)s basic
building units are capped with twelve carboxylates of the linker molecules.[3¢]
Besides these examples, many other metal nodes are in focus of research based on
different metals like chromium, aluminum, iron and several other transition metals
or other geometries of the IBUs with different numbers of points of extensions.[’]

c) e Cu
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CUz(Hzo)z(C02)4 Zn4(p.4—O)(C02)6 Zr504(OH)4(COz)12

Figure 2. Scheme of three different IBUs: a) In case of HKUST-133] two copper ions are capped by
four carboxylates of the linker molecules and two water molecules resulting in an IBU consisting of
two square pyramids (green); b) The already mentioned Zn-based IBU, consisting of a Zn4(us-O)
cluster (orange) and the oxygen atoms of the carboxylates of the linker molecules; c) the Zr-based IBU
present in MOFs like UiO-66[%¢] or the Zr-fumarate-MOF,[*®] with six octahedrally arranged zirconium
ions (violet). Hydrogen atoms are not shown for the sake of clarity.

The examples of IBUs based on different metals shown in Figure 2 explains on part
of the diversity of metal-organic frameworks. The other feature ensuring diversity,
the coordination and bridging of these building units by multitopic ligands, further
defines the structural topology by the number of orientation coordination topology
of the linkers and influences the pore metrics as determined by the length of the
linkers. The combination of different IBUs and different linkers result in a large
variety of different frameworks, with their properties depending on both, the IBUs
and the organic ligand.
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Reticular chemistry

One of the main challenges is the construction of crystalline porous frameworks
from molecular building blocks. To facilitate the description of the structural
diversity of MOFs, Yaghi and O’Keeffe extended the original work of Robson and co-
workers(!] to a rational methodology, the so-called reticular chemistry, which is
based on the “node and spacer” approach of Wells and co-workers from 1977,039 used
for zeolite structures. Metal ions serve as nodes and organic ligands as linear spacers
for the unrestricted construction of infinite frameworks. Reticular chemistry is a
methodology to systematically generate series of MOFs with varying pore metrics,
predetermined structures, compositions and properties of the framework by varying
the molecular building blocks.

To describe and organize structures of MOFs, they can be abstracted and simplified
by underlying nets and therefore they can be categorized in different topologies.[*0:41]
The inorganic building units are abstracted as triangles, squares, tetrahedra and
octahedra and therefore can be linked by the linkers into periodic structures. The
most prominent series of this approach is the already mentioned MOF-5 and the
other members of the pcu-net MOFs. MOF-5 has a pcu-net as an underlying
topology, a primitive cubic topology (illustrated in Figure 1c).[*!] The topology and
then the resulting structure depend on the symmetry of the IBU and the number of
points of extensions as well as on the number of connecting sites of the organic linker
molecule.

A deliberate variation of linker molecules, especially their molecular lengths, to
adjust the pore dimensions with regard to the desired application, in combination
with the Zn4O based IBU of MOF-5 results in the same topology, so called isoreticular
metal-organic frameworks (IRMOFs).[*2 Many examples of IRMOFs have been
formulated and published in the last decades in which each member shares the same
primitive cubic topology like MOF-5. The first series of sixteen metal organic
frameworks sharing the same cubic topology as MOF-5 (IRMOF-1) were synthesized
and published by Yaghi and co-workers in 2002.[42] This concept was applied to
several other MOFs to obtain, for example, isoreticular frameworks of HKUST-1 and
UiO-66, respectively. For each of the IBUs (Zn-, Cu- and Zr-based) two isoreticular
MOFs are depicted in Figure 3.
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Figure 3. Scheme of three different examples of reticular chemistry with different pore dimensions
indicated as orange and blue balls. Left: Cu-based IBUs(green polyhedra) coordinated by benzene-
1,3,5-tricarboxylates resulting in HKUST-1139] and by elongating each of the three points of extension
with biphenyl units results in an isoreticular MOF, MOF-399, sharing the underlying tbo-net. Middle:
The well-known MOF-5 (IRMOF-1), built up of Zn-based IBUs (orange polyhedra) coordinated by
terephthalate molecules resulting in a pcu-net. Elongation of the linker results in IRMOF-10 with
larger pores but the same topology. Right: The 12-fold connecting Zr-based IBU (purple polyhedra)
with terephthalate molecules acting as linker results in UiO-66 with an underlying fcu-net. By using
biphenyl dicarboxylate as linker molecule, UiO-67 results, a MOF with larger pores but the same

topology.

In the first case, HKUST-1 and the isoreticular MOF-399 are depicted, which results
by expanding each of the three points of extension of the linker molecule of HKUST-1
with biphenyl units, sharing the same underlying tbo-net but with a ten times
smaller crystallographic density of 0.13 g cm™3.[43]

As derivatives of MOF-5, isoreticular MOFs with the underlying pcu-net but larger
pore dimensions were achieved by using other rigid, linear carboxylates like
biphenyl- or terphenyl-dicarboxylate. Therefore, it is possible to increase the pore
dimensions of the resulting frameworks to 24.8 A (IRMOF-10, Figure 3) and 28.8 A
(IRMOF-16) compared to 12.8 A for MOF-5 (IRMOF-1).42 It is also possible to
generate an isoreticular MOF with a shorter linker molecule and smaller pore
dimensions, when the linker molecules are exchanged for acetylene-dicarboxylates
resulting in the same cubic topology (IRMOF-0).4 In this case, a doubly
interpenetrating structure occurs, originating from the slim rod-like nature of the
linker.

The Zr-based MOF UiO-66 also consists of terephthalic acid as linker molecule but
instead of the 6-fold connecting paddle-wheel Zn-IBUs, 12-fold connecting Zr-IBUs
are coordinated by the ligands. This results in a MOF with a higher density compared
to MOF-5, an increased stability based on the high number of strong zirconium-
oxygen bonds and a different topology; in case of UiO-66, a fcu-net. The elongation
of the linker molecule to a biphenyl dicarboxylate leads to the isoreticular MOF
UiO-67 (Figure 3) with larger pore dimensions with retention of the underlying fcu-
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net. A further elongation of the linker molecule by using unsubstituted
terphenylene-dicarboxylates resulting in a UiO-68 was apparently predicted by
Lillerud but derivatives with further functionalities, which are also increasing the
normally low solubility of the terphenylene-dicarboxylate, were successfully
synthesized with retention of the fcu-net.!2

The generation of isoreticular MOFs with enlarged pore dimensions by the use of
rod-like or very long linkers can result in interpenetrating frameworks. By utilization
of rod-like linker molecules consisting of alternating phenylene (P) and ethylene (E)
units Schaate and co-workers[4°] introduced a novel series of isoreticular MOFs, the
PIZOF series (porous interpenetrated zirconium-organic framework), which shows
two interpenetrating independent networks, each isoreticular to the UiO topology.
Due to the linker molecules and pore dimensions PIZOFs have the potential of a high
chemical versality and the opportunity of tuning the properties by postsynthetic
modifications at the linker molecules. Compared to the UiO series, the PEPEP linker
molecules of the PIZOFs are considerably longer (UiO-66: 6.8 A; PIZOF-2: 20.4 A).
Also, a variety of different functionalities can be introduced into the framework at
the phenylene rings of the linker molecule. Lippke and co-workers!“6! extended the
investigations concerning PIZOFs and have shown that reducing the linker length to
a PEEP motif results in a UiO-type framework with no interpenetration. Compared
to the elongation of the linker molecules by retaining the same topology, it is also
possible to use higher functionalized linker molecules. Isoreticular functionalization
of the framework is possible by using linker molecules with further functionalities
like hydroxy-, amino- or nitro-groups resulting in, for UiO-66 as an example, a series
of isoreticular MOFs with a variety of functionalized pores. On the other hand it is
possible to change the topology and pore size of MOFs by using linker molecules
with different functionalities like in case of the Zr-based MOF NU-903, NU-904 and
NU-1008 (NU: Northwestern University), which are based on the tetratopic linker
molecule 1,2,4,5-tetrakis(4-carboxyphenyl)benzene and two derivatives with additional
functional groups on the central phenylene ring.[47]

Ditopic (e.g. terephthalate), tritopic (e.g. 1,3,5-benzenetricarboxylate) or tetratopic
linkers (e.g. biphenyl-3,3’,5,5’-tetracarboxylate) with a rigid structure are often used
as linker molecules for MOF syntheses. An extended concept to synthesize MOFs
was demonstrated by Cohen and co-workers, where the organic ligand is not a
typical small, rigid molecule for MOF synthesis but is based on flexible polymer
chains with aromatic dicarboxylates in the backbone.[*8] A short overview of some
of the most prominent linker molecules with diverse points of extension (topicity)
and examples of the successfully synthesized crystalline metal-organic frameworks
is shown in Table 1.



General background

Table 1. Overview of a selection of multitopic ligands for MOF syntheses and resulting crystalline MOF

examples.
Topicity Ligand examples MOFs References
MIL-88A (Fell) [49]
-00¢" €00 Ca-/Al-fum (Call, Al [50,51]
Zr-fum (ZrV) [38]
MIL-47 (VIV) [52]
MIL-53 (AL Felll, CrIlL Sl [53-55]
. . COO"
Ditopic /©/ MIL-101 (Cr'T) [56]
ooe MOF-5 (Zn) 2]
Ui0-66 (ZrlV) (36,57]
HO coo
D[ MOF-74 (Mg!L, Co'l, MnTl, etc.) [58-60]
ooc OH
oo HKUST-1 (Culf) [35]
Tritopic /@\ MIL-100 (Felll, CrIIl) [61,62]
©oc coo Zn-btc (Znl) [63]
-00c coo
OA® MIP-200 (Z+™V) [64]
Coo oo
00G coo CPF-1 (Mg") [65]
MOF-505 (Cull) [66]
Tetratopic -00¢ coo NOTT-100 (Cull) [67]

-00C O O O COO"
,‘! NU-1000 (Zr1V) [68]
00C O O CO00

OYQYO PCN-124 (Cul) [69]
Pentatopic 'OOC\©/NH HN\Q/COO' PMOF-3 (Cul!) [70]

coo Coo
coo
ooc O O O coo MOF-892 (Zr1V)
Hexatopic O O O MOF-893 (Zr!) [71]
MOF-894 (In'T)
ooc O (lele}

Octatopic MMPF-10 (Cull) [72]
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The examples of combinations of IBUs and organic multitopic ligands give a hint to
the nearly infinite possibilities of MOF structures modifications to generate a
material with specific properties.

Defective MOFs

In recent years, one important field of research was the targeted creation of defects
in MOFs to introduce new properties to the framework like enhanced catalytical
activity or conductivity.[7>-75] It is possible to distinguish between two methods to
prepare MOFs with defective sites. The first one is the so-called “de novo” synthesis,
also known as modulation approach, originating from the reduction of the
crystallization rate of MOFs to obtain MOFs with higher crystallinity by impacting
the equilibrium of the formation of the framework. The modulation approach is
described in detail in section 2.1.3.

It is possible to introduce defective sites into MOFs by using higher concentrations
of modulating molecules like monocarboxylic acids. Some studies use this approach,
one example given by Ravon and co-workers!’] in 2010, by adding 2-methyl-toluic
acid as modulator to the synthesis of MOF-5. Also the work of Vermoortele and co-
workersl’”] in 2013, the synthesis of a highly defective UiO-66 using trifluoric acid as
modulator, is based on the same approach. In a next step it was possible to remove
the modulator molecules by thermal treatment to generate Lewis acidic unsaturated
sites. A systematical study of the defect generation in UiO-66 by several
monocarboxylic acids is given by Shearer and co-workers in 2016,[78! which showed
that the Brensted acidity of the modulator is correlating with the defect
concentration.

The second approach to generate defective MOFs is based on postsynthetic treatment
methods, introducing defective sites after the synthesis of the MOF. Several
approaches are based on a treatment of the framework with modified linker
molecules or acids like Vermoortele and co-workers used trifluoric acid and
perchloric acid to modify MIL-100 (Fe) to generate additional Brensted acid sites.[”]
The modification of MOFs by replacing or incorporating linker with modified linker
molecules with other functional groups, catalytical active sites or longer linker
molecules is the so-called “solvent-assisted ligand exchange” (SALE)[-82] or by
incorporating new linker molecules is the so-called “solvent-assisted ligand
incorporation” (SALI).[83] SALE is more promising in the modification of stable MOFs
like UiO-66 and SALI is a method appropriate for MOFs with open metal sites for the
postsynthetic coordination of the linker molecules. Other postsynthetic treatments
to generate defects are extensive washing or activation procedures at high

temperatures or ball milling approaches by breaking of a fraction of metal-ligand
bonds.[84-86]

11
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Mixed metal/ mixed linker MOFs

An important field of MOF research in recent years is the combination of not only
one metal source and one linker molecule to construct a metal-organic framework.
Furthermore, approaches that basing on multicomponent systems consisting of
mixed-metal or mixed-linker MOFs to increase the selectivity and activity of MOFs for
specific applications are in focus. Mixed-metal approaches are predominantly interesting
in the field of heterogeneous catalysis especially for cascade or tandem reactions.[87:6]
For a successful preparation of mixed-metal MOFs the use of metals with same coulombic
charge and ionic radius to increase the chance for a homogeneous distribution of the
metals in the resulting framework. Several mixed-metal approaches show promising
results as heterogeneous catalysts, e.g. STU-2 with zinc and copper[®° and CPO-27 with
manganese and cobalt[®! for cyanosilylation of aldehydes or MOF-74 with nickel and
cobalt for the oxidation of cyclohexene.’] Another example is the already
mentioned Zr-based MOF UiO-66.3¢] A mixed metal UiO-66 with varying ratios of
Ce** and Zr** is given by Lammert and co-workers[??! resulting in enhanced thermal
and chemical stability.

Another strategy is the formation of a framework with different linker molecules
with diverse functionalities. One of the first series of mixed-linker MOFs was
reported by Yaghi and co-workers in 2010, where they reported a series of
multivariate MOF-5 type structures with terephthalate molecules with different
functionalities like —-NHz, -NO2, -Br, —-Cl,, —(CH3),, —-C4H4, —(OC3Hs)2 and -
(OC7H7)2.[%] That methodology of the use of linkers with different functionalities
resulting in the same topology is also described for UiO-66 by several research
groups.#%] These approaches are based on derivatives of the originated linker
molecule but it is also possible to use structurally distinct linkers. One aim is the
generation of a well-defined compartment by arranging specific functionalities of
different linker molecules. Telfer and co-workers have shown several MOFs with
mixed multitopic ligands which are geometrically distinct,0-%] e.g. demonstrated
an example of mixed-linker MOF, the MUF-7 (MUF: Massey University Framework)
series,[?] with three topologically distinct linkers resulting in eight isoreticular
frameworks by variation of the functional groups of the different linkers. The first
one, MUF-7a, is shown in Figure 4.

12
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COO- O

MUF-7a [Zn,O(btb),,(bdc),,(bpdc),,]

Figure 4. MUF-7a, a multivariate Zn-based MOF with three different linker molecules, terephthalate
(bdc*), biphenyl-4,4’-dicarboxylate (bpdc?®~) and benzene-1,3,5-tribenzoate (btb*"). The illustration of
the structure highlights the octahedral pore.[*]

One major drawback of one-pot syntheses, often used to build up multivariate MOFs,
is the prerequisite precise adjustment of the synthesis conditions of solvothermal
approaches. Another approach that overcomes this restriction is based on
postsynthetic modifications of MOFs, which is discussed in detail in section 2.3.

MOF composites

For the generation of MOFs with designed properties for specific applications, one
recent topic is the combination of the properties of MOFs with other functional
materials, which results in multifunctional composites/hybrid materials with
superior properties compared to the individual components.[100.101]

MOEF/polymer composites

One of the most investigated class of MOF composites is the integration of MOFs
with polymers for several potential fields of application, above all, for mixed-matrix
membranes[192-105] " also for conductive materials,[1%0197] gas storage and
separation,[10819] bio-imaging!11%111] and as electrodes in dye-sensitized solar cells
(DSSCs).[112] Beside mixing a MOF with a polymer there are two other major
strategies, the first one is to generate MOF/polymer composites by crystallizing a
MOF onto a polymer (MOF@polymer), which has major interest in the field of
biomedicine.[10.113] The second strategy for MOF/polymer composites is the growth
or incorporation of a polymer(11#115] inside or on the surface of a MOF
(polymer@MOF), e.g. for the preparation of electrically conductive
materials.[106.116-118] The direct polymerization initiating on functionalities on the
MOF surface, so-called “grafting-from” approaches, should lead to higher polymer
densities on the MOFs compared to the “grafting-on”[!19] approach, the attachment
of fully formed polymers onto the MOF.[120-122] Recent examples of MOF/polymer
composites are, e.g., the decoration of a MOF with thermoresponsive polymers for a
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switchable controlled drug release,'?*] superhydrophilic/superoleophilic MOF
composites for oil/water separation[!?4] or nylon-MOF composites for the breakdown
of chemical warfare simulants[!?5] which indicates the high diversity of possible
applications. Another possibility to use metal-organic frameworks in combination
with polymers is a templating-approach, where the framework acts as a template
and polymers are synthesized in the pore system to generate ordered polymer
structures.[126:127]

MOFs based on polymeric linker molecules are so-called polyMOFs. They represent
highly crystalline hybrid materials constructed from a soft, flexible and nonporous
organic polymer carrying functionalities acting as linker moieties for the synthesis
of a crystalline metal-organic framework (schematically shown in Figure 5).[48:128-131]

coo
o
o AT v‘
o Zre node = @ .
\- /<>/ _\_/O Lo > ‘
0
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amorphous linear polymer crystalline polymer-MOF hybrid
‘polyMOF

Figure 5. Schematic representation of the synthesis of polyMOFs, polymer-MOF hybrid materials,
based on amorphous linear polymers with dicarboxylate moieties acting as linker, here shown for an
UiO-66 polyMOF (adapted from ref. 128).[128]

MOF/nanoparticle composites

Beside composite materials of MOFs containing polymers, the combination with
nanoparticles is a large field of research. First attempts dealt with nanoparticle
growth on MOF surfaces and vice versa. For purposeful adjustments of particle sizes,
morphology and properties, two strategies were developed. On the one hand the
encapsulation of pre-synthesized nanoparticles followed by the growth of the MOF
around the nanoparticle, like core-shell gold nanorods overgrown with a Zr-based
MOF!32] and on the other hand the growth of nanoparticles within the pores of a pre-
formed MOF.[133] Another approach, which benefits from the ordered framework of
MOFs, is a templating method to synthesize ordered metallic structures like
nanowires within a MOF acting as the template.l!34] In general, several different
approaches are suitable to generate MOF/nanoparticle composites like solid
grinding!13513¢] (e.g. Au@AI-MIL-53),1%] liquid impregnation(*”138] (e.g. Ni@MOF-
5),113] chemical vapor deposition (e.g. Au/Pd/Cu@MOF-5)[14] or double solvent
methods(44142]  (e.g. Pt@MIL-101)14] as well as different encapsulation
approaches.[1¥3144] With these different concepts, several types of nanoparticles can

be used to form MOF/nanoparticle composites, like different metal or metal oxide
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nanoparticles,[14514]  quantum dots, polyoxometalates and non-metal-based
nanoparticles like carbon nanotubes, graphene, fullerenes or silica.l9147]

Beside these major material combinations containing MOFs also other composite
materials are in focus of research, like the fabrication of different metal-organic
framework combinations resulting in core-shell systems. This is an appropriate way
to combine different functionalities of MOFs without affecting the pristine properties
of MOFs itself.l1#®] Two different strategies have emerged as the most promising,
first, the encapsulation of a MOF crystal seed with another MOF with different metal
centers and/or linker molecules in separated regions of the particle. The second
strategy is a postsynthetic treatment by selectively replacing the metal ions or linker
molecules.'*] In recent years it has been shown that MOFs, compared to other
materials like silica, also are an appropriate class of materials to immobilize and
stabilize enzymes without affecting the enzymatic activity. Several different
strategies have been shown to be suitable for the generation of MOF/enzyme
composite materials like encapsulation, surface attachment or covalent linkage and
co-precipitation.[1%)] Also other functional molecules!!51-152] have been used for the
fabrication of MOF composites like organic dyes,[153154] organometallic
compounds[*%®] and biomolecules.[156157] That variety of different strategies and
combinations are appropriate for several applications like catalysis,[1%8] gas
storage,!5%] drug-delivery systems!274%157] and adsorbent materials.[1¢0-161]
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2.1.2 Electrically conductive MOFs

Electrical conductivity, the capacity of a material to transport charges, is a desirable
property in metal-organic frameworks for several applications like sensing, energy
storage or electronics. Naturally, the porous structure of MOFs — generally their
main hallmark — is per se detrimental to electrical conductivity. The general
mechanism of electron or hole transport requires strong and extended overlap
between the valence orbitals; geometric restrictions — as they are observed in nano-
objects, but to which porosity also belongs — reduce this overlap and leads to
localized states. Most MOFs are built of metal centers and ligands with low or zero
concentration of free charge carriers, and the electronic states of both types of
building units are isolated and highly localized.[192] Furthermore, if there are charge
carriers, their mobility is low, with the contact between the two basic building units
often being a further obstacle to charge transport due to non-fitting orbital energies.
An overview of the different strategies to overcome these obstacles and to develop
electrically conductive MOFs is shown in Figure 6. Some of these strategies are
further described below.

Strategies to impart conductivity

Guest-induced

(Nano-)composites

Redoxactive ligands Dopants
e dsbdc redox-active
e hitp e jodine

e hhtp

¢ semiquinoid

Other species
fullerene

polymers (e.g. TCNQ)
metal nanoclusters
metal oxides

Redoxactive metals
o e.g. Fe?*/Fe?*

Other species *

 Ligands supplying free charge
carriers

Figure 6. Different strategies to introduce electrical conductivity into MOFs.[163]
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Intrinsic electrical conductivity

In recent years, different possibilities to introduce electrical conductivity to metal-
organic frameworks were in focus of research as appropriate candidates for
applications in electronics, in sensing of molecules (hydroquinone, catechol, glucose,
etc.), for photovoltaics and catalysis.[163]

The most obvious approach is the synthesis of intrinsic conductive frameworks by
redox-active metal ions which can provide charge carriers; by redox-active linkers
doing the same; and by delocalized m-electrons in conjugated organic linker
molecules allowing for charge transport, also between them through m-stacked
aromatic ligands.[162] Also, adapting the orbital energies between the IBUs and the
linkers can allow for further delocalization of charge carriers or for simplifying
electron/hole hopping processes. The resulting conductivity may - usually in
accordance with the dimensionality of the structure — occur in one, two or three
dimensions; examples being stacked square-planar complexes with suitable linkers
building up a linear coordination polymer,[164] 2D graphene-like MOFs or diverse

three-dimensional frameworks (see below).

In the literature, some examples of MOFs based on metal-ions providing mobile
charge carriers are known. One of the first examples of a 3D conducting MOF was
presented by Kitagawa and coworkers in 2009, the cubic Cu-based MOF Cu[Cu(2,3-
pyrazinedithiolate);] with an electrical conductivity of about 6x10~* S/cm at room
temperature; mixed-valent Cu centers can supply electrons which can be delocalized
over the conjugated linker molecules due to the choice of nitrogen donor functions
(instead of the usual dicarboxylate ones).[1%5] Other MOFs based on the Fell/Fell ions
also led to intrinsic electrically conductive frameworks, e.g. Fe(1,2,3-triazolate); with
an electrical conductivity of about 7.7x1075S/cm,[166]  [(BusN)oFelly(2,5-
dihydroxybenzoquinone)s] with a conductivity of 0.16 S/cm['67] or Fex(2,5-
dihydroxybenzene-1,4-dicarboxylate) and Fez(2,5-disulthydrylbenzene-1,4-
dicarboxylate) with conductivities of 3.2x1077 and 3.9x10° S/cm at room

temperature.[168]

In recent years, 2D graphene-like MOFs have shown the highest values of intrinsic
electrical conductivities of MOFs in combination with a moderate porosity.[1¢°] These
MOFs are based on trigonal linker molecules with phenylenell70171] or
triphenylenel170:172-176] hackbones equipped with hexahydroxy-,[172174] hexamino-
(172.175.176] and hexathiol-moieties,[170171.173] resulting in linker structures which can
exhibit redox activity in analogy to the well-known quinone/hydroquinone redox
pair. Combined with square-planar metal ions (e.g. Cu?*, Co?*, Ni?*, Pt?*) hexagonal
layers could be generated; by stacking the individual layers a one-dimensional pore
system can be formed. The resulting graphene like metal-organic frameworks exhibit
electrical conductivities at room temperature in the range from 2x1073 S/cm up to
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59 S/cml72177] a5 pressed pellets and up to 1580 S/cm in case of thin films of
Cus(benzenehexathiolate)s.[171] Graphene-like MOFs show appropriate properties for
several applications and were already tested as electrodes for sensing, energy storage

in supercapacitors or hydrogen generation.[172178]

Guest-induced electrical conductivity

The doping of MOFs with guest molecules that can inject charge carriers or enable
charge delocalization through the framework could also lead to electrically
conductive MOF materials. Many examples seem to be appropriate to guest-induced
electrical conductivity into MOFs, like redox-active molecules, fullerenes, carbon

nanotubes or conductive polymers.[163]

One approach to introduce electrical conductivity to insulating frameworks is the
infiltration of iodine or tetracyano-quinodimethane (TCNQ). Reported by Zeng and
co-workers in 2010, the doping of the [Zns(lactate)z(4-pyridinebenzoate):]
framework with iodine resulted in an electrically conductive material with values of
about 1.7x107*S/cm up to 3.4x1073 S/cm. Compared to the inherent conductivity of
iodine (7.7x107% S/cm) the increase indicates highly ordered iodine molecules in the
pore channels of the framework, which corresponds to guest-induced
conductivity.[!7] Another example, where iodine acts as a dopant and was used to
oxidize the network, was shown by Allendorf and co-workers who doped the
framework Cu[Ni(pyrazine2,3-dithiolate);] with iodine, which led to a partial
oxidation of the Ni centers enhancing the conductivity to a value of about
1x107* S/cm, compared to the intrinsic conductive framework Cu[Cu(pyrazine2,3-
dithiolate),] with a conductivity of about 1x10-8 S/cm.['8] In case of the redox-active
TCNQ, the coordinated cross-linking of redox-active metal clusters in HKUST-1 is
appropriate to induce electrical conductivity, as developed by Allendorf and co-
workers in 2014, when they doped the insulating MOF HKUST-1 (conductivity of
about 1078 S/cm at room temperature) with TCNQ. The unsaturated Cu-paddlewheel
nodes were coordinated by TCNQ molecules, which cross-linked the Cu-nodes and
enabled a through-bond charge transport with an electrical conductivity of about
0.07 S/cm.[181] Also studies, which dealt with the incorporation of fullerene into the
pores of MOFs, resulted in an increased conductivity, e.g. in case of the Zr-based
MOF NU-901 with an increased conductivity from immeasurably low to 10-3 S/cm.[182]
Another promising strategy to induce guest-based electrical conductivity in MOFs is
to incorporate conductive polymers into the pore system like in case of
polypyrrole@Cd(2,6-naphthalenedicarboxylate)o.s(4-pyridinecarboxylate)]
(1x1073S/cm  compared to 1x107'2S/cm)[83]  or  poly(3,4-ethylenedioxy-
thiophene)@Cr-MIL-101 (1.1x1073 S/cm compared to 1x10~° S/cm).[118]
Another approach to combine metal-organic frameworks with conductive polymers
is the coating of MOF crystals with polymers. One study showed a successful
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preparation of a composite by coating crystals of the metal-organic framework UiO-
66-NH; with the electrically conductive polymer polyaniline (PANI).['¥¢] On the
other way round, it is also possible to crystallize the MOF on electrically conductive
polymer films. One example is the generation of highly conductive films of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) threaded HKUST-1
with electrical conductivity of up to 13 S/cm and a high permanent porosity.[18]
Beside polymers, different carbon modifications like graphene or carbon nanotubes
could also end up in semiconducting materials which are appropriate candidates for
sensing applications. One study by the group of Alkordi, focusses on an approach to
produce a monolithic composite of graphene and the Cu-based MOF HKUST-1. The
crystallization of HKUST-1 crystals on the graphene flakes resulted in a composite
material with a high permanent porosity and an electrical conductivity in the range
of 1078 S/cm up to 1073 S/cm, correlating with the amount of graphene. Another
promising approach was developed by Hendrik A. Schulze from our group, with a
composite material consisting of UiO-66 nanoparticles, that were grown onto the
surface carbon nanotubes, resulting in a highly integrated nanocomposite with
strong intergrowth between the CNT and the MOF nanoparticles. These composites
show a wide range of electrical conductivity, depending on the amount of CNTs
added to the reaction solution, between 107° S/cm (3% CNT) up to 10° S/cm (30%
CNT).[186]

In case of the Zr-bzpdc-MOF, the compound on which this thesis is based, it was
possible to directly polymerize 3,4-ethylenedioxythiophene at the MOF surface
resulting in a hybrid material with an increased electrical conductivity of about
1x1073 S/cm, three orders of magnitude higher compared to the pristine MOF.[187]
Noteworthy is the fact that the pristine Zr-bzpdc-MOF was detected here as another

of the few frameworks which exhibit intrinsic electrical conductivity.

2.1.3 Modulated synthesis

The theoretical combinations of metal centers and organic linker molecules is nearly
infinite, the limiting factor is often the experimental synthesis of crystalline
frameworks — many attempts to combine metal ions with linker molecules just lead
to amorphous materials. One decisive step to overcome this lack was achieved by
Kitagawa and co-workers in 2009 by the addition of monocarboxylic acids like acetic
acid and benzoic acid to the synthesis solution. This approach led to a competition
between a monocarboxylic molecule and the linker molecule in coordination
processes at the IBUs. With this attempt it was possible to synthesize crystalline MOF
nanoparticles with defined shape and size with a solvothermal synthesis approach,
where normally bulk material with just moderate porosity was obtained.!'!] In their
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work, they used acetic acid to compete with the linker molecule resulting in an
anisotropic growth of the framework with a prismatic habitus.

The so-called coordination modulation approach leads to a more controlled crystal
growth due to the competing coordination processes of monocarboxylic modulator
molecules and the linker molecules at the coordination sites of the IBU (Figure 7).

L
b4 X

Figure 7. Schematic representation of modulated synthesis approach. The metal oxo cluster (here
visualized by a Zrs node) is ideally saturated with monocarboxylic modulator molecules and
undergoes a ligand exchange with a linker molecule. This enables the connection between two
clusters by ligand exchange and in a controlled and slow way the formation of a crystalline
framework. Ideally all modulator molecules are exchanges by linker molecules.

Schaate and co-workers adapted the modulation approach to Zr-based MOFs and
introduced a sophisticated way to achieve crystalline materials by adding
monocarboxylic acids like acetic acid or benzoic acid to the reaction solution.[12]
With this approach it was possible to synthesize several highly crystalline Zr-based
metal organic frameworks with distinct particle size and morphology. Also, single
crystals of the Zr-based MOF UiO-68-NH: with 2'-amino-1,1"4',1"-terphenyl-4,4"-
dicarboxylate as linker molecule could be obtained. In recent years, many other
examples are described, where it was possible to synthesize single crystals with the
modulation approach.[*5:188.189]1 Also, first approaches have shown a correlation
between molar ratios of modulator to ligand and the impact of the pKa values of
modulator and ligand and the synthesis of UiO-type Zr/Hf-MOFs.[19]

On the one hand it is possible to generate well-ordered frameworks with usually less
defects or on the other hand defects and cavities can be introduced into the MOF to
enhance the surface area and e.g. the catalytic activity. Wu and co-workers
demonstrated a generation of linker vacancies of UiO-66 by variation of acetic acid
as modulating agent resulting in adjustable Brunauer-Emmett-Teller (BET) areas of
1000 to 1600 cm3-g~1.1191] Another approach is demonstrated by Vermoortele and co-
workers using trifluoric acid and hydrochloric acid as modulators resulting in UiO-
66 with defects and open Zr sites.l””] Hydrochloric acid is in this case an example for
a second modulation beside the coordination modulation approach with competing
molecules. It is also possible to affect the synthesis of MOFs by a modulation based
on protonation and deprotonation of the linker molecules to regulate the
coordination with IBUs. The modulator is not directly competing the coordination
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sites but affecting the protolysis equilibrium and therefore regulates the solubility
and the ability to coordinate on the IBUs of the linker molecule.[192]

In the present study, the modulation approach using formic acid as modulator was
by far the only way to obtain a crystalline and porous metal-organic framework, the
Zr-bzpdc-MOF.U'%] In this case, the modulator does not just act as a competitor to
the linker molecule but also is a component of the framework by partially saturating
the IBU with two formate molecules per IBU and eight-fold connected by linker
molecules. The different repercussions of several modulators and modulator
concentrations on the synthesis of Zr-bzpdc-MOF are shown in section 3.1.

2.2 Zirconium-based metal-organic frameworks

In this chapter zirconium-based metal-organic frameworks, their structural
characteristics and their appropriate properties for several applications are further
described. The advantage of Zr-based MOFs compared to many other MOFs lies in
the high chemical and thermal stability based on the high oxidation state of Zr(IV)
ions with high charge density and bond polarization, which results in a strong
affinity between Zr(IV) ions and carboxylate ligands. Combined with the high degree
of interconnection between the IBUs and linker molecules by the strong zirconium-
oxygen bonds, most Zr-based MOFs are stable in water, under acidic conditions and
in many organic solvents. The comparatively low stability in basic aqueous media is
based on stronger bond formation between hydroxide and Zr(IV) ions compared to
carboxylates resulting in a decomposition of the framework.[194-19]

IBUs based on ZrsOs cores

So far, most of Zr-based MOFs are based on the already mentioned ZrsO4(OH)4
cluster, firstly described in UiO-66,03¢] with different connectivities ranging from 12-
fold down to 6-fold; but in the last years also other Zr-oxo clusters could be observed
in MOFs which are derived from the Zrs core. An overview of the IBUs of several
observed Zr-based MOFs is given in Table 2, with a selection of typical linker
molecules and their resulting frameworks.
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Table 2. Overview of Zr-based MOFs based on the ZrsO4(OH)4 cluster and its variants with selected
examples of corresponding linker molecules.

IBU Connectivity Linker MOF Ref.
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In case of the most investigated Zr-based IBU ZrsO4(OH)4 (Table 2), the six Zr(IV)
centers are octahedrally arranged and capped by four ps3-O and four p3-OH groups
resulting in a square-antiprismatic coordination of the Zr(IV) centers by oxygen
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atoms. In UiO-66, this IBU is connected 12-fold by terephthalate molecules resulting
in a fcu-topology. The same IBU is observed in many other Zr-based MOFs
isoreticular to UiO-66, like Zr-fumarate-MOF, UiO-67, UiO-68, DUT-52 (DUT:
Dresden University of Technology),[18] Zr-squarate-MOF,[1] or PIZOFs (with twofold
interpenetration of two identical isoreticular frameworks),[454] as well as in
frameworks with different topologies and connectivities. With various multitopic
linker molecules and points of extension of six to twelve, the Zrs node can build up
in completely different structures and topologies. One approach, that facilitates Zr-
MOFs with decreased coordination numbers is the modulated synthesis where
monocarboxylic acids are added to the synthesis mixture which compete for the
coordination sites at the IBU. The group of Kaskel published several Zr-based metal-
organic frameworks (designated as DUT-n) where the ZrsO4(OH)4 IBU does not exert
its highest possible number of connections but instead partly carries deprotonated
monocarboxylate ligands of the modulating agent.l'%! In one case, naphthalene-
dicarboxylate was used as linker molecule and the synthesis was modulated with
acetic acid causing different connectivities of the IBUs achieved only by adjusting
the amount of the modulator:[1%] DUT 52 with the maximum 12-fold connection,
DUT-53 (8-fold connected) and DUT-84 (6-fold connected). Other examples of MOFs
with the hexanuclear IBU and decreased connection numbers are DUT-69[18%] with
ten-fold connected IBUs as well as DUT-67,[1891 NU-1000,68] PCN-222[204] and Zr-
bzpdc-MOF,[1%3] all with eight-fold connected IBUs; MOF-808(188] and Zr-calixarene-
MOF!33] can serve as further examples with a six-fold connected IBU.

One example of the topological diversity of Zr-based MOFs is the synthesis of three
different MOFs, namely NU-903, NU-904 and NU-1008, with linkers based on the
tetratopic molecule 1,2,4,5-tetrakis(4-carboxyphenyl)benzene; all these MOFs feature
8-fold connected ZrsO4(OH)s IBUs . With two different derivatives of the linker
molecule (bearing additional functional groups on the central phenylene ring), three
different MOFs with varying topologies are obtained.[*]

Derived from the ZrsO4 core, other Zr-oxo clusters in MOFs were described in recent
years by the groups of Stock[202203] and Dietzel.l!%] In 2016, a novel one-dimensional
Zr-based IBU, consisting of p-OH bridged ZrsO4(OH)4 clusters, was observed in a
MOF obtained from a water-based synthesis. Every unit is coordinated by six 2,5-
pyrazinedicarboxylates resulting in the three-dimensional framework CAU-22. Residual
coordination sites are capped by two formate molecules (formic acid was used as
modulator) and H,O/OH".[203] In 2017, the first Zr-based dodecanuclear cluster
Zr1208(OH)14 was reported in the MOF Zrio-tpdc based on triphenyldicarboxylate
(tpdc®) as linker.[201] Tt is the first Zr-based IBU where two Zre cores are bridged by
six hydroxide groups. In 2018, CAU-39 with the same dodecanuclear IBU was
reported, based on the linker 4,4’-azopyridine-dicarboxylate. The IBU of CAU-39 is
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coordinated by twelve linker molecules resulting in a two-dimensional structure.[202]
A similar dodecanuclear core was published in a metal-organic framework, based on
a dimeric (Zrs)2 core bridged by four acetate molecules resulting in the formula
{[Zrs04(OH)4]2(CH3COO)4}. For the synthesis of a metal-organic framework the
cluster {[ZrsO4(OH)4]2(CH3COO)24} was used in combination with the tritopic linker
tris(4-carboxyphenyl) phosphine (Hstpp), and it was possible to exchange several
acetate molecules with the linker molecule resulting in a two-dimensional
framework with the formula [Zr1208(OH)s(CH3COO)1s(tpp)2]-4 CH;COOH
‘n solvent.['%] Such Zr-based clusters, bridged by carboxylates, have been
investigated and described before as molecular compounds with several
monocarboxylates like acetates, propionates or methacrylates.[205]

Various other Zr-based IBUs

In recent years, MOFs with other Zr-oxo clusters, besides those based on the Zrs core,
have been obtained. The different IBUs are shown in Table 3 with examples of some
corresponding MOFs.

Table 3. Overview of Zr-based MOFs based on other clusters than the ZrsO4OH)s with selected
examples of corresponding linker molecules.

IBU Linker MOF Ref.
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The simplest Zr-based IBU is an octahedral ZrOg core. This IBU was observed in Zr-
phosphonate MOFs with various phosphonate linker molecules like 1,3,5-tris(4-
phosphonophenyl)benzene resulting in a honeycomblike layered structure with
large pores but no permanent porosity. The structure consist of a central ZrOg core
connected with two equivalent terminal ZrOs cores via twelve bidentate and
monodentate POsC tetrahedra.[?06] With the linker molecule 24,6-tris(4-
(phosphonomethyl)phenyl)-1,3,5-triazine, the microcrystalline MOF UPG-1 (UPG:
University of Perugia) was synthesized, containing a one-dimensional chain of ZrOg
polyhedra coordinated by six POsC groups, one bidentate and four monodentate.[20]

A  MOF called PCN-221 with the formula Zrs(us-O)s(OH)s(tetrakis(4-
carboxyphenyl)porphyrin)s has been reported by the group of Zhou. Its structure
was assumed to contain a novel ZrsOg cluster. In other MOFs, this IBU could not be
observed so far. The structure refinement resulted in rather high Ri/wR: values
(0.192/0.436); it could not be reproduced in our group and the existence of this IBU
appears doubtful.[210]

Besides of the ZrsO4 core, a popular example of Zr-based IBUs is the one-dimensional
Zr(p3-0)304 chain, observed in the MIL-140 (MIL: Materials Institut Lavoisiers) MOF
series, firstly reported 2012. In the 1D chains, the Zr ions are coordinated by three
u3-oxo groups and four carboxylate oxygen atoms from the linker molecules. Each
one-dimensional chain is interlinked with six other chains via dicarboxylate linker
molecules. The MIL-140 MOF series starts with the corresponding terephthalate
MOF (MIL-140A) and proceeds via 2,6-naphthalenedicarboxylate (MIL-140B) and
4,4’-biphenyldicarboxylate (MIL-140C) up to 3,3’-dichloro-4,4’-azobenzene-
dicarboxylate (MIL-140D).[207]

Zr-based MOFs with IBUs based on ZrOs coordination geometry showing one-
dimensional structures and were reported by Devic and co-workers. The first
example, MIL-153, is based on pyrogallate as linker molecule which is coordinating
two Zr atoms resulting in edge-sharing ZrOsg polyhedra. In case of MIL-154, based on
gallate and salicylate linker molecules, zirconium is coordination by three gallate
ligands via five oxygen atoms, two carboxylates of salicylate and one solvent
molecule.[28]  Another example for this one-dimensional IBU composed of ZrOs

cores is MIL-163 containing a bis-1,2,3-trioxobenzene ligand.[21]

Two-dimensional Zr-based MOFs

The first Zr-based MOF with a two-dimensional structure was DUT-84, obtained
using linear 2,6-naphtalenedicarboxylate as linker molecule and high amounts of acetic
acid as modulator (compared to DUT-53 and DUT-54 which were produced with lower
modulator concentration and exhibit three-dimensional structures), features a double-
layer structure where the ZrsOs cores are coordinated by six linker molecules.[1%8]
Another 2D Zr-based MOF was reported by Matzger and co-workers. UMCM-309a
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was obtained with 1,3,5-tris(4-carboxyphenyl)benzene as linker molecule and HCl as
modulating agent. It consists of ZrsO4(OH)4 IBUs coordinated by six linker molecules
resulting in a 2D-layered framework.l?12] D’Alessandro and co-workers firstly
reported a two-dimensional Zr-based MOF based on monocarboxylates as linker
molecules. The edges of the ZrsO4(OH)4 IBU are capped by eight formate molecules
and the resulting clusters are bridged via the residual open sites by eight formate
molecules resulting in 2D layers, which are further stacked to a 3D structure.
Zr-bzpdc-MOF:

Inspired by the high chemical and thermal stability of UiO-type MOFs and other Zr-
based MOFs, we constructed a two-dimensional Zr-based MOF with separated
photoreactive benzophenone moieties in a rigid and stable framework which
provides a good accessibility of guest molecules to the reactive keto groups.
Photochemical PSM reactions therefore allow a good adjustment of its properties.[193]
The structure consists of ZrsO4(OH)4 IBUs coordinated by eight benzophenone-4,4’-
dicarboxylate (bzpdc®~) molecules as bridging ligands and is partially saturated by
two formate molecules, formic acid was used as modulating agent. A structure model
of the resulting framework is shown in Figure 7.

Figure 7. Model for the crystal structure of the Zr-bzpdc-MOF. Two ZrsO4(OH)4 IBUs are birdged by
two linker molecules (left); this leads to a structure with rhombic shaped pore entrances to the one-

dimensioanl pores (pore diameter of about 6.5 A), as seen along the c-axis (middle); the view along
the a axis shows the AB stacking of the layers (right).

The amenability to generate delaminated nanosheets of Zr-bzpdc-MOF has been
described by us.[13] The photochemical reactivity of the benzophenone groups has
been studied in great detail. It opens the road for a variety of modifications with
which this MOF can be adapted to the envisaged application. Further details
regarding the synthesis, properties and postsynthetic treatments are described in the
main part of this thesis in sections 3.1 — 3.3 and in the corresponding Supporting
Information (see sections 5.1 — 5.3).

In recent years, two-dimensional MOF nanosheets as they can also be obtained from the
Zr-bzpdc-MOF, are in focus of many research groups with regard to their properties like
large surface areas combined with small particle thickness, which make them appropriate
candidates for several applications (e.g. sensing, catalysis, sensors, electronics or
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biomedicine). Strategies to generate nanosheets are based on two main approaches - the
bottom-up (interfacial synthesis, three-layer synthesis, surfactant-assisted synthesis,
modulated synthesis, and sonication synthesis) and top-down methods (sonication,
mechanical exfoliation, as well as intercalation and chemical exfoliation).[21]

2.3 Postsynthetic modification

The hybrid nature of metal-organic frameworks offers special opportunities for the
further adaptation of their properties to intended applications, much more so than
with other solid materials. Especially the organic part opens a wide range of
strategies for tailoring the properties in ways not feasible for purely inorganic
materials. In principle, the whole arsenal of organic reactions can be applied to the
linkers of the framework once it has formed, i.e. post-synthetically, provided the
backbone is stable under the reaction conditions.

Each year, many novel MOFs are described and MOF structures are discovered.
However, the preparation of highly functionalized MOFs with labile or sophisticated
organic linker molecules, which may, for example, not be thermally or chemically
stable enough to withstand the MOF synthesis conditions or are not soluble in the
required solvent for MOF syntheses; also, such linkers may contain functional groups
that are liable to coordinate to metal ions and could thus interfere with the MOF
formation process. Such restrictions can be overcome by postsynthetic modification
(PSM) reactions, for which different strategies are described further in the following
section. PSM reactions have become an important and active field of study and
represent promising tools for the preparation and derivatization of metal-organic
frameworks; in this way, they add a diverse range of functionalities to MOFs to
enhance their physical and chemical properties.[14%:214]

2.3.1 General strategies

Different approaches have been elaborated to generate highly functionalized MOFs.
The most obvious approach is of course a presynthetic treatment by modifying
organic linker molecules with required functionalities and to prepare the metal-
organic framework afterwards. This presynthetic modification is often not
appropriate due to limited stability of functional groups or insufficient solubility of
highly functionalized organic molecules, or due to reactions with solvents under the
synthetic conditions for MOFs. Nevertheless, this presynthetic modification could
lead to functionalized MOFs by incorporating simple functionalities like —Br, —-NHo,
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-CH; and other functionalities in many MOFs like IRMOFs or MIL-53(Fe)
series. [42.215.216]

Various strategies have been described to modify MOFs in a postsynthetic manner
in order to overcome these restrictions imposed upon the direct synthesis and to
reliably alter chemical and physical properties. Also, the modification of a framework
which has already been prepared and characterized may be a more clever approach
as compared to an odyssey of experiments in search for the synthetic access to a
material containing an elaborate linker. Postsynthetic modification reactions can
affect both, the metal ions and the organic components, of MOFs, by maintaining the
stability and topology of the framework and introducing highly labile and
sophisticated functionalities to the framework.

The modification strategies concerning the linker molecules in a postsynthetic
manner are postsynthetic reactions at reactive moieties at the linker molecules as
well as linker exchange, linker insertion or deprotection of functionalities. A more
recent strategy, the postsynthetic polymerization at MOF moieties, opens further

methods to equip metal-organic frameworks with valuable functionalities (Figure 8).

Presynthetic | Postsynthetic Postsynthetic Postsynthetic Postsynthetic Postsynthetic
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Figure 8. Schematic description of different postsynthetic strategies, compared to a presynthetic
modification, to introduce environmental changes in the framework. IBUs are simplified as orange
spheres, ligand struds as grey rods and novel functionalities as blue squares or green strands (adapted
from ref. 141).114%]

The concept of postsynthetic modification was first predicted in 1990 by Robson and
co-workers!!] with following formulation:

“Relatively unimpeded migration of species throughout the lattice may allow chemical
functionalization of the rods subsequent to the construction of the framework.”[!]

It took nearly 10 years to convert the concept to experimental studies, which were
made by Kim and co-workers in 1999,[217] where they have shown alkylation
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reactions in MOFs. First descriptions of postsynthetic modifications in a manner with
focus on the chemical alteration of MOFs were shown by Wang and Cohen in 2007
with the reaction of IRMOF-3 with acetic anhydride. IRMOF-3 consist of a derivative
of the terephthalate, the 2-aminoterephthalate as linker molecule which enables the
reaction with acetic anhydride and anhydrides with longer alkyl chains resulting in
a progressing decrease in porosity with increasing chain length.[2!8] An overview of
possible postsynthetic modifications and deprotections at a single MOF was reported
in 2016 by Yaghi and co-workers at an isoreticular derivative of the well-known
MOF-74 with tert-butyloxycarbonyl-protected (Boc group) amines performing seven
separate postsynthetic reactions like deprotection of Boc-protected amines and
peptide couplings without affecting the crystallinity of the framework.[21%] In recent
years many research groups, like Hupp,[?20] Long,[?21] Yaghil?22] and Cohenl?23:224]
focused on postsynthetic modification reactions to add diverse functionalities to the
framework ending up in highly functionalized materials.[!4214] Also, many studies
of postsynthetic exchange or insertion of linker molecules are described in literature
adding a wide range of functionalities to MOFs.

Postsynthetic exchange and insertion

Postsynthetic exchange (Figure 8) is one of the most explored field of postsynthetic
reactions based on the kinetics of metal-linker bonds.[?2°] Under certain conditions
the completely formed MOF undergoes either an exchange of metal ions at the IBUs
or at additional binding sites at the linker, an early example reported by Kim and co-
workers[226] and mechanistic studies reported by Dinca and co-workers.[227228] The
exchange of linker molecules, also known as the already mentioned solvent-assisted
linker exchange (SALE),[8!] was reported by Choe and co-workers in 2011.[22°] Farha
and co-workers reported a combination of metal- and linker-exchange reactions in
the same MOF, that shows the high potential of this method to introduce novel
functionalities to already formed MOFs.[230] Compared to the linker exchange, the
insertion of novel linker molecules to the framework by coordinating to vacant sites
at the IBUs is known as the so-called solvent-assisted linker insertion (SALI).[#3] Due
to this opportunity, it is possible to build-up three-dimensional frameworks out of

two-dimensional ones.[231:232]

Postsynthetic polymerization

A recent method to transform MOFs into MOF-polymer composites or polymer
materials is based on postsynthetic polymerization. The MOF can be used as template
to crosslink a MOF lattice resulting in a polymer monolith based on click chemistry
of azide groups at the linker molecules and alkynes resulting in a highly crosslinked
MOF lattice, as reported by Sada and co-workers.[?33] A study by Queen and co-
workers showed the possibility to enhance the stability of diverse MOFs (HKUST-1,
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UiO-66, Mg-MOF-74, MIL-100) in aqueous media under acidic and basic conditions
by modifying the MOFs with dopamine followed by a Michael addition with
hydrophobic molecules.[234] The first report regarding postsynthetic polymerization
of metal-organic polyhedras (MOPs) was shown by Choe and co-workers in 2017 by
crosslinking MOPs via condensation reactions with flexible organic molecules
resulting in a series of crystalline and porous cross-linked MOPs.[235]

Another promising approach to generate highly functionalized MOFs with polymers
by polymerization techniques is to start from active sites on the MOF. One of the
first examples of those so-called grafting-from reactions at MOFs was shown by
Matzger and co-workers in 2015,[120] where they encapsulated a MOF crystal (core-
shell system IRMOF-3@MOF-5) within a polymer by atom transfer radical
polymerization (ATRP) within a poly(methyl methacrylate) (PMMA) polymer
coating. In a comparable manner, Wang and co-workers presented the modification
of UiO-66-NH: crystals with methacrylic anhydride and a subsequent
photopolymerization of the terminal olefin groups of the MOF with butyl
methacrylate and a photoinitiator resulting in a polymer film to produce a flexible
membrane.[122] Cohen and co-workers generated a nylon-MOF composite by
covalently incorporating UiO-66-NHz into the growing polymer nylon-6,6, resulting
in a material appropriate for the breakdown of a chemical warfare simulant.[125]
Postsynthetic polymerizations and especially grafting-from approaches are
combining the crystalline and amorphous materials with covalent bonds and may
find the way into applicable materials with unique properties.

2.3.2 PSM of Zr-based MOF

Zr-based MOFs gained attention due to the their high chemical and thermal
stability[194-196] and therefore the opportunity of different postsynthetic modification
reactions to introduce various functional moieties. These properties make Zr-based
MOFs appropriate candidates for applications like gas or liquid storage and
separation, catalysis, sensing or biomedical applications. In particular, plenty of
studies are described for postsynthetic modification of Zr-based MOFs with various
emphases. The majority of postsynthetic modifications at Zr-based MOFs are based
so far on functional groups at the linker molecules like amino-groups in UiO-66-NH>
and e.g. catalyst-free aza-Michael addition reactions.[9236] One of the most
investigated strategies of PSM reactions in general, the linker exchange, were also
examined for Zr-based MOFs, firstly described by Cohen and co-workers. They
demonstrated the exchange of linker molecules in UiO-66[2"] and in further studies
the incorporation of a molecular proton reduction catalyst by linker exchange into
UiO-66[238] or a urethane formation in UiO-68 with 2-hydroxymethyl groups at the
linker molecules,[?3°] just to mention some approaches of linker exchange reactions
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at Zr-based MOFs.[240] So far, ligand exchange was focused on the exchange of the
linker molecules of the MOF but can also be performed on vacant sites of defective
MOFs. It is possible to exchange monocarboxylates with other
monocarboxylates,[?!] phosphonates, 3] phosphinates[242] or sulfates(243] or the
compensation of missing metal clusters.[?#4] Beside the classical PSM approaches that
affect the whole framework several studies focused on the surface functionalization.
One approach deals with a PEGylation of Zr-fumarate-MOF as drug delivery system
with a biocompatible shell of polyethylene glycol, loaded with dichloroacetate, which

is a promising material for selective cancer cytotoxicity.[245.24¢]

2.3.3 Photoreactivity in MOFs

In recent years, many examples of MOFs, which are responsive to irradiation, are
described.[?#7] Some studies focused on different energy transfer pathways in MOFs
like ligand-to-ligand (fulleretic MOFs containing fullerene-1248] or corannulenel24] -
based linkers), metal-to-metal (4,4’-bipyridine-based MOF doped with Eu3* and
Tb3+),1250] ligand-to-metal (Eu- or Th-based MOFs)251] and guest-to-MOF transfers
(incorporation of o,w,-dihexylsexithiophene (DH6T) and [6,6]phenyl-Csi-butyric
acid methyl ester (PCBM) into MOF-177).[252] Other fields of research deal with
photocatalytically active MOFs like several Ti-based MOFs (e.g. MIL-125 for alcohol
oxidation)[233254] or Fe-based MOFs (MIL-100 and MIL-68 as photocatalysts for
selective benzene hydroxylation),[255] metalloligands in Ru- and Ir-MOFs!25¢] or
metallated porphyrins in In- and Sn-MOFs.[257258] In 2016, Cohen and co-workers
reported a postsynthetic modification strategy based on photocatalysis of
2,2,2-trifluoro-ethylation of styrenes by Ir(Ill) polypyridyl complexes into UiO-
67.1259] A broad field of application for photocatalytically active MOFs is the
purification of water.[260]

Another approach to generate photoresponsive MOFs is to incorporate
photochromic compounds into the MOF, as a guest molecule, as backbone of the
MOF or as a side group of the linker molecule. Many approaches are based on
spiropyran-, diarylethene- and azobenzene-based compounds. These compounds are
able to switch between two states and, in consequence, affecting the properties of
the MOF by, e.g. selectively control of the adsorption behavior,[2¢!] the controlled
release of molecules[262-2641 or a photo-induced degradation of the framework
combined with a drug release.l?6] Beside photocatalytical reactions and photo-
switchable molecules, a recent topic is the use of photoreactive groups at the linker
molecule of MOFs. One example is a reversible solid-state 2+2 cycloaddition of well-
aligned linker molecules, 1,4-bis[2-(4’-pyridyl)ethenyl]benzene, in a double-pillared
MOF.[266,267]
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Another strategy to equip MOFs with further functionalities based on photochemical
processes is the already mentioned grafting-from method, the direct polymerization
of polymer chains initiated at the MOF surface. A first example of photoinduced
postsynthetic polymerization reactions at MOFs was described by Wang and co-
workers by using nanosized UiO-66-NHz, functionalized with polymerizable
methacrylic anhydride and a subsequent polymerization with butyl methacrylatel122]
or a study by Dong and co-workers also based on UiO-66-NH: and polymerizations
of methyl methacrylate (MMA), styrene or 2- isopropenyl-2-oxazoline at the MOF
surface.[268]

Another concept, which can be adapted to MOFs, is based on C-H bond
transformation reactions and hydrogen abstractions by aryl ketones. Common

molecules to undergo those reactions are shown in Figure 9.126]

St ot oo & op of

Acetophenone Isopropyl thioxanthone Benzophenone Binaphthyl ketone Anthraquinone Phthalimide

Figure 9. Several aryl ketones used for C-H bond transformation reactions.

The Al-based MOF CAU-8,18] based on benzophenone-4,4’-dicarboxylate as linker
molecule, showed promising results in photochemical reactivity and indicated a
possible postsynthetic modification of the framework performed on the keto groups
of the linker molecule.[1] Based on the crystal structure, these reactions can occur
within the pore system. A PSM in a similar way should be possible in case of CAU-
21,1 another three-dimensional Al-based MOF with the same linker molecule but
with a different crystal structure compared to CAU-8, but also with the keto groups
pointing in the pore system.

The 2D Zr-bzpdc-MOF, discussed in this work, opens, with the photoreactive
benzophenone moieties, the possibility of postsynthetic modification reactions and
adaption of properties. First studies have shown promising results by adjusting
properties like dispersibility in nonpolar solvents[!®3] or the generation of a
conductive material by polymerizing a conductive polymer!!87] from the surface of
the MOF through photochemical reactions on the linker molecules by maintaining
the porosity. These are two promising approaches to adapt the properties for further

applications.
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2.4 Benzophenone

Photochemical excitation to generate radicals is based on the absorption of photons.
The excitation of a molecule and a thereto relating promotion of an electron is
possible when the difference in energy between the excited state and ground state
corresponds to the energy of the photon. In general, photochemistry are chemical
effects and reactions due to the absorption of photons from UV-, visible or IR-
radiation. There are several effects of photons on matter, in this context, the work
concentrates on the photochemical generation of radicals.

Photochemically based reactions provide several advantages compared to thermally
activated processes. Variations of intensity, location and duration of the irradiation
can control the reactions. One of the most prominent examples for photochemically
reactive substances is benzophenone, which has been widely used in
photopolymerization reactions and photoinduced hydrogen atom transfer,
prerequisite for free-radical related processes like radical polymerization or radical
coupling-based molecular conjugation.[270]

2.4.1 Photochemistry of benzophenone

The photochemical properties of benzophenone are well known for several decades
through many studies.[?1-277] By inducing photons to benzophenone and its
derivatives, the keto group promotes to a singlet diradicaloid leading to a formation
of a triplet biradical and by hydrogen abstraction in presence of a molecule
containing C-H bonds the formation of a ketyl radical. Hydrogen abstraction by
triplet carbonyl compounds has been extensively studied for bimolecular and
intramolecular mechanisms. The reaction mechanisms in case of benzophenone are
shown in Figure 10.

Figure 10. Photoexcitation of benzophenone and subsequently reactions with C-H bond containing

molecules, water, oxygen and recombination to benzpinacol.
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The hydrogen abstraction leads to a stabilized ketyl radical through completing the
half-filled orbital of the ketyl oxygen. The resulting ketyl radical can react with other
radical species like hydrogen atom donors or dimerize with a second ketyl radical
resulting in a benzpinacol. The reaction with oxygen could lead to the formation of
hyperoxide radicals and hydrogen peroxide reclaiming benzophenone, which shows
that the reactivity in presence of oxygen is given.[?’l] In presence of water the
photoexcited benzophenone, so far formulated for the ketyl radical cation, can react
with OH~ ions resulting in a hydroxylation and an OH adduct formation at the
benzene rings.[274275]

Molecules containing carbonyl groups like formaldehyde or acetone show m-m*
absorption at about 180 nm wavelength (absorption maxima of m-7* transition
predictable for o,B-unsaturated carbonyl compounds with Woodward’s rules)[278]
and a weaker n-n* absorption at 300 nm. The absorption is increased and shifts to
higher wavelengths by conjugation with m-electrons from double bonds or benzene
rings, e.g. in case of aryl ketones like benzophenone.[279:280]

Absorption of UV irradiation (A~365 nm) to benzophenone leads to an electronic
transition from the nonbonding n-orbital of oxygen to the antibonding m*-orbital of
the carbonyl group which is separated from the m-x* transition. The resulting triplet
state, starting from the singlet state, is responsible for hydrogen abstraction from
C-H bonds. The corresponding Jablonski diagram is shown in Figure 11.

AE

S, (m,m*) —— — 100 kcal mol™

ISC

— 74 kcal mol™

L~ 69 kcal mol™

St (n,mt*)

0
Figure 11. Jablonski diagram of benzophenone(?3!] with electronic states (S1, Sz, T1, T2) and transitions
with internal conversion (IC), intersystem crossing (ISC), fluorescence (F) and phosphorescence (P).

The irradiation of benzophenone with wavelengths of about 365 nm causes an
excitement of ground state (So) to a singlet state (S1) that undergoes intersystem
crossing (ISC) to the triplet state Ts, in accordance to El Sayed’s rule,[282] in a much
higher rate than fluorescence (F).[281] The triplet lifetime of benzophenone is about
7.7x1073 5.[283] Under continuous irradiation, the formation of biradicaloid molecules
in triplet state n-n* (T1) occurs. The biradical is able to abstract a hydrogen atom
from C-H bond containing molecules like aliphatic compounds resulting in the
formation of the ketyl radical (see Figure 10). In case of benzophenone, the solvent
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polarity has no influence on the rate constant for hydrogen abstraction. It is also
possible to induce the transition from the bonding m-orbital to the antibonding
n*-orbital of the carbonyl group with a wavelength of about 250 nm (Sz). The weaker
n-nt* absorption is based on the poor overlap of the p-orbital with the nt* orbital.[284]
The possible triplet states are shown in Figure 12.

o' o] o~ o
-0
n-m* n-n* n-m*
charge transfer

Figure 12. Triplet states for benzophenone with the most reactive n—-n* state and the w-7* states with

the charge transfer state, which is poorly reactive.[28]

The photochemical reactivity of benzophenone is depending on substituents and the
solvent. The m-n* triplet state with a higher energy level (Figure 11, T2) can be
inverted in energy by substituents with electron donating functionalities like
amino-[286] or hydroxy-groups[?®%] resulting in the more preferable lower energy
state. That would lead to a stabilization of the charge transfer state shown in
Figure 12 and a less electrophilic and reactive compound. In case of ortho-substituted
benzophenone derivatives, the reactivity is lowered by intramolecular hydrogen
abstraction.[287,288]

The solvent plays a significant role for the photochemical reactivity of benzophenone
derivatives, like in case of p-aminobenzophenonel28] with different reactivities in
2-propanol and cyclohexane. The polarity of 2-propanol causes an inversion in
energy of the m—n™ triplet state preventing reactions of p-aminobenzophenone. In
cyclohexane the n-m* triplet state is more favored, resulting in a reactive
p-aminobenzophenone.[288]

2.4.2 Photoinduced reactions of benzophenone

In general, benzophenone shows high photochemical reactivity and is extensively
used for different photoinduced reactions. The properties of benzophenone open
different photoinduced reactions to generate covalent bonds.

In the field of biochemistry, benzophenone could be used to label photoaffinity
probes with the advantage that the low excitation energy for benzophenone
(A~365 nm) does not damage sensitive molecules like proteins.[?3] In polymer
systems, benzophenone can act both as photo-initiator and for photo-grafting
reactions. Based on the biradicaloid character of the n-m* triplet state,
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photopolymerization of vinyl monomers or acrylates (with a co-initiator) are
accessible.[26%]

Prucker and co-workers introduced a covalent modification of surfaces with polymer
thin layers and monolayers by functionalizing them with benzophenone groups
acting as anchor groups for several polymers.[27329] It is also possible that the radical
formation in polymers, initiated by benzophenone, could lead to chain-scission and
a resulting photodegradation.[2%] Polymers containing benzophenone moieties are
also appropriate candidates to generate surface attached films, hydrogels and
biomedical coatings,[?!] or micro-devices[??2 and also as photo-initiator to induce
cross-linking of polymers.[2%3]

The photochemical properties of the keto group of benzophenone derivatives are
making the benzophenone moiety to an appropriate system for the usage as a linker
molecule in metal-organic frameworks, to postsynthetically modify the MOF and
adjust properties for specific applications. The wide range of postsynthetically
applicable molecules and strategies shows the high potential of this construction.
The first Al-based MOF CAU-8 based on benzophenone-4,4’-dicarboxylate as linker,
showed promising results concerning postsynthetic modifications of the MOF based
on the benzophenone moieties of the linker, but, based on the three dimensional
crystal structure and the keto groups pointing into the pore system, these reactions
always occur within the pore system and also could lead to a loss of porosity.!1% The
wide range of postsynthetically applicable molecules to covalently bind to the
benzophenone group and strategies shows the high potential of this construction.
The novel Zr-bzpdc-MOF with the two-dimensional structure opens the generation
of thin sheets with thicknesses in nm-range. In case of Zr-bzpdc-MOF, the keto
groups pointing out at the largest surface of the rhombic shaped crystals should be
directly accessible, which opens a wide range of different postsynthetic
modifications of the surface or the whole crystal depending on the molecule. The
separate studies concerning synthesis, characterization, delamination and several
postsynthetic modification reactions are depicted in the next sections.
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Preface

In this study, the synthesis and characterization of a novel two-dimensional Zr-based
metal-organic framework, which offers the possibility for postsynthetic
photochemical modification at the linker molecule benzophenone-4,4’-dicarboxylic
acid (Hzbzpdc), is presented. The material had once been obtained by Dr. Gesa Zahn
from our group but was not investigated in detail. Its synthesis, including the
preparation of single crystals, and thorough characterization were investigated in
depth by the author. The crystal structure model established by Dr. Andreas Schaate
shows that the Zr-bzpdc-MOF is built up from 2D-layers; therefore, the delamination
of the crystals for the preparation of thin sheets was investigated using a variety of
methods. Finally, first studies on the photochemistry of the Zr-bzpdc-MOF were
carried out.

The synthetic requirements for the generation of the Zr-bzpdc-MOF were studied
using the modulation approach, with variation of amount and type of modulator
(formic acid, acetic acid, propionic acid), precursor equivalents, temperature and
reaction duration. The only way to successfully synthesize a crystalline and porous
material consisting of Zr-based IBUs and bzpdc ligands was the modulated synthesis
with formic acid, which also acts as a coordinating molecule partially saturating the
IBUs of the final framework. Single crystals of the Zr-bzpdc-MOF were modified
postsynthetically based on the intrinsic photochemical reactivity of the
benzophenone moiety with C-H bond containing molecules. In this way, the surface
properties of the MOF crystals (e.g. dispersibility in different solvents) can be
changed drastically. Zr-bzpdc-MOF crystals were dispersed in polyethylene glycol
300 and decane and irradiated under inert conditions resulting in yellowish products
indicating a successful reaction. The MOF itself as well as the sample modified with
PEG show hydrophilic characteristics. However, the sample modified with decane
leads to a hydrophobic material.

Based on the 2D layered structure, the Zr-bzpdc-MOF also offers the possibility of
delamination which leads to thin sheets of the material of only few nanometers
thicknesses. The Zr-bzpdc-MOF sheets obtained by delamination have thicknesses of
2-10 nm, measured with atomic force microscopy by Benedict Brechtken and
Johannes C. Rode under supervision of Prof. Dr. Rolf. J. Haug from the Institute for
Solid State Physics of the Leibniz University Hannover. Delamination and adaptation
of the surface chemistry open up novel ways for shaping MOFs, e.g. for the
incorporation into polymer composites, and pave the way for various applications.
The electron microscopic images were obtained by Dawid P. Warwas (TEM),
Hendrik A. Schulze and Dr. Bastian Hoppe (SEM). Dr. Michael Wiebcke performed
the X-ray diffraction measurements. NMR spectra were supplied from the service
unit of the Institute for Organic Chemistry of the Leibniz University Hannover.

51



Results and discussion

Prof. Dr. Peter Behrens and Dr. Andreas Schaate guided this study. The author of this
thesis wrote the initial manuscript which was refined in cooperation with Prof. Dr.
Peter Behrens.

52



Results and discussion

Delamination and Photochemical Modification of a Novel Two-
Dimensional Zr-Based Metal-Organic Framework

Alexander Mohmeyer, Andreas Schaate, Benedikt Brechtken, Johannes C. Rode,
Dawid P. Warwas, Gesa Zahn, Rolf J. Haug and Peter Behrens

Abstract

In this contribution we present a
novel two-dimensional Zr-based
metal-organic framework which
offers the possibility for delamination
and postsynthetic photochemical

modification at the linker molecule

derived from benzophenone-4,4’- 5

dicarboxylic acid (H2bzpdc). The new 00\0‘&0 Jr
Zr-bzpdc-MOF  crystallizes in the

orthorhombic system as crystals with “.e,&a‘» P
rhombic shape. The structure was T

determined from  single-crystal _ g ;ﬁ&:‘,
diffraction data. The MOF is stable up e
to 300 °C in air and exhibits a moderate BET surface area of 650 m? g-!. The material
can be obtained as thin sheets of a few nanometer thickness. Single crystals were
modified postsynthetically exploiting the intrinsic reactivity of the benzophenone
group with C-H bond containing molecules. In this way, the surface properties of
the MOF crystals (e.g. dispersibility in different solvents) can be changed drastically.
Delamination and adaptation of the surface chemistry open up novel ways for
shaping MOFs, e.g. for the incorporation into polymer composites, and pave the way
for various applications.

Introduction

Metal-organic frameworks (MOFs), also known as porous coordination polymers,
have been extensively studied during the last two decades as one of the most
promising porous materials. Especially the possibility to combine different metal
cations as nodes with organic molecules as linkers to tailor properties like surface
area, pore size, pore dimensions, but also thermal stability, chemical stability and

functionality, is a great advantage in comparison to other materials.[!-3] This variety
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of properties enables a wide range of possible applications(*! like catalysis, ]
sensing,[*! gas storage and separation,®! drug delivery systems[¢! or imaging.[67] The
properties of MOFs can further be modified by postsynthetic modification. This is
usually performed on specific functionalities of the organic linker molecules like
amino, alkyne, azide or halide groups, by click chemistry or directly at the inorganic
building unit. [8]

In spite of the various possibilities to adapt the properties of MOFs, near-term
prospects for commercial applications remain limited. Only a few MOFs are already
commercially available and have been integrated in applications.[!?] Major blocks on
the road to further applications lie in the lacking processability of typical MOF
substances, consisting of powders of brittle microcrystals. Ways to circumvent this
issue have been summarized under the term “shaping”, which involves the
processing into various forms or constructions which are suitable for applications.[]
One prerequisite for many of these shaping procedures is the availability of well-
defined (nano-)crystals of uniform size and shape. For some MOFs, the modulation
approach has proven as an effective means to provide these features.[!2-14] Another
prerequisite for efficient processing, e.g. for designed dispersibility in different
solvents, for control of aggregation properties or for tailored interactions with
polymers, is the adaptation of the surface chemistry of MOFs, including properties
like polarity, hydrophobicity/hydrophilicity or surface charge.['] Surface
modification has, for example, been achieved by the adsorption of polymers which,
however, may detach from the surface. A covalent attachment of molecules to
surface-standing linker molecules would be more reliable.

In this study the linker benzophenone-4,4’-dicarboxylic acid (H2bzpdc) (Figure 1) was
chosen due to the possibility for postsynthetic modification at the photoreactive keto
group. The first metal-organic framework reported in the literature containing this
linker molecule is CAU-8 with AI** as metal cation.l!617] Further investigations
indicated a possible postsynthetic modification of the framework performed on the
keto group of the linker molecule.[1¢]

O

HOOH

@) O

Figure 1. Benzophenone-4,4’-dicarboxylic acid used as linker molecule for the synthesis of Zr-bzpdc-
MOF.

In this contribution we report the synthesis of the new metal-organic framework
(Zrs04(OH)s(HCOz2)2(bzpdc)s) at gram scale-and introduce two interesting features of
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this material which are of relevance for further processing. The choice of zirconium
for the metal centres is caused by the high thermal and chemical stability of many
Zr-based MOFs, which is a basic requirement for many applications.!'8! The approach
we used to synthesize the metal-organic framework was the modulated synthesis
procedure, consisting in adding monocarboxylic acids like formic acid or benzoic
acid to the synthesis solution, in many cases the only way to reliably obtain
crystalline Zr-based metal-organic frameworks.!1213.19] The first feature of interest is
based on the two-dimensional structure and the resulting possibility to delaminate
microcrystals of the material into extended sheets with a thickness of only few
nanometers down to monolayers. The accessibility of such sheets could lead to
interesting properties for applications like membranes,[?] dielectrics?!] or two-
dimensional heterostructures.!?2] The second feature is related to the benzophenone
keto group of the linker molecule, which can form a biradical when exposed to UV
light. This reactive form of the linker is able to react with any molecule containing
C-H bonds, resulting in the formation of stable covalent C—C bonds.[?324] According
to the structure of the Zr-bzpdc-MOF, these keto groups are exposed at the surface
of the largest faces of the crystals, thus allowing for efficient and stable postsynthetic
photochemical modification for regulating the surface properties.

Results and Discussion

Synthesis

The modulation approach,!'2! here employing formic acid as modulator, was used to
generate crystalline Zr-bzpdc-MOF. The MOF was obtained in the
Zr*/Habzpdc/formic acid/DMF/H20 system by systematic parameter variation of
reactant molar ratios, concentration, temperature and duration of synthesis
(Supporting Information). As shown exemplarily in Figure 2, the parameter space for
the formation of this MOF is quite restricted, affording concentrations of the
modulator between 100 and 200 eq and reaction times longer than 24 h. Another
porous unknown phase was obtained when a combination of formic acid and sodium
formate is used as modulator (Supporting Information). Noteworthy, experiments
with other modulators like acetic acid, propionic acid and benzoic acid were carried
out but did not lead to a crystalline material (Supporting Information). In addition to
the concentration of the modulator formic acid, the reaction temperature and the
reaction time are important parameters in the synthesis of the novel Zr-bzpdc-MOF.
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Figure 2. Variation of the synthesis parameters concentration of modulator formic acid and reaction
time (reaction temperature T = 120 °C). Highly crystalline Zr-bzpdc-MOF was obtained in the green
region.

The PXRD patterns assembled in Figure 3 display the structural evolution of the Zr-
bzpdc-MOF with increasing amount of formic acid. As is often observed, [1213] small
amounts of modulator lead to non-crystalline products or samples with low
crystallinity. Only for products obtained with formic acid concentrations larger than
100 eq, distinct reflections on a low scattering background can be observed. Figure 3
also displays the theoretical reflections which were calculated on the basis of the
crystal structure determination. Noteworthy, the PXRD of the sample prepared with
100 eq FA shows only one (weak) reflection at ca. 7° whereas for samples prepared
with higher modulator concentrations, two peaks are observed in this region of the
diffractogram. This may indicate the presence of a minor impurity in those samples
or to slight variations in the structure of samples which were prepared with different

amounts of modulator.

150 eq FA

___JM 200 eq FA
JIN
I

100 eq FA]

___J\’\M 70 eq FA
AN 50 eq FA

~__//\\\_,\ﬁ§¥ 30 eq FA

0 eqFA
(110) | (111) g
0 . simulated

10 15 20 25 30
20/ °

Figure 3. Influence of modulator concentration on reaction product. PXRD patterns of synthesis
products prepared with different amounts of formic acid added to the synthesis solution (synthesis
temperature: 120 °C, synthesis duration: 24 h); simulated XRD pattern based on crystal structural data
are given in red.

I/ a.u.

(6
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Scanning electron microscopy corroborates the distinction between the sample
prepared with 100 eq of FA and samples prepared with higher modulator
concentrations, as morphological differences between the crystals formed can be
observed. The sample synthesized with 100 eq formic acid consists of rhombic
crystals which exhibit a platelet morphology (Figure 4, left), in agreement with the
layered structure of the Zr-bzpdc-MOF (see below). The synthesis with 200 eq of
formic acid leads to more isometric crystals with a clearly distinct morphology
(Figure 4, right). All results described below therefore refer to samples synthesized
with a modulator amount of 100 eq, except for the crystal structure determination.

Figure 4. SEM micrographs of the products of syntheses of Zr-bzpdc-MOF carried out in the presence
of (a,c) 100 eq and (b,d) 200 eq of modulator formic acid. Note the different morphologies of the
crystals. A single crystal like the one shown in ¢) was used for single crystal structure determination.

Crystal structure model

Several suitable single crystals (Figure 4a) were selected from syntheses with 100 eq
formic acid (FA) as modulator and were measured on the single-crystal
diffractometer. The structure determination was difficult due to the small thickness
of the rhombic shaped crystals of about 5-10 uym. Further information about the
crystal structure investigation and evaluation is presented in the Supporting
Information.
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Despite of the difficulties, it was possible to derive a reasonable crystal structure
model of the Zr-bzpdc-MOF in an orthorhombic crystal system with the space group
Cmcem and lattice parameters of a=29.86 A, b=19.25 A, ¢=19.40 A. Several views of
the crystal structure are shown in Figure 5.

The structure consists of ZrsO4(OH)4 octahedra which are typical of many structures
of Zr-based MOFs and can be up to twelvefold coordinated. Here, these inorganic
building units (IBUs) are eightfold coordinated by linker molecules. IBUs and linkers
span a two-dimensional rhombic structure. The proposed structure and further data
(TGA, NMR, see below) indicate that of the eight remaining coordination sites, six
are capped with hydroxyl groups and two sites are coordinated by formate
molecules. The basic motif of the structure is a building block within which two IBUs
are bridged through two linker molecules via their carboxylate groups. The periodic
connection in the ab-plane results in a two-dimensional rhombic grid. The distance
between two IBUs in the basis thombus is ca. 18 A, the internal angle of the rhombus
is 114.4°. Such rhombic layers are stacked along the c direction. The layers are
interlocked with each other so that the keto groups point into hollow regions of the
next layer. The AB stacking of the rhombic layers generates one-dimensional pore
channels with rthombic shape with a diameter of about 8 A. There are no linker
molecules interconnecting the IBUs of different layers with each other. Note that the
internal angle of the basic rhombus (114.4°) fits very well with the angle observed on
the rhombic-shaped microcrystals of around 115° (Figure 5). In high-resolution TEM
images, lattice planes are observable. Their distance of about 15 A matches half of
the lattice constant b with about 14.93 A (Figure 5); also, lattice planes producing an
angle of 114.8° can be observed. These observations further corroborate the
correctness of the crystal structure model. In the structure described, each IBU is
coordinated by eight linker molecules. The IBU, however, offers twelve ligand sites.
The structure investigation does not allow any conclusions to be drawn about the
situation at the remaining four ligand sites. However, additional investigations

described below yield a reasonably complete view of the structure.
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Figure 5. Crystal structure model of the Zr-bzpdc-MOF. Top left: unit cell. Top centre: two IBUs and
their interconnection. Top right: view of the crystal structure along the a axis; the stacking of the
two-dimensional layers and the shape of a pore along the c axis are indicated (yellow channel). Bottom
left: view of the crystal structure along the ¢ axis showing an A and a B layer which span a rhombic
substructure, characteristic dimensions of which are given; the elliptical shape of the pores in the a-
b-plane can be seen. Bottom right: the TEM image with the corresponding diffraction pattern as inset
reveals distances characteristic of the rhombic layer substructure.

Chemical stability, thermal properties and composition

The Zr-bzpdc-MOF is hydrolytically stable in acidic and basic media. Only under
harsh conditions (pH<3 or pH>11), structural collapse occurs (further information is
given in Supporting Information).

The thermal behaviour of the Zr-bzpdc-MOF was investigated via TGA/DTA
(Figure 6, left) and temperature-dependent X-ray diffraction (TD-XRD, Figure 6,
right). The TD-XRD shows a decrease of crystallinity at 300 °C whereas the
thermogravimetric measurement shows a major mass loss only above a temperature
of ca. 400 °C, indicating that the framework of the Zr-bzpdc-MOF collapses before its
components are combusted. Assuming that the first mass loss of 21.8% up to 400 °C
is due to the removal of guest molecules, the decomposition of the framework
delivers a mass loss of 62.5% and an inorganic residue (ZrO3) of 37.5%. This does not
agree with a formula ZrsO4(OH)s(bzpdc)s (calculated contents: linker: 60.8%; residue:
39.2%), but very well with the composition ZrsO4(OH)s(HCO2)2(bzpdc)4 (linker: 62.8%;
residue: 37.2%), which contains formate ligands.
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Figure 6. top: Thermogravimetric analysis of Zr-bzpdc-MOF; bottom: temperature-dependent powder
X-ray diffraction.

To further confirm the presence of formate anions in the crystal structure of the Zr-
bzpdc-MOF, a sample of the MOF was dissolved and 'H NMR spectra were recorded
on the solution. The signal of the H-COOH proton of formic acid could be clearly
observed (Supporting Information). Quantitative evaluation agrees with a molar
ratio of 2:1 of linker molecules related to formic acid. Based on these results, the
coordination of two formate molecules per IBU in the framework appears very likely.
This incorporation of formate molecules into the framework necessitates the
modulation of the synthesis with formic acid, and can explain the finding that in the
presence of other modulators, like the often-used acetic acid or benzoic acid, the
crystallization of the Zr-bzpdc-MOF could not be observed. Closer inspection of the
crystal structure reveals that the space where the formate molecules are located is
limited and does not offer enough space for larger ligands. Combining the results
from X-ray crystallography, thermogravimetry and 'H NMR spectroscopy, the
idealized chemical composition of the Zr-bzpdc-MOF is formulated as
Zr604(OH)6(HCOz)2(bzpdc)4.

In the TD-XRD experiment, no loss of crystallinity and no structural changes are
observed below 250 °C. At 300 °C, the 111 reflection disappears and the first two
reflections (110, 200) shift slightly to larger angles (see Supporting Information).
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These observations indicate the loss of defined interlayer relations and of three-
dimensional order at elevated temperatures; also, a slight relaxation of the in-plane
structure of the two-dimensional layers can be discerned.

Physisorption properties

250 >
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? 150
(82}
£
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Figure 7. Physisorption isotherm measured with Ar at 87 K.

A physisorption measurement at 87 K with argon as adsorbate (Figure 7) shows a
type I(a) isotherm, typical for microporous materials with relatively small amount of
external surface and mainly narrow micropores (<1 nm). The MOF exhibits a
moderate porosity with a BET area of about 650 m?-g~1. The pore volume is about
0.5 cm3-g~1. Analysis of the pore size distribution (Supporting Information) gives an
indication of micropores <1 nm but at such small pore sizes, no meaningful results
for the pore size distribution can be derived from Ar sorption.

Delamination

The pronounced layered nature of the structure of Zr-bzpdc-MOF and the
observation that the interactions between the layers can be partly overcome by
increasing the temperature indicate that it might be possible to delaminate Zr-bzpdc-
MOFs into individual layers or very thin platelets and to generate dispersions of the
resulting nanoobjects which would be very interesting with regard to shaping MOFs
for specific applications. Therefore, we carried out attempts to delaminate the Zr-
bzpdc-MOF. The best result was obtained by ultrasonication of the MOF first directly
in the mother liquor and subsequently in 2-propanol for several hours. SEM and TEM
images of the delaminated Zr-bzpdc-MOF are shown in Figure 8.
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Figure 8. a,c) SEM images of delaminated sheets of Zr-bzpdc-MOF on a Cu grid; b,d) TEM images of
the same sample. Right: PXRD patterns of Zr-bzpdc-MOF as-synthesized compared with a
delaminated sample; inset: region of the 002 reflection (enlarged TEM and SEM images in Supporting
Information).

Thin rhombic shaped crystals with diameters of about 5 to 50 um could be observed
in the SEM images. The rough copper surface of the carrier material is visible through
the particles, which indicates a thickness of maximally a few layers of the MOF. TEM
images also show single sheets with diameters in the pm range and, globally, rhombic
shape. Note that the platelets often do not show sharp edges, but exhibit
corrugations. In some cases, it appears that the edges have rolled up (arrows). The
regular difference in contrast observed on superimposed sheets (numbered as 1, 2, 3,
4 in Figure 8d) indicates that layers with identical thickness have stacked on top of
each other, suggesting that in fact Zr-bzpdc-MOF monolayers (or AB-stacked
bilayers) are present. However, it was not possible to extract height information from
these data. PXRD patterns still show many reflections resembling those of the three-
dimensional crystalline Zr-bzpdc-MOF, proving that basic structural motifs are still
present. However, the 002 reflection is not visible anymore after delamination,
suggesting the loss of crystallinity in the third dimension, i.e. the stacking of the
layers. This together with the observations in the SEM and TEM images indicates the
successful delamination of the Zr-bzpdc-MOF into thin sheets or even monolayers.

In order to determine the thickness of the sheets we conducted AFM measurements
on samples which were prepared by dip-coating silica-terminated Si-wafers from the
isopropanolic suspension of the delaminated Zr-bzpdc-MOF (Figure 9). The particles
which were found by AFM have thicknesses of 2-10 nm and thus consist of two to a
few monolayers. Larger particles present steps on their facets (Figure 9) with heights
of ca. 0.9 nm, in good agreement with the thickness of an individual layer as observed
in the crystal structure of the Zr-bzpdc-MOF. Also, isolated particles with a thickness
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of 2 nm are observable. This corresponds to particles consisting of bilayers, i.e. two

monolayers.
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Figure 9. AFM measurements of Zr-bzpdc-MOF. Top: thin particle with stepped faces at the edges;
height determinations are provided for two different facets. Bottom: Isolated thin sheet with height
determination at two different positions.

In summary, the delamination of Zr-bzpdc-MOF by ultrasonication in isopropanol
leads to thin sheets made up of one to a few (ca. <10) Zr-bzpdc-MOF layers and with

diameters of several pm.

Postsynthetic modification

The photoreactive keto group of benzophenone-4,4’-dicarboxylate is able to form
covalent bonds upon irradiation with UV light with any substance containing a C-
H bond.[?324] The mechanism is schematically shown in Figure 10. For the intended
post-synthetic modification of the Zr-bzpdc-MOF at the photoreactive keto groups
of the linker molecules, accessibility and low steric hindrance of these groups is a
prerequisite. In the crystal structure, the keto groups are directed orthogonally to the
ab-plane and thus are available for photochemical reactions at the outer surface of
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the particles (Figure 10). For monolayers, all keto groups should be accessible for
postsynthetic modifications (PSMs).

o
o o
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x

24 h hv @365 nm
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stirring

a) in PEG300
b) in decane k

Figure 10. Top: Schematic mechanism for the photoreaction of the keto group of Hybzpdc: formation
of a ketyl radical and, subsequently, of a covalent bond with any substance containing a C-H bond.[23]
Bottom: Scheme depicting the photochemical postsynthetic modification of the outer surfaces of Zr-
bzpdc-MOF crystals.

Baldovi et all'%] had already shown the photochemical reactivity of the keto group
in CAU-8 with acetonitrile and ethanol. In the present study, PEG300 and decane
were chosen as reactants for model reactions to demonstrate the accessibility of the
keto groups at the outer surface for large molecules and the possible postsynthetic
modification of the surface. Surface functionalization with PEG300 should lend the
crystals a hydrophilic character, whereas decane should lead to hydrophobisation of
the particle surface.

Suspensions of the MOF in the neat polymer or alkane were irradiated with UV light.
During the reaction, the mixtures were purged with argon, because oxygen
molecules present could otherwise quench the ketyl radicals, thus preventing the
reaction with the C—H bonds of the reactant. The photochemically treated sample
was dried under reduced pressure and analyzed with infrared spectroscopy and
physisorption measurements. As a control, the MOF and the reactants were treated
for the same time under equivalent conditions, but without UV irradiation. Upon
starting the irradiation of the MOF suspensions, the colour of the suspensions
changed from slightly yellow to green-bluish, which is an indication for ketyl radical
formation. After 24 hours irradiation the colour of the suspension and of the
resulting solid changed to yellow. IR spectra and physisorption measurements
indicate a successful covalent attachment of PEG300 and decane at the Zr-bzpdc-
MOF particles (Figure 11). In addition, the properties imparted by the surface
modification were visualized by the distribution of the particles in hydrophilic and
hydrophobic solvents (Figure 11).
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Figure 11. Characterisation of Zr-bzpdc-MOF (blue) and postsynthetically modified samples, with
decane (red) and PEG300 (green). Top left: PXRD patterns show no differences in crystallinity. Top
right: IR spectra of the postsynthetically treated samples show characteristic C-H valence vibration
bands in the region between 2800-3000 cm!. Bottom left: Nitrogen physisorption measurements
show that a moderate porosity is still accessible after PSM. Bottom right: The Zr-bzpdc-MOF and its
postsynthetically modified derivatives exposed to a water/decane two-phase system; Zr-bzpdc-MOF
and its PEG derivative collect in the water phase and sediment on the bottom of the container; in
contrast, the decane-reacted MOF collects in the decane phase, showing a drastic change in the surface
properties of the MOF.

Zr-bzpdc-MOF UV PEG300 UV Decane

The photochemical reaction does not incur any changes in the PXRD patterns,
showing first of all that the MOF is basically stable under the reaction conditions. In
case of the UV-treated sample, the IR spectra show vibrational bands of C-H groups
in the region between 2800-3000 cm™! which can clearly be assigned to the presence
of PEG or decane residues. As the photochemical reaction is accompanied by a
change in hybridization of the keto-sp?-C to a sp*-C atom, structural changes should
occur in the MOF layer structures. The fact that no differences are observed in the
PXRD patterns (Figure 11 bottom left) indicates that the reaction has occurred only
at the surface of the MOF particles. Probably, the large PEG300 and decane molecules
cannot enter the pore system. This is in line with the results of the physisorption
measurements. The BET areas decrease from about 650 m?-g~! to 250-350 m?-g~!
after PSM and the accessible pore volume is decreased to nearly half. Thus, a total
blocking of the pores by immobilized reactants is avoided, resulting in a still
moderate porosity of the MOF after PSM which can be used for further applications.
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The successful attachment and immobilization of PEG300 residues at the surface was
further substantiated by results from 'H and 3C NMR spectra which were measured
on a dissolved sample (see Supporting Information). After PSM, alkylic carbon atoms
and protons are observable. Also, the coupling of the protons of the aromatic ring
(6~7.5-8.5 ppm) shows some differences compared to the untreated sample, although
only a small amount of surface-standing molecules were postsynthetically modified.

To visualize the consequences of the surface-limited PSM reaction, Figure 11 (bottom
right) shows the distribution of particles of the Zr-bzpdc-MOF and its
postsynthetically modified derivatives between a polar and a nonpolar solvent, i.e.
between water and decane. Due to their hydrophilic surfaces, the Zr-bzpdc-MOF and
the PEG300-modified sample show a good dispersibility in water, whereas the
particles modified with decane prefer to disperse in the nonpolar organic phase. The
used PSM thus allows for a phase transfer of the particles. Together with the general
applicability of the used photochemical reaction, these results show that the
postsynthetic photoreaction can be used to tailor the surface properties.

Conclusions

We present a new Zr-based metal-organic framework containing a V-shaped linker
molecule featuring a photoreactive keto group. The new Zr-bzpdc-MOF is one of a
few examples for a two-dimensional porous metal-organic framework and shows
interesting properties. Specifically, the Zr-bzpdc-MOF can be delaminated into thin
sheets and the MOF surface can be selectively modified using the benzophenone-
based photoreaction. Noteworthy, the benzophenone photoaddition is universally
applicable to organic compounds containing a C-H bond, thus allowing for nearly
any desired surface modification; also, benzophenone moieties can act as
photoinitiators, offering the prospect of grafting-from radical polymerization
reactions. Both features — the possibility to prepare thin sheets and the adaptation
of the surface chemistry — are helpful in the shaping of MOFs. Furthermore, the MOF
features a high thermal and chemical stability and provides moderate specific surface
area even after modification of its surface.

Experimental Section

Materials. Zirconium(IV) oxychloride octahydrate, formic acid, acetic acid,
propionic acid, benzoic acid, decane, polyethylene glycol 300 (PEG300) and N,N-
dimethylformamide (DMF) were purchased from Sigma Aldrich. 2-Propanol and
ethanol were purchased from Roth and benzophenone-4,4’-dicarboxylic acid from

abcr Chemicals. All chemicals were used without further purification.
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Instrumentation. X-ray powder diffraction measurements were performed at room
temperature using a STOE STADI-P transmission diffractometers equipped with
curved Ge(111) monochromators with CuKe radiation (A = 1.540594 A) and a linear
position-sensitive detector. The samples were fixed between X-ray amorphous foils

or in thin-walled glass capillaries for temperature-dependent measurements.

Single crystal X-ray diffraction data were obtained on a BRUKER KAPPA Apex II
diffractometer at 233 K. The procedure is in detail described in the Supporting
Information.

Scanning electron microscopy was carried out with a JEOL JSM-6700F (2 kV). For
transmission electron microscopy, a FEI Tecnai G2 F20 TMP was used in bright field
mode (200 kV). For sample preparation, the Zr-bzpdc-MOF was dispersed in
2-propanol via ultrasonication and the resulting dispersions were dropped on a 400-
mesh carbon coated Cu-grid and dried under reduced pressure. Liquid-phase 'H and
I3C NMR spectra were measured on a BRUKER instrument at 400 MHz and were
analyzed with ACD NMR Processor 12. Sorption isotherms were measured at an
Autosorb 1 (Ar@87 K) and an Autosorb 3 (N2@77 K) instrument by Quantachrome
and were evaluated with the software ASiQwin 2.0 by Quantachrome. BET surface
areas of the microcrystalline products were calculated via the BET assistant of the
ASiQwin software in a range of p/po = 0.005 — 0.03 for nitrogen physisorption
measurement at the Autosorb 3 instrument and in a range of p/po = 0.0005 — 0.03 for
argon physisorption measurement at the Autosorb 1 instrument, respectively. For
the determination of the pore size distribution, the Kernel “Ar at 87 K_zeolites/silica
(cylinder. Pores, NLDFT equ.)” of the ASiQwin 2.0 software was used. FT-IR data
were recorded in transmission mode on a BRUKER Tensor 27 instrument. TGA data
were obtained at a NETZSCH STA 409PC/PG instrument with a heating rate of
10 K-min~! with a gas flow of 80% argon and 20% oxygen. Sonication of dispersions
was performed with a BANDELIN Sonotex Digirec ultrasonic bath at room
temperature with a peak output of 1200 watt. Atomic force microscopy
investigations were performed with a BRUKER Multimode II with a J-type scanner
under ambient conditions.

Synthesis of (ZrsO4(OH)s(HCO2)2(bzpdc)s). Solvothermal syntheses were carried
out in Teflon-sealed screw cap glass vessels. The synthesis of the Zr-bzpdc-MOF was
investigated by varying reaction parameters like temperature, reaction time,
modulator, concentration and the molar ratio of the precursors (Supporting
Information). Favourable conditions are as follows: 0.165g (0.517 mmol)
ZrOClz-8 H20 were dissolved in 20 mL DMF. After adding between 1.95 mL up to
3.90 mL formic acid (100 up to 200 molar equivalents (eq) based on the amount of
Zr**) and 0.279 g (0.517 mmol) Habzpdc, the clear solution was transferred to a
100 mL Teflon-sealed glass vessel and was kept at 120 °C for 72 h in a circulating air
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oven. After the reaction, the glass vessel was cooled down to room temperature. The
resulting solid was centrifuged and washed once with 20 mL of DMF and twice with
20 mL ethanol.

For further investigations, part of the product was further purified via Soxhlet-
extraction with ethanol for 24 hours. The white powder was kept under reduced
pressure. When applying the delamination procedure, the whole synthesis solution

was used without any further treatment.

Delamination procedure. For delamination, the crystalline Zr-bzpdc-MOF was
treated with ultrasonication for 1 hour in the synthesis solution. Afterwards the
product was washed three times with 2-propanol. The centrifuged solid was
dispersed in 20 mL of 2-propanol and ultrasonicated for 6 hours. The dispersion was
left standing for 16 hours to let larger particles sediment. Finally, the supernatant

was decanted off from the sedimented slurry and used for further investigations.

Postsynthetic modification. Postsynthetic modification was carried out with
polyethylene glycol 300 (PEG300) and decane. For the photochemical modification a
mixture of 5 mL of the solvent and 50 mg of the bulk material was sonicated in an
ultrasonic bath for 10 minutes at room temperature. After transferring the
suspension into a quartz glass cuvette, it was purged with argon for the whole
irradiation period. The stirred suspension was treated under UV light at 365 nm
wavelength (UV-LED: epiSPOT UV 365 nm by epi-light, radiance ca. 100 mW cm~2)
for 24 hours. The resulting yellow solid was centrifuged and Soxhlet-extracted with
ethanol for 24 hours to remove unbound molecules. Afterwards the product was
dried under reduced pressure at room temperature for 24 hours for further
investigations.
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A Zr-based metal-organic framework based on the photoreactive linker molecule
benzophenone-4,4’-dicarboxylic acid has a two-dimensional layered structure with
rhombic-shaped crystals. The Zr-bzpdc-MOF features two interesting pathways for
post-synthetic treatments. The first route makes use of exposed photoreactive keto
groups and allows for versatile surface functionalization of the MOF crystals. On the
second route, delamination produces ultrathin sheets. These features are excellent
prerequisites for shaping MOFs for applications.
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Preface

This study describes a grafting-from polymerization approach based on the
photochemical reactivity of Zr-bzpdc-MOF. The radical-induced polymerization of
3,4-ethylenedioxythiophene (EDOT) to the electrically conductive polymer poly(3,4-
ethylenedioxythiophene) (PEDOT), starting from the surface of the MOF crystals,
yielded an electrically conducting and porous composite. For this purpose, the MOF
was irradiated in neat EDOT. The composite material, consisting of MOF crystals
carrying with covalently attached PEDOT chains, shows an electrical conductivity
which is about three orders of magnitude higher than that of the original MOF while
largely preserving the inner porosity of the nanoporous material. So far, all of the
polymerization procedures leading from EDOT to conductive PEDOT which have
been described in the literature make use of an additional oxidant. Therefore, the
authors assume a possible reaction mechanism where further benzophenone groups
(possibly from the interior of the MOF crystals) act as oxidants facilitating the
polymerization of EDOT at the MOF surface. Noteworthy, in the course of this study
it was realized that the pristine Zr-bzpdc-MOF is electrically conductive, making it

one of the few frameworks which exhibit intrinsic electrical conductivity.

The composite materials resulting from different irradiation times of the Zr-bzpdc-
MOF in EDOT were basically characterized by the author. Conductivity
measurements were performed in collaboration with Dr. Bastian Hoppe and Hendrik
A. Schulze, employing a van der Pauw setup working under inert atmosphere in the
dark constructed by Dr. Bastian Hoppe. The samples were pressed as pellets and
showed an electrical conductivity in the range of 1073 S-cm™! for the composite
material. X-ray powder diffraction investigations show no changes in the PXRD
patterns compared to the pristine MOF, showing that the MOF does not undergo any
structural transformations during postsynthetic treatment and thus does become
modified only on the outer surface. Nitrogen physisorption measurements revealed
a maintained permanent porosity after PSM showing the successful merging of both
material properties — the electrical conductivity of PEDOT and the permanent
porosity of Zr-bzpdc-MOF. These composite materials therefore represent a

promising material for various applications, e.g. sensing.

To probe the presence of PEDOT chains on the MOF surface, energy-dispersive X-
ray spectroscopy (EDX) measurements were performed by Thea Heinemeyer. The
results show a sulfur signal associated with the rhombic-shaped MOF crystals after
postsynthetic modification with PEDOT. To quantify the amount of EDOT attached
on the MOF surface, thermogravimetric analysis was performed by Katharina Nolte
and elemental (carbon and sulfur, C-S) analysis was performed by Claudia Schulze.
To determine the degree of conversion of keto groups in the composite material,
NMR spectroscopy measurements were performed in collaboration with the service
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unit of the Institute for Organic Chemistry at the Leibniz University Hannover,
showing that the majority of the keto groups was not affected by the PSM, giving
further proof that the modification took place only at the outer surface.

Prof. Dr. Peter Behrens conceived and guided this study. The author of this thesis
wrote the manuscript and it was refined in cooperation with Prof. Dr. Peter Behrens.
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Direct grafting-from of PEDOT from a photoreactive Zr-based
MOF - A novel route to electrically conductive composite
materials

Alexander Mohmeyer, Andreas Schaate, Bastian Hoppe,
Hendrik A. Schulze, Thea Heinemeyer and Peter Behrens

The postsynthetic potential of the two-dimensional metal-organic
framework Zr-bzpdc-MOF which is based on the photoreactive molecule
benzophenone-4,4’-dicarboxylic acid (Hz2bzpdc) is used here to selectively
functionalize the MOF surface. We report the direct radical-induced
oxidative grafting-from polymerization of the precursor EDOT on Zr-bzpdc-
MOF, leading to an electrically conductive composite material and opening
the road to a variety of applications.

Metal-organic frameworks (MOFs) feature an ordered structure with permanent
porosity which is suitable for a variety of possible applications! like catalysis,>3 gas
separation and storage,*° sensing,®’ in biomedicine®® or in energy-storage devices.!°
However, the direct synthesis of materials with desired yet sensitive functionalities
is limited due to the synthesis conditions of MOFs. Postsynthetic modification (PSM)
is a strategy to alleviate such problems. PSM summarizes different approaches like
linker exchange, postsynthetic metalation or organic reactions at the linker
molecules.!115

The synthetic possibilities of organic reactions at linker molecules are in principle
limitless.1¢ Usually, grafting procedures!’-20 are carried out as grafting-to reactions.
Especially for the modification of crystal surfaces with polymersthis approach may
be problematic as the first grafted-to polymer strands may hinder further access to
the reactive functionalities at the surface, resulting in a low degree of
functionalization. Grafting-from reactions, where polymer chains grow in a
simultaneous and parallel fashion from surface-standing polymerization-initiating
entities are usually more effective. Only few grafting-from MOF polymerization
reactions have been described in the literature. These usually involve additional
preparatory steps as fixing polymerization-initiating groups on the surface?!?? or
adding a reactive MOF shell to an innocent MOF core.?? Here, we describe grafting-
from polymerizations from the surface of MOF particles directly as they are obtained
after synthesis and purification. We photochemically initiated a polymerization of
3,4-ethylenedioxythiophene (EDOT) to the electrically conductive polythiophene
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derivative poly-ethylenedioxythiophene (PEDOT), in this way directly synthesizing
an electrically conductive MOF-polymer composite (illustrated in Scheme 1).

direct grafting-from
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Scheme 1. Schematic illustration of the direct grafting-from approach of PEDOT (orange chain) from
photochemically reactive sites at the surface of a Zr-bzpdc-MOF crystal, starting from EDOT
monomer units (orange dot).

Electrical conductivity is currently a much sought-after property in metal-organic
frameworks for applications like sensing, energy storage or electronics.?372° Also
applications in coatings of neuronal electrodes could be of interest, as they would
allow electrical stimulation of nerve cells/registration of neuronal signals combined
with drug delivery from the pores of the MOF. However, only very few MOFs exhibit
intrinsic electrical conductivity. The rare examples rely on the formation of n-
stacked pathways through three-dimensional MOFs3%3! delocalization in two-
dimensional coordination polymers3?-3¢ or via sulfur-based linker molecules?” as well
as the special properties of iron-based MOFs.38-4

Alternatively, the introduction of guest molecules like
tetracyanoquinododimethane,*!  fullerene,* polyaniline and polythiophene
derivatives,043-4% as well as the formation of composites with conducting carbon
modifications??>0-* or conducting polymers>-¢ can lead to conductive MOF-based
materials. Generally, the introduction of guests into the pore space can compromise
porosity; on the contrary, polymerization of EDOT in the pore system of MIL-101(Cr)
leads to a conductive material with only slightly reduced porosity.>

Especially for Zr-based MOFs there have been only a few studies to impart electrical
conductivity on these compounds,?46->7 although this family has been in the
spotlight of research during the last years due to a controlled synthetic access using
the modulation method,*®> to their chemical and topological versatility and to their
high chemical and thermal stability, as compared to other MOFs.?%¢1 Recently, we
have described the Zr-bzpdc-MOF, which contains linkers derived from
benzophenone-4,4’-dicarboxylic acid (H2bzpdc).®> This MOF has a two-dimensional
structure, a moderate porosity of about 650 m? - g-!, and can be delaminated into
very thin sheets. The most striking feature of the Zr-bzpdc-MOF, however, is the
possibility to use the photoreactive keto groups of the linker molecules for PSM
reactions. Upon excitation with light, benzophenone moieties react with practically
any compound containing a C-H bond,®*% according to Scheme 2. We have
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exemplarily shown that such reactions can also proceed when the bzpdclinker is part
of a MOF by grafting-to reactions of the Zr-bzpdc-MOF with decane and
polyethylene glycol.®? Meanwhile, we have extended these grafting-to reactions to
other organic molecules and have descried that molecules with more than four
carbon atoms react pre-dominantly at the outer surface of the crystals whereas
smaller molecules can enter the pore system so that the reaction can take place
throughout the whole crystal.®® Here, we use the ketyl radicals formed by
photoexcitation of the keto groups of the Zr-bzpdc-MOF to start polymerization
reactions.
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Scheme 2. Schematic mechanism for the photoreaction of the keto group of benzophenone units in
the framework of Zr-bzpdc-MOF: formation of a ketyl radical which then reacts with a C-H bond-
containing molecule (in this study EDOT), resulting in a covalent bond.

The Zr-bzpdc-MOF was synthesized as described in the literature using a slightly
modified procedure (Section 2.1, ESIt).%? This synthesis approach leads to rhombic
shaped Zr-bzpdc-MOF crystals with only a very low amount of amorphous
byproduct (Fig. S1, ESIT). The resulting colorless powder was Soxhlet-extracted with
acetone for 24 h and dried under reduced pressure overnight to remove solvent

molecules.

For the grafting procedure, Zr-bzpdc-MOF crystals were dispersed in neat EDOT in
a quartz vessel, purged with argon for one hour and then irradiated under argon
purging for a specific time with a UV LED at a wavelength of 365 nm to induce the
biradical formation at the keto group of the benzophenone dicarboxylate linkers in
the framework. To remove excess EDOT and non-attached oligo/polymers, the
products were Soxhlet-extracted with acetone for 24 h and dried under reduced
pressure (further details on the synthesis and characterization methods are given in
Sections 2.1, 3.1 and 3.2 of the ESIt).

The most obvious and visible result to confirm a successful polymerization of EDOT
is the strong color change of the samples after irradiation. With increasing reaction
time, the color of the sample changes from colorless to dark brownish (Fig. 1a). The
crystallinity of the MOFs, as determined via powder X-ray diffraction, is not affected
by the PSM (Fig. 1a). All reflections are present and the intensity ratios are
comparable.
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Figure 1. Characterization of Zr-bzpdc-MOF and of samples postsynthetically modified using
different UV irradiation times. a) PXRD patterns with corresponding pictures of the powders. b)
N2@77 K physisorption isotherms. c) Electrical conductivity values.

The investigation of the postsynthetically modified samples with energy-dispersive
X-ray spectroscopy (EDX) showed a sulfur signal associated with the rhombic-
shaped MOF crystals after postsynthetic modification with PEDOT (Section 3.3,
ESIt). To quantify the amount of EDOT attached on the MOF surface,
thermogravimetric and elemental (carbon and sulfur, C-S) analysis were performed.
Thermogravimetric analysis (TGA) indicates a mass fraction of up to 2.8% of
additional organic species (for the sample UV-irradiated for 72 h) (Section 3.4, ESIT).
C-S analysis (Section 3.5, ESIT) gives a sulfur content of 0.76%, corresponding to a
somewhat larger additional organic part of 3.4%. On the other hand, results from
NMR spectroscopy (Section 3.6, ESIt) on acid-digested samples show that the vast
majority of the keto groups - those located in the inner pores of the crystals - has
not participated in the reaction, i.e. only the keto groups exposed on the outer surface
have reacted. Using the size of the crystals and information from the crystal
structure, the number of these exposed keto groups can be calculated. With the
results from TGA and C-S analysis and using some assumptions we can estimate that
the grafted-from PEDOT chains have lengths of at least ca. 100 EDOT units (for
details of the calculations see Section 3.7, ESIt).

We postulate that the polymerization of EDOT proceeds via initiation by surface-
standing ketyl radicals and subsequent oxidative polymerization (which is the
common polymerization mechanism for EDOT; a corresponding reaction scheme
presenting a postulated mechanism is described in Section 4 of the ESIt). Within this
mechanism, the ethylene moiety of an EDOT molecule is used for its covalent
attachment to the MOF surface. Subsequently, photo-excited benzophenone units of
the linkers of the MOF oxidize further EDOT molecules, whereby the keto groups
are reduced to alcohols. Usually, iron(III) salts or other oxidizing agents are used for
the oxidative polymerization of EDOT.®” However, the photo-oxidative potential of
irradiated benzophenone is well-known in literature®®-70 and presents a possible
route to oxidative polymerization of EDOT to PEDOT without the necessity for other
oxidizing agents (which are not present in our system). The polymerization of EDOT
in its neat state without prior attachment to the MOF surface cannot be ruled out.
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However, the resulting polymer chains would not be covalently bonded to the MOF
crystals and should thus be removed by the extended Soxhlet extraction performed
on the samples. Therefore, for the final materials, we propose a covalent attachment
of PEDOT chains on the Zr-bzpdc-MOF surface, leading to an electrically conductive

composite material.

Composites between MOFs and polymers have been described extensively.”"-72 In our
case, the combination of porosity and electrical conductivity is the most exciting
aspect of the composite materials described here. Physisorption measurements
(Fig. 1b) show a slight decrease in pore volume and surface area which cannot be
explained solely by the weight increase due to the mass of the attached polymer
(Tab. S1, ESIF). Possibly, PEDOT molecules partially block the pores resulting in a
slightly decreased pore volume. The isotherms also show a slight hysteresis which
becomes more pronounced with longer irradiation time. Such hysteretic sorption
behavior is indicative of the presence of a soft polymer which is deformed during
adsorption.”’# It can therefore be taken as an additional indication for a layer of
PEDOT molecules at the MOF surface.

The electrical conductivity of the materials was measured using a van der Pauw setup
on pressed pellets. The crystallinity of the framework is not affected by the pressure
used to obtain the pressed pellets (Section 3.8, ESIT). The results of the electrical
conductivity measurements are shown in Fig. 1c. Surprisingly, the non-modified Zr-
bzpdc-MOF shows an electrical conductivity in a range of about 107¢S:-cm™.
Unexpectedly, this result places the Zr-bzpdc-MOF in the small group of intrinsically
conducting MOFs. A possible explanation could be the generation of radicals at the
keto groups, e.g. by former exposure to light (the actual measurement was performed
in the dark under dry argon) or by the application of an electric potential during the
measurements (the benzophenone moiety is known to be electrochemically
reactive)’>. A measurable conductivity could then result from radical delocalization
within the benzophenone units’® and electron hopping between those. In fact, when
we first deactivate the radical-forming benzophenone units by reacting them
photochemically with ethanol (all benzophenone units within the crystals can be
accessed in this way, Fig.S9, ESIT)%, there is no measurable conductivity
(Section 3.8, ESIT).

The samples irradiated in EDOT show much higher conductivities than the pristine
Zr-bzpdc-MOF (Tab. S5, ESIT). The electrical conductivity increases during the first
24 h of irradiation by more than two orders of magnitude and then saturates in the
range of 1073 S-cm™!, with the highest value of 0.007 S-cm™! observed for samples
which had been irradiated for 72h (Fig. 1c). This value is in the range of
semiconducting materials and fits well for various applications, e.g. sensing.
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In summary, we have demonstrated the postsynthetic photochemical modification
of a MOF by a grafting-from reaction, which does not need any further preparatory
steps, but can be carried out directly on the MOF crystals using the surface-standing
linker molecules. The resulting composite materials of the Zr-bzpdc-MOF with
PEDOT show an interesting combination of moderate porosities and good electrical
conductivities (Fig. S13, ESIt) so that applications as sensor material or as a
biomaterial in neuronal electrodes appear feasible. This work thus reveals great
potential for postsynthetic photochemical modifications reactions of the Zr-bzpdc-
MOF and other MOFs containing photoreactive linkers.
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Photochemical modification of Zr-bzpdc-MOF with PEDOT through direct
polymerization of EDOT at the MOF surface gives an electrically conductive
material.
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Preface

This work is focused on a systematical investigation on the postsynthetic
modification of Zr-bzpdc-MOF starting with a comparison of the reactivity and the
obtained products of the reactions of the linker molecule H2bzpdc, reacted either as
a free molecule or when immobilized in the framework. Furthermore, it describes the
results of photochemical reactions of the keto groups with simple molecules as water,
methanol and ethanol. The reactions with water, which could result in a
hydroxylation of the benzene ring of the benzophenone groups, may be especially
important for further experiments in aqueous media or samples exposed to light
under air humidity.

The second part of this study deals with the photochemical reactions of Zr-bzpdc-
MOF with series of n-alkanes and linear 1-alcohols with diverse chain lengths and
the subsequent investigation of effects of the irradiation on the structure, porosity
and properties of the modified MOF. By studying the reactivity versus linear
alcohols, a clear delineation can be depicted, where shorter alcohol molecules react
with photoexcited keto groups throughout the whole crystals whereas longer ones
react only with surface-standing keto groups (with 1-butanol representing a
borderline case). In case of alkanes from butane to octane, the reaction is always
restricted to the outer surface. In consequence, we assume that the PSM takes place
either throughout the MOF crystals or only on the surface, depending on the
accessibility of the reagents to the pore system, which in turn depends mainly on the
size and the polarity of the probe molecules. These results allow designing PSM
strategies for this photoreactive MOF in a more specific manner in view of different
applications; for example, selective functionalizations of the surface and of the inner
part of the crystals appear possible.

The preparation of the composites and the characterization of the samples via X-ray
powder diffraction pattern and physisorption with nitrogen and carbon dioxide were
carried out by the author. Dr. Sonja Locmelis help and experience were crucial in the
reaction with liquid butane. The MOF crystals were further characterized with
scanning electron microscopy, which was performed by Thea Heinemeyer. One of
the most decisive characterization methods for this study were NMR spectroscopy
measurements, performed by the service unit of the Institute for Organic Chemistry
at the Leibniz University Hannover. The NMR spectra were interpreted by the
author. An idealized structure of the Zr-bzpdc-MOF modified with methanol was
simulated by Malte Schafer under the guidance of Dr. Andreas Schneider. Dr.
Andreas Schaate and Prof. Dr. Peter Behrens helped in the development of the
structural model.
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Prof. Dr. Peter Behrens conceived and guided this study. The author of this thesis
wrote the manuscript and it was refined in cooperation with Malte Schafer, Dr.
Andreas M. Schneider and Prof. Dr. Peter Behrens.
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Inside/Outside: Postsynthetic Modification of the Zr-
benzophenonedicarboxylate-MOF

Alexander Mohmeyer, Malte Schéfer, Andreas Schaate,

Sonja Locmelis, Andreas M. Schneider and Peter Behrens

Abstract

Abstract: The Zr-based metal-organic framework Zr-bzpdc-MOF contains the
photoreactive linker molecule benzophenone-4,4’-dicarboxylate (bzpdc) which
imparts the possibility for photochemical postsynthetic modification. Upon
irradiation with UV light, the keto group of the benzophenone moiety will react with
nearly every C-H bond-containing molecule. Within this paper, we further explore
the photochemical reactivity of the Zr-bzpdc-MOF, especially with regard to which
restrictions govern internal versus external reactions. We show that apart from
reactions with C-H bond-containing molecules, the MOF reacts also with water. By
studying the reactivity versus linear alcohols we find a clear delineation in that
shorter alcohol molecules (up to butanol as a borderline case) react with photoexcited
keto groups throughout the whole crystals whereas longer ones react only with
surface-standing keto groups. In addition, we show that with the alkanes n-butane
to n-octane, the reaction is restricted to the outer surface. We hypothesize that the
reactivity of the Zr-bzpdc-MOF versus different reagents depends on the
accessability of the pore system which in turn depends mainly on the size of the
reagents and on their polarity. The possibility to direct the postsynthetic
modification of the Zr-bzpdc-MOF (selective modification of the whole pore system
versus surface modification) gives additional degrees of freedom in the design of this

metal-organic framework for shaping and for applications.

Introduction

Metal-organic frameworks (MOFs) feature an ordered structure with permanent
porosity which is of high interest for a variety of applications like catalysis,! gas
storage and separation,®® sensing,*® energy storage and conversion’ or
biomedicine.?? To fully exploit this potential, the structure and the properties of a
MOF need to be fine-tuned to the specific intended application in order to achieve
optimum results. MOFs are well prepared to meet such challenges, as their modular
construction from metal oxide nodes and organic linker molecules allows the

introduction of various properties by deliberately choosing the metal and the linker
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molecule. However, certain specific combinations of properties are difficult to
elaborate due to the rather harsh synthesis conditions employed. Especially, some
desired functionalities at the organic linker molecules may be too sensitive to
withstand the synthesis environment. Therefore, other strategies have been
developed to overcome such restrictions imposed by the use of labile or more
sophisticated functional groups at the linker molecules during synthesis. One of the
most strongly investigated approach to modify and functionalise MOFs is the
postsynthetic modification (PSM) of the framework. Several routes like linker
exchange, postsynthetic metalation or organic reactions at the linker molecules have
been developed.10-13

Especially, the versatility of organic reactions to covalently modify the linker
molecules has been widely studied and utilised to introduce different functionalities
to the framework after the MOF skeleton has been formed. Such PSM reactions are
usually performed on specific functionalities of the organic linker molecules like
amino, alkyne, azide or halide groups or by click chemistry. A major requirement to
ensure the success of such postsynthetic treatments is the stability of the framework
during the PSM.1%:1114-16 MQFs with Zr(IV)-based nodes are especially appropriate
for PSM due to their high stability towards thermal and chemical stress,!’-!® making
them ideal platforms for introducing different functionalities by chemical
transformations and modifications with the aim to adjust the properties of the
material with a specific application in mind.!3:16:19-21

Recently, we have introduced a novel type of PSM reaction. This makes use of the
specific reactivity of the benzophenone moiety. Upon excitation by irradiation with
UV light, the ketyl radicals formed react with practically any C-H bond of an organic
molecule according to the reaction mechanism schematically shown in Scheme 1.2223

o2 LOH
oSO . L
e 0. o o.. S

2 zr R=H z"

n-it* triplet state Reaction with C-H bond containing molecules
Scheme 1. Schematic mechanism for the photoreaction of the keto group of benzophenone units in
the framework of Zr-bzpdc-MOF: irradiation leads to the excitation of the keto group resulting in a
biradicaloid triplet state which then reacts with a C-H bond-containing molecule, resulting in the
formation of a C—C bond and the reduction of the keto group.?

We have employed the linker molecule benzophenone-4,4’-dicarboxylic acid
(Hz2bzpdc) to synthesize the Zr-based metal organic framework Zr-bzpdc-MOF.2* The
synthesis made use of the modulation method?>2¢ and lead to a compound with
formula ZrsO4(OH)s(HCOz2)2(bzpdc)s. Stock and co-workers have used this linker for
the  construction of the MOF CAU-8 with the  formula
Al(OH)(02C-CsH4-CO-CsHs—CO2) and have studied its photochemical
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behavior.?728 The Zr-bzpdc-MOF has a two-dimensional layered structure, can be
delaminated to thin nanosheets and exhibits a moderate porosity of 650 m? g-1. Its
high chemical and thermal stability make it highly suitable for PSM reactions. In a
preliminary study, we have converted this MOF in photochemical PSM reactions
with decane and PEG and have observed drastically different wetting properties of
the products.?* Furthermore, we have initiated photochemical grafting-from
polymerisation reactions of EDOT (3,4-ethylenedioxythiophene) to vyield
nanoporous electrically conducting MOF-PEDOT composites.?’ In all cases, the
powder X-ray diffraction pattern of the material remained unchanged; accordingly,
the modification had only taken place on the surface of the MOF crystals. The central
question which then arises is whether the photochemical PSM is in general only
possible at the outer surface or whether some characteristics of the organic molecule,
like its size or its polarity, decide about whether the reaction takes place only at the
surface or throughout the Zr-bzpdc-MOF crystal.

In the present study, we systemically investigate the photochemical PSM of the Zr-
bzpdc-MOF. First, we compare the reactivity and the obtained products of the
reactions of the linker molecule H2bzpdc, reacted either as a free molecule or when
immobilised in the framework. This part focusses on the reactions with simple
molecules, namely methanol and ethanol as well as water. Only few studies have
reported on the reactions of benzophenone in aqueous media;**~33 in the present case,
these may be especially important, as in the laboratory the MOF samples are exposed
to light and air humidity when no special precautions are taken. In the second part
of the study, we have reacted the Zr-bzpdc-MOF with series of alkanes and alcohols
of different chain length. We show that the PSM takes place either throughout the
MOF crystals or only on the surface, depending on their polarity and on the chain
lengths of the probe molecules. These results allow to design PSM strategies of this
photoreactive MOF in view of different applications.

Results and Discussion

Synthesis of Zr-bzpdc-MOF

The synthesis of Zr-bzpdc-MOF was adapted from our already reported synthesis
route?* and leads to rhombic shaped crystals with edge length of about 80-100 pum,
as shown in Figure 1. The material was extracted with acetone in a Soxhlet extractor
for 24 hours, dried and kept under reduced pressure. Essential properties, like
crystallinity and sorption behaviour, are shown in Figure 2 and Figure 3. With a BET
area of about 680 m? - g-! and a total pore volume of about 0.3 cm3-g-1, the porosity
parameters calculated from the data shown are in very good agreement to the
published values.?* In order to ensure reproducibility and consistency of our studies,
the synthesis approach was scaled up to obtain in one batch a sufficient amount of
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Zr-bzpdc-MOF for all postsynthetic modification reactions and the application of the

various characterisation methods.

Figure 1. Representative SEM images of rhombic-shaped Zr-bzpdc-MOF crystals used for the
experiments.

General aspects of the photochemical reactions

For every postsynthetic treatment, the sample was directly dispersed in the neat
reactant and purged with argon before irradiation. Irradiated samples are designated
by “UV”, followed by the reactant (and possibly other relevant conditions),
throughout the paper. A suitable characterisation method to evaluate the PSM of the
Zr-bzpdc-MOF is solution-state NMR spectroscopy, performed on acid-digested
samples. Further characterisation methods applied are powder X-ray diffraction and
physisorption experiments.

In principle, photoexcited benzophenone can react in different ways,?! as depicted in
Scheme 2. Formation of the benzophenone diradical can be followed by the
abstraction of an H atom from a substance RH and subsequent addition of R to the
former keto carbon atom (path A). However, a radical electron of the photoexcited
benzophenone can also become delocalized over a neighbouring aromatic ring, as
exemplarily shown in path B for the reaction with water (see below) which leads to
a hydroxylation of the benzene ring (path B).3%3* Both path A and path B could also
occur with benzophenone moieties which are part of the framework. Another often
observed reaction of photoexcited benzophenones is the formation of a benzopinacol
via dimerisation (path C), typical for example for the reaction with 2-propanol; a
similar reaction should be possible with methanol.>> However, this does not appear
to be possible in the MOF structure, due to the large distances between the keto
groups (smallest distance of about 4.8 A) and the geometric constraints of the
framework.
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Scheme 2. Possible reaction paths of a photoexcited benzophenone unit. Path A: Addition of R at the
former keto carbon atom, formation of an alcohol. Path B: Addition of R at an aromatic ring, formation
of an alcohol. Path C: Formation of benzopinacol.

Photochemical reactions in water

We first studied photochemical reactions in water. The reactivity towards water is
of special concern, because as part of the MOF framework, all the benzophenone
moieties are exposed, and even air humidity might lead to a reaction under light
exposure. Actually, there are only very few studies in the literature for the reaction
of benzophenone moieties in aqueous media.3*33 For the studies of the
photochemical reactivity towards water, we used the Zr-bzpdc-MOF and, for
comparison, the free linker molecule H2bzpdc to obtain fundamental insights into
possible differences in photoreactivity.

We investigated the photochemical reactivity of Zr-bzpdc-MOF in water at a pH of 7
and for comparison, of the free linker molecule H2bzpdc in water of pH 7 and pH 10.
The pH values were adjusted with sodium hydroxide and a pH meter. The MOF was
of course present as a dispersion; the free diacid formed a dispersion at pH 7 and was
dissolved at the higher pH value. The most obvious effect of the photochemical
reaction is a colour change from colourless to dark yellow upon irradiation. This was
observed for irradiated Zr-bzpdc-MOF and for H2bzpdc under basic conditions. For
H2bzpdc irradiated in water at a neutral pH value, no colour change could be
observed which can be ascribed to the insolubility of the free acid and the
inaccessibility of the molecules.

More detailed results concerning the photochemical reaction can be obtained by
NMR spectroscopic investigations on solutions. For this purpose, the MOF samples
were digested in DMSO-d6 with hydrofluoric acid whereas the irradiated
benzophenone dicarboxylic acid samples were dissolved in DMSO-d6. The crucial
regions of the NMR spectra of irradiated samples of H2bzpdc and Zr-bzpdc-MOF are
shown in Figure 2 (full spectra are shown in the Supporting Information, Section 1.1,
Figures S1-510).
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Figure 2. Characterization of the free diacid Ha2bzpdc and of the Zr-bzpdc-MOF before and after the

irradiation in water (irradiation duration of 72 hours). Selected ranges of H (top) and 3C (middle)

NMR spectra, taken on dissolved (H2bzpdc) and acid-digested samples (Zr-bzpdc-MOF), respectively;
bottom: PXRD patterns of the Zr-bzpdc-MOF before and after the irradiation in water.

PXRD patterns of the pristine Zr-bzpdc-MOF and the irradiated sample in water
(Figure 2) show a comparable crystallinity and there are no indications for major

changes in the crystal structure.

'HNMR spectra in Figure 2 show the characteristic multiplet of the aromatic

hydrogen atoms of the benzophenone moieties. The additional signal at about

93



Results and discussion

8.11 ppm for dissolved Zr-bzpdc-MOF samples belongs to the formic acid molecules
which are an integral part of the MOF structure.

After irradiation of H2bzpdc under basic conditions and Zr-bzpdc-MOF in water at
pH 7 an additional proton signal appears at 8.03-8.04 ppm (Figure 2) in the 'H NMR
spectra, indicating the formation of an o-hydroxybenzophenone moiety. That the
reaction occurs according to path B and not to path A (see Scheme 2) is supported
by the 13C NMR spectra, where the signal at about 195 ppm, characteristic of the keto
carbon atoms, remains mainly unchanged. The differences and the additional signals
in the area of 160 — 170 ppm could be assigned to the aromatic carbon atoms that are
affected by the hydroxylation. Based on the 'H NMR spectra, a comparison of the
intensities of the additional signals to the signals of those of the other aromatic
protons allows the estimation that about 70% of the linker molecules have become
hydroxylated in case of H:bzpdc and about 50% in case of Zr-bzpdc-MOF,
respectively. For the MOF samples, physisorption measurements were performed
(Figure 3).
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Figure 3. Nitrogen physisorption measurements at 77 K of the pristine Zr-bzpdc-MOF and of a sample
irradiated in water.

The photochemical PSM affects the pore system of the MOF only to a minor degree,
with only slightly decreased values for the BET area and pore volume (see
Supporting Information, Section 1.2).

With the proposed reaction according to path B in Scheme 2, where hydroxylation
occurs at the phenylene moieties and not at the keto carbon atom, the hybridisation
at the central C atom remains sp? and, correspondingly, the general geometry of the
linker does not change significantly. Thus, the general structure of the framework is
not affected by the PSM reaction, which explains that only minor changes occur in
the powder XRD pattern. Also, the addition of small OH groups does not significantly
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affect the pore system, so that also the physisorption properties after the reaction
with water are similar.

The PSM of Zr-bzpdc-MOF with water leads to a postsynthetic modification of the
linker molecules while preserving its crystallinity and its porosity. It is apparently a
suitable and very simple method to introduce hydroxy groups to the framework
which should greatly increase the hydrophilicity with regard to the parent Zr-bzpdc-
MOF.

Photochemical reactions in methanol and ethanol

The photochemical potential of benzophenone groups to bind to molecules
containing C-H bonds has been well known for many decades.?3436-38 The Zr-bzpdc-
MOF possesses high chemical and good thermal stability, basic prerequisites for
successful post-synthetic reactions. According to its crystal structure, all
benzophenone moieties present throughout the framework are accessible via the
pore system; in addition, the rhombic-shaped crystals present benzophenone groups
on their predominant basal surfaces.?* The Zr-bzpdc-MOF exhibits moderate
permanent porosity consisting of corrugated channels with a minimum free pore
diameter of 6.5 A (visualized in the Supporting Information, Section 1.3, Figure S13).

In initial studies, we had shown the general possibility to perform PSM reactions on
Zr-bzpdc-MOF crystals. As reactants we had used polyethylene glycol and decane
(and could in this way change the wetting behaviour of the MOF crystals)?* or EDOT
(and could in this way prepare electrically conducting composites).?’ However, in
these reactions only the benzophenone groups on the outer surface had reacted.
Obviously, the reactants mentioned cannot enter the pore system and therefore could
not approach the inner keto groups.

Therefore, we studied in depth the corresponding reactions with smaller C-H-bond
containing molecules, namely methanol and ethanol, again comparing the reactivity
of the Zr-bzpdc-MOF and the free acid H2bzpdc. For this purpose, the materials were
dispersed in the corresponding alcohol and irradiated under argon atmosphere for
120 hours. Hzbzpdc itself is only slightly soluble in methanol and ethanol. However,
during irradiation the free acid dissolved completely in methanol but still not in
ethanol. Methanol and ethanol were removed under reduced pressure at room
temperature. Afterwards, the samples were characterised via powder X-ray
diffraction and NMR spectroscopy (Figure 4).
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Figure 4. Characterisation of the free acid Hobzpdc and of Zr-bzpdc-MOF samples (which were acid-
digested for NMR preparation) after irradiation in methanol and ethanol, respectively (duration of

irradiation: 120 hours). Top: solution-phase *C NMR spectra; bottom: PXRD patterns (the position of
the first reflection of the pristine Zr-bzpdc-MOF is marked with a dotted red line).

Considering the reaction of the free acid in methanol, the 3C NMR spectrum of the
product (Figure 4 top) shows that the signal of the keto carbon atom signal at about
195 ppm is missing, indicating a successful and complete reaction of methanol with
Habzpde. A detailed inspection of the 'H NMR spectra (see Supporting Information,
Section 1.4, Figure S14) does not allow to assign the signals present to one specific
product.

On the contrary, the irradiation of the free acid in ethanol does not lead to a reaction
as all the 13C NMR signals of the original molecule are still present (see Supporting
Information, Section 1.4, Figure S15). This can be explained by the insolubility of
H2bzpdc in ethanol so that there is no access to the keto groups occluded within the
dispersed particles. Furthermore, the NMR spectra show that a possible presence of
water in the alcohols does not notably influence the reaction of the keto groups with
the alcohols.
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The Zr-bzpdc-MOF shows a successful and complete reaction after irradiation with
both alcohols. The 3C NMR spectra in Figure 4 proof a practically complete
conversion of the keto groups of the MOF after irradiation by the absence of the keto
carbon signal in the corresponding 3C NMR spectra at about 195 ppm (Figure 4 top).
This points to a conversion according to path A. The corresponding reactions are
shown in Scheme 3. Note that the reaction with ethanol can lead to two different
products depending on which of the two carbon atoms of the ethanol molecule
becomes attached to the former keto carbon atom. In addition, the signal of the
carbon atoms of the benzene rings in alpha position to the keto group experience an
upfield shift from 140 ppm to about 150 ppm; this is a strong hint of the reduction of
the keto group to an alcohol during the reaction with methanol or ethanol and of a
concomitant change of the hybridisation of the keto carbon atom from sp? to sp>.
Also, the signals for the aliphatic carbon atoms of methanol and ethanol,
respectively, can be observed in the corresponding *C NMR spectra at 70-80 ppm
(see Supporting Information, Section 1.4, Figure S16-19). Notwithstanding, as in the
case of the reaction product of the free acid with methanol, the signals present cannot

Scheme 3. Reactions of a photoexcited benzophenone linker in Zr—bzpdc—MOF with methanol (top
branch) and ethanol (bottom branch). Note that two different products are possible for the PSM with
ethanol.

be assigned to a specific product.
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Powder X-ray diffraction patterns of the reacted MOFs are shown in Figure 4
(bottom). These indicate a structural change of the framework. This is in contrast to
the PXRD patterns obtained from samples which had been reacted with water (see
above) and with larger molecules like decane and polyethylene glycol?* as well as
with 3,4-ethylenedioxythiophene.?’ In these cases, no differences in the PXRD
pattern were observed with regard to the parent Zr-bzpdc-MOF which is taken as
evidence that only surface-standing keto groups had participated in the
photochemical reaction. The changes in the PXRD patterns of the samples which

97



Results and discussion

were reacted with methanol or ethanol can be rationalised when it is assumed that
the photochemical reaction has taken place throughout the MOF crystals. In the
course of such reactions, (at least the major part of) the keto carbon atoms change
their hybridisation from sp? to sp?, leading to a framework with the same linkages
and topology as the parent framework, but with different dimensions due to the
change in linker geometry. However, due to the different possibilities for the
reaction, where addition of the hydroxyalkyl group can occur at different sites of the
benzophenone moiety and - in the case of ethanol - at different carbon atoms of the
alcohol, these novel MOFs will not have a uniform structure which could be
described by a single unit cell (see below).

These results lead to the hypothesis that the molecule size is a major factor in
determining whether the postsynthetic addition reaction takes place only at the
outer surface of or throughout the crystals. Therefore, we carried out photochemical
PSM reactions with primary linear alcohols of chain length C; to Cs (methanol to
octanol), including methanol and ethanol which were studied here in depth. Along
with the size of the molecules, their polarity and hydrophilicity also change.
Therefore, in order to also test the possible influence of polarity of the reactant,
reactions with linear alkanes (butane to octane) were included in the study.

Photochemical reactions with alcohols and alkanes of different chain
lengths

To test whether the size and/or the polarity of reactant molecules is a major factor
in determining the extent of the postsynthetic addition (surface only/pervasive), we
carried out photochemical PSM reactions of the Zr-bzpdc-MOF with linear alcohols
of chain length C; to Cs (methanol to octanol) as well as with linear alkanes (butane
to octane). In the first part, we focus on the reactions with primary alcohols, thereby
including the results described for the PSM reactions with methanol and ethanol in
the preceding section.

To investigate whether the PSM reaction with a certain alcohol was successful, the
samples were characterised via powder X-ray diffraction and NMR spectra of the
acid-digested reaction products. PXRD patterns are shown in Figure 5 (bottom) and
selected ranges of the obtained 3C NMR spectra are displayed in Figure 5 (top) (full
NMR spectra are provided in the Supporting Information, Section 1.4, Figure S14 -
S27). The intensity of the signal of the keto carbon atom is most informative.

After the reaction carried out in 1-propanol, no keto carbon signal is observed
anymore; instead, signals for aliphatic carbon atoms at around 70-80 ppm are found.
This result is comparable to the situation with methanol and ethanol. On the
contrary, in the case of the reaction products obtained with 1-pentanol and also
1-octanol, the keto carbon signal is still present, indicating that the keto groups have

not reacted or have done so only to a very small extent. After the irradiation in
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1-butanol, the keto carbon signal in the 13C NMR spectrum of the reaction product is
very small, indicating that the reaction with this alcohol was also nearly complete.
Thus, the PSM with 1-butanol appears to be a borderline case: Irradiation in smaller
alcohols lead to a full reaction of the keto groups whereas larger alcohol molecules
probably only react at the keto groups located at the outer surface of the MOF
crystals.
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Figure 5. Characterisation of the pristine Zr-bzpdc-MOF and Zr-bzpdc-MOF samples after irradiation
in different alcohols (duration of irradiation: 120 hours). Top: Solution-phase 3C NMR spectra;
samples were acid-digested for NMR preparation. Bottom: PXRD patterns (the position of first
reflection of Zr-bzpdc-MOF is marked with a dotted red line).

This delineation also becomes apparent in the powder X-ray diffraction patterns
(Figure 5, bottom). The PXRD patterns of the samples which were irradiated with
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long-chain alcohols (pentanol to octanol) show no changes in comparison to that
measured on the pristine Zr-bzpdc-MOF. In contrast, for those samples which were
postsynthetically modified with small alcohols (methanol to butanol), changes can
be observed: the first reflections are shifted to slightly higher 20 values, the reflection
pattern at larger 20 values changes, and in general a minor decrease in crystallinity
is indicated by weaker and broader reflections in this range.

The shift of the two first, most intense reflections (110 and 200) to higher 20 values
can be rationalised by the changes in the linker geometry. Each linker molecule
connects two IBUs in the structure of the Zr-bzpdc-MOF. In course of the
photochemical PSM reaction, the hybridization of the initial keto carbon atom
changes from sp? to sp? by the photochemical reaction (Figure 6a). Correspondingly,
the bond angles at this carbon atom change from 120° to 109.5° which in turn should
result in a shrinkage of the distance between two IBUs on certain lattice planes,
provided that the topology of the framework remains the same and that every keto
group (or most of them) is affected (Figure 6a). Concomitantly, changes occur in the
unit cell dimensions (see Supporting Information, Section 1.5, Table S2).

This is shown in Figure 6a-c for the product of the reaction with methanol. Note that
this is the only case where a homogenous structure of the product can be expected
(when all keto groups have reacted) and where a uniform unit cell can be determined.
In all other cases, different C atoms of the alcohol may become connected to the keto
C atom (compare the case of ethanol depicted in Scheme 3), leading to different
situations at different transformed keto C atoms. Therefore, we carried out
simulations of the structure resulting after the PSM reaction with methanol.

The a and especially the b axis shrink (Figure 6b), explaining the shift of the first two
reflections to higher 20 values (Figure 5 bottom). The hydroxymethylene residues
introduced at the former keto carbon atom through the PSM require additional space
between the layers of the structure, thereby leading to an expansion of the structure
along the c axis (Figure 6c). On the contrary, the bulk structure is not affected when
the reaction occurs only at the surface, as illustrated in Figure 6d.
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Figure 6. Schematic representation of different reactions occurring during irradiation of the Zr-
bzpdc-MOF, depending upon the chain lengths of C-H bond-containing molecules (alcohols are
shown here as examples). a)-c) Small alcohol molecules (methanol is shown here as example) can
diffuse through the whole pore system and the PSM reaction can occur with every photoexcited
benzophenone group leading to considerable structural changes: a) at the keto carbon atom, the
hybridisation changes from sp? to sp® b) the change in bond angles leads to a shrinkage of the unit
cell in the a-b plane; c) the additional space required by the hydroxymethylene residues leads to an
elongation along the c axis. d) Long-chain alcohols (octanol is shown here as an illustrative example)
cannot penetrate deeply into the framework; only benzophenone moieties at or near to the surface
react, the structure and the unit cell within the interior of the crystals is not affected.
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The irradiated samples were further investigated by physisorption measurements
with nitrogen at 77 K and carbon dioxide at 273 K. A compilation of the resulting
isotherms of the N2@77 K measurements is shown in Figure 7 (as many of the
isotherms closely overlap, the individual sorption curves are shown in the
Supporting Information, Section 1.2, Figure S11; values for BET area and pore
volume derived from the nitrogen sorption isotherms are given in the Supporting
Information, Section 1.2, Table S1). In comparison to the pristine Zr-bzpdc-MOF with
a BET area of 680 m?-g~1, the samples modified with long-chain alcohols (1-pentanol
to 1-octanol) only show about half of this value (ca. 350 m?-g~1). Similar values for
the nitrogen BET area were observed in our former studies after the irradiation in
PEG (250 m?.g™1),2* decane (350 m?-g71)?* and EDOT (520-630 m?g™').?® The
decreased amounts of gas volume adsorbed by these samples indicate a partial pore
blocking of the pore systems due to PSM occurring only at the outer surface with
long chain alcohols. When the PSM occurs not only at the surface, but throughout
the crystals, as is the case with the alcohols methanol up to butanol, the porosity is
very low. From the flat N2 isotherms depicted in Figure 7, BET areas of about
20 m?-g~! are determined, i.e. nitrogen molecules cannot enter anymore the former
pore system.
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Figure 7. Physisorption isotherms of the pristine Zr-bzpdc-MOF and of Zr-bzpdc-MOF samples
irradiated in primary alcohols with different chain lengths (C;-Cs denotes methanol to 1-octanol).
Top: Physisorption isotherms obtained with No@77 K; bottom: physisorption isotherms obtained with
CO:@273 K.

Whereas the nitrogen physisorption isotherms of the samples treated
postsynthetically with methanol, ethanol, propanol and butanol thus indicate the
formation of essentially nonporous products, this statement is negated by
physisorption experiments with carbon dioxide at 273 K. Because of the high
temperature and the high relative pressures (p/po ~ 3-1072) for this experiment,
diffusion is much faster and therefore it is possible to resolve ultra-small micropores
(below 0.7 nm). Although the general trend in adsorbed volume of carbon dioxide is
similar as for nitrogen (Figure 7 bottom), the samples treated postsynthetically with
short-chain alcohols still exhibit a moderate free pore volume which is not
measurable with nitrogen at 77 K, possibly due to diffusion hindrance. Based on
these results, the pores of the samples should be below ca. 4 A diameter. When, with
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alcohols with more than four carbon atoms the PSM occurs only at or near the
surface, a larger accessible porosity results. Like in the case of nitrogen sorption, this
porosity is considerably smaller than for the pristine Zr-bzpdc-MOF.

A dependence of the amenability of the Zr-bzpdc-MOF to the photochemical
modification on the chain lengths of the alcohols is thus clearly apparent. Although
judging from their largest dimension (diameter of the methylene chain of the
alcohols: 4.8 A), all alcohol molecules should be able to enter the pore system of the
Zr-bzpdc-MOF  (minimum free pore diameter: 6.5 A), the corrugated channel
structure could strongly impede the diffusion of longer-chain alcohols (Cs to Cs) into
the interior of the crystal whereas small-chain alcohols (C; to Cy4) can diffuse through
the whole pore system. Another possibly important aspect is that the with chain
length of the alcohols, their hydrophobic character increases, which could lead to a
decreased diffusion into the pore structure of the rather hydrophilic Zr-bzpdc-MOF.24
Therefore, we furthermore tested the PSM reaction with more hydrophobic alkanes,
starting with butane and increasing the chain length up to octane. For butane, the
reaction was carried out in the liquid phase in a closed ampoule; reactions with even
smaller alkanes were precluded due to the high vapour pressures of methane, ethane
and propane at room temperature. The characterisation of acid-digested samples
with solution NMR spectroscopy was not possible due to insoluble residues still
present after the acid treatment of Zr-bzpdc-MOF samples irradiated in the different
alkanes. The PXRDs pattern of the samples after the PSM reaction are compared to
that of Zr-bzpdc-MOF in Figure 8.

Zr-bzpdc-MOF UV octane

Zr-bzpdc-MOF UV heptane

Zr-bzpdc-MOF UV hexane

1/ a.u.

i

Zr-bzpdc-MOF UV pentane

Zr-bzpdc-MOF UV butane

Zr-bzpdc-MOF

5 10 15 20 25 30
20/°

Figure 8. PXRD patterns of pristine Zr-bzpdc-MOF and of Zr-bzpdc-MOF samples irradiated in
different alkanes.
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In case of the samples postsynthetically modified with alkanes, no changes can be
observed in the X-ray diffraction patterns. Even for butane, the reflection positions
and intensities are comparable to those of Zr-bzpdc-MOF. The PXRD results are
corroborated by physisorption measurements, carried out with nitrogen at 77 K and
carbon dioxide at 273 K, shown in Figure 9 (as many of the isotherms closely overlap,
the individual sorption curves are shown in the Supporting Information, Section 1.2,
Figure S12; values for BET area and pore volume derived from the nitrogen sorption
isotherms are given in the Supporting Information, Section 1.2, Table S1).
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Figure 9. Physisorption isotherms of the pristine Zr-bzpdc-MOF and of Zr-bzpdc-MOF samples
irradiated in linear alkanes with different chain lengths (C4-Cs denotes n-butane to n-octane). Top:
Physisorption isotherms obtained with N2@77 K; bottom: physisorption isotherms obtained with
CO,@273 K.
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Nitrogen physisorption isotherms show a considerable decrease in adsorbed volume
for all postsynthetically modified samples. The pore volumes and BET areas are in
the range of about 350 m?-g-1, comparable to the values obtained on samples after
reaction with long chain alcohols. A similar conclusion can also be drawn from the
carbon dioxide isotherms.

The results show that also with butane - and in contrast to butanol - the PSM occurs
only at the outer surface of the crystals, i.e. no complete pervasion of the crystals
occurs. This is a hint that in addition to molecular size also the polarity of the
molecule may be important for the penetration of molecules into the framework and,
accordingly, for the extent to which PSM occurs.

Conclusions

The possibility for photochemical postsynthetic modification of the recently
introduced Zr-bzpdc-MOF is a special characteristic of this porous coordination
polymer, as it can be carried out directly after synthesis and work-up and does not
need any further preparations. We have already shown that the photochemical
reactivity of the benzophenone linker can be employed to adapt the surface
properties of the MOF crystals?* and to generate interesting composite materials by
direct grafting-from polymerisation reactions.?’ Therefore, it is worthwhile to
further our understanding of this reaction. We do this here by elucidating the
question with which reactants a complete PSM extending throughout the crystal
occurs and with which molecules the reaction is restricted to the surface. In this
respect, we have shown that with small alcohol molecules (C; to C4 alcohols), the
PSM pervades the whole crystals whereas alcohol molecules with longer aliphatic
chains (Cs to Cs alcohols) react only at the outer surface. The polarity of the molecule
probably also plays a role, as with the C4 alkane butane, the reaction occurs only at
the outer surface.

Retrospectively, it is of interest to note the differences between the products of the
PSM obtained after irradiation in PEG and decane which we had described in our
original paper on the Zr-bzpdc-MOF.2* According to PXRD, the reactions only
occurred at the outer surface. After the PSM in decane, nitrogen physisorption
measurements reveal a BET area of 350 m?-g~1,24 agreeing very well the values
obtained after PSM in Cs to Cs alcohols and C4 to Cs alkanes. With PEG, however, a
value of only 250 m?-g~! is obtained. This indicates that the very hydrophilic PEG
molecules might have entered the pore system to some degree before they were
restrained from further diffusion by their polymeric nature, and thus substantiates
the idea that polarity of the reagent is an important factor in the selection between
reactants which can react throughout the pore system and those which only react at
the surface.
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The concept of selective functionalisation of a MOF - either only at the surface or
throughout the whole crystals - is of general interest for various applications like
gas separation, optics, electronics or for the generation of composite materials. In
case of the Zr-bzpdc-MOF, this can be accomplished photochemically directly after
synthesis and work-up. The selectivity of the functionalisation is closely coupled to
the crystal structure of this MOF, namely on the one hand the exposure of reactive
benzophenone moieties at the surface, on the other hand the peculiarities of the pore
system, namely rather small apertures and corrugated channels as well as high
hydrophilicity. In another bzpdc-based MOF, namely CAU-8 (Al-bzpdc-MOF),
photochemical PSM reactions are also possible, but these always occur throughout
the pore system.?’-?8 In this respect, the synthesis of bzpdc-based MOFs with other
metals appears interesting, perhaps offering further selectivities with which the
attractive reactivity of the benzophenone-containing linker can be exploited.

Experimental Section

Materials.  Zirconium(IV)-oxychloride  octahydrate, formic acid, N,N-
dimethylformamide (DMF), n-butane were purchased from Linde Group, pentane,
hexane, heptane, octane, methanol, ethanol, 1-butanol, 1-pentanol, 1-hexanol, 1-
heptanol, 1-octanol were purchased from Merck Munich and benzophenone-4,4’-
dicarboxylic acid from abcr chemicals Karlsruhe. All chemicals were used without
further purification.

Instrumentation. Powder X-ray diffraction (PXRD) measurements were performed
at room temperature using a STOE STADI-P transmission diffractometer equipped
with curved Ge(111) monochromator with CuKy; radiation (A = 1.540594 A) and a
linear position-sensitive detector. The samples were fixed between X-ray amorphous
foils. Scanning electron microscopy was carried out with a JEOL JSM-6700F (2 keV).
The samples were prepared by the use of ethanolic dispersions dried on a graphite
pad under reduced pressure. The resulting images were edited with the software
Image] 1.49v. Liquid-phase 'H and 3C NMR spectra were measured on a Bruker
instrument at 400 MHz and were analysed with ACD NMR Processor 12. Sorption
isotherms were measured at an Autosorb 1 (Ar) and Autosorb 3 (N2, CO3) instrument
from Quantachrome and were evaluated with the software ASiQwin 2.0
(Quantachrome). Measurements were performed with nitrogen at 77 K and with
carbon dioxide at 273 K. From nitrogen sorption isotherms, BET areas of the
microporous samples were determined with the micropore BET assistant of the
accompanying software and total pore volumes were determined at a relative
pressure value of about 0.95. UV irradiation experiments were performed with a
high-power UV LED Spot epiSPOT by Laser 2000 with a wavelength of 365 nm and
176 mW optical power.
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Synthesis of (ZrsO4(OH)s(HCO2)2(bzpdc)s). For reproducibility and consistency,
all postsynthetic modification reactions were carried out on Zr-bzpdc-MOF single
crystals synthesized in a one-batch-serves-all approach by a route slightly modified
from the already published recipe.?* Solvothermal synthesis of Zr-bzpdc-MOF was
carried out in Teflon-sealed screw cap glass vessels using a modulation approach.?>3°
Favourable conditions to obtain single crystal samples without impurities are as
follows: 3.22 g (10 mmol) ZrOCl; - 8 H2O were dissolved in 200 mL DMF. After
adding 56.59 mL formic acid (150 molar equivalents (eq) based on amount of Zr**)
and 5.40 g (20 mmol) H2bzpdc the clear solution was transferred in a 500 mL Teflon-
sealed glass vessel and was kept at 120 °C for 2 weeks in a circulating air oven. After
the reaction, the solution was cooled down to room temperature and the resulting
solid was centrifuged and washed once with 100 mL of DMF and two times with
50 mL acetone and then dried under reduced pressure. For further investigations the
sample was activated via Soxhlet-extraction with acetone for 24 hours in the dark.
The white powder was kept under reduced pressure until further usage.

Postsynthetic modification. The photochemical reactions were performed using
a UV-LED with a wavelength of 365 nm and a radiant flux of about 100 mW cm=2. A
MOF sample of about 100 mg was placed in a quartz cuvette and ca. 3 mL of the neat
reactant were added. The reaction batch was flushed for 30 minutes with and kept
under argon while irradiating the samples under stirring. The irradiation time was
set to 120 hours for alkanes and alcohols. For investigations in aqueous media the
irradiation times were 72 hours. After irradiation, the samples were extracted for
24 hours with methanol (Soxhlet extractor) and dried under reduced pressure. For
the postsynthetic modification with butane, the MOF was sealed with 5 mL liquid
butane in a quartz vial with a stir bar. After irradiation for 120 hours under stirring,
unbound molecules were removed under reduced pressure. This sample was used for
further investigations without Soxhlet extraction.

Preparation for solution-phase NMR spectroscopy. For liquid-state NMR
experiments, 50 mg of the MOF were dispersed in DMSO-d6. Under vigorous stirring
20 pL aqueous HF (40%) were added and stirred for 18 hours. After complete
dissolution of the Zr-bzpdc-MOF, an excess of CaCl; was added to the clear solution.
The supernatant was used for 'H and 3C BB NMR investigations. The spectra were
analyzed with ACD/NMR Processor Academic Edition v12.01.

Structural modelling. To investigate structural changes of the MOF by the PSM
with methanol, the program suit Materials Studio from Dassault Systeme BIOVIA
was used. First, the crystal structure of pristine Zr-bzpdc-MOF was subjected to an
energy minimisation employing the UFF (Universal Force Field) within the Forcite
program.“0-42 The minimisation employed the Ewald summation method for
electrostatic interactions. For this kind of interaction as well as for the atom-based
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van der Waals interactions the cut off was set to 15 A. In the first step of the
minimisation procedure, only atom coordinates were relaxed while the cell
parameters were retained. In the second step, both the unit cell parameters and the
atoms were allowed to relax. In order to find the global minimum, this structure was
employed for a Quenched Dynamics procedure leading to 10000 energy-minimised
structures. The parameters are given in the table below.

Table 1. Parameters for the Quenched Dynamics employed to the model structures.

Parameter Value
Ensemble NPT
Temperature 1000 K
Thermo- and barostat Berendsen
Decay constant 0.1 ps
Time step 1fs

Total simulation time 20 ns
Frame output every 2000 steps
Final frames 10000

Our model for the sample after PSM with methanol is based on the reaction according
to path A. The sp? keto carbon atoms of the benzophenone units were transformed
to sp® C atoms. Instead of the double-bonded oxygen atoms, hydroxy groups and
hydroxymethylene groups were placed at these carbon atoms. By doing so, this
carbon atom is connected to the corresponding alkyl residue. This structural model
then underwent similar procedures as described above for the pristine Zr-bzpdc-
MOF.
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Inside/Outside: The photochemical postsynthetic modification of the Zr-
benzophenone-dicarboxylate-MOF can be directed to occur only on the surface or
throughout the whole crystals, providing additional possibilities to selectively
introduce novel functionalities and tailor the properties of this MOF. Major control
parameters are size and polarity of the modifying reagent.
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4 Conclusion and outlook

This work gives an insight into one of the hallmarks of metal-organic frameworks
compared to other classes of materials — the postsynthetic adaption of properties —
which is in this work based on a photochemical reactive motif of the organic ligand.
The aim of this work was the generation of a novel porous coordination polymer,
and also an application-oriented adjustment of its properties, based on the V-shaped
photoreactive linker molecule benzophenone-4,4’-dicarboxylate (bzpdc®"). To
achieve an appropriate fundament for the postsynthetic modification concerning
chemical, mechanical and thermal stability, a zirconium-based system was used
resulting in rhombic-shaped crystals. The new Zr-bzpdc-MOF crystallizes in an
orthorhombic crystal system. It is one of the less common examples of a two-
dimensional porous metal-organic framework and also one of the few MOFs
exhibiting intrinsic electrical conductivity. The photoreactive keto groups of the
benzophenone moieties point away from the surface of the largest faces of the
rhombic crystals, providing easily accessible sites for postsynthetic photochemical
surface modifications to regulate the surface properties and to impart novel
functionalities. The interior benzophenone linker groups can only be accessed via
the rather narrow pores. This work shows that these sites can be addressed
selectively. The work presented here represents a comprehensive concept study for
only one novel metal-organic framework, ranging from the fundamental synthetic
studies and the general characterization up to shaping strategies and application-
oriented postsynthetic modifications to pave the way for various applications with a
photochemical-based method applicable either in solvents and also in solid state.

In the first part of the thesis, the synthetic requirements to produce the porous
crystalline Zr-bzpde-MOF were investigated and the resulting MOF was
systematically characterized. The approach used to synthesize the metal-organic
framework is the modulated synthesis procedure, consisting in the addition of
monocarboxylic acids to the synthesis solution and in many cases the only way to
obtain crystalline Zr-based metal-organic frameworks in a reliable manner.
Specifically, for the Zr-bzpdc-MOF, the only option to synthesize a crystalline
material was the modulation with formic acid; adding other monocarboxylic acids
like acetic acid, propionic acid and benzoic acid to the reaction mixture resulted only
in amorphous products. In addition to the concentration of the modulator formic
acid, the reaction temperature and the reaction time are important parameters in the
synthesis of the novel Zr-bzpdc-MOF. Only the addition of high amounts of formic
acid as modulator (>100 eq related to Zr** ions) resulted in highly crystalline

material. With 100 eq formic acid in the synthesis solution, it was possible to obtain
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rhombic single crystals which appear to consist of stacked two-dimensional layers.
These crystals were suitable to generate a structure model from single-crystal X-ray
diffraction data. Higher amounts of formic acid led to smaller and more isometric
crystals with a clearly distinct morphology. Other approaches to modulate the
synthesis led to amorphous products, except for the modulation with a mixture of
formic acid and sodium formate, which resulted in another porous phase signified
by a dissimilar powder X-ray diffraction pattern, a different (rod-like) morphology,
lower porosity and lower thermal stability compared to the Zr-bzpdc-MOF.

The structure of the novel Zr-bzpdc-MOF consists of ZrsO4 clusters, which are
coordinated by eight linker molecules and two formate molecules. The clusters are
bridged over two linker molecules building up a rhombic shaped two-dimensional
framework. ABAB stacking of the individual MOF layers results in one-dimensional
corrugated pore channels with a minimum free pore diameter of 6.5 A. The calculated
X-ray powder diffraction pattern fit very well to the experimental data. Argon
physisorption measurements give a specific surface area of about 650 m?-g-1.

The MOF shows a good thermal stability up to 250 °C and also an appropriate
chemical stability which was tested against different aqueous solutions. This allows
for further investigations of this MOF and also for possible usage in realistic setups.
Based on the two-dimensional structure, the first aim was the generation of
delaminated thin sheets of Zr-bzpdc-MOF. The access to such sheets could open the
way to interesting applications like membranes, dielectrics or two-dimensional
heterostructures. The possibility of delamination was examined with an
ultrasonication-based approach applied to a dispersion of the MOF crystals in 2-
propanol. Measurements of the thicknesses of the resulting layers were performed
by atomic force microscopy. The results revealed extended sheets with a thickness
of only few nanometers down to monolayers. It has to be stated, however, that the
yield of layers is quite low; correspondingly, these can be used for fundamental
studies of their properties and for basic studies in shaping. The second interesting
feature presented in the study is the intrinsic photochemical reactivity of the
benzophenone group at the linker molecules, which was demonstrated with two C-
H bond containing molecules. Zr-bzpdc-MOF crystals were dispersed in the neat
substances, namely the hydrophilic polymer PEG300 (polyethylene glycol 300) and
the hydrophobic alkane decane and irradiated under inert conditions. The solvents
cannot enter the pore system and thus become attached via covalent bonds at the
surface of the MOF crystals. In this way, the surface properties of the MOF crystals
(e.g. dispersibility in different solvents) can be changed drastically. The
photochemical reaction did not result in any changes in the PXRD patterns proving
that the MOF did not undergo any structural transformation or amorphization

during the treatment and is basically stable under the reaction conditions. giving
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further proof for a surface-only reaction and substantiating that the MOF. The
porosity of the modified samples is still moderate with values of about 350 m?-g~1;
NMR spectra indicate, that only a small amount of the keto groups was affected by
the postsynthetic modification reaction. These two facts, combined with the absence
of changes in the X-ray diffraction patterns, prove that (predominantly) the outer
surface of the MOF crystals was postsynthetically modified. Both features,
delamination and postsynthetic modifiability are helpful tools in the shaping of
MOFs and the adjustments of its properties for diverse applications.

The highly interesting and promising initial results with regard to the photochemical
postsynthetic modification at the linker molecules were extended and exploited in
the further work of this special MOF, firstly in a more application-oriented, secondly

with a more fundamental approach.

The first study concerns the photochemical reactivity of Zr-bzpdc-MOF with the
monomer 3,4-ethylenedioxythiophene (EDOT). In addition to the expected
attachment of this monomer to the surface of the MOF crystals, an unexpected
polymerization to PEDOT took place. Thus, a composite material consisting of MOF
crystals decorated with PEDOT chains resulted. Such grafting-from reactions
starting at the surface of a MOF crystal are rare, and to the best of our knowledge no
such polymerization reaction has been reported to date where after MOF synthesis
no further provisions have to be undertaken to prepare the MOF for the reaction.

Within the field of electrically conducting MOFs, this material combines good
electrical conductivity with a still moderate porosity, as it is predominantly the outer
surface of the MOF crystals which becomes postsynthetically modified. The electrical
conductivity of the composite increases during the first 24 h of irradiation by more
than two orders of magnitude and then saturates in the range of 1073 S-cm™,
resulting in a semiconducting material appropriate for various applications, e.g.
sensing.

The third study deals with the further understanding of the postsynthetic
modification of the Zr-bzpdc-MOF. It deals with the question what the prerequisites
are for the PSM reaction to occur only at the surface or whether it is also possible to
have PSM reactions pervading throughout the whole MOF crystals. It is found that
the PSM of Zr-bzpdc-MOF crystals with small polar molecules like water and alcohols
from methanol up to 1-propanol pervades the whole crystals. The reaction then has
a strong impact on the bulk structure, with characteristic shifts of certain peaks in
the PXRD pattern which are shifted to higher 2@ values. Physisorption
measurements show that PSMs with alcohols from methanol up to 1-propanol result
in non-porous materials. The ratio of keto groups which have reacted through PSM
can be determined with NMR spectroscopy on acid-digested samples. For the alcohol
molecules methanol up to propanol practically every keto group of the material is
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affected by PSM. The PSM of Zr-bzpdc-MOF with butanol is a borderline case, where
a slight shift of the reflections in the PXRD pattern is observable, indicating the PSM
has pervaded the whole crystals, but 13C NMR spectra exhibit a small signal for
unreacted keto groups; PSM reactions with alcohol molecules with longer aliphatic
chains, 1-pentanol up to 1-octanol, leave the majority of keto groups unaffected.
Presumably only the outer surface (or a few outer layers, depending on the
penetration depths of the different alcohols) of the Zr-bzpdc-MOF crystals can react
with these larger molecules. Physisorption measurements assist these findings, as
they are indicative of moderately porous materials with BET areas of about
350 m?-g~1. In a comparable manner, linear alkane molecules (butane up to octane)
react with Zr-bzpdc-MOF only at the outer surface. The difference in behavior
between butane (surface-only PSM) and butanol (bulk PSM) indicates that the
polarity of the molecule may also play a role, when the idea that the more polar
butanol molecules diffuse more easily into the hydrophilic MOF crystals than the
nonpolar butane molecules.

In our view, the spatial selectivity of the functionalization by photochemical PSM of
the Zr-bzpdc-MOF depends mainly on the size of the reagents and on their polarity.
Note that on behalf of their size, all tested molecules should in principle be able to
pass through the pore system. However, the channels of the pore system are one-
dimensional (allowing for easy blocking) and strongly corrugated (impeding the
diffusion with increasing chain length of the molecule). In this respect, the time
allowed for diffusion becomes important. This is 30 minutes after the MOF has been
placed in the neat phase of the reactant and before the UV irradiation is switched on.
Thereafter, diffusion of reactants will be handicapped further by molecules which
have undergone the photochemical reaction and are then covalently bound to the
framework, possibly blocking the pores. As noted above, the polarity of the reactant
molecules will also play a role in whether they are able to penetrate the framework
in the given time. Interestingly, with the Al-based MOF CAU-8 (Al-bzpdc-MOF),
photochemical PSMs can also be carried out. However, based on the crystal structure,
there are no keto groups available at the surface; these are all pointing into the pore
system. This is why a selective functionalization of this MOF is not possible in a
straightforward manner. The concept of selective functionalization of a MOF, either
at the surface or throughout the whole crystals, is of general interest for various
applications like gas separation, optics and electronics or to generate composite
materials.

The different studies presented in this work reveal a great potential for postsynthetic,
photochemical modifications reactions of the Zr-bzpdc-MOF and other MOFs
containing photoreactive linkers. The investigated Zr-bzpdc-MOF itself shows
promising properties, with the two-dimensional structure offering possibilities to

116



Conclusion and outlook

appropriate shaping of the material for electronics and also for the generation of
membranes. For this purpose, also the ability to tailor the pore metrics by
postsynthetic modification reactions could be a promising feature. The possibility for
postsynthetic modification of this MOF based on a photochemical approach which is
also applicable in liquids could be a universal tool to decorate the MOF with diverse
molecules in a simple process, thereby being able to differentiate between pervading
modifications throughout the crystals and/or only the surface in a sophisticated way.
Noteworthy, the benzophenone photoaddition is universally applicable to most
organic compounds containing a C-H bond, thus allowing for nearly any desired
surface modification. Other further investigations could deal with the decoration of
the MOF surface by a covalent linkage with biocompatible, thermo- or pH-responsive
molecules and therefore the construction of a switchable material to regulate the
accessibility of the pore system, appropriate to generate drug delivery systems for
biomedical applications with precise adjustable properties and release
functionalities. Another promising approach is the generation of MOFs with
benzophenonedicarboxylate as linker molecules based on other metals, perhaps
offering further selectivities with which the attractive reactivity of the
benzophenone-containing linker can be exploited. Especially iron is an appropriate
candidate to increase the intrinsic electrical conductivity by installing conductive
centers directly in the pristine MOF. Compared to already known intrinsic
conductive MOFs consisting of linker molecules with extended systems of
conjugated m-bonds and predominantly chemically non-reactive linker molecules,
the present approach could end up with an electrically conductive material with a
high adjustability of the properties based on the photochemical reactivity of the
linker molecules allowing nearly any desired surface modification. A most exciting
prospect relies on the fact that benzophenone moieties are used as photoinitiators
for UV-polymerizable polymers; also, benzophenones act as initiators for two-
photon reactions where the high energy necessary for photoexcitation is collected
from two photons with lower energies (i.e., visible red light). This offers the prospect
to write structures with micron or even submicron range resolution into MOF
crystals, using laser direct writing (LDW) or two-photon polymerization (2PP)
processes, or corresponding spatially defined reactions with single molecules.
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S$1. General synthesis and parameter variation

S1.1 Variation of reaction time and modulation with formic acid

The synthesis system for the Zr-bzpdc-MOF was thoroughly investigated; various
synthesis parameters were systematically varied.

Different reaction times and variation of the amount of formic acid as modulator
show clearly that reaction times of more than 24 hours and a modulator amount of
more than 90 eq are necessary to synthesize a crystalline sample of the Zr-bzpdc-
MOF. Fig. S1 shows the PXRD patterns of the substances obtained with different
reaction times and different amounts of modulator.

168 h; 200 eq
72 h; 200 eq
24 h; 200 eq
168 h; 100 eq
72 h; 100 eq
24 h; 100 eq
12 h; 100 eq
168 h; 50 eq
72 h; 50 eq
24 h; 50 eq
12 h; 50 eq
6 h; 50 eq
1h;50eq
168 h; 10 eq
72 h; 10 eq
24 h;10eq
12 h; 10 eq
6 h; 10 eq
1h;10eq
168 h; 0 eq
72 h;0eq
24 h;0eq
12 h;0eq
6h;0eq
1h;0eq

I/ a.u.

(T
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20/°

Figure S1. PXRD patterns of products obtained in syntheses where the reaction time and the amount
of formic acid as modulator were varied. The results form the basis for the construction of the scheme
in Figure 2 of the manuscript. Syntheses were performed at a temperature of 120 °C. For each synthesis
0.517 mmol ZrOCl; - 8 H2O and 0.517 mmol Hzbzpdc were dissolved in 20 mL DMF.

$1.2 Variation of temperature/reaction time

Detailed investigations were conducted to evaluate the influence of the temperature
and the reaction time for the modulated synthesis with 100 eq formic acid. PXRD
patterns of samples obtained are shown in Figure S2. It can be clearly observed that
crystalline Zr-bzpdc-MOF can only be synthesized within a small temperature
window from 110 to 120 °C.
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Figure S2. PXRD patterns of the products of syntheses with different reaction times (24 h, 48 h, 72 h)
at different temperatures between 80 °C — 140 °C. For each synthesis 0.517 mmol ZrOCl2 - 8 H20 and
0.517 mmol H2bzpdc and 51.7 mmol formic acid were dissolved in 20 mL DMF.
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S$1.3 Concentration

Detailed investigations were performed with regard to the concentration of the
reaction solution. While keeping the ratio of ZrOCl,-8 H20, H2bzpdc and formic acid
constant, their concentration in the reaction mixture was varied. As solvent 20 mL
DMF were used.

At low concentrations of reactant (1/2x, 1/5x), no crystalline material was formed. At
high concentrations of reactants (5x, 10x), different crystalline materials were
obtained. The product of the synthesis with fivefold increased concentration is an
unknown phase containing impurities of the unreacted precursor Hzbzpdc. The
PXRD of the synthesis product obtained with tenfold concentrations corresponds to
that of the Zr-formate MOF, published by W. Liang et al.> The data reveal that also
the concentration window to obtain crystalline Zr-bzpdc-MOF is very limited.
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Figure S3. PXRD patterns of syntheses carried out with different concentrations of ZrOCl.-8 H2O,
H3bzpdc and formic acid in the same molar ratio of 1:1:100 eq and a constant amount of DMF (20 mL).
Standard procedure: 0.517 mmol ZrOCl,-8 H20O and 0.517 mmol Hzbzpdc and 51.7 mmol formic acid
dissolved in 20 mL DMF. Reaction time: 72 h; Temperature: 120 °C.
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S$1.4 Modulation

Formic acid

Detailed investigations were carried out with regard to the concentration of the
modulator formic acid in the synthesis solution. By increasing the amount of formic
acid to more than 70 eq, a crystalline Zr-bzpdc-MOF can be obtained. Products
synthesized with more than 180 eq of formic acid show a splitting of the reflection
at ca. 7°. As shown in the manuscript the morphology of the product is also changing,

from rhombic to more isometric crystals.

200eq FA

180eq FA
150eq FA

120eq FA

100eq FA

90eq FA

70eq FA

50eq FA

R

30eq FA

10eq FA

20/°

Figure S4. PXRD patterns of products of syntheses with different amounts of formic acid added to
the synthesis. For each synthesis 0.517 mmol ZrOCl»-8 H20 and 0.517 mmol Hzbzpdc and a defined
amount of formic acid were dissolved in 20 mL DMF and kept for 72 hours at 120 °C in an oven.

Acetic acid, propionic acid and benzoic acid

The PXRD pattern for the modulated synthesis with acetic acid (10, 50, 100, 200 eq),
propionic acid (10, 50, 100, 200 eq) and benzoic acid (10, 30, 100 eq) are not shown
because all syntheses yielded amorphous products.

Formic acid/sodium formate

Using a mixture of formic acid and sodium formate as modulator leads to another
porous phase, signified by its powder X-ray diffraction pattern (Figure S5, upper
diffractogram), by a different morphology (Figure S6) and lower thermal stability
(Figure S7).
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Figure S5. PXRD pattern for products obtained by modulation with different equivalents of formic

acid/sodium formate compared to Zr** ions.. Reflection positions are indicated for sodium formate
(blue lines). The syntheses solutions were kept in an oven at 120 °C for 72 hours.

SEM images show a rod-like morphology with a length of the rods of 10-50 um and
a thickness of about 1-5 pm (Fig. S6). The PXRD pattern, in particular with its first
reflection at small 2 theta values, and the morphology of the crystals of this new
phase indicate that it could be a porous metal-organic framework.
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Figure S6. SEM images of the product synthesized with a combination of formic acid and sodium
formate (200:10) show rod-like crystals with micrometer dimensions.

To further investigate the properties of the new phase, physisorption and
thermogravimetric analysis were performed (Figure S7). The crystalline product
shows a microporous adsorption behaviour and a BET area of about 500 m?-g~!. The
thermal stability of this second phase is much less than that of the Zr-bzpdc-MOF. It
decomposes at about 150 °C. Due to the insufficient thermal stability, no further
investigations were conducted on this phase.
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Figure S7. Physisorption measurement (N,@77 K) and thermogravimetric analysis (heating rate:
5 K-min™) of the product synthesized with a combination of formic acid and sodium formate (200:10).
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$2. Crystal structure, composition and properties

$2.1 Crystal structure investigation

As can be seen in SEM images (Figure 4a), the majority of crystals exhibit a highly
anisotropic morphology of rhombic platelets with small height. Several suitable
single crystals were investigated by single-crystal X-ray diffraction; the collected
data were of nearly the same quality or, in some cases, worse than those which led
to the results described here. To improve the size of the crystals, several syntheses
were performed with increasing reaction times (up to one month) and different
concentrations around those of the standard procedure. These attempts were not
successful, and further ether attempts were hampered by the small synthesis
windows for the Zr-bzpdc-MOF. The high-resolution SEM picture in Figure S8 points
to another problem: The “leafy” appearance indicates the possibility of stacking
disorder of the individual MOF layers. This disorder and the small height of the
crystals prevented us to obtain better results from the crystal structure
determination.

Figure S8. SEM image showing an edge of a Zr-bzpdc-MOF crystal similar to the ones used for single-
crystal X-ray diffraction experiments.

A crystal with dimensions of 0.120 x 0.080 x 0.005 mm? was picked and mounted on
a goniometer head. Single crystal X-ray diffraction studies were carried out with a
Bruker KAPPA APEX II CCD diffractometer equipped with a graphite crystal
monochromator situated in the incident beam, which produces CuKy radiation (A =
1.54178 A). Data collection was carried out at —-40 °C. Because of the small third
dimension of the crystal, no reflections at higher diffraction angles were obtained.
The SAINT program was used for integration of the diffraction profiles? and
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adsorption corrections were applied by using the SADABS routine.® The structure
was solved by direct methods using WinGX* with SHELXS.> The most stable
structural model was found in space group Cmcm. Data related to the structural
investigation are given in Table S1.

While the atom positions could be refined without problems, the thermal
displacement factors of the atoms could only be refined isotropically, most likely
because of the insufficient data at high diffraction angles. Nevertheless, a structural
model was obtained, the calculated X-ray powder diffraction pattern of which fits
very well to the experimental data. The hydrogen atoms were added theoretically,
riding on the concerned atoms. The atom positions from the crystal structure model
are summarized in Table S2.

Table S1. Data related to the structural investigation of Zr-bzpdc-MOF.

Crystal size / mm 0.12 x 0.08 x 0.005
Crystal system orthorhombic
Space group Cmcm (63)
Lattice parameters a=29.8710(17) A

b=19.2467(11) A
c=19.4041(12) A

Cell volume 11155.77 A3
No. of reflections 8531
Observed data 1044
Parameters 114
Unique Reflections 2305

R(int) 0.1426

R1 0.1970

wR2 0.5381
GooF 1.756
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Table S2. Table of atomic coordinates for the structural model of Zr-bzpdc-MOF.

Symbol Element x/la ylb z/c Usol A2

ZR1 Zr 0.4176 0.6142 0.7500 0.0578
ZR2 Zr 0.5000 0.5227 0.8404 0.0569
ZR3 Zr 0.5000 0.7069 0.8396 0.0661
01 @) 0.4586 0.6144 0.8416 0.0678
02 O 0.4584 0.7045 0.7500 0.0943
03 O 0.4563 0.5225 0.7500 0.0713
04 @) 0.3814 0.5478 0.6825 0.0503
05 O 0.3779 0.6818 0.8206 0.0771
06 O 0.5000 0.8198 0.8058 0.0834
o7 @) 0.5000 0.7090 0.9526 0.0952
08 @) 0.5678 0.7489 0.8764 0.0864
09 O 0.5000 0.5192 0.9551 0.0817
010 O 0.5000 0.4081 0.8249 0.0903
011 @) 0.4322 0.4848 0.8777 0.0659
012 @) 0.2478 0.3703 0.4288 0.0924
C1 C 0.3921 0.4978 0.6397 0.0720
C2 C 0.3550 0.4638 0.5981 0.0515
C3 C 0.3652 0.4266 0.5396 0.0822
C4 C 0.3273 0.3986 0.5080 0.1236
G5 C 0.2825 0.4036 0.5298 0.0532
Co C 0.2768 0.4362 0.5923 0.0841
C7 C 0.3100 0.4698 0.6236 0.0883
C8 C 0.2498 0.3711 0.4906 0.0680
C9 C 0.2905 0.8366 0.9696 0.0776
C10 C 0.2803 0.7983 0.9136 0.0780
C11 C 0.3124 0.7647 0.8790 0.0728
C12 C 0.3604 0.7657 0.9033 0.0754
C13 C 0.3664 0.8037 0.9599 0.0764
C14 C 0.3350 0.8382 0.9917 0.1218
C15 C 0.3933 0.7237 0.8614 0.0822
C1e C 0.5000 0.8400 0.7500 0.0673
H3 H 0.3944 0.4207 0.5228

H4 H 0.3324 0.3733 0.4673
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Ho H 0.2486 0.4346 0.6137
H7 H 0.3040 0.4974 0.6624
H10 H 0.2504 0.7953 0.8987
H11 H 0.3049 0.7400 0.8389
H13 H 0.3955 0.8058 0.9783
H14 H 0.3425 0.8649 1.0306
H16 H 0.5000 0.8889 0.7500

$2.2 Determination of composition by TGA and 'H NMR
spectroscopy

Thermogravimetric analysis

The analysis of the TGA data shows that the weight percentages derived from the
experimental data deviate by about 5% related to an IBU saturated with hydroxyl
groups. After replacing two formate molecules for hydroxyl groups in the chemical
formula, the theoretical value fits well to the experimental values. This indicates a

partial coordination of the IBU with formate molecules.

Table S3. Table of thermogravimetric analysis data of Zr-bzpdc-MOF; experimental data are given as
“uncorrected” and “corrected” (by substraction of the mass loss ascribed to guest molecules);
calculated values are given for different chemical formulae.

;2:1:8 experimental corrected ZrsO4(OH)s(bzpdc)s ZrsO4(OH)s(HCO2)2(bzpdc)s
linker 48.9% 62.5% 60.8% 62.8%
residue 29.3% 37.5% 39.2% 37.2%

The comparison of the PXRD pattern of the Zr-bzpdc-MOF performed at room
temperature with the PXRD obtained at 300 °C (Figure S9) shows slight shifts of the
first two reflections and the presence of only three reflections at 300 °C of the (hk0)
family indicates a loss of defined three-dimensional stacking of the two-dimensional

layers.
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Figure S9. PXRD pattern with indices of Zr-bzpdc-MOF measured at 30 °C compared to the PXRD

measured at 300 °C.

NMR Spectroscopy

For liquid-state NMR experiments 50 mg of the MOF were dispersed in [D6]DMSO.
Under vigorous stirring 30 uL aqueous HF (40%) were added and stirred for 18 hours.
After complete dissolution of the Zr-bzpdc-MOF, an excess of CaClz was added to the

clear solution. The

supernatant was used for 'H and 3C BB NMR investigations.
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Figure $10. 'H NMR investigation of dissolved Zr-bzpdc-MOF to determine the organic compounds
and their ratio in the framework. 400 MHz, [D6]DMSO, 25°C, TMS: & = 8.07 (s, 1 H, formic acid), 7.71
- 8.02 ppm (m, 16 H, Habzpdc).
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The analysis of the 'H NMR spectrum (Fig. S10) shows the signal for the formate
proton at 8.7 ppm and the aromatic protons of the benzophenone dicarboxylate at
7.7 — 8 ppm. The integration reveals that the ratio of formate molecules compared to
linker molecules is 1:1.995.

The combination of TGA and data from 'H NMR spectroscopy on the dissolved MOF
leads to a formula ZrsO4(OH)s(HCO2)2(bzpdc)s. Here, the twelve coordination sites of
the IBU of the Zr-bzpdc-MOF are saturated by eight linker molecules, two hydroxyl
groups and two formate molecules.
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$2.3 Physisorption

For physisorption measurements 50 mg of the samples were outgassed in vacuum at
50 °C for 24 h prior to the sorption measurement. Surface areas were estimated by
applying the Brunauer-Emmett-Teller (BET) equation. To determine the BET
surface area the “Micropore BET Assistant” implemented in the ASiQwin 2.0
software from Quantachrome was used. The total pore volumes were estimated by
single-point method at p/po = 0.95. Nitrogen sorption isotherms were measured at
77K on a Quantachrome Autosorb-3MP instrument and the argon sorption
isotherms at 87 K on a Quantachrome Autosorb-1 instrument. The logarithmic scale
of the Ar-isotherm for Zr-bzpdc-MOF and NLDFT calculation for pore size

distribution is shown in Fig. S11.
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Figure S11. Left: logarithmic scale of the physisorption measurement of Zr-bzpdc-MOF with argon
at 87 K; right: pore size distribution calculated with Kernel: “Ar at 87 K_zeolites/silica (cylinder. Pores,
NLDFT equ.).

The logarithmic scale of the isotherm shows a slight increase at 1E-4 relative
pressure that indicates an ordered pore system with a defined pore diameter of less
than 1 nm. The pore size distribution indicates the presence of an ordered pore
system, but it is not possible to resolve such small pores out of this data.
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$2.4 Chemical stability

Many Zr-based MOFs exhibit a high hydrolytic stability. Corresponding
investigations on the Zr-bzpdc-MOF were carried out by dispersing 30 mg of the
MOF in 1 mL of aqueous solutions of NaOH and HC], respectively, which were
adjusted to pH values in the range from 1 to 13. The suspensions were then vortexed
with a VWR Digital Vortex Mixer for 24 h at speed 900. Afterwards the samples were
freeze dried and characterized via PXRD (Fig. S12).
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Figure S12. PXRD pattern of Zr-bzpdc-MOF treated with aqueous solutions with different pH values
compared to the simulated XRD.

The PXRD pattern show characteristic reflections of Zr-bzpdc-MOF in a pH range of
pH 3 to pH 11. Vortexing at pH 1 induced a loss of crystallinity, vortexing at pH 13
led to destruction of the framework. The Zr-bzpdc-MOF thus shows a good stability
under basic and acidic conditions.
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S3. Delamination

$3.1 TEM and SEM images

Fig. S13 shows larger versions of the TEM and SEM images displayed in Fig. 8 of the
manuscript.

Figure S13. Enlarged versions of the TEM and SEM images displayed in Fig. 8 of the manuscript. a)
and c): SEM images show delaminated Zr-bzpdc-MOF sheets that behave like wrapping paper. Also
the substrate is visible through the particle (c), which indicates a thickness of just a few nm. b) and
d): TEM image of delaminated Zr-bzpdc-MOF show rhombic shaped sheets with nearly uniform
thickness.
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S4. Postsynthetic modification

$4.1 NMR spectroscopy

The postsynthetically modified samples were dissolved in [D6]DMSO with
hydrofluoric acid with the same procedure as described above (Section 2.2). The
spectra are shown in Figs. S14 and S15.
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Figure S14. 'H NMR spectrum of the sample treated with UV light in PEG300. 400 MHz, [D6]DMSO,
25°C, TMS compared to 'H NMR signals of untreated, dissolved Zr-bzpdc-MOF (red box).
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Figure S15. 13C-BB NMR spectrum of the sample treated with UV light in PEG300. 400 MHz,
[D6]DMSO, 25°C, TMS.

The chemical shifts of the signals in the NMR spectra of the postsynthetically
modified sample differ from those observed on the untreated sample due to slightly
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different amounts of hydrofluoric acid in the solution, which influences the chemical
shifts. The 'H NMR spectra show a different coupling behavior at 7.7 - 8.3 ppm
compared to the linker molecule of untreated Zr-bzpdc-MOF (Fig. S10). Also, the
presence of signals for PEG300 (7.4 - 7.7 ppm) indicates a successful postsynthetic
modification of the MOF. The signal of the keto carbon atom should not be affected
by the postsynthetic modification due to the fact that only the keto groups at the
surface have reacted. The 13C NMR spectrum (Fig. S14) substantiates this by the
presence of the peak for the carbon atom of the keto group (195.57 ppm).
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5.2 Direct grafting-from of PEDOT from a photoreactive Zr-
based MOF — A novel route to electrically conductive composite
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S1. Materials and Instrumentation

S1.1 Materials

Zirconium(IV)-oxychloride octahydrate, formic acid, N,N-dimethylformamide (DMF)
and 3,4-ethylenedioxythiophene were purchased from Sigma Aldrich. Ethanol and
acetone were purchased from VWR and benzophenone-4,4’-dicarboxylic acid from

abcr Chemicals. All chemicals were used without further purification.
$1.2 Instrumentation

X-ray powder diffraction measurements were performed at room temperature using
a STOE STADI-P transmission diffractometers equipped with curved Ge(111)
monochromators with CuKe: radiation (A = 1.540594 A) and a linear position-

sensitive detector. The samples were fixed between X-ray amorphous foils.

Scanning electron microscopy and electron-dispersive X-ray spectroscopy were
carried out on a JEOL JSM-6700F (2 keV). Solution-state 'H and 3C NMR spectra
were measured on a BRUKER instrument at 400 MHz and were analysed with ACD
NMR Processor 12. Physisorption isotherms were measured on an Autosorb 3
instrument from Quantachrome Instruments and were evaluated with the software
ASiQwin 2.0 by Quantachrome Instruments. BET areas of the microporous samples
were determined with the micropore BET assistant of the accompanying software.
TGA data were obtained on a NETZSCH STA 409PC/PG instrument with a heating
rate of 10 K-min~! with a gas flow of 80% argon and 20% oxygen. Elemental analysis
for carbon and sulfur (C-S analysis) was performed with an ELTRA C/S Analyzator
and the UNI Software from ELTRA GmbH was used for evaluation. UV irradiation
experiments were performed with a high power LED UV Spot from Laser 2000 with
a wavelength of 365 nm. Van der Pauw experiments of the electrical conductivity
were performed in a glovebox under Ar atmosphere. Conductivity measurements
were performed using a self-made 4-point-probe setup with a Keithley 2100
multimeter (Beaverton, USA).
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S$2. Experimental section
$2.1 Synthesis of Zr-bzpdc-MOF

Solvothermal synthesis of Zr-bzpdc-MOF was carried out in Teflon-sealed screw cap
glass vessels. Favorable conditions for the synthesis of a product without amorphous
impurities are as follows: 3.22 g (10 mmol) ZrOCl; « 8 H20 were dissolved in 200 mL
DMEF. After adding 56.59 mL formic acid (1.5 mol, 150 molar equivalents (eq) based
on the amount of Zr**) and 8.11 g (30 mmol, 3 eq) H2bzpdc, the clear solution was
transferred in a 500 mL Teflon-sealed glass vessel and was kept at 120 °C for 2 weeks
in a circulating air oven. After the reaction, the solution was cooled down to room
temperature and the resulting solid was obtained by decanting, washed once with
100 mL of DMF and two times with 50 mL methanol and afterwards dried under
reduced pressure. For further investigations the sample was activated via Soxhlet-
extraction with acetone for 24 hours. The white powder was kept under reduced
pressure until further usage. The resulting Zr-bzpdc-MOF crystals have a rhombic
shape and a size of about 100 pm (Figure S1). The yield of the synthesis is about 50%.

S.2.2 Postsynthetic modification with 3,4-ethylendioxythiophene
(EDOT) and ethanol

For the postsynthetic modification (PSM) with EDOT, 100 mg Zr-bzpdc-MOF was
dispersed in 2 mL neat EDOT and purged with Ar for 1 hour. Afterwards the
dispersion was irradiated under Ar purging for a specific time (between 1 h — 72 h).
After isolation of the product, it was washed two times with acetone and then
Soxhlet-extracted with acetone for 48 hours. The samples were dried under reduced
pressure overnight.

For comparison, a sample in which all the keto groups had reacted was prepared
using the PSM with ethanol. The same procedure with 72 hours irradiation under
argon purging was applied to Zr-bzpdc-MOF in ethanol. A 3C NMR spectrum
verified the complete reaction of the keto groups by the absence of a keto carbon
signal at about 195 ppm (Figure S9).

S.2.3 Preparation for NMR spectroscopy

For solution-state NMR experiments, 50 mg of the MOF were dispersed in
[D6]DMSO. Under vigorous stirring 20 uL. aqueous HF (40%) were added and stirred
for 18 hours. After complete dissolution of the Zr-bzpdc-MOF, an excess of CaClz was
added to the clear solution. The supernatant was used for 'H and !3C BB NMR

investigations.
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S.2.4 Conductivity measurements

The Soxhlet-extracted and dried samples (activated in vacuum for at least 24 hours)
were pressed into pellets (diameter of 8 mm, thickness between 0.7 — 0.9 mm) by
using a hydraulic press for 1 minute at a weight of one ton (2000 bar). Van der Pauw
measurements were performed in a glove box under inert atmosphere in the dark
(02<0.5 ppm, H20<0.5 ppm). Conductivity measurements were performed using a
self-made 4-point-probe setup with a Keithley 2100 multimeter (Beaverton, USA).
The van der Pauw method excludes the resistances of contacts and wires so that only
the resistance of the material is observed.!
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S3. Additional results

Figure S1. SEM images of single crystals of Zr-bzpdc-MOF.
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S.3.2 Physisorption results
Results of physisorption measurements (N2@77K) are shown in Table S1.

Table S1. Calculated BET areas and total pore volumes for Zr-bzpdc-MOF and postsynthetically
modified samples with PEDOT.

Sample BET area / m?.g~! Total pore volume / cm?-g™!
Zr-bzpde-MOF 670 0.40
UVEDOT 1h 630 0.37
UVEDOT 6 h 600 0.34
UV EDOT 24 h 570 0.30
UV EDOT 48 h 540 0.26
UV EDOT 72 h 520 0.23

S.3.3 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy is used to display qualitatively the presence
of EDOT/PEDOT molecules at the Zr-bzpdc-MOF surface through the sulfur signal
at about 2.3 keV compared to the zirconium signals at 0.15 keV and 2.05 keV. The
results are shown in the following figures for the Zr-bzpdc-MOF as-synthesized
(Figure S2) and the irradiated samples with 24 h (Figure S3), 48 h (Figure S4) and 72 h
(Figure S5) hours of UV light exposure in EDOT, respectively.
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Figure S2. EDXS analysis of Zr-bzpdc-MOF as synthesized. Top: EDX spectrum with element
assignments. Bottom: Image of measured crystal and the elemental analysis for zirconium and sulfur.
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Figure S3. EDXS analysis of irradiated sample for 24 hours. Top: EDX spectrum with element
assignments. Bottom: Image of measured crystal and the elemental analysis for zirconium and sulfur.
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Figure S4. EDXS analysis of irradiated sample for 48 hours. Top: EDX spectrum with element
assignments. Bottom: Image of measured crystal and the elemental analysis for zirconium and sulfur.
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Figure S5. EDXS analysis of irradiated sample for 72 hours. Top: EDX spectrum with element
assignments. Bottom: Image of measured crystal and the elemental analysis for zirconium and sulfur.
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Quantitative data regarding the contents of Zr and S as derived from the EDX results
are given in Table S2. Without further calibration, we take these results to
qualitatively underline the presence of EDOT/PEDOT in the samples whereby the
amount of the sulfur-containing species appears to increase with longer irradiation

times.

Table S2. Mass fractions of zirconium and sulfur as calculated from EDXS data.

Sample Zr | % Sulfur / %
Zr-bzpdc-MOF 98.9 1.1
UV EDOT 24 h 93.7 6.3
UV EDOT 48 h 91.1 8.9
UVEDOT 72 h 914 8.6
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$3.4 Thermogravimetric analysis

Thermogravimetric analysis curves of Zr-bzpdc-MOF and for a sample of Zr-bzpdc-
MOF postsynthetically modified with EDOT for 72 hours are shown in Figures S6
and S7, respectively.
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Figure S6. TGA and DTA curves for Zr-bzpdc-MOF. (grey: desorption of guest molecules; blue:
combined removal of linker molecules and EDOT molecules; green: inorganic residue (ZrO2))
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Figure S7. TGA and DTA curves for a sample of Zr-bzpdc-MOF postsynthetically modified with
EDOT for 72 hours. (grey: desorption of guest molecules; blue: combined removal of linker molecules
and EDOT molecules; green: inorganic residue (ZrOy))
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Comparing the amount of the organic contents of Zr-bzpdc-MOF to that of
postsynthetically modified Zr-bzpdc-MOF shows an excess for the latter of about
2.8% of organic molecules which can be ascribed to the presence of EDOT/PEDOT
molecules (Table S3). The amount of EDOT/PEDOT is calculated by comparing the
“corrected” amounts with the “theoretical” amounts of the organics and the residue
originating from the same amount of ZrO». Under the assumption that only the keto
groups on the outer surface of the MOF crystals react in the photochemical reaction,
an approximate average chain length of the PEDOT chains can be calculated (see
Section 3.7).

Table S3. Evaluation of the thermogravimetric measurements. Mass fractions derived from
thermogravimetric analysis curves of Zr-bzpdc-MOF and of Zr-bzpdc-MOF postsynthetically modified

with EDOT for 72 hours; data are given as “experimental” and “corrected” (after subtraction of the
mass loss ascribed to guest molecules).

Theoretical
Zr-bzpdc-MOF Experimental Corrected composition for
Zr-bzpdc-MOF?
Guest removal -17.8% - -
Decomposition of 3 3 3
organics 51.3% 62.4% 62.8%
Residue (ZrO») 30.9% 37.6% 37.2%
Theoretical
UVEDOT 72 h Experimental Corrected composition for
Zr-bzpdc-MOF?
Guest removal -19.6% - -
Decomposition of : 3 3
organics 51.3% 63.8% 62.8%
Residue (ZrOz) 29.1% 36.2% 37.2%
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$3.5 Elemental analysis

The carbon and sulfur contents were determined via C-S analysis. The results are
shown in Table S4. The amount of 0.76% sulfur corresponds to about 3.4% EDOT.

Table S4. Mass fractions of carbon and sulfur as determined via C-S analysis of Zr-bzpdc-MOF and
of a sample of Zr-bzpdc-MOF postsynthetically modified with EDOT for 72 hours.

Sample Carbon / % Sulfur/ %
Zr-bzpdc-MOF 42.94 (15) 0.03 (02)
UV EDOT 72 h 43.80 (12) 0.76 (02)
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$3.6 Solution-state NMR investigations

NMR spectra of acid-digested Zr-bzpdc-MOF show the presence of formic acid in the
framework and signals for the benzophenone groups (Figure S8). This is comparable
to results already published.? The singlet at about 8.09 ppm represents the formate
molecules. The signals for the aromatic protons of benzophenone-4,4’-dicarboxylic
acid are contained in the multiplet at 7.79 ppm - 8.08 ppm.
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Figure S8. 'H and 13C NMR spectra of acid-digested sample of Zr-bzpdc-MOF.
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For further investigations the keto carbon signal of about 195 ppm is the most
important one. The 3C NMR spectrum of the sample postsynthetically modified with
ethanol (Figure S9) shows, when compared to the untreated sample, no signal for the
keto carbon atom. This indicates a complete reaction of the keto groups with ethanol
molecules, leading to the formation of a C-C bond and a hydroxyl group. The 'H
NMR spectrum correspondingly shows a quartet at about 3.45 ppm (methylene
group) and a triplet at about 1.05 ppm (methyl group). As no benzophenone groups
are present in this sample anymore, the mechanism proposed in the manuscript to
explain the conductivity of the pristine Zr-bzpdc-MOF is not effective anymore.
Correspondingly, no electrical conductivity is measured on this sample.
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Figure S9. 'H and 13C NMR spectra of acid-digested Zr-bzpdc-MOF postsynthetically modified with
ethanol.
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For a Zr-bzpdc-MOF sample postsynthetically modified with EDOT (irradiation for
72 hours) which was dissolved after synthesis, 'H and *C NMR spectra are shown in
Figure S10. In the 'H NMR spectrum, signals for thiophene units should appear at
about 6.5 ppm. A multiplet with a very low intensity can be observed at this position;
however, this signal cannot be quantified. The 'H NMR spectrum can thus only show
the presence of a very small quantity of EDOT wunits in the dissolved
postsynthetically modified sample. We ascribe the fact that no signals are observed
for oligo-/polymer chains of PEDOT to the insolubility of PEDOT chains which can
then not be detected with solution-state NMR spectroscopy. The presence of the keto
carbon signal in the 3C NMR spectrum shows that only a small amount of the keto
groups has reacted with EDOT molecules. This is line with the assumption that only

surface-standing keto groups have reacted.
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Figure $10. 'H and 3C NMR spectra of acid-digested sample of Zr-bzpdc-MOF postsynthetically
modified with EDOT for 72 hours.
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S3.7 Theoretical Calculations
Based on the fact that

e according to the crystal structure of Zr-bzpdc-MOF, keto groups accessible
for the PSM are present on the basal planes

and using

e the dimensions of the crystals

o the (theoretical) density of the Zr-bzpdc-MOF

as well as

e the contents (mass fractions) of EDOT/PEDOT as derived from TGA and C-S
analysis (2.8% and 3.4%, respectively)

we can estimate the lower boundary of the average chain lengths of PEDOT
molecules attached to the MOF surface if we make the following additional

assumption:

e every surface-standing keto group has initiated the polymerization of a
PEDOT chain

This assumption implies that growing polymer chains do not sterically hinder the
access of still unreacted surface-standing keto groups and that chain initiation
dominates over chain propagation. The distance between surface-standing keto
groups is ca. 11 A; therefore, steric hindrance from grown polymer chains may not
be such a strong issue. On the other hand, often chain propagation dominates over
chain initiation. With these restrictions in mind, we carried out the following
calculations which provide us with an estimate of the lower boundary of the PEDOT
chain lengths.

We determined the average size of the basal rhombic planes of the crystals to
4346 pm? (average rhombus size: 82 um x 53 um, determined with ImageJ on about
30 crystals in Figure S1). The average thickness of the crystals varies more strongly
between 5 — 10 um. For the calculations we use a thickness of 7.5 pm to determine a
volume of 1.6298-10-8 cm? per crystal. With the theoretical density of 1.16 g-cm~3 the
mass of one crystal is about 1.89-1078 g. Referring again to the crystal structure model
for the Zr-bzpdc-MOF, the number of surface-standing keto groups accessible for the
photochemical reaction is about 3.0-10° per crystal. The total amount of keto groups
is about 2.34-10'3 per crystal. A crystal of Zr-bzpdc-MOF has about 0.01% keto groups

at the outer surface.
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1 g of such rhombic shaped Zr-bzpdc-MOF crystals thus offers 1.6-10!7 keto groups
for reaction. The mass of EDOT/PEDOT bound by to this amount of MOF is 28 mg
or 34 mg, respectively, depending on the determination method (TG vs. C-S analysis).
Distributing this mass of EDOT/PEDOT over 1.6-10'7 keto groups, we obtain average
chain lengths of about 70 monomer units from the TGA result and of about
90 monomer units from the result of the C-S analysis, respectively. Due to the
uncertainties mentioned above, we state with due caution that the grafted-from
PEDOT chains have lengths of at least ca. 100 EDOT units.

$3.8 Conductivity measurements

Electrical conductivities were measured on pressed pellets. In order to verify that the
press procedure did not affect the crystallinity of the samples, PXRD diagrams were
measured afterwards (Figure S11).

Pellet UV EDOT 72 h

Pellet UV EDOT 48 h

Pellet UV EDOT 24 h

Pellet UV EDOT 6 h

Pellet UV EDOT 1 h

Pellet Zr-bzpdc-MOF

i

as synth. Zr-bzpdc-MOF

5 10 15 20 25 30 35 40
20/°

Figure S11. PXRD patterns of pressed pellets after conductivity measurements.

Photographs of pressed pellets with four ohmic contacts (Figure S12) and results
from electrical conductivity measurement (Table S5) show the influence of the
photochemical polymerization reaction on the color of the samples and on their
electrically conductivity.
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PSM with EDOT
UV 24 h

Figure S12. Photographs of the contacted pressed pellets of the samples.

Table S5. Results of electrical conductivity measurements of Zr-bzpdc-MOF and postsynthetically
modified samples.

Sample Pellet thickness / nm Conductivity / S-cm™!
Zr-bzpdc-MOF 0.78 5.37-107°
UV EtOH 72 h 0.77 immeasurably low
UVEDOT 1 h 0.80 6.05-107°
UVEDOT 6 h 0.83 1.07-107°
UV EDOT 24 h 0.77 8.96-107*
UV EDOT 48 h 0.74 2.48-1073
UVEDOT 72 h 0.75 6.93-1073

To visualize the properties of the hybrid materials after different reaction times, we
plot the BET area versus the electrical conductivity (Figure S13). The postsynthetic
polymerization of EDOT at the MOF surface leads to a slight decrease in porosity.
The graph shows impressively that after a reaction time of more than 24 hours the
porosity remains about the same (around 500 m? g-!) whereas the electrical
conductivity increases with longer reaction time.
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Figure S13. Plot of the BET area versus the electrical conductivity for Zr-bzpdc-MOF and
postsynthetically modified samples. The reaction times for the postsynthetic reaction are indicated.

S4. Postulated reaction mechanism

For the polymerization of EDOT at the surface keto groups of the Zr-bzpdc-
MOF through irradiation, we postulate the reaction mechanism detailed below.

In the first step, we postulate that a photoexcited keto group reacts with a C-
H bond of the ethylene group of EDOT, resulting in a covalent bond between
the linker molecule and the EDOT unit (of course, this initial reaction could
also occur at the thiophene part). This mechanism is well known for the
photoreactive benzophenone group (see Scheme 1 of the main paper).3 In
general, the following steps could also occur in solution, leading to oligo-
/polymers not attached to the MOF surface. However, the following extensive
Soxhlet extraction should remove all molecules which are not covalently
attached to the MOF. Therefore, we postulate the presence of a covalent bond
between the MOF crystals and those PEDOT chains which have not been

removed by the extraction.

080 080
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For the second step, we propose the oxidative formation of a radical at the
attached EDOT moiety. The only oxidizing agent present in the reaction
system is the benzophenone unit of the linker, and in fact, the photo-oxidative
potential of irradiated benzophenone has been described in literature,®~8 and the
corresponding electron transfer is of course part of the photochemical addition
reaction. The shortest distance between two neighbouring keto groups of the MOF
crystals is 4.8 A.
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This radical can then attack another EDOT molecule in the third step resulting
in a dimer radical. This then loses a hydrogen atom to the ketyl radical, so that
on the surface of the MOF crystals the linker molecules actually contain
diphenylmethanol groups. The formation of the alcohol group is a
consequence of the reduction of the keto group.
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The polymerization can then continue under further oxidative radical
formation, accompanied by reduction of surface-standing keto groups of the

framework.
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S1 Additional results

$1.1 NMR investigations - PSM of H2bzpdc and Zr-bzpdc-MOF in
aqueous media

Figures S1 — S10 show solution phase NMR spectra of H2bzpdc and of acid-digested
samples of Zr-bzpdc-MOF, both before and after irradiation in water or basic
solution, respectively. In the TH NMR spectra taken on the samples which had
successfully undergone PSM with water, namely H2bzpdc under basic conditions and
Zr-bzpdc-MOF in water, an additional signal at about 8.03-8.04 ppm indicates the
presence of a hydroxyl group at an aromatic carbon atom of the benzophenone
moiety. The signals for the aromatic protons of benzophenone-4,4’-dicarboxylic acid
are contained in the 'H NMR spectra of all samples in the multiplet at 7.81 ppm -
8.10 ppm. In the 13C NMR spectra of all samples, the signal of the keto carbon atom
at 195 ppm is most important. It vanishes or is strongly reduced in intensity upon
successful PSM.

Pristine H2bzpdc
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Figure S1. 'H NMR spectrum of pristine Hzbzpde.
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Figure S2. 13C NMR spectrum of pristine Hzbzpdc.

Habzpdc after irradiation in water at pH 7
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Figure S3. 'H NMR spectrum of Hzbzpdc after irradiation in water, carried out at a pH value of about
7.
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Figure S4. 3C NMR spectrum of Hobzpdc after irradiation in water, carried out at a pH value of about
7.

H2bzpdc after irradiation in water at pH 10
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Figure S5. Top: 'H NMR spectrum of Hybzpdc after irradiation in water at a pH value of about 10
(adjusted with NaOH). Bottom: Integrated peak areas for the determination of the ratio of reacted
linker molecules (about 50%).
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Figure S6. 3C NMR spectrum of Hybzpdc after irradiation in water, carried out at a pH value of about
10 (adjusted with NaOH).
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Pristine Zr-bzpdc-MOF

The 'H NMR spectrum of acid-digested pristine Zr-bzpdc-MOF shows the presence
of formate ions (singlet at 8.11 ppm) which are part of the structure of the MOF.! The
signals for the aromatic protons of benzophenone-4,4’-dicarboxylic acid are

contained in the multiplet at 7.81 ppm - 8.10 ppm.
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Figure S7. 'H NMR spectrum of acid-digested Zr-bzpdc-MOF.
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Figure S8. 13C NMR spectrum of acid-digested Zr-bzpdc-MOF.
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Zr-bzpdc-MOF after irradiation in water at pH 7

The 'H NMR spectrum of the irradiated MOF sample exhibits a signal at 8.03 ppm,
corresponding to a hydroxyl group at an aromatic carbon atom of the benzophenone

moiety. The signal at 4.91 ppm is the proton signal of water; the water in the solution

stems from the aqueous hydrofluoric acid used in the digestion procedure of the
MOF.
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Figure S9. Top: 'H NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in water. Bottom:

Integrated peak areas for the determination of the ratio of reacted linker molecules (about 70%).
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Figure S$10. 3C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in water.
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$1.2 Physisorption measurements

Results of physisorption measurements (N2@77K) for Zr-bzpdc-MOF and Zr-bzpdc-
MOF irradiated in the corresponding liquids are given in Table S1; the individual
isotherms (N2@77K and (CO:@273K) for the samples modified with alcohols
(Figure S11) and alkanes (Figure S12) are also shown.

Table S1. BET areas and total pore volumes calculated from N2@77K physisorption data for Zr-bzpdc-
MOF and Zr-bzpdc-MOF irradiated in different liquids.

Sample BET area/ m?.g-! Total pore volume / cm3.g-1
pristine Zr-bzpdc-MOF 670 0.40
Zr-bzpde-MOF UV H,0 520 0.32
Zr-bzpdc-MOF UV methanol 20 0.04
Zr-bzpdc-MOF UV ethanol 20 0.04
Zr-bzpdc-MOF UV propanol 20 0.04
Zr-bzpdc-MOF UV butanol 320 0.14
Zr-bzpdc-MOF UV pentanol 330 0.15
Zr-bzpdc-MOF UV hexanol 330 0.15
Zr-bzpdc-MOF UV heptanol 350 0.16
Zr-bzpdc-MOF UV octanol 350 0.16
Zr-bzpdc-MOF UV butane 330 0.15
Zr-bzpdc-MOF UV pentane 340 0.15
Zr-bzpdc-MOF UV hexane 350 0.15
Zr-bzpdc-MOF UV heptane 350 0.16
Zr-bzpdc-MOF UV octane 340 0.16
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Figure S11. Physisorption isotherms for Zr-bzpdc-MOF and Zr-bzpdc-MOF samples irradiated in the

corresponding alcohol.
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Figure S12. Physisorption isotherms for Zr-bzpdc-MOF and Zr-bzpdc-MOF samples irradiated in the
corresponding alkane.
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$1.3 Pore system of Zr-bzpdc-MOF

Figure S13. Representations of the pore system of the Zr-bzpdc-MOF! along the a axis; top: visualized

as a Voronoi network (Zeo++)? using the program Voro++;* bottom: Schematic depiction of the pore
system within the structure of the Zr-bzpdc-MOF.
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S$1.4 NMR investigations - PSM of Zr-bzpdc-MOF and H2bzpdc
with alcohols

The following Figures S14 — S27 show the NMR spectra of Zr-bzpdc-MOF and
Hz2bzpdc after irradiation in different alcohols. For the postsynthetic modification
with methanol, ethanol and propanol, no keto carbon signal is observable at 195 ppm
in the 13C NMR spectra, indicating a complete reaction of the keto moieties with the
alcohols. The characteristic region of the 13C NMR spectra is also shown in Figure 5
of the manuscript.

H2bzpdc after irradiation in methanol

The '"H NMR spectrum of Habzpdc irradiated in methanol (Figure S14) shows similar
signals as the acid-digested Zr-bzpdc-MOF irradiated in methanol (Figure S16), like
the singlet at about 4.01 ppm for the methylene unit of the hydroxymethyl group
bonded to the former keto carbon atom. This proves a successful PSM reaction with
methanol. Correspondingly, in the 3C NMR spectrum (manuscript, Figure 4) no
signal for the keto carbon atom at 195 ppm is observed anymore indicating a

complete reaction of every keto group similar to the results in the rigid metal-organic

framework.
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Figure S14. 'H NMR spectrum of Habzpdc after irradiation in methanol.
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H2bzpdc after irradiation in ethanol

The 'H NMR spectrum of Hzbzpdc after irradiation in ethanol (Figure S15) is that of
pristine Habzpdc (Figure S1); no reaction occurred due to the low solubility of
H2bzpdc in ethanol and inaccessibility of the keto groups in the organic crystals.
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Figure S15. 'H NMR spectrum of Hzbzpdc after irradiation in ethanol.
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Zr-bzpdc-MOF after irradiation in methanol

The 'H NMR spectrum of the acid-digested Zr-bzpdc-MOF which was irradiated in
methanol (Figure S16) shows a singlet at about 4.01 ppm for the methylene unit of
the hydroxymethyl group bonded to the former keto carbon atom as a result of the
successful PSM reaction with methanol. Correspondingly, in the 3C NMR spectrum

(Figure S17) no signal for the keto carbon atom at 195 ppm is observed anymore.
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Figure S16. '"H NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in methanol.
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Figure S17. 3C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in methanol.

178



Supplementary Information

Zr-bzpdc-MOF after irradiation in ethanol

The 'H NMR spectrum of the acid-digested Zr-bzpdc-MOF which was irradiated in
ethanol (Figure S18) shows a quartet at about 3.45 ppm (methylene group) and a
triplet at about 1.05 ppm (methyl group), both belonging to the residue derived from
ethanol which has become attached to the former keto carbon atom as a result of the
successful PSM reaction with ethanol. Correspondingly, in the 13C NMR spectrum
(Figure S19) no signal for the keto carbon atom at 195 ppm is observed anymore.
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Figure S18. '"H NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in ethanol.
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Figure S19. 13C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in ethanol.

179



Supplementary Information

Zr-bzpdc-MOF after irradiation in 1-propanol

The 'H NMR spectrum of the acid-digested Zr-bzpdc-MOF which was irradiated in
1-propanol (Figure S20) shows a quartet at about 3.33 ppm (methylene group), a
multiplet at about 0.81 ppm and 0.87 ppm (probably triplets from methyl groups) and
a sextet at 1.4 ppm (methylene group). This indicates a successful PSM of the keto
groups with different C-H bonds of the alkyl chain of 1-propanol, leading to different
reaction products. Accordingly, in the 3C NMR spectrum (Figure S21), no signal for
the keto carbon atom (195 ppm) is observed anymore.
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Figure S20. 'H NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-propanol.
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Figure S21. 3C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-propanol.

180



Supplementary Information

Zr-bzpdc-MOF after irradiation in 1-butanol

The 'H NMR spectrum of the acid-digested Zr-bzpdc-MOF which was irradiated in
1-butanol (Figure S22) shows multiplets at about 0.8 ppm and 1.0 — 1.5 ppm for
methyl and methylene groups. This indicates a successful PSM of the keto groups
with different C-H bonds of the alkyl chain of 1-butanol, leading to different reaction
products. However, the signals are considerably less intense, indicating a lower
conversion of the PSM reaction. Correspondingly, an — albeit very weak — signal of
the keto carbon can still be observed in the 3C NMR spectrum (Figure S23),
indicating that a majority of the keto groups has reacted with 1-butanol. The reaction
with 1-butanol therefore represents a borderline case.
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Figure S22. 'TH NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-butanol.
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Figure S23. 13C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-butanol.
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Zr-bzpdc-MOF after irradiation in 1-pentanol

The 'H NMR spectrum of the acid-digested Zr-bzpdc-MOF which was irradiated in
1-pentanol (Figure S24) shows weak multiplets at about 3.43 ppm (methylene group)
and overlapping multiplets in the region from 1.09 ppm up to 1.3 ppm (probably
triplets for methyl groups). PSM reactions of the keto groups with different C-H
bonds of the alkyl chain of 1-pentanol could lead to different reaction products. The
weak intensity of these signals, however, indicates that a reaction of pentanol with
keto groups has occurred only to a very limited extent.

In the 3C NMR spectrum (Figure S25), the keto carbon signal at 195 ppm can still be
observed with nearly the same intensity as in the spectrum of the acid-digested
pristine Zr-bzpdc-MOF. With the indications from 'H NMR spectroscopy that some
reaction products have formed, we conclude that only a small number of the keto
groups has reacted. Experience from former investigations, where the
surface/wetting properties of the MOF could be changed substantially by PSM,! leads
us to presume that this small part is located at or near the surface.
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Figure S24. 'TH NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-pentanol.
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Figure S$25. 13C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-pentanol.

Zr-bzpdc-MOF after irradiation in 1-octanol

The 'H NMR spectrum of UV irradiated samples with 1-octanol (Figure S26) shows
a quartet at about 3.43 ppm (methylene group) and overlapping multiplets at about
0.79 ppm and 1.09 ppm up to 1.4 ppm (probably triplets for methyl groups). PSM
reactions of the keto groups with different C-H bonds of the alkyl chain of 1-octanol
could lead to different reaction products. The weak intensity of these signals,
however, indicates that a reaction of 1-octanol with keto groups has occurred only
to a very limited extent.

In the *C NMR spectrum (Figure S27), the keto carbon signal at 195 ppm can still be
observed with nearly the same intensity as in the spectrum of the acid-digested
pristine Zr-bzpdc-MOF. With the indications from 'H NMR spectroscopy that some
reaction products have formed, we conclude that only a small number of the keto
groups has reacted. Experience from former investigations, where the
surface/wetting properties of the MOF could be changed substantially by PSM,! leads
us to presume that this small part is located at or near the surface.
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Figure S26. '"H NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-octanol.
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Figure S27. 13C NMR spectrum of acid-digested Zr-bzpdc-MOF after irradiation in 1-octanol.
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S$1.5 Simulation

Table S2. Lattice parameters derived from the simulation of pristine Zr-bzpdc-MOF and of a Zr-bzpdc-
MOF where every keto group has reacted with methanol.

sample alA b/ A c/A al® Bl y/° v/ A3
Zr-bzpdc-

29.86 19.25 19.40 90.00 90.00 90.00 11155.77
MOF
uv

29.15 17.70 24.22 89.10 90.41 88.96 12497.42
methanol
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