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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 (H;bzpdc) 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,>® 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."* ">

The synthetic possibilities of organic reactions at linker molecules
are in principle limitless.'® Usually, grafting procedures” > are
carried out as grafting-to reactions. Especially for the modification
of crystal surfaces with polymers this 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
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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-ethylene-
dioxythiophene (EDOT) to the electrically conductive polythio-
phene derivative poly-ethylenedioxythiophene (PEDOT), in this
way directly synthesizing an electrically conductive MOF-polymer
composite (illustrated in Scheme 1).

Electrical conductivity is currently a much sought-after property
in metal-organic frameworks for applications like sensing, energy
storage or electronics.>>™° Also applications in coatings of neuro-
nal 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 MOFs,**3! delocalization in two-dimensional
coordination polymers®*~® or via sulfur-based linker molecules®”
as well as the special properties of iron-based MOFs.***°

Alternatively, the introduction of guest molecules like tetra-
cyanoquinododimethane,*" fullerene,*” polyaniline and polythio-
phene derivatives,>**™*° as well as the formation of composites
with conducting carbon modifications*>**>* 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,*>**”
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.°*%! Recently, we have described the Zr-bzpdc-MOF, which
contains linkers derived from benzophenone-4,4’-dicarboxylic
acid (Hpbzpdc).®* 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,
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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).

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
exemplarily shown that such reactions can also proceed when
the bzpdc linker 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.

The Zr-bzpdc-MOF was synthesized as described in the
literature using a slightly modified procedure (Section S2.1, ESI).**
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
S2.1, S3.1 and S3.2 of the ESIY).

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

o
P W >0 o UV S
Q o.,

excited state

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.

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 S3.3,
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 S3.4,
ESIt). C-S analysis (Section S3.5, 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 S3.6, 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, ie. 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 S3.7, ESIf).

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 S4 of the ESIt).
Within this mechanism, the ethylene moiety of an EDOT molecule
is used for its covalent attachment to the MOF surface. Sub-
sequently, photo-excited benzophenone units of the linkers of

OH R_OH

zr “Zr zr 2Zr

Reaction with C-H bond containing molecules

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.
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Fig. 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) N>@77 K physisorption isotherms. (c) Electrical conductivity values.

the MOF oxidize further EDOT molecules, whereby the keto
groups are reduced to alcohols. Usually, iron(m) 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®®”° 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, but the resulting polymer chains would not be
covalently bonded to the MOF crystals and should be removed by
the extended extraction performed on the samples. Therefore, we
propose that the PEDOT chains are covalently bonded on the MOF
surface, leading to an electrically conductive composite material.

Composites between MOFs and polymers have been described
extensively.””> 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 (Table S1, ESIt). 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 S3.8, 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 10™° S em ™. 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

This journal is © The Royal Society of Chemistry 2019

electron hopping between those. In fact, when we first deactivate
the radical-forming benzophenone units by reacting them photo-
chemically with ethanol (all benzophenone units within the
crystals can be accessed in this way, Fig. S9, ESIT),*® there is no
measurable conductivity (Section S3.8, ESIT).

The samples irradiated in EDOT show much higher con-
ductivities than the pristine Zr-bzpdc-MOF (Table 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 10> S cm™ ", with the highest value of 0.007 S cm™*
observed for samples which had been irradiated for 72 h (Fig. 1c).
This value is in the range of semiconducting materials and fits well
for various applications, e.g. sensing.

In summary, we have demonstrated the postsynthetic photo-
chemical 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 combi-
nation of moderate porosities and good electrical conductivities
(Fig. S13, ESIY) 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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