Dissertation zur Erlangung des Doktorgrades
an der Fakultat fir Chemie und Pharmazie

der Ludwig-Maximilians-Universitat Miinchen

Exploring the impact of structure directing
agents on the synthesis and structure of

imidazolate frameworks

von

Erik Andreas Fliigel
aus

Miinchen, Deutschland

2015






ERKLARUNG

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. November 2011

von Frau Prof. Dr. Bettina Lotsch von der Fakultat fiir Chemie und Pharmazie betreut.

EIDESSTATTLICHE VERSICHERUNG

Diese Dissertation wurde eigenstdndig und ohne unerlaubte Hilfe erarbeitet.

Miinchen, den 20.07.2015

(Erik Flugel)

Dissertation eingereicht am 23.07.2015
1. Gutachter: Prof. Dr. Bettina Lotsch

2. Gutachter: Prof. Dr. Konstantin Karaghiosoff

Miindliche Priifung am 08.09.2015






Copyrights

Parts of this work have been published or are under review in peer-reviewed journals and are
subject to the following copyrights. They have been reproduced with permission of the

corresponding publisher and have only been adapted with respect to the format of this thesis.

Surfactant-directed syntheses of mesostructured zinc imidazolates: formation

mechanism and structural insights

E. A. Fligel, M. T. Aronson, S. C. Junggeburth, B. F. Chmelka and B. V. Lotsch,
CrystEngComm, 2015, 17, 463-470. DOI: 10.1039/C4CEQ01512F

Copyright © 2015 Royal Society of Chemistry

Homonuclear mixed-valent cobalt imidazolate framework for oxygen evolution

electrocatalysis

E. A. Fligel, V. W-h. Lau, H. Schlomberg, R. Glaum and B. V. Lotsch, J. Mater. Chem. A
2015, submitted.

Copyright © 2015 Royal Society of Chemistry

Synthetic routes toward MOF nanomorphologies

E. A. Fligel, A. Ranft, F. Haase and B. V. Lotsch, J. Mater. Chem. 2012, 22, 10119-
10133.

Copyright © 2012 Royal Society of Chemistry






Danksagungen

...Prof. Bettina Lotsch, welche mir die Anfertigung dieser Arbeit erst ermdglicht hat. Vielen Dank
fir die Aufnahme in die Gruppe und die konstanten, konstruktiven Diskussionen, welche die Arbeit
zu dem gemacht haben, was sie heute ist.

...Prof. Konstantin Karaghiosoff fiir die Ubernahme des Zweitgutachtens.

...Prof. D. Fattakhova-Rohlfing, Prof. O. Oeckler, Prof. D. Johrendt und Prof. C. Scheu fiir den Beisitz

in der mindlichen Prifung.

....Viola Duppel fir die vielen SEM und TEM Messungen von Proben mit denen ich dich teilweise

Uberschuttet habe.

...Christian Minke fiir zahlreiche EDX/SEM/Festkorper-NMR Messungen.

...Hartmund Hartl und Marie Luise Schreiber fiir ICP-Messungen.

...Christine Neumann, Peter Meyer und Prof. K. Karaghiosoff fiir Losungs-NMR Messungen.
...Dr. Sophia Mankowski und Daniel Weber fiir DTA-TG Messungen.

...Wolfgang Wiinschheim fiir konstanten IT-Support.

...allen Mitgliedern des AK-Johrendt und AK-Schnick fiir Wandertage, gemeinsame Pokerabende

und die netter Atmosphare.

...der, mitlerweile leider nicht mehr existenten, Kochgruppe fir das gute Essen und die netten
Gesprache: Florian Pucher, Dominik Baumann, Stephan Werner, Alexy Marchuk, Sebastian

Junggeburth, Linus Stegbauer und Eva Wirnhier.

...dem gesamten AK-Lotsch, egal ob in Stuttgart oder Miinchen, aktuell oder schon gegangen. Die
Zeit mit euch war groRartig. Vielen, vielen Dank: Leo Diehl, Viola Duppel, Roland Eger, Primin
Ganter, Kerstin Gottschling, Frederik Haase, Willi Holle, Tanja Holzmann, Claudia Kamella, Prof.

Jurgen Kohler, Vicent Lau, Claudia Lermer, Filip Podjaski, Hendrik Schlomberg, ...






. Marie-Luise Schreiber, Katharina Schwinghammer, Linus Stegbauer, Katalin Szendrei, Brian
Tuffy, Olaf Alberto von Mankowski, Vijay Vyas, Christian Ziegler, Annekathrin Ranft, Friedrich
Kogel, Olalla Sdnches-Sobrado, Ida Pavlichenko, Stephan Hug, Stephan Werner, Alexander Kuhn,

Sebastian Junggeburth, Cheng Li und Hongji Wang.

...der Skatrunde fir die kleinen Pausen zwischendurch.

...Albi fiirs Korrekturlesen der vielen Kapitel. Es ist echt beeindruckend was du alles an Fehlern

findest.

...Basti fiur die EinfUhrung in das Thema und die Projekte welche du mir vererbt hast.

...meinen Laborkollegen lber die Zeit in D2.049 und D2.102 fir die schon Zeit: Stebbo, Linus,
Anna, Albi, Basti, Ida, Katalin, Erwin, Christine und Tobi.

...meinen Praktikanten ohne die ich das alles nicht geschafft hatte. Die Arbeit mit euch hat viel
Spald gemacht: Stephan Gleich, Robert Dejak, Hendrik Schlomberg, Sabrina Rager, Cornelia Unger,

Philipp Strobel, Evgeniiya Shlaen und Jasmin Dums.

...meiner Familie fiir die Unterstiitzung wahrend des Studiums. Wenn ihr mit den Riicken nicht so
frei gehalten héattet und auch in schwereren Zeiten flir mich da gewesen wart, hatte ich das alles

nicht geschafft.

...meiner Partnerin Claudia welche lange Abende ohne mich verbringen musste und viel Stress mit

abgekriegt hat. Ich hoffe du weiRt, dass ich dich nie wieder gehen lassen mochte.






Abstract

This thesis describes the synthesis and characterisation of a plethora of coordination polymers and
metal-organic frameworks, that are based on syntheses assisted by surfactants. The effects of
surfactants on the formation of coordiantion polymers can be manifold and range from size
confinement effects to structural reorganisation on the mesoscale as well as the crystal lattice

itself.

Detailed investigation of the atomic and supramolecular structure of most coordination polymers
is hindered, due to the low crystallinity and scattering-cross section of the predominantly organic
materials. A combination of X-ray powder diffraction, solid-state NMR spectroscopy, elemental
analysis, electron spectroscopy (SEM, TEM, EDX) and atomic force microscopy were utilized in this

work, in order to develop structural models of the synthesized materials.

In chapter 4 of this work, the synthesis of MIFs with gemini surfactants is explored, in order to
investigate the effects of surfactant charge density and geometry on the formed structures. Whilst
previous results showed that changes in the length of the used surfactants do not translate into
changes of the geometry of obtained mesostructures, the question wether or not cubic or
hexagonal mesostructures of zeolitic imidazolate frameworks (ZIFs) are accessible via
microemulsion synthesis remained unanswered. The experiments presented in chapter 4 are
adressing this issue by using gemini-surfactants in order to control charge density and geometry of
the used surfactants to a higher degree as compared to single chain-surfactants, such as the
previously used CTAB. Whilst the synthesis of cubic or hexagonally mesostrucured materials was
not successful, the experiments provided improved understanding of the formation mechanism of
MIFs, which are formed due to the presence of halogenides during the microemulsion synthesis.
Whilst a plethora of lamellar structured mesostructured imidazolate frameworks (MIFs) with
different spacings, however identical inner-layer structure, are acessible this way, the proposed
formation mechanism also provides explanation, to why the used surfactants need to be altered
with regard to the used counter-ion in order to suppress the formation of the lamellar MIFs in

favor for differently structured mesomaterials.

In another application of surfactant assisted synthesis procedures, the known two-dimensional
poly[uz-acetato- pa-benzimidazolato zinc(ll)] coordination polymer could previously be exfoliated
in our group in a one-pot synthesis approach. In chapter 5, this thesis reports advances in the

synthesis of functionalized analoga carrying nitro- or amine-groups and the subsequent use of the



amine-group in post-synthetic modification reactions with isocyanates. Through IR, solid-state
NMR and fluorescence measurements, the chemical accesibiliy of the functional groups was

shown.

In chapter 6 the effects of bromine-free surfactants to overcome the formation of MIFs, as
discussed in chapter 4, are shown. Without the presence of halogenides in the microemulsion
synthesis, neither the commonly obtained ZIFs nor the lamellar mesostructured MIFs are formed,
but instead a crystalline material with a general composition of Zn(/m), is obtained. The material
features a complex crystal structure consisting of helical chains as one main feature and was
previously solely acessible via hydrothermal synthesis. The hydrothermally obtained Zn(/m), * H,0O
exhibits no accessible porosity due to the retained solvent in the microporous material. Whilst the
analogue obtained via microemulsion synthesis show significantly decreased solvent contents,
even taking the increased dynamic radius of iso-propanol compared to water into account, at a

composition of Zn(Im), * 0.1 C3HgO, the pore system is still blocked due to the contained solvent.

In chapter 7 the synthesis and characterization of the first mixed-valent, purely cobalt-based
zeolitic imidazolate framework, Co'"sCo",(CsHsN,)1,, is presented. The material, which was
obtained in a surfactant assisted microwave-synthesis, adopts the cubic garnet-type structure and
combines high thermal stability of up to 350 °C with excellent chemical stability. The existence of
mixed-valent cobalt in the structure was confirmed using UV/VIS and XPS measurements.
Electrochemical characterization shows that the cobalt centres are redox active and efficiently
support oxygen evolution, thus rendering this framework a potential candidate as a single-site

heterogenous catalyst based on earth-abundant elements.

In the final chapter of this work, an overview over MOF nanostructuring techniques is given in
form of a review. Whilst surfactant based nanoparticle syntheses are one part of this chapter, the
discussed techniques and results are extending beyond surfactant based techniques and cover
topics such as oriented growth of MOFs on substrates, layer-by-layer MOF deposition or
microfluidic synthesis approaches. This diversity of synthesis techniques that are available to
scientists striving for nano- and mesostructured coordination frameworks, highlights the huge

potential for new discoveries that is present today in this field of research.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 POROUS MATERIALS

Porous materials have been a focus of research interests due to their numerous applications across a
broad range of technologies such as catalysis,™! adsorption,® 3! gas separation and purification,
drug delivery,” ® electrode materials!’” and supercapacitors'® **! as well as sensoric devices.[>4
This broad range of applications puts high requirements on the pore systems of the created material
with respect to pore size as well as pore shape. Whilst most gas separation applications rely on
narrow pore size distributions and small pore diameters for the purpose of ensuring strong
interactions with the guest molecules, catalysis is usually based on larger pores to allow the reactants
to diffuse into the pore space and perform the reactions within the confined space of the pore.

In order to distinguish and categorize different pore sizes, the International Union of Pure and
Applied Chemistry (IUPAC) introduced a classification system of three groups.*® Microporous
materials, such as zeolites, exhibit pores with diameters below 2 nm which are well suited for gas
adsorption or ion exchange based applications. Mesoporous materials, such as mesostructured silica
materials, feature pores ranging from 2 to 50 nm, enabling good diffusion possibilities in combination
with decent host-guest interactions as required for catalysis, whilst macroporous materials, such as

sponges or bio-foams, show pores with diameters larger than 50 nm. (Fig. 1.1.1)
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MCMs Bio-foams

2 nm

microporous

Molecules Proteins

Figure 1.1.1: Classification of porous materials based on pore sizes as proposed by IUPAC.[¢!

1.2 ZEOLITES

Zeolites are amongst the industrially most commonly used microporous materials due to their high
thermal and chemical stability as well as the vast variety of available structural motifs, pore sizes and
shapes. In 1756 the porosity of zeolites was first observed when Axel F. Cronstedt discovered the
water capturing capabilities of stilbite, a naturally occuring mineral.’”! Upon heating the mineral,
water vapor is released from the material, leading Cronsted to name the material zeolite, from the
greek words éw (zé0), meaning "to boil" and AiBog (/ithos), meaning "stone". The reason for the
observed water sorption capability of the material was not discovered until almost 200 years later,
when in 1930, Tailor and Pauling were able to provide a structure solution of stilbite. The XRD
analysis revealed a structure built up of corner- and edge-sharing [SiO4] and [AlO,4] tetrahedra,
featuring channels and cavities with diameters ranging from 3 to 15 A.1'® ) Following up on the
structure solutions of natural occurring zeolites, Barrer and Milton were able to synthesize zeolites
with new structures, not found amongst the 48 naturally occurring zeolites, using hydrothermal
synthesis conditions. 2°221 |n 1950 zeolite X, a material isotypic with faujasite, was first synthesized
which led to important industrial applications of zeolites such as air separation and purification as
well as fluidized catalytic cracking of high-molecular weight fractions of petroleum crude oils into
gasoline and olefinic gases.?® In order to further broaden the range of available stable, porous
materials, various other zeolite-like materials (zeotypes) have been synthesized by replacing silicon
and aluminum in the structures with phosphate, creating (silico-)-aluminophosphates.?* Up to today

more than 150 synthetic zeolite structures have been discovered.!?"!
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Figure 1.2.1: Variety of naturally occuring zeolite structures, showcasing the huge structural variability of
the materials.[?®!
Despite all zeolite structures sharing the same building blocks and principles as mentioned before,
the variety of structures formed by different connection patterns of the [SiO4] and [AlO,4] tetrahedra
enables the materials to form specific Lewis- and Brgnsted-acid cation exchange centers, enabling
zeolites to act as catalysts in numerous possible acid-catalyzed reactions. Applications today — apart
from heterogeneous acid catalysis?” 28! - include the use as ion exchange materials®®, heat storage
applications® or various uses in medicine for drug delivery or magnetic resonance imaging.3%33!
Additional applications as biological carriers due to protein absorption,®* chemical sensors?, as

materials in photovoltaic devices B° and for gas storage*®-3¥! have been explored.

1.3 ZEOLITIC IMIDAZOLATE FRAMEWORKS (ZIF)

N *N .,f’CEzP‘au

4'"‘ f h - S‘I Si
M N
145° 145°
M—Im—M Si—O—Si
Figure 1.3.1: Binding angles found in zeolitic imidazolate frameworks (left) and zeolites (right).

The utilization possibilities that arise from the structures of zeolites can be extended beyond the
substitution of silica or alumina, by altering the chemical compositions of the materials. Zeolite
structures can be mimicked by so-called zeolitic imidazolate frameworks (ZIF),'* which are a subclass

of MOFs featuring more than 100 different topologies composed of M?*-ions (M = Zn, Co, Cu) bridged
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by organic imidazolates. [*® These similarities are based on the geometry of the metal-imidazolate-
metal coordination featuring a binding angle of 145°, which is very similar to the Si-O-Si binding angle
found in zeolites. (Fig. 1.3.1) The structural variety of ZIFs comprises most known zeolite
structures,!*? %2 yet is not limited to those as other structural motifs such as garnet structures could

also be created.!*¥ (Fig. 1.3.2)

ZIF-2 crb
ZIF-6 gis

ZIF-8 sod

ZIF-10 mer

ZIF-5 gar

ZIF-11 rho

Figure 1.3.2: Structural diversity of zeolitic imidazolate frameworks, including zeolite and non-zeolite
framework topologies. Taken from [42] with permission. Copyright (2006) National Academy
of Sciences, U.S.A.
Taking the comparably weak coordinative interactions between linkers and nodes into account, ZIFs
show remarkable thermal stability up to 550°C.[*?! Stability under reflux conditions in various solvents
for extended periods of time without thermal decomposition was also demonstrated on ZIF-8
(Zn(MelM),, sodalithe topology, sod) and ZIF-11 (Zn(BelM),, rho), making ZIFs one of the most robust
coordination frameworks known.** Additional applications of ZIFs revolve around the exceptionally
high CO; uptake and selectivity of many known ZIF-materials, which could be demonstrated on ZIF-69
[Zn(CI-BelM)(2-NO,-IM); Cl-BelM = 5-chlorobenzimidazole, 2-NO,-Im = 2-nitroimidazole], a material
exhibiting gmelinite (gme) structure, which is capable of storing 83 liters CO; per liter ZIF-69 at 273 K
under ambient pressure.[“? Selectivity with regards to gas uptake has been shown on various ZIF-
materials, such as modified ZIF-8, going up to a selectivity for CO2/N; of 23 at 0.1 bar.** Apart from
applications such as gas selective membranes to separate H, or CO, from N!*> ¢! sensor devices

comprising ZIF-8 and TiO, nanoscale layers, yielding color-tunable photonic crystals that can
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selectively detect gases due to changes in the effective refractive indices of the constituent materials
upon gas adsorption, have been built.'* 4! Furthermore, uses in medical applications for drug
delivery have been explored by encapsulation of organic molecules such as caffeine into ZIF-71%8 or

by incorporation of fluorescence markers for medical imaging.!**

1.4 METAL-ORGANIC FRAMEWORKS (MOF)

As metioned previously, ZIFs are a subclass of metal-organic frameworks (MOFs), a family of hybrid
organic-inorganic materials consisting of crystalline networks of metal-ions or clusters, coordinatively
bridged by organic linkers. Despite the first MOF prototypes being known since 1965,% their full
potential was not recognized until Yaghi and co-workers systematically revived and extended this

class of materials and named them MOFs in 1995.54

Inorganic Units
(lons & Cluster)

9 2
<> |
" A
YA

Figure 1.4.1: From left to right: inorganic units found in MOF topologies and their respective secondary

SBUs Organic linkers SBUs

building units (SBUs), organic linkers used in MOF synthesis and their respective SBUs.
Reprinted with permission from Macmillan Publishers Ltd: Nature 2003, 423, 705., copyright
2015.

MOFs are a subclass of coordination polymers, three-dimensional periodic networks exhibiting

permanent accessible porosity as well as a crystalline structure. They consist of inorganic units such
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as metal ions and/or clusters, which are connected by two-, three-, four- or six fold coordination of
the metal centers with different polytopic organic linkers (mono-, di-, tri- or tetravalent ligands),
leading to a huge variety of structural motifs. The used organic linkers and metal nodes can be
simplified into secondary building units (SBUs), based on their connectivity. (Fig. 1.4.1) By combining
SBUs featuring certain geometries, the resulting structure of the obtained MOF material can be
readily predicted, enabling rational design approaches to MOF materials. This rational synthesis
approach is exemplified by a series of materials - the so-called isoreticular MOFs (IRMOFs) - which
feature identical network topologies with vastly varying chemical and physical properties, such as
pore size, hydrophobicity or reactivity. Yaghi et al. demonstrated the possibility to use 16 different
linkers having the same SBU, in a MOF synthesis, while retaining the network topology.? Starting
from MOF-5 (also referred to as IRMOF-1), a structure consisting of a cubic network of zinc oxo
clusters, sixfold coordinated by terephtalic acid, Yaghi used functionalized terephtalic acid linkers
carrying organic groups such as -Br, -NH;, -OC3H7 or -C;Hs to show the possibility to alter material
properties such as hydrophobicity, pore size, or reactivity. By expanding the used dicarbonate linkers
with long molecular struts such as biphenyl, tetrahydropyrene and terphenyl, they were able to
increase the observed pore size drastically. Using this technique IRMOFs with up to 91.1% open
space of the crystal volume could be obtained and the homogeneous periodic pores could be
incrementally varied from 3.8 to 28.8 A. (Fig. 1.4.2) However this series of experiments also outlined
the boundaries and limitations of MOFs with regard to pore sizes, as the use of longer linkers in the
synthesis resulted in interpenetration effects, lowering the pore diameter but in turn increasing the
gas storage abilities in contrast to non-catenated structures due to interactions between linkers and
adsorbents in the micropores.’> ># Whilst interpenetration can be counteracted by using alkyl-
modified ligands such as dioxidoterephthalate (MOF-74), creating a series of IRMOFs up to 85 A pore
size,™! problems arising due to the bad solubility of the very hydrophobic, large linkers cannot be
easily overcome. Following up on interpenetration effects, Yaghi and co-workers were additionally
able to show that reversible interpenetration of MOF networks is possible. In 2012, they were able to
demonstrate using Zn;O,(NBD)s(DMF), (NBD = 2-nitrobenzene-1,4-dicarboxylate, DMF = N,N-
dimethylformamide) that by addition or removal of the solvent (DMF) interpenetration effects can be

established or suppressed.®
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Figure 1.4.2: Series of isoreticular MOF frameworks (IRMOFs), highlighting the possibilites for framework
modification (1-7), pore volume increase (8, 10, 12, 16), as well as interpenetration effects (9,
11, 13, 15). Reprinted from [57] with permission from Elsevier.
The possibility to rationally design a MOF based on the used SBUs is referred to as “reticular
chemistry”, which is seen as a concept towards new materials with peerless diversity.®% This term
describes the linking of molecular building blocks into predefined structures.®y) Combined with the
huge variability offered by the use of manifold organic linkers including functional groups such as
carboxylates,% 62 63 phosphonates,® %! sulfonates,®® pydiridine,®” imidazole,*" ®® triazole!® or
tetrazole derivates,’” amongst others, the amount of accessible structures and materials seems
boundless. A limiting factor to take into account is the need to use mostly aromatic systems as linkers
in order to create rigid and chemically stable backbones to ensure good thermal and chemical
stability of the resulting materials while retaining permanent porosity. Recently, more unusual linkers
such as chiral ligands* and crown ethers,”? as well as bioavailable linkers such as chiral gamma-
cyclodextrin,!”3! amino acids”¥ and polypeptides!” have been explored.
Whilst MOFs are commonly thermally less stable than zeolites, a fact that is especially true for zinc
centered and redox-active MOFs,/7® some of these coordination based materials show exceptional
thermal stability , peaking at up to 300°C for MIL-101(Cr)."”! Similar to zeolites, the hybrid organic-
inorganic frameworks are generally synthesized under solvothermal conditions in various solvents
such as water, dimethylformamide, ethanol, methanol or acetonitrile at room temperature!’® and up

to 300°C, 7% 8% yet also solvent-free approaches!®¥ and syntheses in ionic liquids'®? are known.
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1.5 MESOPOROUS MATERIALS

As previously mentioned, one of the main limitations to the porosity of MOFs is the occurring
interpenetration upon using longer linkers to increase the pore volume. Apart from the use of linkers
including functionalities that prevent interpenetration, such as the afore mentioned
dioxidoterephthalate,®® the use of MOFs featuring complex crystal structures that are geometrically
unable to interpenetrate is a known way to address these problems.*3! Whilst these methods enable
high pore volumes, they significantly lower the amount of available framework topologies and
functional groups, thereby limiting the practical uses of larger pores for applications such as catalysis.
Silicate-based materials have suffered from similar restrictions in the past, as possible applications
with regards to the inherent porosity of many crystalline silicates, such as zeolites, have been limited
due to the comparably small sizes of the formed Si-O cages and the resulting constrictions in the
diffusion of reactants into the material. In 1992, Kresge et al. were able to create a new class of
materials by adding surfactant templates to the synthesis of silica materials. The resulting MCM
materials (mobile composition of matter), have uniform mesopores ranging from 3 to 5 nm in
diameter, regular pore arrangements in various geometries such as cubic (MCM-48), 2D hexagonal
(MCM-41) or lamellar (MCM-50) depending on the used surfactant and surfactant concentration, and
exhibit amorphous silica pore walls.®> 8! The combination of narrow pore size distribution® and
high specific surface areas up to 1000 m?/g enable MCM materials to perform well as molecular

sieves,® for dye adsorption® and as templates for the synthesis of other porous materials.[% 87}

1.5.1 TEMPLATING MECHANISMS

Until today two different templating mechanisms have been discussed based on the used surfactants
and inorganic precursors. (Fig. 1.5.1)

True liquid crystal templating takes advantage of the self-ordering effects that many amphiphilic
surfactants show in various solvents. After adding the surfactant to a solvent, a lyotropic liquid
crystalline phase begins to form. The structure and geometry of the liquid crystalline phase can be
altered by adjusting the solvent, the surfactant used, its concentration as well as the reaction
temperature. The inorganic component such as silica precursors is added after the liquid crystal has
formed, leading to a condensation around the preformed structure, embedding the liquid crystal as a
template. In order to achieve permanent porosity, the surfactant has to be removed from the
structure after the condensation reaction is complete. Various methods have been developed, based
on the used surfactant as well as the inorganic material, such as template removal by calcination at
high temperatures,® ! which is common for thermally stable, oxide based materials, the use of

plasma,®” microwave irradiation®, the exchange of the used charged surfactants with smaller
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molecules, such as the exchange of trimethylammonium based surfactants with ammonium nitrate
in ethanol,®? or the use of supercritical CO,.°*

In cooperative self-assembly driven reactions, the inorganic precursors are added at the start of the
reaction, at the same time as the surfactants. The used charged surfactants generate micelles due to
intermolecular attraction under hydrothermal conditions. The charged micellar structures then
attract the oppositely charged inorganic precursor based on coulomb interactions. Due to the
drastically increased charge density on the boundary surface between micelles and inorganic
precursors, stable oligomeric structures are formed, which then in turn condensate through
polymerisation and cross-linking into larger mesostructures. Whilst the driving force for this
polymerisation is the minimization of interfacial energy, the reaction conditions such as pH-value,
temperature, used solvents and surfactant-to-inorganic precursor ratio determine the final structure

and thereby pore size, stability and topology of the obtained mesostructure.

True liquid crystal templating

liquid crystal SiO2
ormatlon condensation
—

liquid crystal

Cooperative self-assembly

o

LC formation
—_—

5|I|cate anions

Figure 1.5.1: Reaction mechanisms used in supramolecular templating. Top: True liquid crystal templating;
bottom: Cooperative self-assembly. Figure taken from [94] with adaptations.

Both mechanisms can lead to a variety of different mesostructures which range from lamellar to

hexagonal and cubic. In Figure 1.5.2, a simplified phase diagramm of the surfactant trimethyldodecyl

chloride is shown, showcasing the possiblities to alter the resulting mesostructures by changing the

used amount of surfactants.
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Figure 1.5.2: Simplified phase diagram of trimethyldodecadecyl chloride as function of concentration and
temperature.

1.5.2 MESOPOROUS SILICA

Starting in 1992 with the first report on MCM materials, various other materials and templates have
been explored, leading to a plethora of available mesostructured inorganic materials today. In 1995,
Tanev et al. reported the synthesis of hexagonal mesoporous silica (HMS) by using primary amines as
templates.®! By using poly(ethylene oxides) as a template for silica-based materials, groups at the
Michigan State University were able to obtain a series of mesostructured silicates named MSU
materials.[®® By extending the range of available surfactants for the templating of silica materials to
pluronic tribloc copolymers, Stucky et al. were able to obtain SBA (Santa Barbara)-type materials
with robust mesoporosity. Due to the amphiphilic nature and long carbon chains of these triblock
copolymers featuring a central hydrophobic chain built of poly(propylene oxide) and on both ends
hydrophilic chains of poly(ethylene oxide), reaching molecular weights up to 5800 M,s, remarkable
mesopore sizes up to 15 nm and a vast morphological variety could be achieved.®” Due to
templating effects of the poly(ethylene oxide) side chains, additional micropores in the amorphous
silica pore walls could be observed,’® %8 as well as an increase in thermal and chemical stability
compared to MCM materials, due to thicker pore walls. %!

Up until 2011, the vast majority of reports on mesostructured silica or metal-oxide based materials
described systems based on amorphous walls combined with mesostructural templating by

surfactants. The range of known mesostructured materials was extended to materials featuring
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crystalline walls when Ryoo et al. reported on a new group of materials with hierarchical micro-
mesoporous structures. By using the supramolecular templating effect of gemini surfactants, a class
of surfactants featuring two charged head groups, mesoporosity was generated in a zeolite, while
microporous, crystalline walls were created due to charge compensation effects between the

surfactant head groups and the silica-based walls.!*%%!

1.5.3 GEMINI SURFACTANTS

Gemini surfactants are an important class of surfactants that have received attention due to their
low critical micelle concentration, high surface activity and unusual viscosity behavior.*°%1%4 Theijr
structure consists of two hydrophobic side chains, each attached to one of two polar head groups
which are linked by a spacer. Whilst most known gemini surfactants possess a symmetric structure
with identical side chains, recently dissymmetric surfactants have been used as well.[}%57 The
surfactants can in general be abbreviated as n-s-m, where s represents the number of carbon atoms
in the spacer and n and m refer to the number of carbon atoms in the hydrophobic side chains.[108110]
(Fig. 1.5.3) Up to today, a vast variety of gemini surfactants with different functionalities included
into the side chains and spacers have been synthesized, such as acetylenic spacers,**) OH-groups
included into alkyl spacers,**? ranging from cationic variants with ammonium based head groups!**!
to anionic dicarboxylate gemini surfactants.[*** Due to the manifold modification possibilities of the
formed surfactant mesophases by altering the surfactant spacer as well as the length of the
hydrophobic side chains, gemini surfactants have been used as templates for silica based materials as
well, resulting in the generation of hexagonal and lamellar mesophases depending on the used

surfactants.[!5]
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Figure 1.5.3: n-s-m gemini surfactant molecule withn=m =15, s = 3.
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1.5.4 TEMPLATING ON METAL-ORGANIC FRAMEWORKS

Supramolecular templating of MOFs has been another focus of research, due to the previously
mentioned challenges and limitations arising from systematically enlarging the pore sizes of MOFs by
altering the used linker. Hierarchically structured MOFs featuring a wide range of topologies, useable
linkers and therefore catalytic possibilities as well as mesopores to facilitate diffusion and
accessibility of the material for larger molecules and oligomers, are in high demand. In 2011, the first
report of the successful synthesis of a meso-MOF using supercritical CO; in ionic liquids (1,1,3,3-
tetramethylguanidinium acetate (TMGA)) and N-ethyl perfluorooctylsulfonamide (N-EtFOSA) as
template was published.[**®! The obtained zinc-based 1,4-benzedicarboxylic acid (BDC) MOF features
micropores averaging 0.7 nm with a narrow pore size distribution and mesopores ranging from 2 nm
to 6 nm in diameter. However, no evidence for the crystallinity of the MOF walls was provided,

raising doubts about the crystal structure of the material.

Figure 1.5.4: Supramolecular templating of MOFs. a) Stabilization of the MOF structure by utilizing citric
acid as chelating agent. b) Encapsulation of Keggin lons (blue) into the framework to stabilize
the pore system. Reprinted with permission from [117] (a) and [118] (b). Copyright 2015
American Chemical Society.

The first reports that provided evidence for the crystallinity of the pore walls were based upon the

use of a chelating agent (citric acid) to act as a mediator between the used trimethylammonium

surfactant and the metal-organic framework.**”! Citric acid coordinates the surfactant head groups

on one side and the copper ions on the other, which are in turn coordinated by benzene-1,3,5-
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tricarboxylic acid, creating the prototypic structure of the HKUST-1 (Hong Kong University of Science
and Technology) MOF. (Fig. 1.5.4a) Whilst the mesopore structure could be proven via TEM
measurements, the pore arrangement was not sufficiently regular to be detectable via powder X-ray
diffraction. In addition, the used surfactants could not be removed from the structure without
collapse of the framework, rendering this material unable to show improved molecule diffusion. The
same principle was demonstrated by using pluronic surfactants to template carboxylic acid based MIL
(Matériaux de I'Institut Lavoisier) into mesoporous structures, [ 120]

A different approach towards the mesostructuring of HKUST-1 was provided by Marteens et al., who
focused on stabilizing the crystal structure of the MOF by integrating Keggin ions into the pores.
(Fig. 1.5.4b) Upon addition of cetyltrimethylammonium bromide (CTAB) as a surfactant to the Keggin
ion-assisted MOF synthesis, the formation of a mesostructured MOF (COK-15, Centrum voor
Oppervlaktechemie en Katalyse) with uniform 5 nm mesopores and crystalline micropore walls of
about 5 nm thickness was observed.''® The used Keggin ion templates could however not be
removed at a later point, due to their superior thermal and chemically stability, compared to the

surrounding MOF framework.

1.5.5 MESOSTRUCTURING OF ZEOLITIC IMIDAZOLATE FRAMEWORKS

Approaches towards the mesostructuring of ZIFs performed in our group, have resulted in the
discovery of the class of "mesostructured imidazolate frameworks" (MIF).1*2Y The first known
materials of this new class resemble the previously discussed MCM-51 phase, featuring lamellar
mesostructures combined with pore walls exhibiting low crystallinity. By altering the used
trimethylammonium-type surfactants with regards to their polycarbonchain lenghts, the interlayer
spacing of the obtained mesostructures could be varied, showing a direct correlation between the
length of the surfactant tail and the obtained spacing. Upon surfactant extraction by refluxing the
material in ethanol, the structure of ZIF-8 could be obtained. These MIF materials were obtained for
2-methylimidazolate and imidazolate-based ZIFs, which possess sodalite-type topologies in the
respective MOF crystal structure.

Whilst exfoliation of MIF materials into nanosheets proved unsuccessful since a transition of the
materials into ZIF structures was observed during exfoliation attempts, exfoliation of zinc
benzimidazolate based layered MOFs turned out to be viable.'?? By using the surfactants as a
structure directing agent during the synthesis procedure, the layered MOF Zn(BelM)OAc could be
pre-structured into a lamellar hybrid mesostructure with a lattice period of about 8 nm. Exfoliation
with organic solvents such as THF resulted in slim nanosheets with minimum heights of 4 nm and
lateral extension of several micrometers, which could in turn be deposited on silicon wafers via spin-

coating, showcasing good processability of the obtained sheets.
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1.6 POST-SYNTHETIC MODIFICATION OF METAL-ORGANIC FRAMEWORKS

One major advantage of MOFs compared to silica-based materials is the possibility to use the linker
molecules for manifold organic reactions, introducing functionalities into the obtained frameworks,
whilst retaining their topology and porosity. The concept of post-synthetic modification (PSM) was
developed by Cohen et al. on IRMOF-3, a network containing the linker 2-amino-1,4-benzene
dicarboxylic acid. Utilizing the reactivity of the amine-group with acetic acid, Cohen et al. were able
to prove that functional groups in MOFs are accessible to organic reactions whilst retaining the
framework crystallinity, leading to a single-crystal-to-crystal reaction.'?3! Subsequently, they were
able to establish the validity of PSM as a widely valid concept by presenting numerous possible PSMs
on IRMOF-3, including reactions with anhydrides, isocyanates as well as various carboxylic acids.!*?*
1281 Whilst these experiments have been the first to utilize the organic toolbox in the postsynthetic
modification of MOFs, Lee and Kim had previously managed to include a metal complex into the pore
system of a homochiral MOF, resulting in catalytic activity for enantioselective transesterification.!*?*!
Today, PSM reactions include covalent modifications of the networks as well as coordinative
modifications, such as attaching a covalently bound chelating ligand which is suitable for complexing
Pd(Il), in turn enabling the MOF to perform heterogeneous catalysis.'3*® Additionally, multi-step
reactions*3!! as well as diastereoselective reactions!**?! on the organic linkers could be performed
under suitable reaction conditions, proving that a plethora of organic reactions can be done on MOFs

without loss of crystallinity or porosity.
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Covalent Coordinate covalent Covalent and coordinate covalent

Modification Modification Modification
Figure 1.6.1: Schematic of various PSM routes, including covalent modification, coordinative covalent

modification as well as multi-step covalent and coordinative modification approaches.

Reproduced from 281 with permission of The Royal Society of Chemistry.
Potential applications are manifold, including heterogeneous catalysis,!*3* 133 134 the modulation of
gas sorption abilities®>>3"! as well as biomedical applications, where MOFs such as (Fe)-MIL-101
have been functionalized with drugs and imaging contrast agents and were successfully tested in cell
cultures. 138
Apart from choosing a suitable organic reaction and creating a MOF bearing the desired organic
functionality, problems arise due to instabilities of MOFs under PSM conditions, as a consequence of
framework collapse due to acids, bases or high temperatures. However some MOFs show remarkable
stability against certain external factors, such as ZIF-8, modified with additional carboxaldehyde
functionalities, which can be reduced even by strong reducing agents such as NaBHs,™3° or
(Cr)-MIL-101, which withstands PSM through nitration with HNOs/H,S04.[**® Nevertheless, PSM
under mild conditions can be performed through techniques such as the use of protective groups,
removable via light irradiation, to include more reactive groups into the frameworks during
synthesis.**Y Additionally, PSM reactions initiated by irradiation with UV light are known, such as
cis/trans isomerization in (Cr)-MIL-101-NH, treated with p-phenylbenzoylchloride/4-(phenylazo)-
phenylisocyanate.[*4?]
A more universal approach towards mild PSM conditions was discovered by Sharpless et al., who
were able to perform the copper catalyzed alkyne and azide [3+2] Huisgen-cycloaddition inside a
MOF framework.™3® This so called click-chemistry combines high yields even at micromolar

concentrations, mild reaction conditions and readily available starting materials, resulting in a broad
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range of applications in various fields such as polymer sciencel**1%¢! and bioconjunction (in vitro!**”
1481 and in vivo!™® 3%, By adding this technique to the toolbox of known PSM reactions, the range of
applicable modifications has been significantly increased, as amines, which can be integrated into a
broad range of framework topologies, can be readily transformed into azides, which in turn can be
used for click-chemistry on a vast variety of MOFs.

Apart from the previously mentioned applications of MOFs after PSM, there is also a plethora of uses
that have been explored for as-synthesized MOFs. (Mg)-MOF-74 has been used to effectively
separate CO, from a gas mixture of CO; in CHs due to interactions at open metal sites,!*>! whilst
other MOFs also have been used to efficiently store H,, CO, or CH4.[*>? The storage and release of
nitric oxides has been explored in the context of biomedical applications, as nitric oxides are an
important factor for wound sealing!*>3! and are used as signaling molecules for various targets such as
the cardiovascular system.*>¥ Other biomedical applications for MOFs include drug delivery and the
use of frameworks containing Gd** ions as MRI contrast agents.[*>* The use of MOFs in fields such as
non-linear optics,[**® catalysis(*>’"***! or sensor devices!** 4" 0] have been reported as well. With
respect to catalysis, two approaches have to be highlighted specifically: heterogenous catalysis on
one hand and electrocatalysis on the other. Whilst heterogeneous catalysis with MOFs using the
linker as well as metal nodes or post-synthetically introduced metal-ions as catalytic active centers
has been thoroughly explored,!*3% 161 162] g|ectrocatalysis is so far a much less explored topic. Reports
have focused on i) the use of MOF pyrolysis products in electrocatalysis, creating a N-doped carbon
matrix for metal-ions,!*5311 ji) the incorporation of redox-active metal complexes into MOFs,*%®! or
iii) the formation of surface-bound iron hydroxides on Basolite™ F300 by an initial electrochemical

scanning step.[*¢]

The focus of this work is on the improvement of the understanding of MOF mesostructuring
techniques. Detailed investigations on the effects of different surfactants and solvents on the
structure of MIFs will be presented. The provided insights are leading to a possible reaction
mechanism that deepens the understanding of the formation of the obtained mesophases and will
provide information towards future synthesis approaches. In the second part of the thesis, the focus
lies on catalytic applications of MOFs by presenting a series of MOF nanosheets, obtained through
exfoliation that are suitable for functionalization through various reactions, providing a basis for
applications such as catalaysis, photocatalysis or surface modification as well as one of the first

electrochemically active ZIFs that retains its crystal structure during electrocatalytic processes.
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2 CHARACTERIZATION METHODS

2.1 POWDER X-RAY DIFFRACTION (XRD)

In order to determine symmetry, phase purity, crystallinity and particle size of materials, powder
X-ray diffraction (XRD) can be used. During XRD analysis the sample is irradiated with monochromatic
X-rays, which are scattered by crystal lattice planes that are made up by the periodically arranged

atoms in a crystal, following Bragg's law(®®!

sin@ = na (1)
2d

where 0 is the scattering angle, d the lattice plane, A the wavelength and n the reflection order (see
Figure 2.1.1). The so-called Bragg angle 6 describes the angle at which constructive interference
between radiation scattered at different lattice planes occurs. Thus, only materials composed of
periodic structures, such as crystal lattices, equally spaced layers or highly ordered pore systems, are

well suited for analysis by XRD.

Figure 2.1.1: Geometric derivation of the Bragg equation.

XRD measurements performed in this work were measured on a STOE Stadi P Comi (STOE & Cie
GmbH, Germany) high troughput device opperating in Debye-Scherer geometry, a BRUKER D8
Discover Avance (BRUKER AXS, USA) opperating in Bragg-Brentano geometry, a STOE Stadi P
(STOE & Cie GmbH, Germany) rotating capillary setup, or a HUBER G670 (HUBER Diffraktionstechnik,

Germany) working in Guinier geometry.
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All measurements, except measurements for samples containing cobalt, were performed using a
curved Ge(111) monochromator and Cu Kq; radiation (A = 0.154 nm). Samples containing cobalt were
measured using Mo Kq; radiation (A =0.071 nm) to prevent fluorescence of the samples. The data
were evaluted using the software package WINXOW [16°1 Whilst already known phases were identified
by comparison with the database of the Joint Committee on Powder Diffraction Standards
(JCPDS)'7 indexing and Pawley fits of unknown powder patterns were carried out using the TOPAS

Academic software (Version 4.1).

2.2 INFRARED SPECTROSCOPY (IR)

Infrared spectroscopy uses the infrared region of the electromagnetic spectrum to excite vibrational
and rotational modes of molecules and extended solids. Excitation of different modes is limited to
vibrational or rotational movements that alter the dipole moment during movement. The amount of
absorbed radiation as a function of energy is detected and provides information about the different
chemcial bonds within the material under investigation due to the excitations of afore mentioned
modes. The energies needed for the excitation can be estimated via the equation for harmonic

oscilators.

1 f
v=—L [f (2)
2TIC Al U

The vibrational frequency v can be calculated from equation (2) with ¢ beeing the speed of light, u
beeing the reduced mass as defined by equation (3) and f being the force constant of the examined

bond.

S 3)
u o ma + mp

The force constant fis a criterium for the strenght of the bond, influenced by various factors, such as
the binding order and the chemical surrounding of the bond and the participating atoms.
All data presented in this work were measured on a Perkin Elmer Spektrum BXII FT-IR (Perkin Elmer

Inc., USA) featuring an attenuated total reflectance unit (ATR).

18



Chapter 2: Characterization Methods

2.3 DIFFERENTIAL THERMAL/THERMOGRAVIMETRIC ANALYSIS (DTA-TG)

To get insight into the thermal behaviour of the sample in order to detect phase transitions and
decomposition processes in the material, differential thermal (DTA) and thermogravimetric analyses
(TG) were performed. During differential thermal analyses the difference in temperature between
the sample and an inert reference is measured as both are heated in an inert atmosphere. By
recording all endothermic and exothermic processes, phase transitions can be detected. By
simultaneously recording the sample weight for thermogravimetric analyses, the thermal stability of
the materials can be explored as well as possible solvent removal from the potentially porous
samples.

All measurements were performed on a Setaram DTG/TG-thermobalance 92-2400 (Setaram
Enginering, France) under helium atmosphere from room temperature to 1000 °C with a heating rate

of 5 °C/min using Al,O3 crucibles.

2.4 ELEMENTAL ANALYSIS: CHNS AND INDUCTIVELY COUPLED PLASMA

ATOMIC EMISSION SPECTROSCOPY (ICP-AES)

To determine the elemental composition of the samples, CHNS analysis, titrometric halogenide
determination and inductively coupled plasma atomic emission spectroscopy (ICP-AES) were used.
Analysis of carbon, hydrogen and nitrogen was done by high-temperature digestions in a highly
oxygenated helium atmosphere. The evolving gases CO,, H,0, N, as well as various nitrous oxides are
subsequently detected using a thermal conductivity measurement cell with an accuracy of about
0.30 %. All CHNS analyses were carried out using an Elementar vario EL (Elementar Analysensysteme,
Germany) by the microanalytical laboratory of the Department of Chemistry (LMU).

The halogenide contents were determined by oxidative pulping followed by potentiometric titration
with AgNOs using an automatic Titroprocessor 672 determining all halogenides at once.

To determine the content of metal ions in the samples, inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was carried out. The samples were heated in a plasma up to 7000 K, resulting
in molecules dissociating into atoms and ions. Due to the recombination of formed electron-hole-
pairs in the atoms at such temperatures, the ions emit irratiation of an element-characteristic
wavelength. The emitted ratiation was detected by a VARIAN VISTA RL simultaneous spectrometer
(Agilent Technologies, USA) utilizing a CCD detector. All experiments were carried out by Helmut

Hartl (LMU) or Marie-Luise Schreiber (MPI Stuttgart).
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2.5 ELECTRON MICROSCOPY

In order to obtain high resolution images of materials to gain information about their morphology
and elemental composition, different electron spectroscopic methods have been used. Whilst the
resolution limit of optical microscopes is limited to about 200 nm due to diffraction limit, electron
microscopy is able to improve the resolution up to about 0.1 nm. The electron beam is generated by
a tungsten filament or a field emission gun, accelerated by voltages between 40 and 3000 kV and

focused through electrostatic and electromagnetic lenses.

backscattered
electrons

X-rays

secondary electrons

transmitted electrons

Figure 2.5.1: Electron interactions with a materials specimen during electrom microscopy.

Elastic and inelastic scattering as well as transmission of the electrons through the sample can be
used in transmission electron microscopy (TEM), scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDX).

2.5.1 TRANSMISSION ELECTRON MicroscoryY (TEM)

In order to gain information about the morphology of nanostructured samples, as well as the
elemental distribution in these, transmission electron microscopy was used. During scanning
transmission electron microscopy (STEM), the sample is scanned with a focused electron beam spot
and transmitted electrons are detected. The scattering angle of the detected electrons correlates to
the atomic number of the atoms in the sample as well as the sample thickness and can therefore be
used to determine sample composition and morphology.

All experiments were carried out using a JEOL JEM-2011 (JEOL Ltd., Japan) equipped with a tungsten
cathode at an accelerating voltage of 200 kV or a Philips CM 30 ST with a LaBs thermal source
operating at 300 kV.
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2.5.2 SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY-DISPERSIVE X-RAY

SPECTROSCOPY (EDX)

By using lower accelerating voltages compared to TEM measurements (0.1 - 30 kV) and thicker
specimen, backscattered and secondary electrons are obtained from the sample. Secondary
electrons are inelastically scattered electrons with low energies and can be used to get insight into
the topology of the sample by imaging the sample surface. Backscattered electrons are scattered
elastically by the surface and have higher energies, providing element-specific information about the
composition of the sample.

Additional information about the composition of the sample is obtained by exciting inner-shell
electrons of the atoms in the sample. By relaxing back to energetically lower levels, higher-shell
electrons emit specific X-ray radiation that can be detected with energy-dispersive X-ray (EDX)
spectroscopy.

The SEM and EDX measurements were perfomed using a JEOL JSM-6500F (JEOL Ltd., Japan) with

accelerating voltages from 2 to 25 kV by Christian Minke (LMU).

2.6 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique used for determination of
the local structure of molecules or solids having at least one NMR active isotope. These isotopes with
nonzero nuclear spin possess intrinsic magnetic moments that interact with external magnetic fields.
The resonance frequency of the interaction is dependent on the magnetic properties of the nuclear
isotope and the external field. The magnetic properties of the isotopes are influenced by various
factors including structure, dynamics, oxidation state and chemical environment, rendering NMR
spectroscopy able to act as a comprehensive analytical technique with regards to the local structure

of molecules.

2.6.1 SoLutioN NMR SPECTROSCOPY

During solution NMR spectroscopic measurements, all molecules in the sample are rotate due to
Brownian motion. This movement averages out all orientation-dependent interactions between
different nuclei, resulting in information about the connectivities and structure of the molecule, yet
only limited information about intermolecular interactions. All measurements were performed on a
Varian Gemini 200, Varian Gemini 300, Bruker DRX 200, Bruker AMX 400 or Bruker AMX 600 using

TMS as an external standard for 3C and *H measurements and nitromethane for >N measurements.
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2.6.2 SoLID-STATE NMR specTROscopy!!7% 172

During solid-state NMR spectroscopy measuremetns the orientation-dependent interactions are not
averaged out by Brownian motion, leading to significant line-broadening caused by effects such as
chemical shift anisotropy, dipolar coupling and quadrupole coupling Amongst these orientation-
dependent effects, the dipolar coupling is the most general one and the one most commonly
observed for abundant NMR active cores such as *H. The orientation of isotopes for this interaction

with respect to the external magnetic field can be described by
AB = :‘—; (3cos26 — 1ur3 (4)

with AB being the variation in the local magnetic field, uo being the permeability of free space, u the
magnetic moment of the isotope, r the distance vector and 6 referring to the angle between r and
the direction of the external magnetic field. If 8 equals 54.74°, the term (3 cos? 6 -1) turns 0, thus
averaging out the effects of dipolar coupling on the measurement to a large extent. This technique is
referred to as magic-angle spinning (MAS). Additionally, cross-polarisation (CP) can be used to
increase the signal strength of isotopes with low natural abundance and low gyromagnetic ratio such
as N by transferring magnetization from more abundant isotopes such as *H to the desired core.

All measurements were perfored using ZrO, rotors (BRUKER) using a Bruker Avance-Ill spectrometer
operating at 500 MHz. Detailed measurement parameters for each shown measurement can be

found in the appendix.

2.7 ULTRAVIOLETT-VISIBLE (UV-VIS) SPECTROSCOPY

The absorption of visible and UV light by a sample, exciting electronic states from the ground state to
an excited state, can be used analytically to examine transition metal ions that exhibit color and
highly conjugated organic compounds, as well as biological macromolecules. The absorption

processes can be used for quantitative analysis of known adsorbents via the Beer-Lambert equation.
Iy
logT =€eclL (5)

With Ip being the intensity of the incident light beam, / the transmitted intensity, L the path length
through the sample, ¢ the concentration of the absorbing species and € being a constant known as
molar adsorptivity or extinction coefficient, the concentration can be readily calculated from the

measured intensity of the transmitted beam.
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An additional application of UV-Vis spectroscopic measurements is the determination of oxidation
states of transition metal ions and their coordination sphere, such as found in metal-organic
frameworks. Due to different properties of chromophores of the same metal, this technique can be
used to differentiate between different oxidation states as well as chemical surroundings of the
metal ions. All measurements performed in this study have been recorded using a Varian Cary 500

Scan UV-Vis-NIR spectrometer (Agilent Technologies, USA).

2.8 ATomic FORCE MICROScOPY (AFM)[173]

To obtain information about the height profile and morphology of nanosheets spincoated onto a
substrate with a lateral and vertical resolution below 0.1 nm, atomic force microscopy (AFM) was
used. In tapping mode, a cantilever is oscillated close to his resonance frequence by a small
piezoelectric element and moved into the vincinity of the sample surface. The oscillation frequency
thereby becomes dependent on the distance between cantilever and surface. By scanning the
cantilever over the sample surface while using piezoelectric crystals to keep the distance of the
cantilever to the surface and thereby the oscillation frequency of the cantilever constant, a detailed
image of the surface can be obtained. An attached computer calculates the surface topology by

imaging the response of the piezo-crystals with respect to the used raster pattern.

Figure 2.8.1: Working principle of an atomic force microscope, showcasing the detection of the cantilever
displacement via laser on a four-sectional photodiode.*7%

For AFM measurements, commonly three measurement techniques are utilized. In contact mode

measurements the cantilever tip is dragged across the surface of the sample. Due to the texture of
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the sample surface, the cantilever is displaced, which is detected via deflection of the laser signal or
the feedback signal of the cantilever movements. To combat damages to the sample surface during
the measurements as well as to increase the signal to noise ratio, cantilevers with low stiffness are
used in this method. Contact mode measurements are only suitable for samples that can not be
deformed due to the cantilever interactions on the surface and are additionally disturbed by
attractive forces between cantilever and sample surface, that make the cantilever snap into position
on the surcafe, thereby falsifying the measurement data.

To reduce the cantilever interactions with the surface due to close-range forces and interactions due
to thin liquid meniscus layers on the sample under ambient conditions, tapping mode meausrements
are used. In tapping, or dynamic contact mode, the cantilever is oscillated by piezo crystals close to
or at its resonance freugncy, with an osciallation amplitude around 100 to 200 nm. Due to
interaction between the oscillating cantilever and the surface, such as Van-der-Waals forces, dipole-
dipole interactions and electrostatic forces, the oscillation is dampened. The cantilever is in turn
moved by piezoelectric crystals in order to maintain a constant oscillation altitude and the height
adjustments of the piezoelectric crystals are used to create an image of the sample surface.

Further improvement in terms of signal to noise ratio and regarding the limitation of damage to the
sample surface, was acchieved by employing non-contact measurements. In these measurements the
cantilever is oscillated simillar to tapping mode measurements, although at much lower amplitude,
ranging between 10 nm and a few picometers. Depending on wether the cantilever is osciallated at
resonance frequency or just above the resonance frequency, two different modulations are used to
detect interactions with the sample and thereby determine the surface structure are used. At
resonance frequency, the so called frequency modulation is used, by detecting changes in the
frequency of the cantilever and subsequent correction of the changes via piezoelectric crystals. At
frequencies slightly above the resonance frequency, amplitude modulation is used and changes in
the amplitude of the oscillation are detected and in turn corrected by the piezoelectric control
circuits.

An Asylum Research MFP 3D (Asylum Research, USA) opperated in tapping mode was used to perfom

all measurements presented in this work.

2.9 MASS SPECTROMETRY (MS)

Information about detailed molecule weight distributions of the sample constituents can be obtained
by ionizing a sample containing molecules that can be ionized, such as organic linkers in metal-
organic frameworks, in order to break them into charged fragments. By applying an electric field,
these fragments can be separated according to their mass-to-charge ratio during mass spectromety

(MS). In order to handle different types of samples, a variety of ionization methos has been
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developed such as electron impact ionization (El), chemical ionization (Cl), electrospray ionization
(ESI) and fast atom bombardment (FAB). In this work, MS measurements were performed to identify
the products of linker syntheses as well as the modification reactions, such as hydrogenation, of
linkers to be used in MOF syntheses.

Mass spectrometry performed durnig this work, was measured on a Thermo Finnigan MAT 95
(Thermo Fischer Scientific, USA) using electron impact ionization. The measurements were carried

out by the microanalytical department of the Department of Chemistry (LMU).
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3 OPERATIVE PROCEDURES

3.1 ORBITAL SHAKER

Exfoliation of suspended samples prestructured or dispersed by surfactants was carried out by using
the orbital shakers GFL 3005 (max. 500 rpm) and GFL 3017 (max. 300 rpm) (Gesellschaft fir

Labortechnik mbH, Germany).

3.2 ULTRASONIC BATH

Additinal exfoliation attempts were carried out using an Elmasonic S100H (Elma Hans Schmidbauer

GmbH & Co. KG, Germany) ultrasonic bath, operating with a power of 500W and a 9.5L tank volume.

3.3 MICROWAVE

Experiments at elevated pressure and temperature using mcirowave radiation as a heating source
were carried out using a Biotage Initiator (Biotage AB, Sweden) microwave with 10-20 mL microwave

vials from Biotage.

3.4 CENTRIFUGE

To gather formed precipitates from reaction suspensions, a sigma 3-30K centrifuge (Sigma
Laborzentrifugen GmbH, Germany) with a fixed angle rotor (no. 12158) operating at a maximum

rotation speed of 25000 rpm, resulting in a maximum gravitational force of 60628 x g, was used.

3.5 SPIN COATING

To produce high-quality samples of as-synthesized nanosheets on silicon wafers, spincoating was
performed using a Laurell WS-650SZ-6NPP/LITE (Laurell Technologies Corporation, North Wales) spin
coater. The silicon wafers were washed and kept under ethanol prior to the spincoating process. No

further cleaning procedures were used.
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3.6 CHEMICALS

Chemical Formula Purity Supplier
Acetone C3HsO dry Brenntag
Ammonium acetate C2H7NO2 per analysis Fluka
Benzimidazole C7HeN2 99 % Alfa Aesar
1,4-dibromobutane C4HsBr2 99 % Alfa Aesar
1,5-dibromopentane CsH10Br2 98 % Alfa Aesar
1,6-dibromohexane CsH12Br2 97+ % VWR
1,7-dibromoheptane C7H14Br2 97 % Acros Organics
1,8-dibromooctane CsH16Br2 98 % Acros Organics
1,9-dibromononane CoH1sBr2 97 % Acros Ogranics
1,10-dibromodecane C10H20Br2 97 % Alfa Aesar
5-Brom-1H-benzimidazole C7HsBrN2 97 % Sigma Aldrich
Cetyltrimethylammoniumbromide Ci9H42BrN 98 % Alfa Aesar
Chloroform CHCls puriss. Merck
Cobalt(ll) acetate tetrahydrate Co(C2H402) * 4 H.0 98+ % Acros Organics
Cobalt(lIl) nitrate hexahydrate Co(NOs)2 * 6 H20 >98 % Roth
Diethylether C4H100 100 % Prolabo
Dimethylformamide C3H/NO 99.5% Acros Organics
N,N-dimethylhexadecylamine CigH3sN 295 % Sigma Aldrich
N,N-dimethyloctadecylamine Ca0HasN 295 % Sigma Aldrich
N,N-dimethyltetradecylamine CieH3sN 295 % VWR
Ethanol C2HsO 99 % Bundesmonopolverwaltung
fur Branntwein
n-Heptane C7H1s 99 % Grissing
1-Hexanol CeH140 98 % Sigma Aldrich
Imidazole C3HaN2 for synthesis Merck
Isopropanol C3HsgO 99 % Sigma Aldrich
Methanol CH4O Sigma Aldrich
2-Methylimidazole CaHeN2 for synthesis Merck
5-Nitrobenzimidazole C7HsN302 98 % Alfa Aesar
5% Palladium on carbon Alfa Aesar
Pyridine CsHsN 90+ % VWR
Silver nitrate AgNOs 99.8 % Fluka
Sodium hydroxide NaOH puriss. Grissing
Tetrahydrofuran C4HsO Chemetall
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Tetramethylammonium hydroxide N(CHz)sOH 0.06 mol/L Acros
Toluol C7Hs puriss. Merck
Zinc acetate dihydrate Zn(C2H402)2 * 2 H20 98 % Alfa Aesar
Zinc butyrate Zn(CsHe02)2 Synthesized in the
workgroup
Zinc propionate Zn(C3Hs02)2 98 % Alfa Aesar
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4 SURFACTANT-DIRECTED SYNTHESES OF
MESOSTRUCTURED ZINC IMIDAZOLATES

This chapter is based on the article “Surfactant-directed syntheses of mesostructured zinc
imidazolates: formation mechanism and structural insights”, published by CrystEngComm, 2015,

17, 463-470. from E. A. Fliigel, M. T. Aronson, S. C. Junggeburth, B. F. Chmelka and B. V. Lotsch.!'”!

4.1 ABSTRACT

Supramolecular templating techniques have been widely used to direct the formation of porous
materials with the goal of introducing permanent mesoporosity. While surfactant-directed self-
assembly has been exploited for inorganic materials such as titania, silica, organosilica, and zeolites,
it has rarely been applied to metal-organic frameworks (MOFs) and coordination polymers. Here we
introduce a new family of gemini surfactant-directed zinc imidazolates, referred to as
mesostructured imidazolate frameworks (MIFs), and present a detailed study on the influence of
different gemini-type surfactants on the formation mechanism and structures of the resulting zinc
imidazolates. The proposed formation mechanism for MIF-type materials involves co-assembly and
crystallization processes that yield lamellar mesostructured imidazolate frameworks. Understanding
and controling such processes also has implications for the syntheses of microporous zinc
imidazolate framework (ZIF) materials, whose formation can be suppressed in surfactant-rich
solutions, whereas formation of MIF materials is favored in the presence of surfactants and triggered
by the addition of halogenides. Solid-state 2D 3C HETCOR NMR measurements on prototypic
CTAB-directed MIF-1 establish that the head group moieties of the surfactant molecules interact
strongly with the zinc-imidazolate-bromide sheets.'’®! Additionally, the NMR analyses suggest that
MIF-1 has a significant fraction of surfactant molecules that are interdigitated between the zinc-
imidazolate-bromide sheets with an antiparallel stacking arrangement, consistent with the high

thermal and chemical stability of the MIF hybrid materials.
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4.2 INTRODUCTION

In recent years, metal-organic frameworks (MOFs) have received considerable attention due to their
modularity and versatility, such as tunable pore sizes,'®” 58 high specific surface areas!’’-7®! and the
possibility to alter their properties via post-synthetic modification of the organic linkers.[*?% 189 These
desirable properties render MOFs multi-purpose scaffolds in a number of applications such as
catalysis,[*6% 181 sensing,[182 1831 g55 storagel’® 152 and drug delivery.!*5> 184 |imitations in the use of
MOFs in catalysis mainly arise from a lack of chemical stability as well as small pore sizes in the
micropore regime, as only a limited number of MOFs with pore sizes larger than 2 nm have been
reported to date.!*®>*87] With interpenetration effects limiting the possibility of using larger linkers to
increase the pore size, other routes such as the use of more complex connection motifs!*®! or
templating techniques have been utilized.[*?®! The latter provide additional benefits by creating a
hierarchical structure with bi- or multimodal pore-size distributions, including both micro- and
mesopores, which facilitate the diffusion of bulky molecules and widen the potential applications in
catalysis and drug delivery.

While exploring synthetic approaches to hierarchical ZIFs by soft templating, we have recently
discovered the class of mesostructured imidazolate frameworks (MIFs), which combine structural
elements of both coordination polymers and liquid crystalline mesophases to form hierarchical
structures ordered on both the atomic- and nanoscale.*?! MIFs are composed of zinc imidazolate
chains or layers sandwiched between surfactant slabs, forming a mesoscopic layered hybrid structure
similar to MCM-type lamellar silica or metal oxide mesophases.[*?" 1221 Therefore, the well-known
structural analogies between zeolitic imidazolate frameworks — a subclass of metal-organic
frameworks — and zeolites can also be extended mesophase materials, where surfactant-directed
lamellar zinc imidazolate mesophases find their analogue in MCM-50-type silica mesostructures
(Fig. 4.2.1a). Lamellar MIFs have previously been obtained under reverse microemulsion conditions
in the presence of the surfactant cetyltrimethylammonium bromide (CTAB). Given the structural
similarities between MIFs and MCM-50 — both on the molecular level (Zn-Im-Zn vs. Si-O-Si bonding
angles) and on the mesoscale (mesoscopic phase segregation into organic and inorganic lamellar
domains) — design principles associated with mesostructured silica materials may ultimately enable

the syntheses of MIFs with non-lamellar 3D hexagonal or cubic mesostructures.
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Figure 4.2.1: (a) Schematic diagram showing the similarities between ZIFs and zeolites on the one hand,

and MIFs and MCM-type materials on the other hand. (b) Molecular structure of a

representative gemini surfactant (here n = 14, m = 4). The spacer length m and the carbon tail

length n can be altered to tune the properties of the surfactant.
Previous work on mesostructured silica materials has revealed the dominant role of the surfactant
and its amphiphilic architecture and colloidal properties on the resulting mesostructures. Ryoo et al.
reported the synthesis of a hierarchically nano- and mesoporous MFI zeolite, where gemini-type
surfactants directed the formation of MFI nanosheets with a multilamellar structure, 200 188 189]
Gemini surfactants can be described by the general structure n-m-n, with n being a terminal aliphatic
carbon chain and m being a linker between two quaternary nitrogen ions (Fig. 4.2.1b). Importantly,
surfactant properties such as packing parameter and critical micelle concentration, which ultimately
determine the micellar curvature, are a function of the size, geometry and charge density of the
gemini surfactant molecules.[10% 110, 19, 1911 Earlier work on the influence of these surfactants on the
formation of periodic mesoporous organosilica (PMO) has shown that n-6-n gemini surfactants
(n=12-22) can form multiple mesostructures, depending on the length of the terminal carbon
chains. For example, shorter chains (n = 12-14) result in cubic phases, while longer chains often lead
to 3D and 2D hexagonal (n = 16-20) or lamellar (n = 22) structures.[**? In this work, we use gemini
surfactants with different lengths of their alkyl chains (from 14 to 18 carbon atoms) and spacer
lengths (4 to 10 carbon atoms) to synthesize a homologous series of mesostructured imidazolate
frameworks. To develop a better understanding of the mechanisms underlying MIF formation, we
rely on a combination of spectroscopic analyses that provide complementary information across
multiple length scales. In particular, two-dimensional solid-state nuclear magnetic resonance (NMR)
spectra establish specific surfactant-framework interactions in zinc methylimidazolate — CTAB hybrid
materials. The detailed insights provided by this work are expected to aid in the design of MIFs with a

broader range of mesostructured compositions, topologies, and hierarchical structural ordering.
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4.3 EXPERIMENTAL SECTION

4.3.1 REAGENTS & INSTRUMENTS

All reagents were commercialy available and used as purchased without further purification.

Powder X-ray diffraction (PXRD) measurements were performed using a STOE Stadi P powder X-ray
diffraction instrument, operated in Guinier geometry using a Mythen1K or an imaging plate detector.
Infrared measurements were performed on a Perkin Elmer Spektrum BX Il with an attenuated total
reflectance unit. Elemental analysis was done in a thermal conductivity measurement cell of an
Elementar vario EL. Analysis of halogenide content was done by titration with Ag(NOs) on a
Titroprocessor 672 by Metrohm. To determine the amount of zinc and other metal ions, the samples
were analyzed based on optical emission of the elements in an Ar-plasma (ICP). Measurements were
done on a VARIAN VISTA simultaneous spectrometer with autosampler and recorded with a CCD-
detector. TEM measurements were performed on a Philips CM 30 ST microscope (LaBscathode,
300kV, Cs=1.15mm). Sample preparation was done by drop casting highly diluted samples (~ 50 ug
mL-1) on a carbon coated copper grid, followed by evaporation of the solvent. Solid-state NMR
experiments were conducted at 11.7 T using Bruker AVANCE Il and DSX-500 NMR spectrometers,
both operating at frequencies of 500.24 MHz for *H, 125.78 MHz for 13C, and 50.70 MHz for **N. The
experiments were performed at room temperature under magic-angle-spinning (MAS) conditions
using a 4 mm Bruker H-X double-resonance probehead and zirconia rotors. For the solid-state 2D
13C{*H} HETeronuclear CORrelation (HETCOR) NMR experiments, high-power homonuclear H-H
decoupling was applied during the H evolution period to enhance the resolution in the H
dimension, using the eDUMBO-1 pulse sequencel*®® with a phase-modulated radio frequency pulse
of constant amplitude (100 kHz). The 2D 3C{*H} HETCOR spectra were acquired with cross-
polarization (CP) contact times of 1 ms or 5 ms, a recycle delay of 1 s, and SPINAL-64 H
heteronuclear decoupling (80 kHz). 128 transients (t) were signal-averaged for each of the 400 t;
increments, resulting in a total experimental time of approximately 14 h for each spectrum.
Thermogravimetric and differential thermal analysis measurements were performed on a combined
DTA-TG-thermobalance (Type 92-2400, Setaram). The samples were transferred into an aluminum

oxide crucible and heated from room temperature to 700 °C at a rate of 5 °C min™.

4.3.2 SYNTHESIS OF GEMINI SURFACTANTS

The gemini surfactants were synthesized by dissolving 3 mmol of the respective N,N-dimethylamine
in 75 mL of acetone and adding 1.5 mmol of the respective a,w-dibromoalkane to the solution (for

details on all chemicals used see chapter 9.1, Table S1). The solution was refluxed for 4 days, leading
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to the formation of a white precipitate that was obtained by centrifugation at 15000 rpm for 10
minutes. The product was dried at room temperature overnight and yielded a white, waxy substance.
Purity of the obtained surfactants was confirmed by elemental analysis, IR spectroscopy and

solution-state NMR.

4.3.3 SYNTHESIS OF MESOSTRUCTURED IMIDAZOLATE FRAMEWORKS

In a typical synthesis, 1 mmol of surfactant was dissolved in 25 mL of solvent (water, methanol,
ethanol, 2-propanol, THF, aceton, ethylacetate, diethylether, dioxan or n-heptane/1-hexanol (10:1)).
0.603 mmol (603 uL, 1mol/L in water) zinc acetate and 0.603 mmol (335 pL, 1.8 mol/L in water) of
(methyl) imidazole were added to the solution and the resulting mixture was stirred overnight at
room temperature. The formed precipitate was collected by centrifugation (20.000 rpm, 5 min),

washed with 2-propanol and dried at room temperature.

4.4 RESULTS AND DISCUSSION

MIFs were obtained in the presence of n-m-n gemini surfactants (n = 14-18, m = 4-10, see Fig. 4.4.1b)
as structure directing agents in a variety of solvents ranging from methanol to inverse microemulsion
systems such as n-heptane/1-hexanol/water mixtures and THF. The materials could be obtained with
imidazole (IM) and 2-methylimiadzole (MelM) as linkers, at room temperature as well as under reflux
conditions. In order to obtain differently mesostructured materials, the ratio of IM to Zn(NOs), was
altered between 8:1 and 1:4 and the surfactant concentration was varied between 0.01 M and 0.5 M.
Although n-m-n gemini surfactants were reported to direct the formation of 3D cubic (n=16-18,
m = 10-12) and hexagonal (n = 16-18, m = 6-10) mesostructures in the MCM system,!**? we found the
signature of lamellar MIF mesophases in all cases, irrespective of the type of gemini
surfactant/solvent combination used, over the whole range of surfactant concentrations tested. The
stacking parameters varied slightly depending on the solvent used (see chapter 9.1, Table S2, Fig. S1),
yet could not be correlated to specific solvent properties such as boiling point or dielectric constant.

The obtained MIF phases exhibited varying degrees of crystallinity, and only a small fraction of the
materials yielded powder patterns of suitable quality for indexing. Pawley refinement of the XRD
pattern of 16-8-16 imidazolate MIF yielded metrics consistent with monoclinic symmetry (C2,
a=11.5829 A, b =58.253 A, c = 9.2415 A, 8 = 88.94°, wR = 7.57, GoF = 1.286, chapter 9.1, Fig. S2).
Similar metrics were determined for gemini-directed MIFs with m < 8. Although all samples are highly
sensitive to the electron beam, transmission electron microscopy selected area diffraction (TEM
SAED) data obtained for the 16-10-16 sample revealed a rectangular pattern with @ = 11.5 A and
c=9.2 A and a lamellar stacking of 29 A along [0kO] (Fig. 4.4.1), which is in principle agreement with

the powder data. The doubled stacking parameter along b that can be observed in the Pawley fit may
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be rationalized by a superstructure, which prominently was observed for MIFs based on gemini-
surfactants with m < 8. The absence of higher order stacking reflections at around 26 = 5° in hybrid
materials with shorter linkers may be due to the discussed superstructure effects or accidental
extinction, (188 19

Elemental analysis revealed a composition of all hybrid materials of zinc : IM/MelM : bromine :
surfactant of 1:1:2:0.5, corresponding for example to the empirical formula Zn;Bra(CsHsN3)2(CasHasN2)
for the 16-10-16 imidazolate MIF. (chapter 9.1, Table S3) The synthesized materials show good
thermal stability up to = 320 °C (chapter 9.1, Fig. S3), as well as chemical stability, withstanding even
surfactant extraction procedures with supercritical CO,, yet showing the typical sensitivity of MOFs
towards acids. Upon acid-induced decomposition of the material, the pristine surfactants and
imidazolates were recovered, proving that all MIF constituents stay intact during the entire synthesis
process.

Our data therefore suggest that all gemini-directed materials are composed of the same principal
building units like the prototypic MIF-1,12Y as sketched in Figure 4.4.1. The formerly proposed
structure model consists of one-dimensional zinc-imidazolate chains with additional coordination of
two bromine ions to the metal center. These chains of corner sharing tetrahedra are interleaved with
surfactant layers, thus forming quasi two-dimensional layered assemblies. This structural motif for
the zinc imidazolate subunit has previously been reported by Lin et al. in a coordination polymer
without incorporated surfactant molecules.[**® %71 Combination of the developed structure model

with the metrics obtained from the Pawley fit shows good accordance between both (Fig. 4.4.1).

Figure 4.4.1: (a) Structure model of the zinc imidazolate bromide chain viewed along the b-axis and (b)
along / onto the chains. (c,d) TEM SAED images of 16-6-16 IM MIF (c) perpendicular to the
[010] direction and (d) of the (101) plane.

36



Chapter 4: Surfactant-directed syntheses of mesostructured zinc imidazolates

A solid-state 3C MAS NMR spectrum of the 16-10-16 MelM MIF material (Fig. 3b) exhibits two
distinct high-frequency signals for MelM (& = 149.4, 125.1 ppm for C3-C1), similar to the *3C signals
observed for ZIF-8 (6 = 150.0, 125.2 ppm).[’2! The 3C signals corresponding to the surfactant
(6=67.1, 48.2, 43.0, 32.0, 29.8, 26.3, 23.0, 15.8, 14.8 ppm), as well as those for MelM are in good
agreement with the 3C signals previously reported for MIF-1 (Fig. 4.4.2a).2" The solid-state >N MAS
NMR spectrum of the 16-10-16 MelM MIF (Fig. 4.4.2d) exhibits two distinct *N signals associated
with the surfactant head groups (-323.5 ppm) and the methylimidazolate ion (- 168.4 ppm),
respectively, consistent with similar local environments for both types of ammonium groups and

both imidazolate nitrogen atoms.
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Figure 4.4.2: Solid-state 3C MAS NMR spectra of (a) MIF-1,1*2Y (b) 16-10-16 MelM MIF and (c) 14-6-14 IM
MIF and solid-state >N MAS NMR spectra of (d) 16-10-16 MelM MIF and (e) 14-6-14 IM MIF.
Asterisks indicate spinning side bands
For the 14-6-14 IM MIF material, additional signals are observed in the 3C MAS NMR spectrum,
revealing the presence of different 3C local environments. As shown in Figure 4.4.2c, two different
pairs of well-resolved 3C signals are observed for the imidazolate carbon atoms (143.1 and
141.6 ppm, 126.1 and 124.4 ppm). These distinct pairs of 3C signal intensities are consistent with
two inequivalent 3C local environments for the imidazolate species, likely due to superstructure
effects, such as ABA-type stacking of the surfactant-inorganic slabs. Such a stacking arrangement
would also give rise to a doubled b-axis as found for other hybrid materials*®® and for pure CTAB.'*"
Interestingly, similar experiments on CTAB-directed MIF-1 (Fig. 4.4.2a) also exhibit two distinct 3C
signals (149.0 and 151.0 ppm) for the sp? carbon atom bonded to the nitrogen atoms of the
methylimidazole moieties. These results, along with a detailed 2D NMR analysis of MIF-1, are

discussed below.
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Subtle but distinct differences are also observed in the *N local environments of the 14-6-14 IM MIF,
as evidenced by N MAS NMR (Fig. 4.4.2e) and consistent with the 3C NMR analyses above. Two
well-resolved and equally intense N signals associated with the imidazolate nitrogen atoms are
observed at -166.4 and -168.9 ppm for the 14-6-14 IM MIF, whereas only one corresponding >N
signal (-166.2 ppm) is observed for the 16-10-16 MelM MIF (Fig. 3d). These results indicate that the
local environments of the imidazolate species are highly sensitive to surfactant architecture, such as
spacer length, leading to inequivalent imidazolate and surfactant interactions predominantly for
materials synthesized using surfactants with shorter spacers (m < 8).

The gemini MIFs obtained by syntheses with n-m-n gemini surfactants (n = 14, 16, 18; m = 4-10) all
exhibit similar layered zinc-imidazolate structures separated by surfactant molecules, while the
stacking parameter of the mesostructures differs for the surfactants used. All synthesized materials
exhibit a lamellar mesostructure, with layer stacking distances varying between 25.4 A and 35.6 A for
IM bridged systems and between 25.3 A and 35.9 A for MelM bridged systems, respectively,
depending on the used surfactants (Fig. 4.4.3). We find that the stacking of the material depends on
both the surfactant tail length (n) as well as on the length of the spacer (m), indicating a tilted
arrangement of the surfactants with respect to the zinc-imidazolate slabs. Our data show a direct
correlation between the d-spacing and the tail length, with an increase in d-spacing by 1.7 + 0.3 A for
an increase of the tail length by two carbon atoms (Fig. 4.4.3, chapter 9.1, S4 and Table S4). The
observable lamellar stacking also increases with longer spacer lengths, but by a variable amount
depending on the used spacer. Whilst the stacking distance increases by 4.6 A when switching from
m=9 to m=10 in 18-m-18 IM MIFs, the lamellar stacking decreases by = 0.1 A when switching from

m=7 to m=8 in the same MIF system.
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reflection in the PXRD measurements of all synthesized MIF materials as a function of spacer

length (top) and tail length (bottom). Left: IM bridged MIFs, right: MelM bridged MIFs.
A closer look at the proposed structure of the MIF materials provides an explanation for this
phenomenon. The distance between two [ZnBr,]-units is roughly 6 A, which is in good agreement
with the distance between the two quartenary nitrogen ion headgroups of a m = 5 gemini surfactant.
Up to a linker lenght of m =9, we see that the surfactants appear to gradually tilt further away from
the neighbouring [Zn(Me)IMBr;]-units in order to comply with the charge density of the inorganic
slabs (chapter 9, Scheme S5). The sudden increase in stacking distance at m = 10 for IM (Fig. 4.4.3,
left) is likely accompanied by a more abrupt structural rearrangement, such as an increase in the tilt
angle a, leading to a more perpendicular alignment of the surfactants with respect to the layers and,
hence, increased d-spacing.
The tilted arrangement of the gemini surfactants seems contradictory to our previous observations,
as this asymmetric arrangement of the surfactants is expected to manifest distinct >N NMR signals
for the two nitrogen atoms of the gemini head groups due to differences in local environments of the
two alkylammonium ions. However, the alkyl-groups surrounding the nitrogen atoms may well
“screen” them and provide an overall similar local environment, rendering them less susceptible to
direct interactions with the coordination polymer chains.
To complete our structural model of gemini-directed MIFs, we assume that the two surfactant

carbon tails are oriented in a close-to-parallel conformation, in agreement with previous work on
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gemini-surfactants with spacer sizes m > 3.12%% This leads us to propose a model of the surfactant
location in the material with both carbon tails parallel to each other with a fixed angle a of about 43°
between the surfactant tail and the zinc imidazolate layers (chapter 9.1, Fig. S6).

Previously synthesized prototypic MIFs differ from the materials presented in this work only with
respect to the type of surfactant used (alkyl ammonium vs gemini alkyl ammonium), the resulting d-
spacings and the apparent structural order, as indicated by the presence of high-angle reflections in
the PXRD data of the gemini surfactants as opposed to those of CTAB-directed MIF-1. Despite their
similar composition (ratio of inorganic and organic building blocks) and mesostructure, we assume a
more rigid anchoring of the doubly cationic ammonium head groups of the gemini surfactants to the
inorganic slabs as compared to CTAB-directed MIFs, stabilized by multiple hydrophobic interactions
of the antiparallel interdigitated surfactant layers.?%"!

To gain additional insights about the locations and interactions of the surfactants within MIF-type
materials, solid-state 2D 3C{*H} HETeronuclear CORrelation (HETCOR) NMR measurements were
performed on a CTAB-directed MIF material (MIF-1). MIF-1 was used instead of the gemini-directed
MIFs because the CTAB-based system is less complicated and exhibits similar molecular-level
interactions between different organic and inorganic moieties. Interactions among chemically
distinct species in heterogeneous zinc imidazolate materials can be established by solid-state 2D
NMR techniques that are sensitive to dipole-dipole couplings between molecularly proximate
moieties. Here, solid-state 2D 3C{*H} HETCOR NMR spectra provide specific local and molecular-level
information on CTA*-framework interactions in as-synthesized MIF-1. Furthermore, the intra- and
intermolecular interactions are be distinguished by experimentally varying the 3C-'H cross-

polarization contact time from short (e.g., 1 ms) to long (e.g., 5 ms) durations, respectively.
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Figure 4.4.4: (a) Solid-state 2D 3C{*H} HETCOR NMR spectra acquired at room temperature for as-
synthesized MIF-1 under MAS conditions of 12.5 kHz with 1 ms (red) or 5 ms (blue) cross-

polarization (CP) contact times. For comparison, 1D single-pulse *H MAS and 1D 3C{H}
CPMAS spectra are shown along the vertical and horizontal axes, respectively, of the 2D
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spectra. Schematic diagrams of the CTA* surfactant and methylimidazole molecules are
shown and their corresponding *3C and *H signal assignments are indicated in the 1D spectra.
(b) Schematic diagram of MIF-1 (Zn/MelM/CTAB) showing interactions between the zinc
imidazolate chains and the CTA* molecules that are consistent with the 2D 3C{*H} HETCOR
NMR analyses. Carbon and hydrogen atoms are labeled according to the assignments in
Figure 1. Red and blue arrows indicate *C-'H dipolar interactions at short (1 ms) and long (5
ms) contact times, respectively. Note that Zn and Br atoms oriented into the page are colored
gray. A fraction of the CTA* molecules are thought to be interdigitated with an antiparallel
stacking arrangement.
The solid-state 2D 3C{*H} HETCOR NMR spectra in Figure 5a of as-synthesized MIF-1 exhibit strong
and distinct intensity correlations between 3C and H nuclei associated with the CTA* surfactant
molecules and the zinc-imidazolate-bromide sheets. A 1D 3C{*H} CPMAS NMR spectrum is shown
above the horizontal axis, along with 3C signal assignments corresponding to the various *C species
of the CTA* surfactant and the methylimidazole moieties. Two 2D NMR spectra conducted with short
(1 ms) and long (5 ms) CP contact times are shown in red and blue, respectively, for comparison. The
2D signal intensities observed for the short contact time arise from strongly dipolar-coupled nuclei
that are associated principally with intramolecular interactions from covalently bonded *C and H
nuclei. Strong intensity correlations are observed between the 3C signal of the methylimidazole
aromatic carbon atoms (C:1/C;) at 126 ppm and the *H signals at 6.6 ppm and 7.3 ppm corresponding
to their aromatic protons, as expected. Similarly, correlated signal intensity is observed at 16 ppm
(C17), 17 ppm (C4), and 53 ppm (Cr) in the 3C dimension associated with distinct methyl groups at
1.3 ppm, 2.55 ppm, and 2.45 ppm in the H dimension from their respective covalently bonded
hydrogen atoms. Additionally, 2D intensity correlations are observed at 67 ppm (C>) and 25-35 ppm
(Cy-Cie) from alkyl chain 3C atoms with the H signals at 3.35 ppm and 1.5 ppm, associated with the
alkyl protons of the CTA* molecules. Together, these intramolecular 2D intensity correlations allow
the numerous partially resolved 3C and H signals to be unambiguously assigned to as-synthesized
MIF-1.
More interestingly, correlated signal intensity from intermolecular interactions between 3C and H
nuclei on different molecular species provide complementary information concerning the proximities
of the CTA* surfactant and the methylimidazole framework moieties. Correlated signal intensity is
observed for a short cross-polarization contact time (1 ms, Fig. 4.4.4a, red) at 17 ppm (C:) and 126
ppm (C1/C,) in the 3C dimension from the anionic zinc methylimidzolate chains and at 2.45 ppm in
the H dimension associated with the cationic CTA* head group; these results are consistent with the
expected charge-balancing electrostatic interactions between the surfactant species and the MIF-1
framework. In the accompanying 1D ¥C{*H} CPMAS spectrum, the two well-resolved *3C signals at
149 ppm and 151 ppm indicate the presence of two inequivalent *C environments (Cs, and Csp)

associated with the sp? carbon atom bonded to the nitrogen atoms of the methylimidazole moieties.
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This is clearly evidenced in the 2D HETCOR spectrum, in which different intensity correlations are
observed for these '3C signals: while they both are correlated with the H signal at 2.55 ppm from the
methyl protons of the methylimidazole group (Cs), only the *3C signal at 151 ppm (Csp) is correlated
with the H signal at 2.45 ppm from the CTA* head groups. This indicates that there are two distinct
types of methylimidazole C; moieties, which differ according to their respective proximities to the
CTA* head groups. Interestingly, the 'H signal at 2.45 ppm from the CTA* head groups is also
correlated with the alkyl 3C signals at 16 ppm (Ci7), 24 ppm (Cie), and 31 ppm (Cis) associated with
the ends of the CTA* alkyl chains; these specific intensity correlations reflect an interdigitated
arrangement of a fraction of CTA* molecules where the head group and tail are in close proximity to
each other, an arrangement known from the surfactant crystal structure. For this short contact time,
correlated signal intensity is also observed between the H signal at 2.55 ppm from the methyl
protons of the methylimidazole moiety (Cs) and the 3C signal at 24 ppm (Cis) from the penultimate
carbon atom on the end of the CTA" alkyl chain, which corroborates the interdigitated arrangement
of some of the surfactant species. The molecular-level insights provided by these short-range
intermolecular correlations (red arrows) are depicted in the schematic diagram in Figure 4.4.4b.

For a longer contact time (5 ms), the 2D **C{*H} HETCOR NMR spectrum (Fig. 4.4.4a, blue) acquired
under otherwise identical conditions yields correlated signal intensity from more weakly coupled *3C
and H nuclei (for reasons of internuclear distance or molecular mobilities). Intensity correlations are
observed for the 13C signal at 126 ppm (Ci/C,) with the H signal at 1.3 ppm, revealing that the
aromatic carbons (Gi/C) of the methylimidazole are also molecularly proximate to the methyl
protons of the CTA* tail. As observed and discussed above, the blue spectrum also reveals 2D signal
intensity between both of the 3C signals at 149 ppm (Csa) and 151 ppm (Csp) and the H signal at
1.5 ppm associated with the CTA* alkyl protons, while only the Cs, carbon atom is molecularly close
to the CTA" tail, based on the intensity correlation between the 3C signal at 151 ppm and the *H
signal at 1.3 ppm. This difference between the two distinct signals for Cs indicates a high degree of
order in the material if the antiparallel arrangement of the surfactant chains is taken into account.
These longer-range intermolecular correlations are depicted by the blue arrows in the schematic
diagram of Figure 4.4.4b.

Collectively, the NMR results offer complementary and additional insights to previous X-ray
diffraction analyses of MIF-1, which characterize the long-range order of the materials, though are
insensitive to structural disorder or order that is present only locally (e.g., several nm). In particular,
the absence of XRD reflections at high 28 values — as opposed to the gemini-type MIFs — is consistent
with a rather high degree of surfactant disorder commonly observed for other CTA*-directed
mesostructured oxide materials.[?° 2021 Nevertheless, the 2D *C{*H} HETCOR NMR spectra establish

that the head group moieties of the cationic CTA* surfactants interact strongly with the anionic zinc
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imidazolate framework, as previously observed for closely related CTA*-directed silicates with
lamellar mesoscopic ordering.[?° 202 However, whereas the surfactant chains are highly disordered in
the layered CTA*-silicate materials, MIF-1 has a significant fraction of its CTA* molecules that appear
to be interdigitated between the zinc methylimidazolate chains with an anti-parallel stacking
arrangement (Fig. 4.4.4b), as likewise inferred for the gemini-directed MIFs. Similar interdigitated,
antiparallel arrangements of alkyl side chains on supramolecular assemblies of (linear)
semiconducting polymers in bulk heterojunction materials have been observed, where the degree of
ordering of the domains has a significant influence on the charge transfer properties.l?%® 204 The
discrepancy between the order observed in the 2D NMR experiments and apparent absence of order
at the molecular level in the PXRD experiments can be explained in two ways: First, CTA* is an organic
species that exhibits lower scattering factors compared to the inorganic layers, thus resulting in low
scattering intensity especially at higher angles in the PXRD patterns. Secondly, the antiparallel
arrangements of the alkyl side chains may be (confined to small domains and) broken up by
significant conformational disorder, and therefore not detected by XRD methods.

To assess the importance of the halogenide counter-ions on the formation of lamellar MIF
mesophases, the syntheses were conducted with gemini surfactant molecules without halogenide
counter-ions. (The bromine counter-ions were exchanged by nitrate ions via treatment with AgNOs.)
For all combinations of solvents and surfactant concentrations tested, no mesostructured products
were formed in the absence of the halogenide counter-ions, under otherwise identical conditions. By
comparison, syntheses conducted with chlorine counter-ions yielded MIF products (chapter 9.1,
Fig. S7). These results corroborate the important role of the halogenide counter-ions in syntheses of
the MIF materials. In addition, the presence of the surfactant molecules appears to hinder the
formation of ZIF structures, such as ZIF-8, which are typically obtained by mixing zinc nitrate and
imidazole in methanol.?®! However, adding halogenide ions to a reaction mixture containing
methanol, zinc acetate, imidazole and surfactants with nitrate counter-ions led to the formation and
rapid precipitation of a MIF product. Collectively, these observations underscore the importance of
halogenide ions in the MIF syntheses.

Previously, a liquid crystal templating mechanism was proposed for the formation of MIF materials,
according to which the mesostructure is directed by the surfactant molecules, while the coordination
polymer nucleates and grows within the water reservoirs of the lamellar surfactant mesophase.[*?!
As the curvature of the micellar structure formed by gemini surfactants is strongly dependent on the
lengths of the tail and linker chains and is highly sensitive to the surfactant concentration and solvent
composition,!!% 1% this formation mechanism should in principle result in a wide variety of
mesostructures, which is not observed in the present case where exclusively lamellar

nanomorphologies are obtained. We therefore propose a formation mechanism in which the one-
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dimensional structure composed of negatively charged [Zn(Me)IMBr;] chains is formed first. These
then assemble with the positively charged gemini surfactants by an electrostatically driven
cooperative assembly process familiar from various MCM-type systems/?%!, resulting in the 2D slab-
like structures of the final lamellar mesostructered material (Fig. 4.4.5). Since the quasi-linear
geometry of the zinc bromide imidazolate chains with vanishing curvature seems to direct and drive
the mesostructure assembly, the formation of exclusively lamellar mesostructures with zero

curvature is hence expected.

Fepeey
g
FEgyey

Figure 4.4.5: Proposed formation of MIF materials by electrostatically-driven cooperative self-assembly.
Upon addition of bromide to the solution containing imidazole, zinc and the surfactant, one-
dimensional chains form and arrange into quasi two-dimensional layers, intercalated by
surfactant ions for charge compensation. Note that the surfactants are omitted on the left-
hand side for clarity.

4.5 CONCLUSIONS

The solid-state NMR analyses yield detailed atomic-level insights on the structures of metal
imidazolate framework materials, which support previously proposed structural models. Specifically,
surfactant bilayers between the layers of one-dimensional zinc-imidazolate chains charge-
compensate the chain structure. Although our efforts to obtain cubic or hexagonal mesostructured
MIFs have so far been unsuccessful, the proposed formation mechanism of the gemini-directed MIFs
— electrostatically driven co-assembly governed by the formation of linear zinc bromide imidazolate
chains — sheds light on why exclusively lamellar structures have been found so far in the MIF system.
The roles of halogenide counterions in surfactant-assisted syntheses MIF and ZIF materials are
established, along with their influences on the selectivity and nanoscale morphologies of MIF versus

ZIF products. These results have general implications for syntheses of nano- mesostructured
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imidazolate framework materials and the molecular-level interactions that are responsible for the

assembly and crystallization of their ordered frameworks.
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5 INTRODUCING FUNCTIONALITY INTO 2D
EXFOLIABLE COORDINATION FRAMEWORKS

5.1 INTRODUCTION

The advances in studies of low-dimensional nanostructures have sparked large research interest due
to the influence of size confinement effects and amplified surface areas on material properties and
their applications.?®”! The following chapter describes the synthesis and exfoliation of a series of two-
dimensional coordination polymers, based on Zn[BelM]OAc and BelM-MIF(OAc), which were first

introduced by Junggeburth et al. in 2013.1*%?

Figure 5.1.1:  Crystal structure of Zn[BelIm]OAc viewed along [100], highlighting the 2D network structure
(left), and along [001], showing the interaction of the layers by van-der-Waals forces.

All presentend structures are based on the poly[p,-acetate-p,-benzimidazolato-zinc(ll)] coordiantion
polymer, a material that has been discovered in 2007 by Li et al.?% 209 The structure consists of a
two-dimensional network of zinc ions, which are coordinated by two benzimidazolates, resulting in
one-dimensional chain-like structures. The chains are interconnected by acetate ions, bridging
between the zinc centers of two neighbouring chains, which leads to a two-dimensional layered
structure. The layers are helt together along the a-axis of the crystal structure by van-der-Waals
forces. The metal-organic framework, which crystallizes in the space group P2:/c with a =10.81 A,

b=9.83 A c=8.81Aand B =98.96°, was recently reported to be readily exfoliable into nanosheets
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via a microemulsion synthesis approach based on the intercalation of CTAB between the sheetlike

coordination polymer structure as a structure directing agent.[*??!

Zn[BelM]OPr

Modification of
the carboxylic
acid

Zn[BelM]OBut

Zn[BelM]OAc

Zn[NO,-BelM]OAc

~
(.

Modification of
the benzimidazole s )

Zn[NH,-BelM]OAc

Figure 5.1.2: Schematic overview of the experiments performed as part of this chapter, showcasing the
different modification approaches taken.

Whilst the first parts of this chapter describe the efforts of synthesizing materials with different

carboxylic acids (chapter 5.2) or benzimidazolates (chapter 5.3), the later parts present the results of

exfoliation experiments (chapter 5.4) and post-synthetic modification reactions on the obtained

amino-functionalized material (chapter 5.5).
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5.2 MODIFICATION OF THE ACETATE GROUPS

In the first part of this chapter, experiments aimed at replacing acetate in the material with other
carboxylic acids in order to examine the effects of the longer carbon backbones on the structure,
properties and the possibility to exfoliate the material.

The methyl-groups of the acetate ions are oriented paralell to the a-axis, thus by exchanging the
acetate linkers with propionate or butyrate ions, an elongation of the crystal structure along a is to
be expected. By elongating the a-axis through the use of longer carboxylic acid linkers, the interlayer-
distance between the zinc-benzimidazolate backbones of the framework is increased, hence
exfoliation should be facilitated due to reduced van-der-Waals forces as a result of the increased
average distance between the benzimidazolate ring systems. Taking into account that the
coordination spheres, angles and other in-plane parameters of the structure remain unchanged while
altering the carboxylic acid, a structurally closely related material to the parent Zn[BelM]OAc is
expected to be formed.

Previous experiments performed in our group by Junggeburth, showed that the desired materials can
be formed in Solid-state reactions, as Zn[BelIM]OPr and Zn[BelM]OBut could be synthesized via this
way. However due to the limitations for surfactant use in Solid-state syntheses, exfoliation of the

synthesized materials into nanosheets was not achieved.!?'”
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5.2.1 ZN[BEIM]OPR

By replacing zinc acetate (Zn(OAc),) with zinc propionate (Zn(OPr),), whilst leaving all other reaction
parameters identical to the known synthesis procedure (see Chapter 5.7 for experimental details), a
white crystalline powder was obtained. The powder pattern of the isolated product, named
Zn[BelM]OPr, is depicted in Figure 5.2.1. The obtained pattern neither contains signs of starting

materials nor does it correspond to a known ZIF-structure.
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Figure 5.2.1: Pawley fit of the XRD powder pattern of Zn[BelM]OPr, yielding space group and lattice
parameters P21/c with a=12.23 A, b=9.75A, c=8.90 A and = 97.47° (GoF: 1.818).

Indexing and Pawley fitting of the obtained pXRD data was possible, confirming the synthesis of a
phase pure material which crystallizes in P21/c with a =12.23 A, b=9.75A, c=8.90 A and = 97.47°
(GoF: 1.818). The lattice parameters equal those of Zn[BelM]OAc, with the exception of an elongated
a-axis from 10.81 A to 12.23 A (Aa = +1.41 A), which is in good agreement with the expected effects
of using a carboxylic acid with a prolonged carbon backbone. The in-plane b- and c-axes show almost
no deviation compared to Zn[BelM]OAc (Ab = -0.087 A, Ac=+0.083 A), which confirms the
assumption that the formed Zn[BelM]OPr is featuring the same connectivity pattern as the parent
material Zn[BelM]OAc.

The peak at 28 = 9° can however not be explained with the proposed space group. This peak is a first
indication of a loss in symmetry, that could be observed for Zn[BeIM]OBut as well and is explained in
detail in chapter 5.2.2. Due to the increasing length of the carboxylic acid backbone and the thereby
created disorder in the arrangement of the carboxylic chain in the crystal structure, the glide plane
found in P2;/c is resolved and the material crystalizes in P2; instead. This effect is only marginaly

observable in Zn[BelM]OPr by the small, afore mentioned peak.

50



Chapter 5: Introducing functionality into 2D exfoliable Coordination Frameworks

Figure 5.2.2: TEM SAED measurements of Zn[BelM]OPr showing (A) the in-plane lattice parameters of the
(100)-plane (9.87 A and 8.92 A) as well as (B) the stacking parameter of 12.30 A along the a-axis
of the crystal structure.

In order to confirm these results, TEM SAED measurements were perfomed on the material
(Fig. 5.2.2). As known from other coordination polymers, the material is highly sensitive to the
electron beam and decomposes rapidly upon irradiation. To address this sensitivity problem, all
measurements were performed without prior alignment by scanning random points on the sample.
The occuring decomposition even during short acquisition times results in a low signal to noise ratio
of the measurements and the missing alignment prior to the measurements limits the accuracy of
the measurements.

Despite the difficulties during acquisition, the observed diffraction patterns confirm the unit cell
parameters obtained from pXRD measurements, with an orthogonal pattern of 8.92 (+ 0.45) A x 9.87
(+ 0.49) A and a stacking parameter of 12.30 (+ 0.62) A, which is in good agreement with previously

discussed values.
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Figure 5.2.3:  3C (left) and ®>N MAS (right) Solid-state NMR spectra of Zn[BelM]OPr. Spinning side bands are

marked with an asterisk.

To confirm the composition of the obtained material, *C MAS Solid-state NMR was performed
(Fig. 5.2.3). Both spectra solely exhibit the signals of benzimidazolate and the propionate ions. In the
range between 150 and 110 ppm, the signals of BelM can be identified, with a shift to lower field
when compared to BelM(H). The largest shift is found for the signal corresponding to C2, located in
between the coordinating nitrogen atoms, which is shifted from 141.5 ppm in BelM(H) to 147.4 ppm,
thus indicating the presence of anionic benzimidazolate as the only BelM-species in the material.
Comparing the observed chemical shifts of the benzimidazolate to those observed in the BelM-based
ZIF-7, a consistent upfield shift for the signals corresponding to Zn[Belm]OPr can be observed due to
the electronic effects of the propionic acid. The splitting of the signals for C5, C6, C8 and C9, that is
present in ZIF-7 Solid-state NMR measurements can not be observed for Zn[Belm]OPr, thus leading
to the assumption that all benzimidazolate species in the material have identical chemical
surroundings. The assignment of the observed chemical shifts to the corresponding carbon signals
can be found in Table 5.2.1. The signals of the anionic propionate are found at 10.4 ppm, 29.8 ppm

and 185.3 ppm, respectively, which corresponds to a slight downfield shift when compared to

Zn(Pro); (9.1 ppm, 26.5 ppm, 185.3 ppm).
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Table 5.2.1:  Experimental 3C NMR chemical shifts (in ppm) and assighments to Zn[BelM]OPr as well as
comparison to ZIF-7 and the used starting materials.

13C NMR &CH3CH2CO, CH36CH2CO, | CH3CH.6C0; 6C2 6C4,7 6C5,6 6C8,9

Zn[BelM]OPr 10.4 29.8 185.3 147.4 113.8 120.5 139.7

ZIF-7 149.9 114.9 1225 138.1

125.3 140.3

BelM(H) 141.5 115.4 122.9 137.9
Zn(OPr)2 9.1 26.5 185.3

In the >N CP-MAS Solid-state NMR spectrum (Fig 5.2.3) only a single peak is visible which
corresponds to the signals of N1/N3 of anionic benzimidazolate (-194.7 ppm). The signal is
significantly shifted compared to a solely imidazolate-bridged coordination framework such as ZIF-8

(-209 ppm).2* This shift can be readily explained by the close proximity of the acetate group and its

electronic effects, as discussed above.
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Figure 5.2.4: IR-spectrum of Zn[BelM]OPr (left) and enlarged view of the fingerprint region (right).

Infrared spectroscopy measurements were performed to confirm the purity of the material. The
carboxylate vibrations at 1590 cm™ (antisymmetric stretch) and 1460 cm™ (symmetrical valence) can
be clearly distinguished and can, in combination with the very low intensity of the usually very
intense O-H vibrational modes in the range between 3500 cm™ and 3000 cm?, as well as at
1620 cm™, be seen as an indication for complete deprotonation of the used carboxylic acid. The
peaks between 3000 cm™ and 2800 cm™ can be assighed to the C-H valence vibrations of the
propionic acid as well as to O-H vibrational modes corresponding to hydrogen bonds at the edge of

the formed sheetlike structures. The complete deprotonation of the used benzimidazole can be
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confirmed by the absence of N-H vibrations around 3400 cm™ as well as around 1500 cm?, providing

further proof to the discussed structural model.

Table 5.2.2: Elemental analysis of Zn[BelIM]OPr and comparison to the calculated values for an assumed
molar ratio of [Zn%*] : [BeIM] : [CH3CH2CO2]=1:1:1.

Zn N C H (o)
Exp. 25,1 10,9 47,1 3,9 13,0
Calc. 25,6 11,0 47,0 3,9 12,5
Diff -0,5 -0,1 0,10 0,0 0,5

Elemental analysis of the obtained material yielded a molar ratio of [Zn?*] : [BelIM] : [CH3CH,CO;] =
1: 1 : 1, which is in agreement with the structural model with only small deviations from the

calculated values.
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5.2.2 ZN[BEIM]OBuUT

With the succesfull synthesis of Zn[BelM]OPr and the confirmation of the proposed structural
changes upon utilizing longer carboxylic acids, further elongation of the ag-axis of the structure and
thereby, as discussed in chapter 5.2.1, the average interlayer distance is the target of the following
syntheses using zinc butyrate (Zn(OBut),) instead of the previously used acetates or propionates. By
utilizing the known synthesis conditions in a solvent mixture of n-heptane/1-hexanol (9:1), a white
crystalline powder was obtained with the empirical formula Zn[BelIM]OBut. The powder pattern of
the material, shown in Figure 5.2.5, shows no traces of starting materials or known benzimidazolate-

based ZIF-structures.
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Figure 5.2.5: Pawley fit of the XRD powder pattern of Zn[BeIM]OBut, yielding space group and lattice
parameters P21 with a =25.96 A, b =12.61 A, c = 10.18 A and /=103.36° (GoF: 0.918).

The obtained powder pattern could not be indexed in P21/c, the space group found for the acetate
and propionate based materials. Indexing and Pawley fitting was instead achieved by reducing the
symmetry from P2:/c to P2, resulting in lattice parameters of a = 25.96 A, b = 12.61 A, c = 10.18 A
and f = 103.36° (GoF = 0.918). The two space groups are related to one another by omitting the glide
mirror plane in P2i/c, which is expected to lead to a doubling of the a-axis assuming identical
network connectivity. Due to the longer homologous carboxylic acid used, an a-axis of slightly more
than twofold length with respect to the propionate phase is to be expected. This is in good
agreement with the observed values, as the lenght of the a-axis in Zn[BelM]OBut equals 2.12 times
the length of the a-axis of Zn[BelM]OPr. The loss of symmetry in the material can be attributed to the
flexibility of arrangement of the butyrate carbon chain during the solvent based synthesis. During a
Solid-state synthesis procedure, with an added tempering step in order to help facilitate the ordering
of the carbon chain in the structure, the possibility of acchieving the crystalization of the material in
the known P2,/c space group should be increased.

To prove this concept, a Solid-state synthesis in a sealed glass ampulle under argon athmosphere was

performed (see chapter 5.7 for experimental details). The pXRD data obtained from the resulting
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white powder is shown in Figure 5.2.6 and shows no traces of starting materials or known

benzimidazolate based ZIF-Phases.
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Figure 5.2.6: Comparison of XRD powder pattern of Zn[BeIM]OBut synthesized by microemulsion synthesis
(black) and synthesized in Solid-state synthesis (red), yielding space group and lattice
parameters P21/c with a=11.69 A, b=9.92 A, c=8.77 A and = 92.36° (GoF: 1.128).

The obtained powder pattern can be indexed and Pawley fitted in P21/c with a = 11.69 A, b=9.92 A,
c=8.77 A and f = 92.36° (GoF: 1.128), which is in good agreement with the observed values for
Zn[BelM]OAc and Zn[BelM]OPr. However a minor contraction of the a-axis with respect to the lattice
parameters found for Zn[BelM]OPr can be observed (Aa =-0.54 A), which we attribute to the
differences in the synthesis procedure and the tempering step in the Solid-state synthesis. The
tempering is supposed to increase the crystallinity and to enable compact alignment of the carbon
backbone of the used butyrate, which seems to lead to a more densly packed structure in the Solid-
state synthesis than compared to the solution based syntheses of the other discussed materials. This
finding provides further claim to the afore mentioned assumption, that the two found materials are
polymorphs of the same network, that are only distinguished by the arrangement of the butyrate
carbon-chains. The two different space groups of the structure can however only be acessed during
the initial synthesis step, as later tempering experiments of the sample crystallizing in P2; did not

result in a transformation to the higher symeterical P2:/c space group.
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Figure 5.2.7: 3C and N Solid-state NMR of Zn[BelM]OBut synthesized by microemulsion synthesis (black)
and Solid-state synthesis (red). Spinning side bands are marked with an asterisk.

13C Solid-state NMR spectroscopy performed on the material synthesized in a microemulsion
approach shows similar shifts of the peaks corresponding to the benzimidazolate carbon atoms
between 115 and 150 ppm. The pronounced shift of the C2 signal at 147.1 ppm in comparision to
BelM(H) can be observed in this spetrum as well, indicating similar coordination and chemical
surrounding for C2 as well as both neighbouring nitrogen atoms, including deprotonation of the
benzimidazole moiety, which is further confirmed by ®N Solid-state NMR. Both nitrogen atoms
exhibit identical chemical shift at -187.0 ppm, which is in good agreement with the previously

discussed structure and the symmetrical bridging position of the benzimidazolate.

Table 5.2.3:  Experimental 3C NMR chemical shifts (in ppm) and assignments to Zn[BelM]OBut, as well as
comparison to ZIF-7 and the used starting materials.

3C NMR 6CH3CHz | CH36CH2 | CH3CH26 | CH3CHCH: 6C2 6C4,7 6C5,6 6C8,9
CH.CO; CH2CO: CH.CO2 6CO2
Zn[BelM]OBut 14.1 19.5 36.8 185.0 147.1 114.7 120.6 139.5
ZIF-7 149.9 1149 | 122.5;125.3 | 138.1;140.3
BelM(H) 141.5 115.4 122.9 137.9
Zn(OBut), 14.2 20.2 37.1 184.7

The 3C peaks corresponding to the butyrate carbon chain can be found at 14.1 ppm, 19.5 ppm and
26.8 ppm, respectively. The signal of the carboxylic carbon is shifted to lower field at 185.0 ppm from

180.7 ppm for proton-bearing butyric acid, which is compareable to the values found for Zn(OBut);

(184.6 ppm).
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IR spectrum of Zn[BelM]OBut (left) and close-up of the fingerprint region (right).

1000

100

80

60

40

Transmission / %

20

1 i 1

1750

1500 1250

-1
wavenumber / cm

1000

750

Infrared spectroscopy data are in good agreement with the data obtained from Zn[BelM]OPr,

however the C-H vibrations at 1550 cm™ exhibit increased intensity, which can be attributed to the

prolonged carbon backbone of the butyric acid.

Table 5.2.4:  Elemental analysis of Zn[BelIM]OBut and comparison to the calculated values for an assumed
molar ratio of [Zn?*] : [BeIM] : [CH3CH2CH.CO>]=1:1:1.
Zn N C H o
Exp. 23,4 10,4 49,0 4,5 13,2
Calc. 24,3 10,4 49,1 4,5 11,9
Diff -0,9 0,0 -0,1 0,0 1,3

Elemental analysis is again in good agreement with the structure model by suggesting a molar ratio

of [Zn**] : [BeIM7] : [CH3CH,CH,CO;] =1 : 1 : 1 with only slight deviations of the experimentally

obtained values from calculated ratios.

58



Chapter 5: Introducing functionality into 2D exfoliable Coordination Frameworks

5.3 MODIFICATION OF THE BENZIMIDAZOLATE GROUP

Following up on the successful modification of the carboxylic acid and the resulting alteration of the
structure by elongation of the a-axis, modifications of the used benzimidazolate linker were carried
out. In order to incorporate functional groups into the framework, different linkers such as
nitro-benzimidazole and amino-benzimidazole were used. Nitro-benzimidazole is commercially
available and features a spatially demanding functional group, rendering it a promising candidate to
investigate the synthesis conditions required to integrate functional groups into the coordination
polymer. However due to the low chemical accessibility of the nitro-groups with respect to reactions
under mild conditions, nitro-benzimidazolate frameworks can only be seen as an intermediate step
on the way to post-synthetic modification reactions on the synthesized materials. Thus amino-
benzimidazole was synthesized, as the amine-group is known to react under mild conditions with a
variety of other functional groups such as isocyanates or ketons.

The benzimidazolate groups in the framework are oriented parallel to the a-axis, similar to the
previously modified carboxylic acids. Due to the flexibility of the material with respect to the
interlayer distance, as shown previously, the inclusion of a benzimidazolate linker featuring
functional groups seems feasible. In the following chapter the effects of incorporating the chemically
functionalized linkers nitro-benzimidazole, amino-benzimidazole and mixtures of both on the

resulting structures are discussed.

5.3.1 ZN[NO,-BEIM]OAC

The synthesis using nitro-benzimidazole as a linker was carried out under identical conditions to the
solvent-based synthesis of Zn[BelM]OAc in a mixture of n-heptane/1-hexanol (for synthesis details
see chapter 5.7). The obtained light-brown powder was analysed by powder X-ray diffraction and

was confirmed to be free of starting materials and other known benzimidazolate-based ZIF materials.
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Figure 5.3.1: Pawley fit of the XRD powder pattern of Zn[NO2-BelM]OAc, yielding space group and lattice
parameters P21/c with a = 11.91 A, b =9.69 A, c =8.97 A and f=93.12° (GoF: 3.423).
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The obtained diffraction pattern was indexed in P2;/c and Pawley-fitting supplied the lattice
parameters a = 11.91 A, b = 9.69 A, ¢ = 8.97 A, § = 93.12° (GoF: 3.423). Comparison of the obtained
crystal lattice with the suspected isostructural Zn[BelM]OAc showed a close relation between both
lattices, with an elongation of the a-axis from 10.81 A to 11.91 A (Aa = +1.1 A) and a shift in the
monoclinic angle from 98.96° to 93.12°, whilst b- and c-axis remain close to identical. Whereas the
elongation of the a-axis was to be expect due to previously discussed reasons, the substantial shift in
the monoclinic angle is surprising. However, this result can be rationalized by sterical effects of the
nitro-group in the interlayer space, rendering a less staggered structure preferable over the more
staggered variants as the reduction in the monoclinic angle increases the distance between adjacent

framework backbones and thus enables a better integration of the nitro-groups.

Figure 5.3.2: Schematic highlighting the structural adjustments needed to integrate nitro-benzimidazole into
the structure. By increasing the monoclinic angle in addition to an increase in a-axis length, the
distance between the backbone of adjacent chains is increased (highlighted in red), thereby
minizing sterical interference between the two functional groups.

It is additionally noteworthy that the crystallinity of the sample and thereby the quality of the

Pawley-fit has decreased significantly in comparison to previously discussed materials, which seems

to be an effect of the spaceous nitro-group in the interlayer space and hence, less dense packing.
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Figure 5.3.3:  13C (left) and N (right) Solid-state NMR of Zn[NO2-BelM]OAc. Spinning side bands in the 3C

NMR spectrum are marked with asterisks.

The recorded *3C Solid-state MAS NMR spectrum only exhibits the signals of nitro-benzimidazolate
and the acetate ions. The peaks corresponding to nitrobenzimidazolate can be observed in the range
between 145 and 110 ppm, which results in a slight shift to lower field compared to the previously
discussed Zn[BelM]OPr and Zn[BelM]OBut. These effects are more pronounced for carbon atoms
close to the nitro-group, which is expected. The chemical shift for C2, which is positioned between
both coordinating nitrogen ions in the benzimidazolate, shows identical chemical shift to C2 in
Zn[BelM]OPr, indicating comparable chemical surrounding, which is, again, in good agreement with

the assumed close structural relation between the two materials.

15N Solid-state MAS NMR shows two distinct signals at -188.4 ppm, which can be assigned to the
bridging nitrogen atoms in the benzimidazolate ring and another nitrogen at -13.9 ppm, which can be
assigned to the nitro-group. The poor signal to noise ratio of the spectrum has to be attributed to the

low natural abundance of °N as well as to a limited amount of sample obtained.
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Table 5.3.1: Experimental 3C NMR chemical shifts (in ppm) and assignments to Zn[NO2-BelIM]OAc as well as
comparison to ZIF-7 and the used starting materials.

BCNMR 6CH3CO2 CH36CO: 6C2 6C4,7 6C5 6C6 6C8,9
Zn[NO2-BelM]OAc 23.2 185.8 150.6 112.4 117.5 144.4 139.3;142.3
Zn[BelM]OAc 23.1 182.9 147.6 114.6; 121.5 120.4 139.5; 140.3
113.4
ZIF-7 149.9 114.9 122.5 125.3 138.1; 140.3
NO2-BelM(H) 141.5 115.4 122.9 137.9
Zn(OAc): 9.1 185.3
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Figure 5.3.4: IR spectrum of Zn[NO2-Belm]OAc (left) and zoom of the fingerprint region (right).

Infrared spectroscopy confirms the purity of the synthesized material and shows the absence of O-H
and N-H vibrations, indicating complete deprotonation of the used linkers. Additionally the

symmetrical (1340.0 cm™) and anti-symmetrical (1530.2 cm™) N-O vibrations can be observed.

Table 5.3.2: Elemental analysis of Zn[NO2-BelM]OAc and comparison to the calculated values for an assumed
molar ratio of [Zn?*] : [NO2-BelM] : [CH3COz]=1:1:1.

Zn N C H (o)
Exp. 25,5 14,8 38,4 2,9 18,4
Calc. 22,8 14,7 37,7 2,5 22,3
Diff 2,7 0,1 0,7 0,4 -39

The data obtained by ICP and elemental analysis is in good agreement with the proposed structural

model of Zn[NO,-BelM]OAc, indicating a molar ratio of [Zn?*] : [NO,-BelM] : [CH3CO;]=1:1:1.
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5.3.2 ZN[NH2-BEIM]OAc

In a second step, due to the limited chemical accessability with respect to reactions under mild
synthesis conditions of the previously used nitro-groups, amino-benzimidazole was used as a linker in
the solvent-based synthesis procedure. Whilst amine-groups provide a well explored basis for a
plethora of postsynthetic modification reactions utilizing reactants such as alcohols, ketons or
isocyanates, the use of amino-benzimidazole requires various adaptations to the previously utilized
synthesis procedures due to the limited solubility of the amine-functionalized linker. Whilst a Solid-
state synthesis of the material had previously been performed by Junggeburth,’?*% a solution-based
synthesis approach, which is fundamental for the known exfoliation procedures for materials such as
Zn[BelM]OAc, was previously unknown. By altering the used solvent mixture (n-heptane/1-hexanol)
to a ratio of 7:1 and using the amino-benzimidazolate linker dissolved in DMF, a brown powder was
obtained. The corresponding powder diffraction data is shown in Figure 5.3.5 and provide evidence
that no starting material or known benzimidazolate-based ZIF phases are present in the sample.
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Figure 5.3.5: Pawley fit of the XRD powder pattern of Zn[NH2-BelIM]OAc, yielding space group and lattice
parameters P21/c with a=11.61A, b=9.76 A, c =8.80 A and = 92.15° (GoF: 2.168).

The obtained diffraction pattern was indexed and a Pawley-fit was carried out, again leading to the
space group P2;/c with a = 11.61 A, b = 9.76 A, c = 8.80 A and =92.15° (GoF: 2.168). The found
crystal lattice data are closely related to the known structures and shows a slight shortening of the a-
axis, compared to the nitro-functionalized material. This is in line with expected behaviour, assuming
that an amine-functionality is sterically slightly less demanding than a nitro-functionalized linker, thus
enabling the reduction of the interlayer distance. Additonally, the possibility of the amine-groups to
form hydrogen bonds with the adjacent layer results in a contraction of the crystal lattice along the
a-axis, whilst the other parameters remain essentially unchanged between Zn[NH,-BeIM]OAc and

Zn[NO,-BelM]OAc.
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Figure 5.3.6: 13C (left) and N (right) Solid-state NMR of Zn[NH2-BelIM]OAc. Spinning side bands in the 3C
NMR spectrum are marked with asterisks.

The 3C Solid-state MAS NMR measurements performed on the sample shows peaks at 23.7 ppm and
183.7 ppm which can be assigned to both carbon atoms of the carboxylic acid. Further peaks at 100.3
ppm, 114.5 ppm, 133.9 ppm, 141.3 ppm and 146.5 ppm can be attributed to the benzimidazolate
ring system and again show an upfield shift of the benzimidazolate carbon signals in close proximity
to the functional group, which is comparable to the shift observed for Zn[BelM]OPr and

Zn[BelM]OBut. The detailed assignment of the signals can be found in table 5.3.3.

Table 5.3.3: Experimental 3C NMR chemical shifts (in ppm) and assighments to the Zn[NH2-BeIM]OAc as well
as comparison to ZIF-7 and the used starting materials.

13C NMR 6CHiCO, | CHi6€C0; 5C2 5C7 5C4,5 5C6 5C8,9
Zn[NH2-BeIM]OAc 23.7 183.7 146.5 100.3 114.5 141.3 133.9
Zn[BelM]OAc 23.1 182.9 147.6 | 114.6;113.4 | 1215 1204 | 140.3;139.5
ZIF-7 149.9 114.9 122.5 125.3 | 138.1;140.3
NH2-BelM(H) 146.5 105.4 114.9 137.9
Zn(OAc); 9.1 185.3

15N Solid-state NMR shows two distinct peaks at -329.8 ppm (N10) and between -188 and -198 ppm
(N1/3). Whilst the peak corresponding to the amine group is very sharp, the signal corresponding to
both nitrogen atoms in the benzimidazolate ring system shows a complex splitting pattern, which
was not observed in the previously discussed samples. By comparison with the previously discussed

Zn(NO>-BelM)OAc it becomes apparent that the splitting is most likely the result of traces of
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nitrobenzimidazolate in the sample, remnants from the amino-benzimidazolate synthesis. These
traces could not be removed during the synthesis, due to the similar solubility properties of both
chemicals. The left shoulder of the peak at around -188 ppm can be attributed to the nitro-
benzimidazolate impurities whilst the right parts around -198 ppm originate from amino-
benzimidazolate. The signal of the nitro-group, which would be expected at around -18 ppm, is not
observed. However, even in the pure amino-benzimidazolate sample the signal corresponding to the

amine-group is barely visible (see Fig. 5.3.7, red graph), thus low amounts of nitrobenzimidazolate in

the framework are possible.
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Figure 5.3.7: >N Solid-state NMR of Zn[NH2-BelIM]OAc (black) and Zn[NO2-BelM]OAc (red).
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Figure 5.3.8: IR spectrum of Zn[NH2-BelM]OAc (left) and zoom on the fingerprint region (right).
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IR measurement shows distinct N-H vibrations (N-H deformation of the N-H, group 1632.0 cm™, N-H
valence vibration 3500 to 3200 cm), proving the presence of the amino-groups in the framework
material. Contradictory to the theory of a mixed-linker material with traces of nitro-benzimidazolate
in an amino-benzimidazolate framework (see NMR results), the symmetrical N-O valence vibration

expected to occur around 1350 cm™ is not present, as seen in Figure 5.3.9.
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Figure 5.3.9: IR spectra of Zn[NH2-BeIM]OAc (black) and Zn[NO2-BelM]OAc (red).

Elemental analysis again documents a composition of Zn[NH,-BelIM]OAc with only minor deviations

which indicates that only traces of nitro-benzimidazolate can be present in the framework backbone.

Table 5.3.4: Elemental analysis of Zn[NH2-BeIM]OAc and comparison to the calculated values for an assumed
molar ratio of [Zn?*] : [NH2-BelM] : [CH3CO2]=1:1:1

Zn N C H (o]
Exp. 25,6 16,3 42,1 3,5 12,6
Calc. 25,50 16,4 42,1 3,5 12,5
Diff 0,1 -0,1 0,0 0,0 0,1
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5.3.3 ZN[NO;-BEIM]1x[NH2-BEIM]xOAC - MIXED LINKER SYNTHESES

Mixed-linker syntheses are a commonly utilized approach to obtain MOFs suitable for "diluted" post-
synthetic modifications, as they combine the stability and crystallinity of unfunctionalized (or partly

functionalized) frameworks with the reactivity of the additionally introduced functional groups.?**
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Figure5.3.10: Powder XRD diffraction pattern of Zn[NO2-BelM]1x[NH2-BeIM]xOAc with x = 0.25 (black) and x =
0.5 (red).

The obtained powder diffraction patterns for x = 0.25 and 0.5 are close to identical and could be
indexed in P21/c witha=11.93 A, b=9.74 A, c=9.02 A and f = 94.02° (GoF = 0.895) for x = 0.25. The
found crystal lattice is closely related to that of the pure nitro-benzimidazolate phase suggesting no
significant structural changes due to the inclusion of the amine-functionalization into the nitro-
benzimidazolate structure. Nonetheless the close relation of the found lattice parameters with
almost no deviation from the lattice of Zn[NO,-BelM]OAc gives rise to doubts if substantial amounts

of amino-benzimidazolate linker were included into the framework.
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Figure 5.3.11: Photographs of Zn[NO:-BeIM]OAc (left) and Zn[NO2-BelM]1x[NH2-BelM]xOAc with x = 0.25
(center) and x = 0.5 (right).

By taking a closer look at the photoghraphs of the obtained powders in comparison to
Zn[NO;,-BelM]OAc, significant darkening of the samples that were synthesized with increased
amounts of NH,-BelM becomes apparent. This effect is an indication that the amine-functionalized
linker was indeed integrated into the structure, as amino-benzimidazole and the corresponding

Zn[NH,-BeIM]OAc are of dark brown coloration, whilst the materials based purely on

nitro-benzimidazole are white in color.
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Figure 5.3.12: >N Solid-state NMR spectrum of Zn[NO2-BelM]1x[NH2-BelM]xOAc with x = 0.25 (black) and x =
0.5 (red).
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15N Solid-state MAS NMR was performed to confirm the presence of nitro- and amino-
benzimidazolate groups in the synthesized material, however only two peaks can be observed, the
signal corresponding to the nitro-group (N10) at -13.67 ppm and a peak at -189.79 ppm
corresponding to both nitrogen atoms in the benzimidazole ring (N1/3) which are coordinating the
zinc-ions in the lamellar framework structure. This result confirms the doubts about the presence of
substantial amounts of amino-benzimidazolate in the structure, which can be attributed to the
limited solubility of the amino-functionalized linker in comparison to nitro-benzimidazolate. These
differences in accessibility of the different linkers during the synthesis procedure have already been
discussed in chapter 1.3.2 and seem to prevent the formation of a mixed-linker material with
guantitative amounts of amino-benzimidazole integrated into the framework. However due to the
low natural abundance of °N, the NMR measurements are not contradicting the presence of small

amounts of amino-benzimidazole (< 5-10 %) in the synthesized materials.
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Figure 5.3.13: IR spectra of Zn[NO2-BelM]1x[NH2-BelM]xOAc with x = 0.25 (black) and x = 0.5 (red) and close
up of the fingerprint region (right).

Whilst powder X-ray diffraction measurements suggested that no structural differences between
both materials exists, however the color differences between the samples hint that slight deviations
in the content of amino-benzimidazole in the sample might be possible. Infrared spectroscopy on
materials obtained via mixed-linker syntheses show no difference between the materials with 25% or
50% amino-benzimidazolate in the starting mixture, which suggests that the chemical composition of
both materials is equivalent, as the relative intensity of nitro- and amine-vibrations should shift due
to the changing ratio between both in case of differences in composition. Additionally, even at 50%

amino-benzimidazolate in the synthesis mixture, no N-H vibrations between 3500 and 3200 cm™ can
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be observed. This is a further indication, that the obtained materials are not mixed-linker
coordination frameworks with the desired share of amino-benzimidazole, but rather nitro-
benzimidazolate linked frameworks with trace amounts of amino-functionalized linkers integrated
into the framework, causing the color changes.

Additional experiments to synthesize mixed-linker frameworks with unfunctionalized benzimidazole
and amino-benzimidazole were performed in order to examine if the described synthetic challenges
can be overcome by omitting the nitro-functionalized linker from the synthesis. However, these
experiments led to pure Zn[BelM]OAc according to all analytical measurements without any trace of
amine-groups in pXRD, Solid-state NMR, IR, elemental analysis or optical impression of the resulting

materials and are therefore not discussed further at this point.
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5.4 EXFOLIATION ATTEMPTS

In order to investigate the synthesized materials with regard to their exfoliation properties and to
provide further insight into the interlayer forces in the synthesized framework materials, syntheses
with CTAB as a surfactant and structuring agent during the initial solution based synthesis step were
carried out. Due to the lamellar structure of the previously discussed ternary materials, the presence
of CTAB during the synthesis is expected to lead to a surfactant intercalated material with extended
interlayer distances. By stacking CTAB and the lamellar material in an alternating fashion, reminiscent
of lamellar liquid crystalline phases, artificial, soft "breaking points" are created in the material for
subsequent exfoliation by surfactant extraction. The effects of CTAB on the ternary materials has
been discussed by Junggeburth in the context of CTAB-intercalated Zn[BelM]OAc, resulting in BelM-
MIF(OACc) interleaved with CTAB bilayers, which was subsequently exfoliated in THF into 1.5 x 1.5 um
nanosheets.!*?? Exfoliation of the lamellar materials significantly increases the accessible surface area
of the sheets and thereby facilitates post-synthetic modification reactions due to the easier

acessability of functional groups.
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Figure 5.4.1: Proposed formation mechanism of the intercalated structure BelM-MIF(OAc), leading to
subsequent exfoliation at the CTAB layers.

Due to the influence of the different carboxylic acids, an increased tendency to exfoliate is expected
for the materials with elongated carboxylic acids since the structuring agent should be able to
infiltrate the propionate and butyrate based structures more readily, thus likely resulting in

enhanced exfoliation and sheetlike structures.

71



Chapter 5: Introducing functionality into 2D exfoliable Coordination Frameworks

5.4.1 BEIM-MIF(OPR)
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Figure 5.4.2: Powder diffractogram of BelM-MIF(OPr) (black) and Zn[BelM]OPr (red) (left) and IR spectrum
(right) of BeIM-MIF(OPr).

Powder X-ray diffraction measurement of the sample obtained via synthesis containing CTAB yield
identical diffraction patterns to those obtained from Zn[BelM]OPr, however three distinct additional
peaks can be observed. These peaks at 20 = 3.05°, 6.14° and 9.23° can be seen as a series
corresponding to a 00/-series, indicating a lamellar mesostructuring of the material with a
corresponding distance of 28.97 A. However compared to other know mesostructured materials such
as the prototypical MIF-1,122!! the intensity of the observed peaks is remarkably low.

Infrared spectra are identical to that of pure Zn[BelM]OPr, synthesized without CTAB (see Fig. 5.2.3)
showing C=0 vibrations and the typical C-H, C=C and C=N vibrational modes of the benzimidazolate
ring system. The measurement does however not show C-H vibrational modes, giving rise to the
notion that only trace ammounts of CTAB might present in the material, either intercalated into the
lamellar structure or as a residue on the particle surface.

Exfoliation of the obtained material was attempted with an orbital shaker using a dispersion of the
material in THF resulting in a clear solution with no turbidity, which failed to deliver nanosheets that
could be detected by AFM measurements. Additional efforts with different solvents such as
diethylether, ethanol or iso-propanol as well as the use of ultrasound, did not improve the exfoliation
step. Whilst all experiments with the orbital shaker did only result in clear solutions with no visible
signs of suspended nanosheets and no material deposition at all on the investigated wafers, the use
of ultrasound instead of an orbital shaker led to "shredding" of the material, leading to an opaque
suspension of material in the solutions, however only the deposition of small unregular shaped

particles with sizes below 0.1 um on the wafer.
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5.4.2 BelM-MIF(OBur)

Due to the structural flexibility of the butyrate materials, as demonstrated previously by the
differences between solution based and Solid-state syntheses, exfoliation of Zn[BelM]OBut was

expected to be more facile.
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Figure 5.4.3: Powder diffractogram (left) and IR spectrum (right) of BeIM-MIF(OBut).

Powder diffraction patterns of the formed material are in good agreement with data recorded of
Zn[BelM]OBut and exhibit a series of additional peaks at 26 = 2.94°, 5.91° and 8.87°, which can once
again be seen as indication of a lamellar mesostructuring of the material, this time with a stacking
parameter of 30.02 A. A direct comparison of the intensity of the observed peaks with those
discussed in chapter 5.4.1 shows greatly increased intensity, which is in line with previous reports on
lamellar mesostructured coordination frameworks.2% 7%

Infrared spectroscopic measurements further confirm the assumption of a surfactant induced
mesostructuring of the material as the characteristic C-H valence vibrations of the alkyl-chains in
CTAB can be seen at 2924.6 cm™ and 2854.6 cm’, in addition to the peaks found in IR spectra of
Zn[Belm]OBut.

Subsequent exfoliation attempts in THF showed, that a weak mechanical force applied via orbital
shaking is sufficient to create a stable suspension of the material for spincoating experiments.
Spincoating of the prepared suspensions at 5.000 rpm onto Si wafers (1.5 x 1.5 cm?), led to the
deposition of the 2D material onto the substrate. AFM analysis of the wafer surface confirmed the
presence of mostly rectangular nanosheets with dimensions of aproximaterly 0.5 x 0.5um? with an
average height of 2.5 nm, which equals the height of double-layers of Zn[BelM]OBut based on the

structure discussed in chapter 5.2.2. The nanosheets show a narrow size distribution in lateral
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dimensions, ranging from 0.25x0.25 um? to a maximum of about 0.7x0.5 um?, and height, confirming

the assumed periodical intercalation of CTAB between the lamellae of Zn[Belm]OBut.
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Figure 5.4.4: AFM surface topographies of BelM-MIF(OBut) exfoliated in THF (left) and height profile (right).

Further exfoliation attempts using different pathways such as usingan ultrasonic bath or simple
stirring of Belm-MIF(OBut) in THF, did not yield comparable results. Whilst stirring did only result in a
clear solution and no observable nanosheets on the analysed wafers, the use of an ultrasonic bath
led to an opaque suspension, however fragmentation of the sample occured, leaving the wafer

covered by small shreds with lateral dimensions bellow 0.1 um with vastly varying height profiles.
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5.4.3 NO-BEIM-MIF(OAC)
Based on the analysis of Zn[NO,-BelM]OAc, the corresponding NO,-BelM-MIF(OAc) is a promissing
candidate for exfoliation into nanosheets due to the significantly increased stacking parameter of the

lamellar material — an advantage for the easy intercalation of CTAB into the sheet-like structure.
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Figure 5.4.5: Powder diffractogram of NO2-BelM-MIF(OAc) (black) and Zn[NO2-BelM]OAc (red) (left) and IR
spectrum (right) of NO2-BelM-MIF(OAc).

Powder diffraction analysis of the obtained white powder show that the material exhibits a simillar
diffraction pattern compared to Zn[NO,-BelM]OAc, however without any signs of a lamellar
mesostructure as discussed in the previous chapters. This may be an indication that no
mesostructure is formed, or if CTAB could be intercalated into the lamellar structure, the process did
not lead to a crystalline mesostructure. The IR data match the spectrum obtained for
Zn[NO;,-BelM]OAc and suggests identical composition and coordination of nitro-benzimidazolate as
well as acetate. In addition to the peaks originating from Zn[NO,-BelM]OAc, the of C-H stretching of
the alkyl-chains are found at 2922.7 cm™ and 2852.1 cm™. This is a distinctive indication for the
presence of CTAB in the formed NO,-BelM-MIF(OAc), bearing in mind that no other starting material
exhibits aliphatic carbon chains. Due to lack of an observable mesostructure, these traces of CTAB
might be found inserted between the lamellar structure, however not in a well ordered manner that
is detectable via pXRD measurements or as residue on the surface of the formed particles.

Subsequent exfoliation experiments showed that despite the lack of an observable mesostructure,
the material is prone to exfoliate, as even stirring of NO»-BelM-MIF(OAc) in THF at room temperature
leads to a substantial covering of the surface of the spin-coated silicon wafers with nanosheets with
lateral dimensions of 0.5 um x 0.5 um. Further exfoliation attempts, using orbital-shakers to apply

shear forces to the material in , to further enhance the exfoliation step, yielded large clusters of
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sheets in various stackings such as monolayers, double layers or triple layers with average
dimensions of 0.5 x 0.5 um? and a height of 2.7 nm per layer, corresponding to double layers of

Zn[NO,-BelM]OAc.
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Figure 5.4.6: AFM surface topographies of NO2-BelM-MIF(OAc) exfoliated by using orbital shakers and THF
(left) and height profile (right),

These results indicate, that the effect of the nitro-groups integrated into the framework are indeed

facilitating the exfoliation to a point where no detectable mesostructure is needed in order to create

coordination polymer nanosheets. However the synthesis including CTAB is still a necessity, as

exfoliation experiments using Zn[NO»-BelM]OAc synthesized without CTAB did not yield nanosheets

and only resulted in clear solutions without observable light scattering properties.
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5.4.4 NH-BeIM-MIF(OAC)

Whilst the successful exfoliation of NO,-BelM-MIF(OAc) marks important progress on the way to
nanosheets suitable for postsynthetic modification, nitro-groups are chemically unreactive under
mild conditions. To overcome these obstacles, the synthesis of a quaternary phase containing
amino-benzimidazolate units (NH,-BelM-MIF(OAc)) rather than their nitro-counterparts is desireable

for obtaining nanosheets suitable for PSM reactions under mild conditions.
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Figure 5.4.7: Powder diffractogram of NH2:-BelM-MIF(OAC) (black) and CTAB (red) (left) and IR spectrum
(right) of NH2-BelM-MIF(OAc).

The obtained powder diffraction pattern of the resulting white precipitate shows no resemblance

with Zn[NH,-BelM]OAc. Comparison of the obtained pattern with the XRRD of pure CTAB reveals that

all distinct peaks originate from CTA, rather than the desired hybrid material. The starting material

seems to form an amorphous material, which contributes to the high background of the recorded

diffraction pattern.

Infrared spectroscopy confirms that the main component of the material features aliphatic carbon
chains, as seen by the very intense characteristic C-H stretching vibrations at 2913.3 cm™ and
2844.8 cm™ as well as the intense band corresponding to C-H deformation vibrational modes at
1460.4 cm™. The combination of these findings suggests that the formation of an NH,-BelM-
MIF(OAc)-material similar to the previously discussed samples, was unsuccessful. An additional
washing step with iso-propanol after the synthesis to remove any crystalline CTAB resulted in the

complete decomposition of the powder with no residual material left.
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5.4.5 ZN(NO2-BEIM)1x(NH2-BEIM)xOAC - MIXED LINKER SYNTHESES

Due to the unsuccessful synthesis and exfoliation of CTAB structured Zn[NH,-BelM]OAc, the mixed
linker materials synthesized in 5.3.3 were examined as candidates for intercalation and exfoliation,
despite the uncertainty about the presence of amino-groups in the material. Ideally, the exfoliation
properties of the pure nitro-benzimidazolate materials can thereby be combined with the presence
of even a small amount of amine-groups in the material leading to nanosheets which are suitable for

the proposed PSM reactions.
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Figure 5.4.8: Powder diffractogram (left) and IR spectrum (right) of mixed linker BelM-MIF(OAc).

Powder diffraction data obtained from the synthesis of a quaternary phase of
Zn(NO2-BelM)14(NH>-BelM)OAc with x = 0.25 shows a vastly reduced crystallinity of the obtained
material. Whilst the characteristic reflections of the ternary phase can still be observed, the overall
signal-to-noise ratio has decreased drastically, indicating either a simillar delamination phenomenon
to what has been observed for the nitro-benzimidazolate based material (see chapter 5.4.3) or an

overall loss in crystallinity during the synthesis.
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'yl

Figure 5.4.9: AFM surface topographies of depositions found after spincoating the mixed-linker
Zn[NO2-BelM]1x[NH2-BelM]xOAc with x = 0.25.

Subsequent exfoliation attempts in THF, diethylether, ethanol and isopropanol using orbital shakers
did not lead to nanosheet deposition on the used Si-wafers. Whilst the resulting solutions after the
use of the orbital shaker showed slight opacity, the surface of the wafers was partially covered with
material, with a thickness of about 4 nm. However, the irregular shape of edges and the rather
smooth corners of the observed structures as well as the absence of any double-layers of deposited
material points to the soft - and likely purely organic - composition of the layers, such as pure CTAB
or benzimidazole. Subsequent washing steps were, in contrast to the previously discussed

nanosheets, able to remove all structures from the wafer surface.
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5.5 POST-SYNTHETIC MODIFICATION OF AMINE-GROUP CONTAINING LINKERS

Amine-functionalizations introduced into the framework, are a common way of achieving substrates
for further post-synthetic modification reactions in MOFs, due to straightforward reactions with
organic functional groups such as ketons or isocyanates aldready at low temperature. Despite the
difficulties in exfoliation of the materials containing amine-groups and to prove whether the mixed
linker framework actually does contain amine- as well as nitro-functionalizations, post-synthetic
modification reactions were performed. In a one-step synthesis, the coordination polymer was
stirred in freshly distilled chloroform and phenylisocyanate was added to the mixture (for detailed
synthesis protocols, see chapter 5.7). The resulting white powder was collected and subsequently

analyzed by pXRD, IR and 3C Solid-state NMR spectroscopy.
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Figure 5.5.1: pXRD patterns of Zn[NH:-BelIM]OAc (black) and Zn[NH:-BeIM]OAc functionalized with
phenylisocyanate (red).

Powder diffraction experiments performed on the material before and after the PSM reaction, show
no difference in the resulting patterns apart from a slight broadening of peaks, which can be seen as
indication of slightly decreasing particle size during the functionalization reaction. It is however, safe
to assume that the framework structure has remained intact during the entire process. As the
reaction between the amine-groups and isocyanate can only occur on the surface of the used bulk
material and considering that the coordination polymer does not have adequately sized pores for the
used phenylisocyanate to infiltrate the structure, the retained and unchanged crystal structure is in

good agreement with the expected outcome of the reaction.
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Figure 5.5.2: IR spectra of Zn[NH2-BelM]OAc (red) and Zn[NH2-BelIM]OAc modified with phenylisocyanate
(black). The peaks indicating the functionalization of the material are marked in blue.

Infrared spectroscopic measurements were performed to confirm the covalent modification of the
accessible amino-groups with isocyanate. A reduction in intensity of the N-H vibrational modes
between 3500 and 3200 cm is clearly visible, with the bands being almost not detectable any more
in the sample after the PSM reaction. This indicates a mostly completed reaction, however no clear
statement about the degree of functionalization can be made via this method. Additional
confirmation for a successful PSM reaction is found in the peak at 1670.1 cm™ which can be
attributed to the C=0 valence vibrations of the amide group as well as an additional peak at
1517.7 cm™ corresponding to N-H bending vibrations of the amide bond.

Solid-state 3C MAS NMR analysis was performed in order to investigate the presence of amide bonds
formed during the PSM process, which would be indicative of a successful modification. The obtained
data is in good agreement with NMR data obtained for the unmodified Zn(NH,-BelM)OAc with
respect to the C1/C2 signals of acetate (23.7 ppm, 183.7 ppm) and the benzimidazolate backbone
(100.3 ppm, 114.5 ppm, 133.9 ppm, 146.5 ppm). However, additional signals around 120 ppm can be
observed, which correspond to the phenyl-ring system of the phenylisocyanate used in the PSM

reaction as well as a signal at 182.0 ppm, corresponding to C10 in the amide bond.
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Figure5.5.3: >N NMR spectra of of Zn[NH:-BeIM]OAc (black) and Zn[NH:-BelM]OAc modified with
phenylisocyanate (red). Spinning side-bands are marked with an asterisk.

Table 5.5.1: Experimental 3C NMR chemical shifts (in ppm) and assignments to Zn[NH2.BelM]OAc after PSM
with isocyanate as well as comparison to ZIF-7 and the used starting materials.

13C NMR 5C2 5C7 | 84,5 5C6 5C8,9
Zn[NHz-BelM]OAc (PSM) 23.2 185.8 1458 | 101.0 | 1156 140.4 134.2
Zn[NH-BelM]OAc 23.7 183.7 146.5 | 1003 | 114.5 141.3 133.9
ZIF-7 149.9 | 1149 | 122.5 1253 | 138.1;140.3
NH,-BelM(H) 1465 | 105.4 | 114.9 137.9
Zn(OAc) 9.1 185.3

15N Solid-state MAS NMR would be a suitable way to provide additional information about the
nitrogen atoms in the structure, especially those forming the amide bonds, however due to the low

yield of the performed reaction, the amount of obtained substance was not sufficient for this

analysis.
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Figure 5.5.4: Image of Zn[NH2-BelIM]OAc (left) and Zn[NH:-BeIM]OAc modified with 4-(6-methyl-2-
benzothiazolyl)phenyl isocyanate (black) under UV radiation.

In order to prove that the PSM reaction is not limited to small molecules such as phenylisocanate and
to provide proof that the PSM reaction on Zn[NH,-BeIM]OAc is a suitable method to introduce
additional properties into the material, a fluoresence marker was used as a reagent. 4-(6-methyl-2-
benzothiazolyl)phenyl isocyanate is a commonly used fluorescence marker with an absorption
maximum at 350 nm and a corresponding emission maximum at 374 nm in its pristine form in

chlorobenzene. The detailed synthesis procedure can be found in chapter 5.7.

The obtained powder exhibited white coloration in contrast to the brownish color of the parent
Zn[NH;-BelM]OAc, which may be attributed to the reaction of the amine groups with impurities
found in the material due to the difficulties in the synthesis procedure of amino-benzimidazole
discussed in chapter 5.3.2. The white color of the labeled compound is in good agreement with the
white color of the nitro- and pure benzimidazole based materials. Exposure of the material to UV
light, readily leads to fluorescence of the sample, in contrast to its parent material (Figure 5.5.4). To
ensure that the observed fluorescene is a result of covalently bound 4-(6-methyl-2-
benzothiazolyl)phenyl isocyanate and does not merely result from the unreacted fluorescense
marker, additional experiments using Zn[NO,-BelM]OAc were performed, resulting in no observable
fluorescence. Whilst unreacted fluorescence marker in the sample would also create fluorescence in
the system, a covalent connection between the marker and the nitro-functionalized framework is not
possible. Due to these findings, the absence of fluorescence in the nitrobenzimidazolate system can
be seen as an additional strong indication of the successful PSM reaction between the surface amine-

groups of the framework and the fluorescence linker in Zn[NH,-BelM]OAc.
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5.6 CONCLUSION

In this chapter, the synthesis and close structural relationship between a group of coordination

polymers with the general composition Zn[X-BelM]R (X = NO,, NH»; R = OAc, OPr, OBut) was shown.

The coordination polymer Zn[BelM]OPr was synthesized in a solution based synthesis route and
characterized by pXRD, Solid-state NMR, elemental analysis, IR spectroscopy and TEM SAED
measurements, showing that the obtained material exhibit close structural relations to Zn[BelM]OAc.
An elongation of the a-axis of the unit cell, parallel to the carbon backbone of the carboxylic acids can
be observed, which is believed to be based on the use of the longer propionate during the synthesis.
The use of CTAB in the solution-based synthesis with the goal to achieve mesostructuring of the
material due to intercalation of the surfactant into the layered structure and thereby exfoliation into
nanosheets, was not possible by the routes employed. Analysis of the material obtained in the CTAB-
containing synthesis showed no presence of the surfactant and the subsequent exfoliation attempts

yielded no nanosheets that could be detected via AFM measurements.

The synthesis of the analogous Zn[BelM]OBut via the known synthesis pathway leads to a material
with reduced symmetry, yet still exhibits the same framework topology. Analysis by pXRD, Solid-state
NMR, elemental analysis and IR spectroscopy proved that the obtained material has a doubled a-axis
in comparison to the previously known frameworks, due to the loss of the glide mirror plane in the
crystal structure, which is believed to be based on the increased orientation possibilites of the
butyrate alkyl-chain in the structure in contrast to the previously used shorter carboxylic acids.

The synthesis of Zn[BelM]OBut was also achieved via a Solid-state route, leading to a materials with a
slightly truncated a-axis, compared to Zn[BelM]OPr, which is attributed to the differences in
synthesis procedure. The additional tempering step as well as the solvent-free synthesis is supposed
to assist in the arrangement of the carboxylic carbon backbone into a more dense packing and
thereby reduce the interlayer distance.

Exfoliation experiments were performed on the material via a solution-based synthesis with CTAB
added to the reaction, leading to BelM-MIF(OBut), a material with CTAB intercalated between the
sheetlike structure. pXRD analysis revealed an ordered lamellar mesostructure and subsequent
exfoliation produced nanosheets sized 0.5 x 0.5 pm? with a height of 2.5 nm, indicating double layers
of the exfoliated material, seeing that the thickness of a single lamellae in the crystal structure equals

around 1.2 nm.
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Experiments to introduce functional groups suitable for subsequent postsynthetic modification led to
the synthesis of Zn[NO,-BelIM]OAc and Zn[NH,-BelM]OAc, two materials enriching the family of
isostructural lamellar benzimidazolate-bridged coordination polymers known.

Both materials exhibit an increased stacking distance of the lamellar structure in comparison to the
non-functionalized material, which can be rationalized by the increased sterical requirement of the
nitro- and amine-groups in the interlayer space. Subsequent exfoliation experiments via the known
intercalation synthesis with CTAB vyielded different results for the two materials. The amino-
functionalized framework showed decreased crystallinity and IR spectroscopy revealed the
integration of small amounts of CTAB into the compound. Exfolation in THF resulted in nanosheets
with lateral dimensions of 0.5 um x 0.5 um and an average height of 2.7 nm, indicating double layer-
sheets of Zn[NO,-BeIM]OAc deposited onto the wafer. In contrast, exfoliation experiments with the
amino-functionalized material did not lead to intercalation of CTAB but to the formation of an

amorphous material and CTAB as the main crystalline phase.

Whilst the exfoliation experiments to synthesize nanosheets including amine-functionalities did not
yield the desired materials, postsynthetic modification experiments on bulk-Zn[NH,-BelM]OAc were
performed to prove that the framework structure is suitable for the functionalization of the exposed
amino groups with larger molecules on the surface of the bulk material. Experiments with
phenylisocyanate and a fluorescence marker showed that the amine-groups are accessible and able
to participate in reactions without destroying the framework structure. The reactions with the

fluorescence marker additionally proved that properties such as fluorescence can be introduced into
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Zn[BelM]OBut H Exfoliation ]
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Zn[NO,-BelM]OAc Exfoliation ]

the material via PSM reactions.

Zn[BelM]OAc
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Zn[NH,-BelM]OAc
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Figure 5.6.1: Schematic overview of the experiments performed as part of this chapter, showcasing the
different modification approaches taken and the corresponding results.
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5.7 EXPERIMENTAL DETAILS

5.7.1 SYNTHESIS OF ZN(C4H+0.)2

Zinc-butyrate was synthesized by mixing ZnO (10g, 0.112 mol) with butyric acid (33.63 mL, 0.368 mol)
in 200mL EtOH. The mixture was heated to 85 °C for 2h under reflux conditions. The formed white
precipitate was collected by centrifugation at 20.000 rpm, was washed subsequently with ethanol

and petroleum ether and dried at room temperature.

The obtained white powder was analyzed by elemental analysis and *3C Solid-state NMR.

Zn(OBut)2 13.5 ppm 19.3 ppm 37.1 ppm 184.6 ppm

HOBut 13.7 ppm 18.4 ppm 36.2 ppm 180.7 ppm

5.7.2 SOLUTION BASED SYNTHESIS OF BEIM-MIF(R), R = Pro, Buto

In a typical solution based synthesis, 5.4 mL BelM (0.6 M in 1-hexanol) and 2.7 mL zinc propionate (or
butyrate) (1.2 M in water) were added to 200 mL of a 9:1 mixture of n-heptane/1-hexanol. The
mixture was heated for 16h and yielded a white precipitate that was collected by centrigufation (10k

rpm for 5 minutes) and dried overnight at room temperature.

5.7.3 SOLID-STATE SYNTHESIS OF [ZN(BEIM)OBUT]

To obtain material via Solid-state synthesis, 0.118 g BelM (1.0 mmol) and 0.239 g Zn(OBut), (1 mmol)
were thoroughly ground and filled in a dry Duran glass tube (diameter ext. 10mm, int 7 mm). The
tube was evacuated, sealed under argon athmosphere at a length of 12 cm and placed in an inclined
tube furnace. The oven was heated with a rate of 60°C / hour to 180 °C, held for 10 h, cooled to
105°C with 1°C/hour and cooled to RT with 60°C / hour. The obtained colorless product was washed

with EtOH and dried overnight at RT.

5.7.4 SOLUTION BASED SYNTHESIS OF BEIM-MIF(R), R = PrRo, Buto wiTH CTAB FOR

EXFOLIATION
To obtain material for exfoliation purposes, 5.4 mL BelM (0.6 M in 1-hexanol) and 2.7 mL zinc
propionate (or butyrate) (1.2 M in water) were added to a suspension containing 0.05 M CTAB in a
9:1 mixture of n-heptane/1-hexanol (200 mL). The mixture was heated for 16h and yielded a white
precipitate that was collected by centrifugation (10k rpm for 5 minutes) and dried overnight at room

temperature.
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5.7.5 POST-SYNTHETIC MODIFICATION OF ZN[NH2-BEIM]OAC WITH PHENYLISOCYANATE
The PSM reaction was performed by dispersing 100 mg Zn[NH,-BeIM]OAc in 10 mL freshly destilled
CHCls. Under constant stirring, 0.3 mL (2.76 mmol) phenylisocyanate were added to the solution and

the mixture was subsequently stirred for 3 days at room temperature.

The material was collected by filtration, washed with dry CHCl; and dried at room temperature.

87



Chapter 5: Introducing functionality into 2D exfoliable Coordination Frameworks

88



Chapter 6: Microemulsion synthesis of Zn(Im);

6 MICROEMULSION SYNTHESIS OF ZN(IMm);

The effects of surfactants on a system can be manifold and are often determined by various factors
such as the type of surfactants used, their concentration or the employed solvents, amongst others.
While working on the synthesis of mesostructured imidazolate frameworks and upon realizing the
importance of the used surfactant counter-ions such as bromide (see Chapter 4), multiple reactions
without halogenides as counter-ions were carried out.

To obtain a halogenide-free surfactant, cetyltrimethylammonium bromide (CTAB) was treated with
AgNOs; to remove bromide and replace it by nitrate ions for charge compensation. The resulting
nitrate containing surfactant (CTANQOs) is supposed to limit the possibility of structural changes in the
obtained materials due to interactions of the framework with the surfactant counter-ion.
Experiments based on the previously discussed MIF syntheses using the halogenide-free surfactant,
did not result in the formation of any precipitate. This outcome indicates that withouth the effects of
the halogenide ions, other ways to enhance the reaction are needed. In further experiments, an
organic base such as tetraethylammonium hydroxide (TEAOH) was added to the reaction mixture, in
order to facilitate the deprotonation of the imidazole linker. This deprotonation prior to the reaction
is supposed to enable the formation of a framework due to the significantly increase reaction speed

of imidazolate with the used zinc ions, in comparison to imidazole.

6.1 EXPERIMENTAL DETAILS

6.1.1 MICROEMULSION ROUTE

1.) Bromine-free surfactant:

CTAB (27.4 mmol, 10.0g) was dissolved in 300ml water and AgNOs (25.5 mmol, 4.34 g) dissolved in 50
mL water was slowly added under constant stirring. The mixture was kept in the dark and stirred
overnight, followed by subsequent centrifugation at 22.000 rpm for 15 min at 15 °C to remove

precipitated AgBr, and the supernatant was dried at 70 °C to obtain CTANO:s.
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2.) Microemulsion synthesis

CTANO; (416 mg) was dissolved in 30mL of iso-propanol. Zn(OAc), (603 pl; 1 mol/l) and imidazole
(670 ul, 1.8 mol/l) dissolved in water were added. Upon addition of a base (TEAOH, 295 mg) the
formation of a white precipitate could be observed. In order to ensure complete reaction, the
mixture was stirred at room temperature for two days, followed by filtration. The precipitate was

washed with isopropanol and the obtained white powder was dried at room temperature.

6.1.2 SOLVOTHERMAL ROUTE

Zn(OAc); (3.3 mmol, 6072 mg), dissolved in 10 ml ethanol, and imiadzole (6.67 mmol, 3.71 mg),
dissolved in 10ml pyridine, were combined and stirred for 12 hours. The solution was placed in a
closed autoclave and heated unter autogenic pressure to 140 °C for 24 hours.

The resulting white precipitate was collected by filtration, washed with isopropanol and

subsequently dried at room temperature.

6.2 XRD POWDER DIFFRACTION AND STRUCTURAL DISCUSSION
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Figure 6.2.1: Powder x-ray diffraction pattern of Zn(/m)2, synthesized under microemulsion conditions (red)

and through means of hydrothermal synthesis as reported by Tian et al. (black).

Powder X-ray diffraction measurements of the obtained materials after microemulsion synthesis
were recorded and found to be in good agreement with the pattern of Zn(/m),, a material which is
usually accessible via hydrothermal methods as reported by Tian et al.[?!* A substantial broadening
of the observed lines with concurrent reduction in the observed intensity, compared to the

hydrothermally obtained material, is visible. This suggests that either the crystallinity of the material
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is lower or the particle size is significantly reduced, likely due to surfactant effects. Both effects are
known for metal-organic frameworks and have been explored previously.'?% 215 2181 Templating
effects such as mesostructure introduced into the materail, cannot be observed in the powder

pattern.

Figure 6.2.2:  Crystal structure of Zn(Im): (a) tetrahedral coordination of Zn?* ions by imidazolate; (b)
characteristic Znalma 4-rings; (c) 2x2-supercell, viewing direction along [010].12%4

Zn(Im), has been characterized by multiple groups, which claim to have found different, yet closely
related structures for the material. The first synthesis of this material was reported by Lehnert and
Seel in 1980 during an investigation of Zn?* and Mn?" imidazolate salts.**”! The synthesis was carried
out by adding zinc acetylacetonate to a low melting ionic liquid, consisting of a mixture of
imidazolate and tetramethylimidazolate. The resulting colorless crystals were described as Zn(/Im);
crystallizing in the space group /4;acd with a = b =22.872 A and ¢ = 12.461 A.

In 2003, sparked by the growing interest in metal-organic frameworks, Tian et al. developed a
hydrothermal synthesis for Zn(/m), - H,O and its cobalt analogue, using acetate metal salts and
imidazole in an organic solvent mixture.’™ The obtained crystals were solved in /4; with
a=b=22.874Aand c=12.941 A.

The complex structure of the material has been described to consist of SBUs of M?* 4-rings, that are
doubly connected to wavelike or double-crankshaft-like chains. These chains are aligned parallel to
the a-axis and intersect with identical chains running along the b-axis by means of common 4-rings at
the wafe peaks to form an open 3D framework with 12-ring openings. To complete the crystal

structure, three open frameworks are interwoven and linked by imidazolates via the M? ions. The
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resulting 3D framework is not an open framework, yet helical channels with dimensions of 3.5 x 3.5 A
along the c-axis are accessible and contain water molecules in the crystal structure.

The same structural motifs are also known to occur in mixed-ligand syntheses as described by Yaghi
et al., who synthesized ZIF-61 [Zn(Im)(2-Melm)] via hydrothermal synthesis routes and investigated
this material alongside other materials featuring a Zn(/m), composition for their CO, capturing

capabilities.!*?

6.3 INFRARED SPECTROSCOPY
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Figure 6.3.1: Infrared spectroscopic data of Zn(/m)2, synthesized under microemulsion conditions in i-PrOH
(red) and via the hydrothermal synthesis route (black).

The absence of surfactant in the obtained material could be proven by infrared spectroscopy,

showing no v(C-H) vibrations as commonly found for alkyl chains at around 2800-2900 cm™. A

comparison with the hydrothermally obtained materials shows good agreement with no additional

peaks found.

6.4 ELEMENTAL ANALYSIS

Elemental analysis confirms the composition of the found material under the assumption of small
amounts of 2-propanol captured within the framework. In contrast to the previously reported
Zn(Im); * H20, the amount of isopropanol contained in the structure is lower, leading to a formula of
Zn(Im); - 0.1 (CsHsO) based on elemental analysis. Whilst the lower ammount of iso-propanol
compared to water is in part expected to be a result of the larger diameter of iso-propanol, the
differences in the kinetic diamater (water 2.7 A, iso-propanol 4.7 A)2%8 do not support this being the

sole reason for the observed difference in the ammount of guest molecules.
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Table 6.4.1:  Elemental analysis of Zn(Im). obtained by microemulsion synthesis and comparison to the
values calculated for solvent-free Zn(Im)a.

Element N C H Zn
Mass percentage 25.4 37.5 3.7 31.3
Molar ratio 1.8 31 3.6 1
Molar ratio, calc. 2 3 3 1

6.5 SOLID-STATE NMR SPECTROSCOPY

20000

3000000 |-
15000 |- _
:! 3
© © 2000000 |
2z 2
='10000 | =
cC c
o 2
£ £ 1000000 | |
5000 |
L P * |
0
300 200 100 0 100 0 -100 -200 -300 -400
chemical shift / ppm chemical shift / ppm

Figure 6.5.1:  Solid-state NMR data of Zn(/m)2 via microemulsion synthesis. (left) 3C NMR; (right) >N NMR.
Spinning side bands are marked with asterisks.
Solid-state NMR measurements were used in order to determine if trace amounts of solvents were
included into the channels of the material during the synthesis procedure. The signals in 3C solid
state NMR could be assigned to the deprotonated imidazolate (6 = 141.5 ppm, 124.3 ppm) by
comparison with the known literature values for the imidaolate based ZIF-4.%% 12 35 well as to
isopropanol (6 = 62.0 ppm, 22.7 ppm) used as solvent in the synthesis. As the residual isopropanol
could not be removed by thermal treatment at 150 °C for 3 days, it can be assumed that the
isopropanol is included into the structure in the same way as water is in the hydrothermally obtained
material.?** In the >N NMR spectrum, a single signal at -184.1 ppm is found, which can be attributed

to both imidazolate nitrogen atoms as they exhibit simillar local chemical surroundings. The complex
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splitting pattern of the peak in the >N NMR spectrum can be attributed to the effects of the different

positions of the imidazolate molecules in the complex crystal structure, as described in chapter 6.2.

Table 6.5.1: Assignment of the observed signals in 13C solid-state NMR and comparison to reported literature

values.[2%9]
Observed chemical shift  Literature values [ZIF-4]
[ppm] [ppm]
Imidazolate C1 141 148
Imidazolate Ca3 124 122
Isopropanol C1 62 64
Isopropanol C 23 25
6.6 THERMAL ANALYSIS
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Figure 6.6.1: Thermogravimetry (TG, black) and differential thermal analysis (DTA, red) of Zn(/m). obtained
via microemulsion synthesis.

Thermal analysis of the obtained material revealed thermal stability up to 500 °C. Starting at 500 °C,

a gradual weight-loss step of about 25% until 775 °C can be observed, followed by a sharp decrease

due to decomposition of the material. The first gradual step between 500°C and 775°C can most

likely be attributed to the transformation of the material into amorphous N-doped carbon containing

Zn* ions, as reported for various carbon based networks, commonly used in electrochemical
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applications.?? The thermal stability of the material has not been investigated in the previous
publications, yet is comparable to the properties of some of the thermally most stable MOFs, ZIF-8
(500°C) and ZIF-11 (525°C).1*H

The endothermic process that can be observed starting at 510°C is related to the melting point of the

material, which was confirmed by melting point analysis.

6.7 SCANNING ELECTRON MICROSCOPY

SEM images of Zn(Im), were obtained with an acceleration voltage of 5 kV. An overview image of the
sample synthesized via microemulsion conditions at a magnification of 1800x shows rectangular
shaped crystals with side lengths ranging from 2 to 10 um (Figure 7.6.1). At higher magnification of

12000x, smaller particles become visible with lengths of about 300 nm.

NONE SEI 50kv  X1,800 10um WD 10.0mm NONE SEI 50kvV  X12,000 1um WD 10.0mm

Figure 6.7.1: Scanning electron micrograph of Zn(/Im). obtained via microemulsion synthesis at a
magnification of x1800 (left) and x12000 (right).

SEM imaging of samples obtained via hydrothermal synthesis at a magnification of 6500x shows

crystals that resemble the crystals obtained using microemulsion synthesis in shape as well as size,

ranging from 500 nm to about 8 um. At higher magnification of 12000x, smaller particles in the

nanometer range can be seen in some chosen areas, which could not be observed for the

microemulsion synthesis.
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Figure 6.7.2: Scanning electron microscopical images of Zn(/m). obtained via hydrothermal synthesis at a
magnification of x6500 (left) and x12000 (right).

Due to the particle size being comparable between the material synthesized utilizing microemulsion

synthesis and hydrothermal methods, size effects cannot be invoked as the sole reason for wide

peaks as well as the increase in background noise observed in the powder diffraction pattern.

6.8 DISCUSSION

The synthesis of Zn(Im), via microemulsion assisted routes offers a simple way to obtain the material
using a room temperature synthesis as compared to the autoclave-based solvothermal synthesis
reported in the literature. Whilst the crystallinity of the material obtained from microemulsion is
lower than that of the solvothermally obtained Zn(/m),, this is not unexpected since lower synthesis
temperatures are known to lead to less crystalline materials. Nevertheless, the crystal size and
thermal stability of the material obtained by microemulsion synthesis are comparable to those
obtained in the solvothermal synthesis.

Similar to the synthesis described by Lehnert and Seel, the pore system of the material is host to
traces of solvent molecules, in this case isopropanol. The presence of isopropanol in the pore system
can only be detected by NMR spectroscopy and no trace of (O-H) vibrations can be observed in the
corresponding IR data, leading to the conclusion, supported by elemental analysis, that only trace
amounts (0.1 mol isopropanol per mol Zn(/Im),) are left within the material. As demonstrated by
Yaghi et al. during their work on ZIF-67 [Zn(/m)(2-Melm)], this material could be a potential candidate
for CO, capture experiments. The capacity of Zn(Im), may even surpass that of ZIF-67 as a
consequence of the increased pore volume due to the absence of methyl groups on the imidazolate
linkers. Further experiments towards the use of Zn(Im), - 0.1 CsHsO to capture CO, will have to be
performed in order to determine if the previously discussed significant reduction in solvent

contained in the framework assists in creating an efficient capturing material.
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7 HOMONUCLEAR MIXED-VALENT COBALT
IMIDAZOLATE FRAMEWORK FOR OXYGEN
EVOLUTION ELECTROCATALYSIS

This chapter is based on the article “Homonuclear mixed-valent cobalt imidazolate framework for
oxygen evolution electrocatalysis”, submitted toChem Eur J, 2015 from E. A. Fliigel, V. W-h. Lau, H.

Schlomberg, R. Glaum and B. V. Lotsch.

7.1 ABSTRACT

In this work we present the synthesis and characterization of the first mixed-valent, purely cobalt-

,(CsHsN,)12. The material adopts the cubic garnet-type

based zeolitic imidazolate framework, Co"sCo
structure and combines high thermal stability of up to 350 °C with excellent chemical stability.
Electrochemical characterization shows that the cobalt centres are redox active and efficiently
support oxygen evolution, thus rendering this framework a potential candidate for single-site

heterogenous catalysis based on earth-abundant elements.

7.2 ARTICLE

Metal-organic frameworks (MOFs), unlike microporous oxides such as zeolites, feature an
exceptionally large range of compositions and network topologies owing to the diverse coordination
modes and bonding geometries at the metal nodes and the essentially unlimited choice of organic
linkers. Since the early stages of MOF science, tailored MOFs have been developed to serve a wide
range of applications in gas separation and storage, as sensors and as single-site heterogeneous
catalysts.!*> 52 2211 7eolitic imidazolate frameworks (ZIFs) represent a special subset of MOFs with
structures analogous to those of zeolites, which is commonly rationalized by similar
metal-imidazole-metal and Si-O-Si bonding geometries. ZIFs are zeotypes composed of metal ions (M
= Zn, Co, Cu), which are bridged by imidazolate linkers, resulting in a large structural variety of

tetrahedral ML, as well as octahedral MLs bonding motifs.[*> 222 2231 7|Fs combine not only the
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desirable properties of zeolites, including ordered microporosity as well as relatively high thermal
and chemical stability,*" but also the chemical diversity inherent to the (functionalized) imidazolate
linkers and different types of metal nodes.!??* 225 Since their discovery, MOFs have been tested as
catalysts for various reactions such as aldol condensations,??®! oxidations!**® 22!l or the Knoevenagel
reaction,!*>® 227l yet the use of ZIFs in such reactions has been rarely explored to date.!*6% 228 229 Apart
from the recent use of Co-ZIF-9 as oxidation catalyst, literature on redox active ZIFs is nearly absent,
let alone their evaluation for electrochemical applications or electrocatalysis. While in a recent study
Wang et al. explored the catalytic activity of Co-ZIF-9 towards water oxidation,'?* most research is
focused on the use of ZIF pyrolysis products in electrocatalysis.[*?> 14 A different approach towards
electrocatalytically active MOFs is the incorporation of redox-active metal complexes into the
framework of a MOF to perform electrocatalysis. Lin et al. reported the use of ZrgO4(OH)4(bpdc)s
MOFs modified with Ir-, Re- or Ru-based complexes capable of locally performing the oxygen
evolution reaction (OER), whilst the MOF backbone stays catalytically inactive.[**®! Another approach
to perform the OER using MOF materials was reported using the commercially available Fe-BTC MOF
(Basolite™ F300).1%7! Babu et al. reported that during an initial preparation step the material was
activated by scanning to potentials lower than 400 mV vs. SCE and suggested the formation of
surface-bound iron hydroxides which then act as the electrochemically active species. We were thus
interested in designing ZIFs containing redox active cobalt in the nodal position, which owing to the
range of accessible valence states has been an abundant and well-documented species for
applications in (electro)catalysis and energy storage.[?3-233]

In this study, we report the synthesis of the first redox-active, mixed-valent homonuclear Co-based
ZIF structure, which was obtained by heating Co(OAc), and imidazole (ratio 1:5) under reverse
microemulsion conditions using a solvent mixture of heptane/1-hexanol/water in a closed microwave
vial in the presence of the stabilizer cetyltrimethylammonium bromide (CTAB). Further experimental
details are provided in the Supporting Information. The product crystallizes in the form of cubic
nanocrystals with sizes ranging from 100 nm to 500 nm. The product was identified by powder X-ray
diffraction (PXRD), revealing a close structural relationship to ZIF-5 (ZnsIny(/m)12, Im = C3HsN2). The
crystal structure was solved from powder X-ray diffraction data and reveals a 3D framework
structure which is isotypic with the cubic garnet structure similarly found in ZIF-5. Whereas in the
heteronuclear ZIF-5 the two distinct metal positions are occupied by Zn" and In", the basic structural
motifs in the Co analogue reported here are Co?" tetrahedrally coordinated by ditopic imidazolate
ligands, and Co** octahedrally coordinated by imidazolate (Fig. 7.2.1b). As only cobalt(ll) acetate was
used in the synthesis without an oxidizing agent present, cobalt(lll) is formed in situ by oxidation in
air, as observed in a number of molecular mixed valence cobalt species.[®” 234 235 Elemental analysis

(EA) is consistent with the composition Co"3Co",(Im)1; and confirms the purity of the bulk material
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(EA (%) calcd. for Co"sCo",(Im)12: C, 39.3; H, 3.3; N, 30.5; Co, 26.8; Found: C, 38.7; H, 3.5; N, 29.5; Co,
27.2). The infrared (IR) spectrum of the obtained compound (Fig. 7.2.2b) exhibits a shift of the
imidazole bands by up to 30 cm™ to higher energies compared to free imidazole, indicating fairly
strong metal — ligand coordination as expected for ZIFs.

Nitrogen and argon sorption analysis revealed no significant porosity with a measured surface area of
3.15 m2g™. This finding is in line with previous theoretical work on the structurally related ZIF-5,23¢!
which indicates a dense packing with close to no accessible voids in the unit cell.

Due to the absence of porosity in the material, any electrochemical process is limited to the particle
surface, thus necessitating small particle sizes and accordingly higher surface areas. In order to
ensure the formation of nanoparticles, a microemulsion approach was utilized to facilitate the
formation of nano- and small microscale particles within surfactant-stabilized water vesicles.
Transmission electron microscopy measurements revealed that the surfactant-free material consists

of cubic particles with an average size of about 300 nm (Fig. 7.2.1c,d).
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Figure 7.2.1. Crystal structure of Co"sCo"»(/m)12: (a) view of the unit cell along [111]. (b) Selected area electron
diffraction (SAED) pattern of a nanocrystal along [111], showing the expected hexagonal symmetry. Inset TEM
image of Co'"3Co",(Im)12 showing close to spherical particles with an average particle size of about 300 nm. (c)
Magnetic susceptibility measurement. (d) XPS measurement showing the Cobalt 2p3/2 and 2p1/2 peaks.
Satellites are marked with asterisks.
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Thermogravimetric (TGA) analysis of the obtained crystals reveals only 2% weight loss up to 350 °C
(chapter 9.4, Fig. S3), which we attribute to the removal of surface adsorbed material.[?*”! With a
thermal stability of up to 350 °C, Co"3Co",(Im)1, surpasses many other coordination frameworks!?*®
but does not reach the exceedingly high thermal stability up to 500 °C of the prototype compound
ZIF-8.123% The chemical stability of the Co-MOF was demonstrated by suspending the as-synthesized
samples in boiling methanol, toluene and water. After 3 days, no visible change in the resulting
powder diffraction patterns was observed (Fig. 7.2.2a). The pronounced thermal and chemical
stability renders this material a suitable candidate for applications in heterogeneous catalysis or
electrochemistry where long-term stability and inertness towards solvents are key prerequisites.

To confirm the presence of mixed Co valence states, photoelectron spectroscopy (XPS) was
performed (Fig. 2d, chapter 9.4, S4). According to Cook et al.?*” satellite peaks, which can be found
up to 6.5 eV above the respective main signals, are considered as indicative of cobalt(ll), whilst
cobalt(Ill) lacks such satellites. Here, we observe the main signals for Co"/Co" at 780.8 eV (Co 2p3/2)
and 796.0 eV (Co 2p1/2), while satellites can be found at = 786.0 eV and 802.4 eV, which is well
within the range discussed by Cook et al. Binding energies for both Co?* and Co* 2p3/2 signals with
similar coordination spheres were reported to be 780.8 eV and at 781.36 eV.?*! Similar values are
found for both Cobalt species in Co304,2*? thus confirming that the XPS spectrum of our material is
consistent with mixed valent cobalt materials.

Magnetic measurements (Fig. 7.2.2c) were performed on the material, revealing Curie-Weiss
behavior with a temperature-independent magnetic moment of pet/ps = 3.36 per mole Co'3Co",im,.
Assuming three high-spin Co?* ions and neglecting any weak temperature independent paramagnetic
moment for the Co** ions with low-spin configuration, pes/Us = 4.36 per Co?* ion is obtained. This
value agrees quite well with pic/ps = 4.23 per Co®* obtained by angular overlap modelling!?*3-2%! for

the tetrahedral [Co"/m4] chromophore.
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.Figure 7.2.2:  Powder XRD patterns of Co'"3Co'"'z(/m)12 before (black) and after 3 days refluxing in methanol
(green) or toluene (blue). (b) IR spectrum of the sample. (c) Magnetic susceptibility
measurement. (d) XPS measurement showing the Cobalt 2p3/2 and 2p1/2 peaks. Satellites
are marked with asterisks.

The diffuse reflectance spectrum of Co"sCo"

2Im1; (chapter 9.4, Fig. S2) provides further evidence for
the existence of two different oxidation states of the cobalt ions in the coordination polymer. The
spectrum shows bands at 9100 cm™ with a shoulder at 10000 cm™, and at 17500 cm™ with a
shoulder at 19000 cm™, corresponding to the electronic transitions from the “A,(F) ground state to
the excited states “Ti(F) and “Ti(P) of the tetrahedral chromophore [Co'"Ims]. This assignment is
backed by the results of angular overlap modelling of the electronic states of the [Co'"Im,]
chromophore (ticks in Fig. 7.2.3). In addition to the Racah parameters B = 742 cm™, C = 3189 cm™
(C/B = 4.3, Bireeion = 989 cm™,12%1 8 = 0.75) and spin-orbit coupling parameter ¢ = 8-C free ion =
383.3 cm™ 2% for the Co?* ion, the AOM parameters (es(N) = 3500 cm™, en//(N) = 0 cm™, ep 1 (N) = -
525 cm™) derived for the N atom of the quinoline ligand in tetrahedral [Co"QBrs]™ [2*¢! have been
used in the calculation without any additional fitting. Thus, in-plane (//) m-bonding for the Im ligand is
assumed to be vanishing, while perpendicular (L) to the aromatic ring strong m-backbonding is
expected. In this context it is also worth mentioning that the distances d(Co"-N,») for Co"sCo"/im1,
are the same as d(Co"-Ng) in [Co"QBr3]™.1?*”! In contrast to the presence of the [Co"/m4] chromophore
only indirect evidence for the octahedral [Co"Ims] group can be drawn from the magnetic data and

the powder reflectance spectrum of Co"sCo",/m1,. By comparison to the absorption spectrum of the
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[Co"™(NH3)6]** chromophore!?*! the two weak shoulders at 21000 and 28400 cm™ might be assigned

to the transitions A;g(I) — T:g(l) and A:g(l) — T2g(l) of Co® with d® low-spin configuration.

wavelength / nm

o o o

QDO N OD 9 O (=] =] (=] [=]
10(\]\—1—\— ~ @) o0 ~ [7<] (5] ~ e
- T T T T T T T T T

| co",co",imd,,
(10 wt% in BaSO,)

0.8}

06 |-

04}

K/S /a.u.

0.2}
O-O I- L L 1 I- 1 L L L 1 1 L L I .I L 1 1 L L L 1 L 1 L L 1 L L 1 L
5000 10000 15000 20000 25000 30000 35000

wavenumber / cm"

Figure 7.2.3: Powder reflectance spectrum of Co"3Co"»(Im)12 in the UV/vis/NIR region. Ticks at the bottom

indicate transition energies from AOM calculations for the tetrahedral [Co'"Im4] chromophore.

Arrows point to shoulders (21000 cm™, 284007!) that possibly originate from the octahedral

[Co"™Ime] chromophore.
To determine whether the simultaneous presence of Co(ll) and Co(lll) centers imparts redox activity
to the ZIF, its electrochemical behaviour was characterized by cyclic voltammetry performed under
non-aqueous conditions (Fig. 7.2.4b), using FTO with the coordination polymer deposited by drop-
casting as the working electrode. We assign the redox event at approximately 25 mV vs ferrocene
(Fc) to the Co"" couple, and the irreversible reduction at -1.95 V vs Fc to the redox couple Co"".
Scanning further cathodic of -2.5 V or anodic of 2.5V vs Fc led to bulk electrolysis. The former we
assign to the bulk reduction to Co® while the latter is associated with the oxidation of trace amounts
of water in the electrolyte. The presence of the Co""" oxidation states in the ZIF is important in terms
of its possible utility in electrochemical and (electro)catalytic applications, since they are involved in
numerous catalytic reactions, including oxidation reactions!® 10 11 231233, 249 3 in electrochemical
energy storage, e.g. in Co-based cathode materials.’?>® Under alkaline conditions, the MOF exhibited
an electrocatalytic oxidation activity comparable with the mixed valence spinel Co304, a frequently
used benchmark electrocatalyst for water oxidation,® 2°2 requiring an only slightly higher
overpotential of around 40mV (Fig. 7.2.4a). Here, commercially available nanometer- and
micrometer-sized Co304 were used. The electrocatalytic performance of the MOF is also comparable
with the two Cos04 benchmarks when an electrode other than FTO, namely glassy carbon, was used
(chapter 9.4, Fig. S12), indicating that the substrate effect is small. However, for subsequent analyses
(e.g. stability and faradaic yield), FTO was used as this electrode configuration allowed higher catalyst

loading, reduced limitation of substrate diffusion, and better effusion of oxygen bubbles.
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Measurements under acidic conditions have not been performed due to the known instability of all
imidazolate frameworks under these conditions.

Material stability under the highly oxidizing alkaline environment was confirmed with
chronoamperometry (chapter 9.4, Fig. S6); the OER current was steady at an applied potential of
556 mV vs SHE (800 mV vs SCE) for over 10 hours. A chronocoulometry experiment, together with
guantification of oxygen, yields an estimate of the faradaic efficiency to be 50.1 % (chapter 9.4,
Fig. S8 and S9). The spent catalyst remaining on the electrode was characterized by XRD and FTIR; the
electrolyte was also analyzed for cobalt leaching by ICP-AES elemental analysis. No change was
observed in the material by XRD and IR analysis (chapter 9.4, Fig. S9, S10), and the electrolyte
contained a negligible amount of cobalt (50 ppb), thus confirming the ZIF was unaffected by the
oxidizing environment. To verify whether the shown electrochemical capabilities and stability are
determined by the ordered framework structure, the material was thermally decomposed at 500 °C
under air and argon and the obtained residues were used in electrocatalytic measurements. In both
cases, the electrochemical activity was slightly higher compared to the pure ZIF, yet the decomposed
samples showed leaking of cobalt into the electrolyte, highlighting the importance of the stabilizing
framework (chapter 9.4, Fig. S7). In terms of reaction mechanisms, analyses in the non-diffusion
limited regime (< 0.4 V overpotential) show that the ZIF has a Tafel slope of 82 mV dec? (chapter 9.4,
Fig. S8) and a reaction order (with respect to NaOH) of 1.4 (chapter 9.4, Fig. S9), similar to values of
the nm-sized Cos04 sample. Considering the proposed literature mechanism for oxygen evolution
(chapter 9.4, Scheme $1),°% 254 these values are comparable to the calculated Tafel slope of
59 mV dec? and reaction order of 1.5 where the rate determining step is the chemical formation of
surface-bound H,0, (step 2). This is in fact considered to be the rate determining step for OER on
Co304, Which likewise features both tetrahedral and octahedral coordination environments of the
Cobalt centers in the same material. Note that the deviation from literature values of the Tafel slope
and reaction order for both micro- and nano-Cos0,4 has been attributed to variations in synthesis
procedures, which can lead to differences in size and surface properties.[?>> 255 These results thus
indicate that changing the ligand from O% to imidazolate does not seem to significantly affect the
redox mechanism of the metal centers, and suggests the possibility of designing imidazolate MOFs
for replicating, even improving, the electrocatalytic mechanism of metal oxides. The presence of
organic linkers in this coordination framework, coupled with its electrocatalytic activity and stability,
suggests that these and related electroactive MOFs may be applicable for other oxidation reactions,

e.g. Knoevenagel reaction!*®? 2281 gand alcohol oxidation!®*®! involving organic substrates and reagents.
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Figure 7.2.4: (a) Cyclic voltammogram at 1 mV s of FTO as working electrode, with and without

Co"3Co",(Im)12 deposition, performed in NaOH (1 M) solution, with both nm- and pum-sized
Cos04 as the benchmark. (b) Cyclic voltammogram at 10 mV s of Co"3Co"2(/m)12 on FTO in
acetonitrile containg [TBA][PF¢] as electrolyte.

In summary, we have reported on the first successful synthesis of a purely cobalt-based mixed-valent
ZIF material with garnet-type structure and its characterization using various spectroscopic and
diffraction techniques. The material combines the structural definition and known thermal stability
of zeolitic imidazolate frameworks with redox active cobalt(ll) and cobalt(lll) centers located in close
spatial vicinity, rendering it a good candidate material for heterogenous catalysis. Whilst the activity
of the material does not seem to be influenced significantly by the topology of the framework, the
rigid integration of the cobalt centers into the garnet structure is crucial to the stability of the
catalyst during electrochemical operation. These findings therefore provide a basis for the rational
design of tailor-made MOF-based electrocatalysts with the prospect of synergistically combining
molecularly tunable and substrate-selective framework topologies with sustained electrocatalytically
active redox centers and possible high surface areas, as known from various MOFs. Although the
cobalt framework is comparable with the earth-abundant benchmark electrocatalyst (CosQ,), it is as-
yet not competitive with the noble metal benchmark IrO4, which can achieve similar current using
over 100 mV fewer overpotential.’®® We nonetheless emphasise that, given the architectural
flexibility of the framework (e.g. ligand choice) it may be possible to tailor this material for

electrocatalytic applications to make it competitive with industry standards.
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7.3 EXPERIMENTAL SECTION

In a typical synthesis, 948 mg (2.6 mmol) hexadecyltrimethylammonium bromide (CTAB) were added
to a mixture of 22 mL n-heptane and 2.3 mL 1-hexanol. To the turbid mixture, 1675 pL aqueous
imidazole solution (1.8M) were added and the mixture was stirred until a clear solution was formed.
To this solution, 150 mg (0.603 mmol) cobaltacetate tetrahydrate were added and the resulting
mixture was refluxed at 105°C for 2 hours. The resulting precipitate was removed from the solution

by filtration, washed with iso-propanol to remove unreacted species and dried at room temperature.
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8 SYNTHETIC ROUTES TOWARD MOF
NANOMORPHOLOGIES

This chapter is based on the article “Synthetic routes toward MOF nanomorphologies”, published
by J. Mater. Chem., 2012, 22, 10119-10133. from E. A. Fliigel, A. Ranft, F. Haase and B. V.

Lotsch.[?5"]

8.1 ABSTRACT

As metal-organic frameworks (MOFs) are coming of age, their structural diversity, exceptional
porosity and inherent functionality need to be reduced to practice. Fashioning MOFs into various
shapes and at the same time controlling their size constitutes an essential step toward MOF-based
devices. Moreover, downsizing MOFs to the nanoscale triggers a whole new set of properties
distinguishing nanoMOFs from their bulk counterparts. Therefore, dimensionality-controlled
miniaturization of MOFs enables the customised use of nanoMOFs for specific applications where
suitable size and shape are key prerequisites. In this feature article we survey the burgeoning field of
nanoscale MOF synthesis, ranging from classical protocols such as microemulsion synthesis all the
way to microfluidics-based techniques and template-directed epitaxial growth schemes. Along these
lines, we will fathom the feasibility of rationally designing specific MOF nanomorphologies — zero-,
one- and two-dimensional nanostructures — and we will explore more complex “second-generation”
nanostructures typically evolving from a high level of interfacial control. As a recurring theme, we will
review recent advances made toward the understanding of nucleation and growth processes at the

nanoscale, as such insights are expected to further push the borders of nanoMOF science.

8.2 INTRODUCTION

Coordination chemistry has lived through a renaissance with the discovery of highly porous,
crystalline framework materials composed of metal ions or clusters joined by rigid, polytopic organic
linkers.” 58 The triumphant success and rapid growth of this class of hybrid materials, dubbed

metal-organic frameworks (MOFs) or porous coordination polymers (PCPs), is largely based on their
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elegant yet simple synthesis and their versatility originating from the use of tailorable linkers and the
resulting high surface areas and porosities. Although the validity of rational MOF synthesis is not
universal and some doubt has been cast recently on the viability of true secondary building-block
approaches,?*® MOF chemistry continues to intrigue by offering modular and highly rational
approaches to sophisticated network topologies, which is rarely seen in the synthesis of dense solid-
state materials at elevated temperatures under thermodynamic control. The importance of the
concepts “surface” and “porosity” associated with MOFs, together with their inherent functionality
hosted by both organic and inorganic building blocks, gives rise to a kaleidoscope of properties and,
hence, applications. The more traditional ones like adsorption,!> 6% 29 gas storage!?®® 261 and
separation!? 2% 2631 have been complemented in recent years by a host of emerging applications such
as in sensor design,!2>% 264261 |ight harvesting,'?3* 2%7) bioimaging,!*>> 2°®! drug delivery,[*>> 26% 2701 3nd
CatalySiS.[157' 221,271,272]

Such applications have been propelled by the ongoing downsizing of MOFs to the nanoscale and the
prospect of amplifying large internal surface areas by ever increasing external surface areas, and of
combining inherent functionality with high sensitivity. The miniaturization of MOFs has already
become one of the most prosperous disciplines in current MOF chemistry as it bridges the gap
between fundamental MOF science and prospective applications by imprinting MOFs with
morphologies suitable for device fabrication.

Nanosized MOF architectures (nanoMOFs), featuring at least one dimension at the nanoscale, offer
significantly altered properties and reactivity compared to the bulk material. Increased textural
porosity and external surfaces remove or diminish the mass transfer limits®?’*! and therefore increase
the activity of catalysts as well as the response time in sensor applications. Additionally, materials
with structures matching visible light wavelengths may exhibit optical effects based on interference
and diffraction.”*”) In biological applications, the internalization kinetics as well as blood half-life and
the distribution of the particles throughout the biosystem have been found to be size-dependent.!?’%
For example, smaller particles have been shown to exhibit increased plasma circulation times and

can even be transported to the lymphatic system.?”!

The exploration of synthesis strategies toward nanoMOFs and the exploitation of their small size
constitutes a nascent field that has materialized already in promising studies on the use of
nanoMOFs, for example in medical applications. However, apart from size effects, the shape and
morphology of nanoMOFs play a key role and are inherently relevant to the type of application that
is sought. As R. E. Morris states, “A burgeoning challenge in the field is therefore to prepare the
materials with shapes tailored for specific purposes, for example as thin films for membrane
applications.“1?’®! While spherical shapes ensure uniform framework degradation and hence, drug

release, non-spherical or anisotropic shapes may be preferred in catalysis or optics due to the
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prominence of active sites at edges and corners or preferred orientation of channel systems. In
contrast, MOF membranes or films exhibit suitable morphologies for gas separation or planar sensing
platforms in devices such as vapor sensitive thin films*”! or quartz crystal microbalance-based
sensing systems.[?®* 2771 Taken together, the specific size, shape and morphology imbue nanoMOFs
with functionality and reactivity that can be tuned in a large range depending on the finesse of the

fabrication procedures.

This feature article is geared towards recent advances in MOF nanoscale synthesis and
nanofabrication that have set the stage for the rational design of MOF nanomorphologies ranging
from OD and 1D to 2D and other anisotropic and hybrid nanostructures. The article is designed to
focus on benchmark studies rather than to give a comprehensive account of the rapidly evolving
nanoMOF field, and as such, we will highlight selected examples that have paved the way toward a
better understanding of nucleation and growth at the nanoscale, or which are trendsetting with
respect to novel strategies in nanoscale MOF synthesis.

For a more comprehensive overview of emerging applications of MOF nanomorphologies, the reader
is referred to a number of excellent reviews that have recently appeared on this topic, such as those

by Lin,!***! Spokoyny,?”® or Shekhah.?”!

8.3 ZERO-DIMENSIONAL NANOSTRUCTURES

8.3.1 SONOCHEMICAL AND MICROWAVE-ASSISTED SYNTHESIS

The synthesis of zero-dimensional MOF nanoparticles has been achieved by a number of protocols so
far, which mainly rely on the spatial and temporal control of nucleation and growth of MOF crystals
under solvo- or hydrothermal conditions. Along these lines, the concept of arrested particle growth
has been implemented successfully by adding so called coordination modulators, i.e. inhibitors such
as monocarboxylic acids,!?2% 281 or by the in situ activation of ligands as realized in the deprotonation
of 2-methylimidazole to speed up ZIF-8 nucleation.?”- 282 |n general, the most convenient protocols
for nanoMOF synthesis are those that require minimum chemical reaction control (addition of
modifiers, surfactants, reactant ratio), but solely rely on growth control via physical parameters, such
as the type of energy supply, reaction time and temperature. Therefore, a number of methodologies
have been developed recently, exploiting either conventional electric (CE),!?®3! ultrasonic (US)[28% 28]
or microwave (MW) assisted heating!®® 2% for the synthesis of nanoMOFs. The use of US irradiation
in the synthesis of nanosized MOFs has first been adapted from organic synthesis by Qiu et al., who
were able to synthesize a fluorescent microporous nanoMOF [Zns(btc),*12H,0] (btc=1,3,5-

benzenetricarboxylate) by using US treatment at room temperature/?®¥ and has since then been
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successfully extended to various other systems like ZIF-8 and HKUST-1.12%7! US effects are originating
from acoustic cavitation, which are generating local hot spots with high transient temperature
(5000 K), high pressure (>1000 atm), and rapid heating and cooling rates (100 Ks).[28 28] The
nucleation and growth of the particles is preferably taking place at these hot spots, which is limiting
the particle size as the spots are cooling back to the temperature of the reaction medium within
milliseconds.

MW-assisted synthesis has turned out to be another promising technique to achieve the formation of
MOF nanoparticles. The method initially relied on a droplet liquid dispersion protocol taking
advantage of the rapid evaporation of a reactant-containing organic solvent mixed with water by
MW heating.?°> 2°!! However, this method can be transferred to homogeneous solvent systems by
taking advantage of the high dielectric absorptivity of polar solvents such as diethylformamide (DEF),
which leads to rapid thermal energy conversion and efficient local heating of the reaction solution,
thereby affording fast nucleation and crystal growth. Along these lines, Ni et al. reported the first
successful synthesis of IRMOF-1, -2, and -3 nanoparticles by the so-called MW-assisted solvothermal
synthesis, which has since then been picked up successfully by others to efficiently and size-
selectively synthesize various MOF nanoparticles. 8% 292-2%4]

Both sonochemical and microwave synthesis have been found to significantly accelerate MOF
crystallization as compared to traditional electric heating, while the observed rate enhancement is
typically larger for US than MW irradiation. Recent work has shown that both the rates of nucleation
and crystal growth are greatly enhanced by US and MW irradiation compared to classical solvo-
/hydrothermal syntheses, which is attributed to increased pre-exponential factors of the Arrhenius

equation and hence, increased reaction probability (Fig. 8.3.1).2°%
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Figure 8.3.1: Increase in crystallinity of MIL-53 (Fe) with time compared for US, MW and CE heating.

Reproduced with permission from ref. 2°2, Copyright ©2011 by John Wiley & Sons, Inc.
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It needs to be pointed out, however, that for different MOF systems different relative accelerations
of nucleation and crystal growth, respectively, are observed. The impact of nucleation rate
enhancement was found to be dominant in systems such as Cus(btc),,?° while acceleration of crystal
growth is more important in MIL-53(Fe).?®2 Taking into account the reaction yield and
monodispersity of the resulting nanoparticles, which are key factors from a preparative point of view,
Chalati et al. have found that for MIL-88A MW-assisted synthesis is superior to both conventional
hydrothermal and US synthesis. Whilst both US and MW syntheses excel with respect to the rapid
formation of nanoparticles smaller than100 nm, US-assisted protocols require highly dilute solutions
and the additional use of coordination inhibitors such as acetic acid, resulting in very smalls yields
(< 10 %). In contrast, MW-assisted synthesis affords MIL-88A nanoparticles with good size control,
being almost unaffected by the concentration (up to 1 mmolL?), and a relatively high yield

independent of the reaction time. 2%

8.3.2 MICROEMULSION SYNTHESIS

Besides size control by different types of energy transduction, zero-dimensional (0D) MOF
nanoparticles have been synthesized by taking advantage of interfacial reactions providing shape
control and confinement of the reaction zone at the same time. For example, a highly attractive
route to MOF nanospheres has recently been reported by Zhao et al., who used surfactants to limit
the size of the resulting particles and as a template to create micro-mesoporous MOF structures at
the same time.*'® Highly ordered hierarchically porous structures were obtained by combining the
solvating possibilities offered by ionic liquids (IL) and supercritical CO, (SCCO,) with the templating
properties of fluorocarbon-type surfactants. The surfactant N-ethyl perfluorooctylsulfonamide
(N-EtFOSA) forms microemulsions in a solvent mixture of the IL 1,1,3,3-tetramethylguanidinium
acetate (TMGA) and SCCO,, as the interactions between CO; and the fluorocarbon tails of the
surfactants are strong.?°” 28! |n a standard synthesis procedure, Zn(NOs),, 1,4-benzenedicarboxylic
acid (Hzbdc) and N-EtFOSA were added to TMGA and heated in a high-pressure cell under 16.8 MPa
CO> pressure at 80 °C for 48 h. Transmission electron microscopy (TEM) images (Fig. 8.3.2) show
nanoparticles of roughly 80 nm diameter with a uniform size distribution and a well ordered system
of mesopores. The pore size was found to be 3.0 nm, whereas the microporous pore walls have a
thickness of 2.5 nm. Although the structure of the pore walls could not be identified by comparison
with known Zn(bdc)-type MOF structures, N,-sorption measurements reveal well-pronounced
mesoporosity along with moderate microporosity and a bimodal pore size distribution centered at

3.6 nm and 0.7 nm.
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Figure 8.3.2: a) Scanning electron microscopy (SEM) and b-f) TEM images of hierarchically micro- and
mesoporous MOF nanoparticles. Reprinted with permission from ref. [116]. Copyright ©2011
by John Wiley & Sons, Inc.

8.3.3 INTERFACIAL SYNTHESIS

A very elegant realization of interfacial control has been put forward by De Voss and co-workers, who
demonstrated the fabrication of hollow MOF capsules at the interface between two immiscible
liquids.?*®! The inorganic (copper acetate) and organic precursors (H.btc) were separately dissolved
in water and 1-octanol, respectively, and both liquids were supplied by syringe pumps to a
T-junction, where water droplets were generated by breaking-off in the co-flowing organic ligand
solution as demonstrated in Figure 8.3.3. The obtained micron-sized capsules (= 375 um) feature
defect-free walls of about 2 um thickness due to a self-completing growth mechanism, which has
nicely been demonstrated by the efficient retention of encapsulated Rose Bengal dyes within the
intact walls of the MOF capsules.

While the thickness of the walls is clearly above the nanometer range, the interfacial formation of
nanoscale MOF membranes based on this biphasic synthesis approach is clearly within reach.
Moreover, the tuning of solvents, MOF precursors, concentrations and flow rates will further
broaden the scope of this methodology and bodes well for the fabrication of freestanding MOF films
as well as versatile MOF nanocontainers with microporous walls and, hence, size-selective storage
and release properties. This could lead to future applications in catalysis by trapping molecular

catalysts inside MOF capsules to form micro- or even nanoreactors.
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Figure 8.3.3: Left: Cut-away view of the T-junction showing details of the emulsification step. The metal-ion
containing aqueous phase (blue) flows through a tapered capillary in the tubing, and the
ligand-containing organic solution (purple) flows around it. Growing droplets detach when the
force due to interfacial tension is exceeded by the drag force of the surrounding organic
phase. Middle: SEM micrograph showing several capsules and their monodispersity. Scale bar
500 um. Right: SEM micrograph of a capsule crushed with a needle tip showing its hollow
interior. Scale bar 25 pm. Reprinted with permission from ref. 2%, Copyright ©2011 by
Nature Publishing Group.

Table 8.3.1 Overview of various synthesis approaches towards OD nanostructures and the resulting
morphology and sorption properties of the formed particles in comparison to the respective
bulk material.

0D Nanostructures Bulk
Synthesis References Selected Properties
method examples
Coordination [237. 280, 282, 286, ZIF-8 9 nm, rhombic micrometer sized,
modulation 300-302] dodecahedra, rhombic
1617 m? g* (for dodecahedra,
18 nm sized 1630 m? gt [303]
particles) (282
Ultrasonic [237, 287, 292] HKUST-1 10 nm, spherical micrometer sized,
synthesis particles, octahedra,
1075 m?2 g1[287] 2260 m2 gt B
Microwave [80. 281, 285, 291, IRMOF-3 (sub)micrometer micrometer sized,
292] .
sized, cubes,
cubic crystals® 4 2160 m2 g5
Interfacial (299] HKUST-1 375 um, micrometer sized,
synthesis hollow capsules octahedra,
620 m? g1[2%) 2260 m? g1 (304
lonic liquids/ 272] Gda(bdc)s(H20)s | 100 nm (@) x 35 nm, | blade-like crystals,
Microemulsion irregularly shaped no sorption
platelets® 22 observed for N(g)
and CO,(g) %I

(a) no sorption data available
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8.4 ONE-DIMENSIONAL NANOSTRUCTURES

8.4.1 SURFACTANT-ASSISTED SYNTHESIS IN REVERSE MICROEMULSIONS

While the synthesis of MOF nanoparticles has been rather widely explored, the search for a
generalized approach to the synthesis of anisotropic and especially one-dimensional nanostructures
such as wires and rods has received less attention. Nevertheless, progress has been made with
respect to interfacial synthesis procedures in heterogeneous phase mixtures. Among these
approaches, surfactant-assisted syntheses in reverse microemulsion systems have shown potential in
controlling the shape and aspect ratio of nanoMOFs, although the direct correlation between
emulsion composition and the resulting shapes is elusive in most cases.

Lin and co-workers developed a synthetic strategy utilizing the size limiting effects of reverse
microemulsions to synthesize MOF nanostructures.?°3%! Both shape and size of the micelles can be
altered by adjusting the surfactant to water ratio w, resulting in surfactant-stabilized water reservoirs
in a continuous organic phase, which can be used as nanoreactors for MOF synthesis. The authors
prepared Ln(bdc)is(H20), (Ln = Eu®*, Gd** or Tb3*) in a microemulsion system consisting of the
cationic surfactant cetyltrimethylammonium bromide (CTAB), isooctane, 1-hexanol and water, using
LnCl; and dimethylammonium-1,4-dicarboxylate as MOF precursors. By varying the w-value from 5 to
10, the aspect ratio of the resulting MOF nanorods could be altered from 100-125 nm length and
40 nm diameter (w =5) up to 2 um length and a diameter of 100 nm (w = 10). While increasing the
concentration does not affect the aspect ratio of the nanocrystals, it decreases the particle size,
possibly due to the increased number of nucleation sites present in the higher concentrated
synthesis solution. Additionally, the presence of the surfactant, which creates a shell-like structure
around the growing particles, seems to enhance the stability of the particles against
agglomeration.!*> These nanoMOFs could lead to applications in bioimaging due to the high
concentration of highly paramagnetic metal ions such as Gd**, which are administered to enhance
magnetic resonance image contrast by increasing proton relaxation rates.!3%!

The above synthesis scheme was extended to MOFs with higher biocompatibility, while retaining MRl
contrast enhancing properties, by the synthesis of Mn?*-based MOFs with bdc and btc linkers. The
resulting rod-shaped nanoMOFs of Mn(bdc)(H20), crystallize in the bulk crystal structure and feature
tuneable aspect ratios with lengths up to several microns. In contrast, nanoMOFs of composition
Mn;(btc)s(H20)s exhibit an unusual spiral rod morphology (Fig. 8.4.1) with a crystal structure not

corresponding to previously known Mn?*-btc-based phases.5%!
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Figure 8.4.1: (a) SEM and (b) TEM image of Mn3(btc)2(H20)6 spiral nanorods synthesized at room
temperature. Reprinted with permission from ref. 13981, Copyright ©2008 American Chemical
Society.

8.4.2 INTERFACIAL CONTROL IN A MICROFLUIDIC ENVIRONMENT

In recent years, “Lab-on-a-Chip” devices for the synthesis of 1D-nanostructures have entered the
focus of synthetic chemists.3%31Y An elegant method for the preparation of 1D nanowires of
coordination polymers that exploits interfacial chemistry in a microfluidic environment has recently
been presented by Dittrich and co-workers.!? The reactant solutions are injected parallel into a
microfluidic chip creating a laminar flow of the reactant solutions, thereby enabling superior control
of the interface region acting as reaction zone.

In Dittrich’s setup, two aqueous solutions of Cu(NOs), and L-Aspartate (Asp) in NaOH were injected
into a microfluidic device with four input channels at a flow rate of 100 uL min™. At the interface of
both streams, nanowires formed within microseconds, which were identified as Cu(ll)-Asp by XRD
analysis. Scanning electron microscopy (SEM) measurements proved the formation of bundles of

well-aligned nanowires (Fig. 8.4.2).
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Figure 8.4.2: Top: Schematic drawing of the laminar flow of the reactants in a microfluidic device. Bottom
left: Microscopic image of the formed nanowires at the interface between both reactant
flows; bottom right: SEM image of a bundle of Cu(ll)-Asp nanowires. Reprinted with
permission from ref. 32, Copyright ©2011 American Chemical Society.

The scope of this synthesis scheme has been extended to nanofibers of Ag(l)-cysteine (Cys) and

Zn(l1)-4,4 -bipyridine (4,4 -bipy) coordination polymers with rather uniform diameters in the sub-

100 nm range. Although this intriguingly simple microfluidic scheme has not yet been used to

produce porous MOF nanowires, it can in principle be utilized to fabricate a wide range of different

1D MOF nanostructures. A major drawback, however, is the lack of scalability, rendering this
technique in its present form unsuitable for preparative chemistry and industrial production

schemes.

8.4.3 COORDINATION MODULATORS

Capping agents have proven valuable in restricting particle growth by reacting with the surface of the
particles and preventing further molecular addition from the mother liquor. Suitable capping agents,
among others, are molecules having a single functionality able to form a bond with the metal ions of
the metal-organic framework, termed monolinkers. The possibility to terminate the growth of
nanoparticles by coordination modulation has been successfully demonstrated by Kitagawa and co-

workers using [Cus(btc),] as a model system.!?®®! Notably, the addition of such growth inhibitors may
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permit valuable insights into MOF growth and can even be used to modulate the shape of nanosized
MOFs.

Along these lines, Tsuruoka et al. have shown that the addition of monolinkers with a functionality
identical with that of one of the framework constituents can yield crystals with anisotropic shapes
(Fig. 8.4.3).2%1 |n  the three-dimensional layer-pillar-type framework [Cua(ndc).(dabco)n)
(ndc = 1,4-naphthalene dicarboxylate; dabco = 1,4-diazabicyclo[2.2.2]octane), the ndc-linkers connect
the copper-clusters in the [100] and [010] directions, while dabco connects the clusters in the
[001] direction of the crystal. This inherent framework anisotropy based on two different
coordination modes (copper-ndc and copper-dabco), which is imprinted in the tetragonal crystal
structure, can be exploited to create different dimensionalities of the formed crystals. By adding a
monocarboxylic acid such as acetic acid to the reaction mixture, further addition of ndc to the
network is inhibited, leading to the formation of square-rod shaped nanocrystals with average
lengths of 392 + 210 nm and thicknesses of 82 + 23 nm, respectively. The major axis of the nanorod
was found to be coincident with the [001] direction of the framework, indicating preferred crystal
growth along the copper-dabco interactions. The addition of a competitive linker to dabco should
hence lead to the formation of nanosheets, but this hypothesis is yet to be proven. Interestingly, by
studying the time evolution of the reaction by TEM, the growth mechanism was found to proceed by
oriented attachment of medium-sized nanocubes (80 nm), as evidenced by the constant diameter of
the formed nanorods of roughly 80 nm, and the stepwise increase of the aspect ratio. This is, perhaps
not too surprisingly, the first strong evidence that the classical oriented attachment growth model

familiar from a range of other nanomaterials®** likewise can occur in MOF systems.
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Figure 8.4.3: Conventional synthesis of metal-organic frameworks contrasted with the coordination
modulation method to produce anisotropic nanostructures. Reprinted with permission from
ref. 289, Copyright © 2009 by John Wiley & Sons, Inc.
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8.4.4 GROWTH TEMPLATES

An intriguing, yet unusual approach to grow MOF nanowires utilizes appropriately functionalized
surfaces akin to SURMOFs grown from suitable organically modified substrates (see chapter 8.5.3).
Recently, Jahan et al. elegantly transferred this concept to “freestanding surfaces”, i.e. to the use of
chemically modified graphene nanosheets acting as nucleation sites for MOF-5 nanocrystals.’314
Firstly, by modifying reduced graphene oxide (GO) sheets with benzoic acid, carboxylic acid groups
were introduced at both sides of the graphene sheets. The so-called BFG (benzoic acid functionalized
graphene) was then mixed with 1,4-bdc and Zn(NOs),, forming a hybrid material consisting of MOF-5
and BFG sheets. Notably, at 5wt% BFG a clear transformation into nanowire morphology was
observed, which was accompanied by profound changes of the MOF crystal structure. Interestingly,
the attachment of BFG to the tip of the resulting nanowires along with its integration into the body
of the wire as evidenced by micro Raman analysis attests to a dual interaction between BFG and MOF
and, hence, points to the following growth mechanism (Fig. 8.4.4): On the one hand, the average
diameter of the graphene sheets amounts to roughly 300 nm, which coincides well with the diameter
of the MOF nanowires. Hence, BFG acts as a nucleation template, providing a high density of
carboxylic acid anchoring sites. On the other hand, TEM analyses reveal that the wires grow along the
[220] direction with their (220) faces exposed. These facets incidentally exhibit the highest
concentration of Zn.O clusters, thus resulting in strong metal-carboxylate binding interactions
favoring growth in this particular direction as well as the integration of BFG into the body of the
growing MOF nanowire. Even if this discovery may have been driven by serendipity, it is trendsetting
in revealing the potential of template-directed heterogeneous nucleation and growth for the design

of anisotropic MOF nanostructures.
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nanowire

MOF/BFG

Figure 8.4.4: Schematic of the proposed bonding between BFG and MOF via COOH groups along the [220]
direction, and the proposed assembly into nanowire structures with incorporated BFG.
Reprinted with permission from ref. 34, Copyright ©2010 American Chemical Society.

Table 8.4.1 Overview of the synthesis approaches towards 1D nanostructures and the resulting
morphology and sorption properties of the formed structures in comparison to the respective
bulk material.

1D Nanostructures Bulk
Synthesis method References Selected examples Properties
Coordination (2801 Cuy(ndc),(dabco), 392 nm x microcrystalline
modulation 82 nm powder,
rods® 33 1891 m? gt [152]
Surfactant-assisted | 6272307, 308] Gd,(bdc)s(H20)s 125 nm x blade-like crystals,
synthesis/ Reverse 40 nm no sorption
microemulsion rods® 22 observed for N(g)

and CO,(g) %

Interfacial (312 Zn(11)-4,4"-bipyridine | 10-75 nm (@) micrometer sized,
synthesis/ fiber bundles® needle-like
Microfluidics 69 crystals(® ©°
Templating (3141 MOF-5 300 nm (@) millimetre sized
wires, cubes,

809 m? g—l [314] 2900 m? g—l [315]

(a) no sorption data available
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8.5 TwoO-DIMENSIONAL NANOSTRUCTURES

The fabrication of 2D-MOF nanostructures, i.e. thin films and membranes tailored to the need of
specific applications, has dramatically picked up pace in recent years. This is because a number of
complementary growth schemes has been devised that each address and imply different
morphologies and substrate requirements. So far, MOF thin films have been obtained by six different
synthetic schemes, including (a) direct oriented or non-oriented growth from preconditioned
solvothermal mother liquors,126% 3163191 (b) electrochemical growth of MOF films on suitable metal
substrates, including Galvanic displacement,2! (c) deposition from colloidal MOF suspensions,16% 2811
(d) deposition of MOF films based on a gel-layer approach,®2:323 (e) stepwise growth of thin MOF
films utilizing a layer-by-layer (LbL) methodology,?43?°! and (f) top-down fabrication of freestanding,
atomically thin MOF layers.33% As a number of comprehensive reviews surveying each of the above
growth methods exists, 27> 30% 331 we will focus our attention to those schemes that furnish nanoscale
thin films (primarily methods (c), (d), (e) and (f)), rather than micron-scale layers typically obtained by
methods (a) and (b).

8.5.1 DeposiTiION oF MOF CoLLoIDS

Though being a rather recent approach, the deposition of MOF thin films from colloidal suspensions
is one of the key methods for film fabrication owing to its simplicity and facile production of films
with high optical quality on various substrates. Horcajada et al. reported on the fabrication of thin
films processed by dip-coating of an iron muconate (MIL-89) colloidal sol containing nanoparticles
between 20 and 40 nm in size.”® The optical quality of the resulting films allowed in situ
characterization by environmental ellipsometry, demonstrating the reversible increase in cell volume
of the highly flexible MOF by adsorption of polar liquids, and the resulting decrease in the refractive
index of the layer from 1.65 to 1.45 upon swelling. Similar films have been produced based on MIL-
101(Cr) and other MOFs, featuring layer thicknesses typically below 80 nm, which could be increased

32]

by multiple dipping steps (Fig. 8.5.1).5
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Figure 8.5.1: TEM (left) and atomic force microscopy (AFM) images of nanoparticles and a thin film of MIL-
101 (Cr) made by nanoparticle deposition, respectively.!*3? Reproduced by permission of The
Royal Society of Chemistry.
Owing to the deposition from colloidal suspensions, the films feature bimodal porosities resulting
from both structural and textural porosity, the latter being introduced by inter-grain voids typically in
the mesopore range. Hierarchical micro- and mesoporosity may turn out beneficial in applications
where fast diffusion into the MOF micropores through mesoporous interparticle voids is key, such as
in catalysis or size-selective adsorption from vapor mixtures. This increased sensitivity to guest
molecules can be used to enhance MOF-based Fabry-Pérot sensor devices, which have already been
synthesized via direct growth./*”? Another advantage of the colloidal deposition method, which can
easily be extended to spin- or spray-coating protocols, lies in its indiscriminate nature with respect to

substrate requirements, as no surface modification prior to the coating step is necessary.

8.5.2 GEL-LAYER APPROACH

Colloidal deposition routes result in random orientation of the nanoparticles on the surface, hence
not allowing for oriented MOF growth along specific crystallographic directions. On the contrary,
oriented MOF growth has been observed in the gel-layer approach developed by Bein and co-
workers,3?2 and is inherent to the LbL protocol that has been pioneered by the groups of Wéll and
Fischer.%! In the novel gel-layer approach, a gold substrate primed by self-assembled monolayers
(SAMs) as nucleation-directing templates®®?! is loaded with the metal-salt-containing
poly(ethyleneglycol) gel layer and subsequently covered with a solution containing the linker
molecules. Highly oriented and uniform submicron thick layers have successfully been grown with
HKUST-1 and the flexible framework Fe-MIL-88B_NH, within reaction times of typically two days. As
the layer thickness is tunable by adjusting the metal ion concentration in the gel layer, this approach
represents a simple, yet highly efficient approach toward oriented MOF films with variable

thicknesses. Although highly oriented films have also been grown from preconditioned mother
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solutions in a direct fashion,!3'”! the gel-approach allows for a more subtle control of the growth zone

and hence, layer thickness.

8.5.3 LAYER-BY-LAYER GROWTH (LiQUID PHASE EPITAXY)

The technology of MOF thin film synthesis affording the highest level of control in terms of
composition, crystallographic orientation and structure, thickness and even post-modification by
selective pore loading, relies on the stepwise LbL growth christened , liquid phase epitaxy” (LPE)
owing to the unique orientation control possible with this technique.

The stepwise growth of surface immobilized MOFs (dubbed SURMOFs) was first introduced by
Shekhah et al. in 2007, who could demonstrate the feasibility of controlling not only the orientation,
but also the number of MOF layers grown on the surface.?* Instead of the single-pot solvothermal
synthesis used by Fischer and Bein,? 3231 HKUST-1 was grown in a LbL fashion by repeated
immersion cycles using two precursor solutions, each containing one reactant (Fig. 8.5.2). As with
each immersion cycle another layer is added to the structure, the thickness of the resulting MOF film
can be controlled by limiting the number of immersion cycles. Intriguingly, each immersion cycle can
directly be observed in situ via quartz crystal microbalance analysis by monitoring the change in
resonance frequency, or by surface plasmon resonance spectroscopy,®?®’ demonstrating the precise

growth of the film with sub-monolayer resolution.
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Figure 8.5.2: Top: Generalized scheme of a LbL synthesis of MOF thin films on SAM terminated surfaces.
Bottom: SPR signal as a function of time recorded in situ during the stepwise treatment of
two different SAMs (11-mercaptoundecanol (MUD) in red, 16-mercaptohexadecanoic acid
(MHDA) in black) with Cu(OAc)2, H3btc, and Cu(NO3)2. Reprinted with permission from ref.
13291 Copyright ©2009 by John Wiley & Sons, Inc.

The effect of different SAMs on the orientation of the MOF layers has been demonstrated by

Shekhah et al. who studied the influence of COOH- and OH-terminated SAMs on the orientation of

HKUST-1.182] By functionalizing gold substrates with those SAMs, it could be shown by out-of-plane

XRD measurements that COOH terminated surfaces lead to (100) oriented HKUST-1 films by strong

interactions between exposed Cu, dimeric units and the carboxylic acid termini, while OH-groups

provide a better surface for (111) orientation owing to beneficial Cu?* - OH interactions.

Recently, the same groups proposed a new and faster synthesis route towards MOF thin films using a

modified layer-by-layer approach. In contrast to previous LPE procedures, the reactants were now

deposited via spray-coating on a surface modified with SAMs, thereby allowing for a significantly
faster deposition speed as well as the fabrication of micron thick monolithic films. Washing steps
between the sequential spray-coating of the individual reactant solutions have turned out to be
crucial as they ensure that no additional substructures can be formed from excess reactants and the
subsequently deposited reactant solution. Nevertheless, a substantially increased SURMOF thickness

per deposition cycle is observed with spray coating as compared to the traditional LPE method, which
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is likely due to incomplete reactant removal by the washing steps. Though being beneficial for rapid
film growth (20 full cycles afford 200 nm film thickness in 30 min), these observations render the
exact growth mode in the spray process still subject to debate.32¢!

The LPE surface growth of MOFs transcends classical LbL schemes introduced by Decher and others
for oppositely charged polyelectrolytes®?® in that it furnishes crystalline order both perpendicular
and parallel to the substrate, combined with an exceptionally high level of compositional control at
the atomic scale. It should be noted, however, that these achievements are intrinsically connected
with the use of high quality SAM-modified substrates, as the crystalline order of the particular SAM
chosen will be directly imprinted into the MOF film grown on top. Furthermore, it remains to be
shown that the LPE scheme can be generalized to MOF compositions other than the typically used
HKUST-1 and layer-pillar MOFs. An important step in this direction has recently been done by the
selective growth of a so far unknown, non-interpenetrated MOF-508 structure based on Zn%, bdc
and 4,4'-bipyridine building blocks by the LPE approach.®? The formation of the interpenetrated
bulk structure is likely suppressed by the presence of the substrate, thus lifting the equivalence of
the otherwise identical sublattices. This result bodes well for a more generalized approach toward

surface-induced formation of new framework topologies via the LPE method.

8.5.4 Topr-DOWN FABRICATION

The final and most recent fabrication method for MOF thin films may be considered as a “top-down”
or “deconstruction” method starting out from a bulk MOF material. Li et al. produced atomically thin
MOF layers by delamination of a dried sample of bulk MOF-2 by ultrasonication in acetone.33"
MOF-2, a 2D network constructed by paddle-wheel Zn,-clusters and terephthalates held together by
hydrogen bonds,?*? lends itself ideally as model system for exfoliation studies owing to its weak
interlayer forces. The as-produced nanosheets were shown by AFM to have thicknesses between
0.7 and 6.0 nm and lateral dimensions between 100 nm and 1 um (Fig. 8.5.3), corresponding well to
the theoretical thickness of a single MOF-2 sheet (0.75 nm). Restacking in the presence of amines led
to intercalated aggregates with increased layer spacings, yet more quantitative data will be needed
in order to gauge the adsorption/intercalation capacities of MOF nanosheets and potential

applications as sorption and storage media.
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Figure 8.5.3: Tapping-mode AFM images of delaminated MOF-2 nanosheets deposited on a mica substrate
showing (left) a MOF-2 nanosheet with the thickness of ~ 1.5 nm and (right) a profile of two
neighbouring overlapped layers of delaminated MOF-2 nanosheets with a distance of ~0.7 nm
between both layers.3 Reproduced by permission of The Royal Society of Chemistry.
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Table 8.5.1 Overview of the synthesis approaches towards 2D nanostructures and the resulting
morphology and sorption properties of the formed layers in comparison to the respective
bulk material.

2D Nanostructures Bulk
Synthesis References Selected examples Properties
method
Coordination [280] Cuz(ndc)2(dabco), (2) microcrystalline
modulation powder,
1891 m?2 g1[303]
Colloidal (281, 332] MIL-101(Cr) 22 nm spherical microcrystalline
MOF- particles / powder,
suspensions 48 nm thin film, 5900 m? gt
4200 m2 gt%0
Gel-layer [316-319] 79 HKUST-1 600 nm thin film (after | micrometer sized
deposition 112 h) @79 octahedra,
2260 m? g1 1304
Layer-by-layer (323, 327-320] HKUST-1 200 nm thin films after | micrometer sized
growth/ 20 full cycles®®” octahedra,
Liquid phase 2260 m? g1 1304
epitaxy
Top-down (3301 MOF-2 200 nm x 300 nm x 1.5 | micrometer sized
fabrication nm sheets(® & prisms,
270 m2 g sl

(a) no sorption data available

8.6 HYBRID NANOMORPHOLOGIES

While shape already imparts functionality to MOF nanocrystals, the level of functionality can
significantly be raised by tuning the composition or by integrating different properties within one
single MOF platform. This may be done by various schemes, the most prominent being post-synthetic
modification (PSM) of the linkers in as-obtained frameworks, and the surface-modification of as-
formed MOF nanoparticles. The former synthesis strategy can be used for materials having functional
groups attached to the linker molecules, which can be modified with the desired reactant in the
functionalization step. As a requirement, the frameworks must be stable under functionalization
conditions as well as to by-products formed during the functionalization process. In contrast to

surface modification schemes, the framework must exhibit pores, being large enough for the
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reactants to enter in order to allow for a complete functionalization of the framework. The feasibility
of PSM was already pointed out in 1990 by Hoskins et al., who stated that “relatively unimpeded
migration of the species throughout the lattice may allow chemical functionalization of the rods
subsequent to the construction of the framework.”33¥ To this date, a variety of possible PSM
approaches have been explored, with the two main foci being on biomedical applications!*3® 335 336]
and the exploration of otherwise inaccessible MOF compositions.!*?¥ However, PSM on nanoMOFs is
still a surprisingly scarce topic in state-of-the-art MOF science and, hence, we will turn our focus on

surface-modification of nanoMOFs rather than PSM.

8.6.1 CORE-SHELL PARTICLES

The groups of Férey and Lin have carried out pioneering works in the exploitation of biomedical
applications based on surface-modified nanoMOFs, which have shown great potential for the

s.1184 337, 338l |n order to ensure maximum

encapsulation and controlled release of drug
biocompatibility, optimal blood circulation times and release kinetics, as well as suitable
administration of the drugs, MOFs have been coated by hydrophilic polymers such as poly(ethylene
glycol) (PEG), or thin silica shells that can further be modified by grafting functional molecules on the
exposed surface. 18333

For example, in a seminal study Férey and co-workers were able to prove the general concept of
using nanosized MOF particles as efficient carriers for anti-cancer drugs. To this end, protocols for
the synthesis of MIL-100 (Fe) nanoparticles via microwave synthesis were developed,'*** and the
sub-200 nm particles were loaded with up to 25 wt% of busulfan, a commonly used anti-cancer drug.
To enhance the stability of the MOF particles in biological systems, the authors coated the particles
with bifunctional PEG (CHs-O-PEG-NH,, 5 mg/mL of water). Studies on human cell cultures showed
that busulfan in nanosized MOFs and free busulfan exhibit the same activity, thereby paving the way
for the use of suitably modified nanoMOFs as possible anti-cancer drug vehicles.

Lin and his group put forward studies on the biocompatibility of nanosized MOFs, thereby designing
ways to enhance the stability of the particles inside biological systems.[*3 By adding an ethanolic
solution of tetraethylorthosilicate (TEOS) containing 4 % agueous ammonia to as-synthesized MIL-
101 (Fe) nanoparticles, a silica shell is formed around the framework particles with thicknesses
between 2 and 9 nm, depending on the reaction time (2-3 nm: 2 h, 8-9 nm: 7 h). As a consequence of
the stabilizing shell, the half life in phosphate buffered saline (PBS) solution at 37 °C is increased from

2.5 hours to 16 hours.
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Figure 8.6.1: TEM micrographs of disuccinatocisplatin (DSCP)-loaded nanoMOFs (top left). TEM (right) and
SEM (bottom left) micrographs of silica coated DSCP nanoMOF particles. Reprinted from ref.
1339 with permission from Elsevier.
Furthermore, Lin and his group proved the possibility to functionalize nanoMIL-101 (Fe) particles
(Fe** connected by NH,-bdc and 1,4-benzenedicarboxylate linkers) with organic fluorophores such as
4,4-dibromo-4-bora-3a,4a-diaza-s-indacene (Br-BODIPY). This modification enables the use of the
nanoparticles as imaging vehicles, using the fluorophore as visible marker. The functionalisation with
a prodrug of cisplatin (ethoxysuccinatocisplatin, ESCP) showed the possibility to use the particles also
as drug carriers, as the cytotoxicity of the ESCP-functionalized particles on HT-29 human colon
adenocarcinoma cells was comparable to other Pt-drugs.*** The combination of drug cytotoxicity
with the increased biostability renders the nanoparticles capable to act as targeted drug vectors with
a controllable release rate due to the slow diffusion of metal and organic constituents through the

silica shell, thus boding well for a new generation of “nanobioMOFs”.

8.6.2 MOF-ON-MOF HETEROEPITAXY

The concept of MOF surface modification and protection can be taken to a higher level by precisely
controlling the interfacial interactions between core and shell, that is, by epitaxial growth of the shell
material on a well defined single crystal MOF core. This modified core-shell concept has been cast
into a creative MOF-on-MOF growth scheme developed by Kitagawa and co-workers, which allows
for the design of single-crystal MOF heterostructures with spatially modulated composition, porosity
and, hence, functionality.3*>-3*?] These growth schemes have so far been demonstrated only based on
micron-scale MOF single crystals and hence fall outside the nanoMOF focus adhered to in this
review. Nevertheless, such aesthetic MOF@MOF architectures deserve to be discussed in some
detail as they offer, in principle, a generic scheme for the design of multifunctional MOF

heterostructures with spatial control of the composition down to the nanoscale.
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The hybridization of a MOF core single crystal by epitaxial growth of a single crystalline shell with
different structural and porosity properties has been demonstrated successfully based on the
archetypal series of tetragonal layer-pillar MOFs with formula {My(dicarboxylate),(diamine)},.3*" The
authors convincingly demonstrate the implementation of well-resolved, spatially separated
functionality by the presence of core and shell MOFs with distinct framework topologies and pore
surfaces. For example, sequential functionalization was achieved by growing a {Zn,(adc).(dabco)},
shell (adc = 9,10-anthracene dicarboxylate) on top of a {Zn,(bdc),-(dabco)}. core framework, resulting
in heterostructures featuring size selective uptake of bulky hydrocarbons owing to the small
apertures of the shell crystal and high storage capacities owing to the large pore volume of the core
crystal.

The scope of framework topologies was extended by Koh et al. who were able to grow various core-
shell architectures of the isoreticular cubic MOF-5 and IRMOF-3 using MOF-on-MOF

heteroepitaxy.3%!

a)

Figure 8.6.2: Optical micrographs of core-shell MOFs (a) IRMOF-3(shell@MOF-5(core), (b) MOF-
5(shell)@IRMOF-3(core). Scale bar: 200 um.3*3! Reproduced by permission of The Royal
Society of Chemistry.

The compatibility of both linkers was demonstrated by immersing single crystals of MOF-5 into a
growth solution containing the IRMOF-3 building blocks, yielding crystals with a colorless core and an
orange shell on the outer side (Fig. 8.6.2, left), and vice versa (Fig. 8.6.2, right). Quite evidently, the
heteroepitaxial growth scheme is well transferable to planar systems such as MOF thin films, if the
lattice parameters and in-plane connecting groups are identical, as W6ll and co-workers could show
by growing [Zna(ndc)2(dabco)] on [Cua(ndc)a(dabco)] crystals via the LPE procedure.3?7)

This modular synthesis scheme holds great promise for the judicious and spatially well-defined
integration of various functionalities in one single, yet heterogeneous MOF monolith, without

sacrificing desired properties of the core framework, such as high surface area and pore volume.
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8.7 MECHANISTIC INSIGHTS AND DIMENSION CONTROL — A CASE STUDY

As outlined in the previous chapters, the variety of nanomorphologies that has been synthesized to
date is impressive, as is the variety of synthetic methodologies employed. Since a deeper insight into
the nucleation and growth stages of nanoMOF formation is pivotal for the directed design of
particular nanomorphologies, the complexity of the parameter space in nanoMOF synthesis
necessitates radical simplification, and in situ techniques adept at monitoring the early stages of
nucleation and growth need to be made available. Equally important though, the diversity of systems
studied may complicate the elaboration of common underlying themes in the growth mechanisms of
different MOF systems. Therefore, rational access to MOF nanomorphologies should be gained by
exploring a sufficiently representative system in all its facets, and by subsequently transferring
generally applicable motifs to other, more complex systems.

Owing to their stability, ease of synthesis, and rather straightforward solution chemistry, zeolitic
imidazolate frameworks (ZIFs), a subclass of MOFs and already among the “drosophilas” in MOF
science, lend themselves very well as model systems for an in-depth study of controlling morphology
and crystal growth,[46 47, 160, 239, 344-347]

Both ZIF-8 and ZIF-7, first synthesized by Yaghi and co-workers, are composed of Zn ions joined by
imidazolate ligands (ZIF-8: 2-methylimidazole (mim), ZIF-7: benzimidazole (bim)).*Y The frameworks
with composition Zn(mim/bim), are composed of zeolite-like tetrahedral nets with sodalite topology
owing to the geometrical similarity between Zn—mim/bim—2Zn and Si—O—Si bond angles. Whereas
ZIF-8 crystallizes in the cubic space group I-43m and hence is expected to form isotropic nanocrystals,
ZIF-7 (hexagonal, space group R-3) features an anisotropic channel network and therefore is ideally
suited to study not only the size, but also shape selective synthesis of ZIF-7 nanocrystals. In the
following, we will briefly discuss the insights recently gained into the growth mechanism of ZIF-8
nanocrystals and complete this review by surveying recent achievements in the shape-selective

synthesis of ZIF-7 nanomorphologies.

8.7.1 GROWTH MECHANISM OF ZIF-8 NANOPARTICLES

The first steps toward ZIF-8 nanoparticles were made in the seminal work by Wiebcke and co-
workers, who were able to synthesize ZIF-8 nanoparticles of = 45 nm with a narrow size distribution
in a room temperature synthesis by adding the bridging ligand 2-methylimidazole (Hmim) in eightfold
excess with respect to the Zn source.?®”! This protocol was later on refined by the addition of
modulating ligands that modify both coordination and deprotonation equilibria during nucleation
and growth, thereby liberating the “active” linker methylimidazolate.?®? Interestingly, although
extremely small ZIF-8 nanocrystals (< 10 nm) were obtained in the presence of n-butylamine, the

authors concluded that the most efficient size limiting effect is exerted by the bridging ligand, whose
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concentration must be high. The ZIF-8 growth process without modulating ligand (solution
composition Zn/Hmim/MeOH = 1:4:1000) was monitored by time-resolved in situ static light
scattering (SLS) and SEM.1282 Careful correlation between the time-dependent size and number
distribution of the solution species with the particles observed ex situ confirm that ZIF-8 nucleation is
continuous and comparatively slow, whereas crystal growth is rapid in the early stages of nanocrystal
formation. Similar nucleation-controlled crystallization behaviour with continuous formation of
nucleation sites over the timescale of minutes has been observed in other systems such as HKUST-1,
studied by in situ WAXS and light scattering.3*® 341 Somewhat unintuitively, for ZIF-8 a narrowing of
the particle size distribution is evident after 1 h, resulting in rather monodisperse particles with an
average size of 40 nm. The observed size focusing is rationalized by the termination of fast particle
growth at a radius of gyration around 20 nm, which in turn is attested to colloidal stabilization of the
primary particles by surface-attached Hmim ligands, in line with the measured zeta potential of
€ =+55 mV. Although size defocusing by Ostwald ripening subsequently broadens the particle size
distribution, rhombic dodecahedral nanoparticles of only 65 nm are obtained even after a reaction

time as long as 24 h at RT.
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Figure 8.7.1: Top: Time resolved WAXS pattern during the formation of ZIF-8 nanocrystals between 1 s and
800 s. The time interval between succeeding patterns is 1 s. Bottom: Species occurring during
nucleation and growth of ZIF-8 nanocrystals under conditions of high supersaturation. Two
possible alternative crystallization pathways (a) and (b) are considered. Reprinted with
permission from ref. 22, Copyright ©2011 by John Wiley & Sons, Inc.
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Complementary in situ SAXS/WAXS studies on ZIF-8 nucleation and growth by Cravillon et al.
(Fig. 8.7.1), are largely in line with the previously reported SLS data. Owing to the excellent time
resolution, prenucleation clusters of approximately 2 nm in size could be detected, suggesting a
rather complex crystallization process familiar from the topologically related class of zeolites.
Importantly, periodic ZIF-8 particles are formed after 22s by a monomer/cluster addition
mechanism, but not by coalescence. Finally, an important, yet previously somewhat controversial
finding reveals the phase-pure formation of ZIF-8 nanocrystals without passing through another

transient crystalline phase.>"

8.7.2 MORPHOLOGY CONTROL OF ZIF-7 NANOSTRUCTURES

The control of size and shape of ZIF-7 nanocrystals has recently been presented in a comprehensive
study by Caro and co-workers. This study nicely demonstrates that particular MOF systems may act
as a ,morphological chameleon” based on the premise that the reaction parameters are adjusted in a
suitable way.B*® For the synthesis of spherical ZIF-7 nanocrystals with uniform sizes tunable between
40 and 140 nm the authors proposed a simple ,,one-pot” strategy using stoichiometric amounts of
zinc nitrate and bim (molar ratio 1:2) in a polyethyleneimine-dimethylformamide (PEI-DMF) solution
at room temperature (Fig. 8.7.2, left).2*® PE| is acting as a base for bim, thus leading to a high
nucleation rate which is critical for the formation of nanoparticles. In order to alter the growth
kinetics of the different crystal faces and, hence, increase the aspect ratio of the nanoparticles, the
authors employed zinc chloride instead of zinc nitrate as precursor. As a rationale, the authors invoke
the “hard soft acid base” theory (HSAB), which classifies zinc and chloride as “intermediate” acids
and bases, respectively, indicating strong interactions between them. Therefore, the differences in
growth kinetics of the low index faces, characterized by the attachment energy,> will be more
distinct in the presence of chloride ions, resulting in enlarged differences in the growth rates of the
{003} and {110}/{101} faces and thus, prismatic hexagonal crystals with high aspect ratios (Fig. 8.7.2,
middle). When adding diethylamine (DEA), the size and aspect ratio of the ZIF-7 crystals could further
be adjusted by varying the amount of DEA acting as deprotonation agent for the bim linker. Having
established protocols for tailoring the crystal size and morphology, the authors succeeded in growing
highly oriented ZIF-7 membranes starting from randomly oriented seed layers, which exhibit a clear

morphological relation to the nanorods observed by non-supported growth (Fig. 8.7.2, right).
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Figure 8.7.2: Nanoparticles synthesized from Zn(NOs). as metal source (left), nanorods grown in the
presence of ZnCl. (middle), and ZIF-7 membrane on alumina disk (right). Reprinted with
permission from ref. B8 and 13191, Copyright ©2010 by John Wiley & Sons, Inc.

In a previous report by the same authors, the growth of randomly oriented ZIF-7 membranes had
been analysed.?'”! Permeation measurements through both oriented and non-oriented membrane
types demonstrate the gas-separation capabilities of such ZIF films via a molecular sieving effect with
an increased selectivity at elevated temperatures. Interestingly, the permeance of H, was found to
be lower for the highly oriented membrane as compared to the randomly oriented layer, which the
authors attribute to the anisotropic pore structure, as “neither the pyramidal termination {101} faces
nor the prismatic {110} faces of the columnar crystals possess direct entrances for guest
molecules.”®®! The observed membrane performances further substantiate the efficiency of

morphology tuning to enhance the functionality of nanoMOFs and devices made thereof.

8.8 CONCLUSION

This feature article has attempted to distil off the essence of state-of-the-art approaches toward
nanoscale MOF architectures with different dimensionalities. Recent advances in the field have been
highlighted with a particular focus on protocols (a) allowing for a high level of control with respect to
composition and structure at the nanoscale, (b) enabling reliable tuning of the nanoscale morphology
and, hence, dimensionality, or (c) elaborating conceptually new fabrication strategies to achieve the
above goals. Besides, we have gathered insights into the mechanism of nucleation and growth
processes in nanoMOF synthesis of representative MOF systems such as ZIF-8, which ultimately may
be generalized to other MOF systems and enable a more purposeful fine-tuning of the reaction
parameters in nanoMOF synthesis.

While the development of new nanoMOFs has considerably quickened its pace thanks to a plethora
of different synthesis strategies that have significantly matured over the past years, many of the
reported approaches are still essentially trial and error-based. Therefore, many nanoMOFs have been

obtained by serendipity rather than rational design, yet a number of encouraging approaches has
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recently been developed that point toward more directed morphology control. Among those,
templating strategies enabling crystallographically oriented growth and interfacial control such as
those in microfluidic environments excel by their straightforward concept, yet highly reproducible
and tunable size and shape control. Also, the step-by-step liquid layer epitaxy for the immobilization
of ultrathin MOF films allow for an unprecedented level of control of composition, topology and film
thickness at the nanoscale. However, future MOF nanomorphologies will inevitably gain complexity —
hollow and hybrid MOF spheres as well as hierarchically micro-mesoporous MOFs have given us a
flavor of what is already possible.

As a perspective, the integration of different functionalities into one “hybrid” MOF platform will be a
key asset. Highly oriented MOF-on-MOF heteroepitaxy on planar and curved surfaces has been
trendsetting in this respect. Once this technology will be adapted to nanofabrication protocols, the
stage is set for the design of tailor-made, multifunctional MOFs with spatially distinct porosity and
surface properties.

The inherent shape-dependent properties of nanomaterials and the prospect of a vast spectrum of
nanoMOF applications, ranging from drug delivery, catalysis and sensing to smart membranes, leave
the synthetic chemist with the challenge to create various nanomorphologies of one and the same
material. A look into the toolbox of modern nanoscale synthesis may do the trick — the tools are at

hand.
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9 APPENDIX

9.1 CHAPTER 4 - SUPPORTING INFORMATION

to the chapter "Surfactant-directed synthesis of mesostructured zinc imidazolates"

Table S1: Chemicals used in this work and their respective suppliers and purity.

Chemical name Supplier Purity
Zinc acetate dihydrate Merck ACS
Imidazole Acros Organics 99 %
2-Methylimidazole Merck 99 %
N,N-dimethyltetradecylamine Sigma Aldrich 295 %
N,N-dimethylhexadecylamine Sigma Aldrich 295 %
N,N-dimethyloctadecylamine Sigma Aldrich 295 %
1,4-dibromobutane Alfa Aesar 99 %
1,5-dibromopentane Alfa Aesar 98 %
1,6-dibromohexane Alfa Aesar 96 %
1,7-dibromoheptane Acros Organics 97 %
1,8-dibromooctane Acros Organics 98 %
1,9-dibromononane Acros Organics 97 %
1,10-dibromodecane Acros Organics 97 %
Cetyltrimethylammoniumbromide (CTAB) | Alfa Aesar 98 %
n-heptane Sigma Aldrich 99 %
1-hexanol Alfa Aesar 99 %
THF Chemetall 99.9 %
Diethylether VWR 99.7 %
2-propanol Sigma Aldrich 99.5%
Dioxan Sigma Aldrich 299 %
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Ehtylacetate VWR 99 %

Methanol Sigma Aldrich 99.9%

Ethanol Bundesmonopolverwaltung far 99.8%
Brandwein

Acetone Sigma Aldrich 299 %

Table S2: d-spacings of the first observable stacking reflections in the powder XRD measurements of all as-
made MIF materials synthesized with 16-10-16 gemini surfactants, as a function of the solvent used.

Solvent IM MIF MelM MIF

Microemulsion 33.2 33.0
(n-heptane/1-hexanol)

THF 3355 32.8
Diethylether 34.0 32.7
2-Propanol 33.1 32.6
Dioxan 334 32.4
Ethylacetate 34.0 32.4
Ethanol 334 324
Methanol 334 324
Acetone 32.9 32.2
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Figure S1: Powder XRD patterns obtained for IM MIF (top) and MelM MIF (bottom) synthesized with 16-10-16
gemini surfactants in various solvents.
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Figure S2: Pawley fit for IM MIF (C2, a = 11.5829 A, b = 58.253 A, c = 9.2415 A, 8 = 88.94°, wR = 7.57, GoF =
1.286) synthesized with 16-8-16 gemini surfactants.

Table S3: Percent elemental compositions from bulk elemental analyses of various MIF compounds and
comparisons with the expected values for stoichiometric compositions of the hybrid materials with 1 zinc : 1
IM/MelM : 2 bromine : 0.5 surfactant.

14-6-14, Im, MIF Zn o N H Br
Measured values 8.0 55.9 6.9 9.9 19.3
Expected values 7.9 56.5 6.8 9.6 19.3
Difference 0.1 -0.6 0.1 0.3 0.0
16-10-16, Im, MIF Zn C N H Br
Measured values 6.6 60.4 5.8 10.3 16.7
Expected values 7.0 59.9 6.0 10.2 17.0
Difference -0.4 0.5 -0.2 0.1 -0.3
18-10-18, Im MIF Zn C N H Br
Measured values 6.7 61.6 5.6 9.9 16.2
Expected values 6.6 61.4 5.6 10.4 16.0
Difference 0.1 0.2 0.0 -0.5 0.2
14-6-14, 2MIm, MIF Zn o N H Br
Measured values 7.5 57.3 6.5 9.6 18.8
Expected values 7.8 57.0 6.6 9.7 19.0
Difference -0.3 0.3 -0.1 -0.1 -0.2
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16-10-16, 2MIm, MIF Zn C N H Br
Measured values 6.9 59.9 6.0 10.1 17.0
Expected values 6.9 60.4 5.9 10.2 16.7

Difference 0.0 -0.5 0.1 -0.1 0.3

18-10-18, 2MIm MIF Zn C N H Br
Measured values 6.5 61.7 5.5 10.6 15.7
Expected values 6.5 61.7 5.5 10.5 15.8

Difference 0.0 0.0 0.0 0.1 -0.1
OF 40
20k
é 42 I
(D -t
~ 60} . 3
¢ endothermic T
80 |
_1 00 | i 1 i 1 i | i 1 i 1 i 1 i 1

4
0 100 200 300 400 500 600 700
Temperature (°C)

Figure S3: DTA/TG curves of 16-10-16 MelM bridged MIF, suggesting thermal stability up to 300°C. The
endothermic heat flow below 300 °C likely reflects thermally activated rearrangements and quasi-melting of
the surfactants in the hybrid material.

139




Chapter 9: Appendix

Intensity / a.u.

Intensity / a.u.

14-10-14, 2-Methylimidazol
20000 f- 14-9-14, 2-Methylimidazol
14-8-14, 2-Methylimidazol
14-7-14, 2-Methylimidazol
15000 | 14-6-14, 2-Methylimidazol
14-5-14, 2-Methylimidazol
14-4-14, 2-Methylimidazol
10000 |
5000 |
O = [ [l v_L-I [
0 10 20 30 40
2 Theta/°
25000
16-10-16, 2-Methylimidazol
16-9-16, 2-Methylimidazol
20000 16-8-16, 2-Methylimidazol
16-7-16, 2-Methylimidazol
15000 16-6-16, 2-Methylimidazol
i 16-5-16, 2-Methylimidazol
16-4-16, 2-Methylimidazol
10000 }
5000 |
0 " [
0 40

2 Theta/°

140



Chapter 9: Appendix

Intensity / a.u.

Intensity / a.u.

14000
i 18-10-18, 2-Methylimidazol
12000 |- 18-9-18, 2-Methylimidazol
- 18-8-18, 2-Methylimidazol
10000 |- 18-7-18, 2-Methylimidazol
: 18-6-18, 2-Methylimidazol
8000 | 18-5-18, 2-Methylimidazol
: 18-4-18, 2-Methylimidazol
6000 |
4000
O B a . A -~ i .
[ [l [ [
0 10 20 30 40
2Theta/”®
10000 - 14-10-14, Imidazol
14-9-14, Imidazol
14-8-14, Imidazol
8000 | 14-7-14, Imidazol
14-6-14, Imidazol
6000 | 14-5-14, Imidazol
14-4-14, Imidazol
4000 |
2000 | -
ok
[ [ M [ [
0 10 20 30 40
2 Theta/°

141



Chapter 9: Appendix

10000
9000 | 16-10-16, Imiadzol
16-9-16, Imidazol
8000 -

16-8-16, Imidazol
16-7-16, Imidazol
16-6-16, Imidazol
16-5-16, Imidazol
16-4-16, Imidazol

o ~
o C©
o O
o ©
) )

Intensity / a.u.
(@)]
o
3

2 Theta/°

10000 k 18-10-18, Imidazol
18-9-18, Imidazol
18-8-18, Imidazol
= 8000 18-7-18, Imidazol
© 18-6-18, Imidazol
- 18-5-18, Imidazol
= 6000 F 18-4-18, Imidazol
(5]
o
£ 4000
2000 |
ok
[ ] [ N [ [
0 10 20 30 40

2Theta/°

Figure S4: Powder XRD patterns of MelM- and IM-bridged MIFs synthesized with different gemini surfactants.
From top to bottom: 14-m-14 MelM, 16-m-16 MelM, 18-m-18 MelM, 14-m-14 IM, 16-m-16 IM, 18-m-18 IM.
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Table S4: d-spacings of the first observable stacking reflections in the powder XRD measurements of all as-

synthesized MIF materials.

Tail Length Spacer Length IM MIF MelM MIF

14 4 254 25.3

14 5 26.8 26.9

14 6 26.6 27.5

14 7 27.6 28.1

14 8 27.5 29.5

14 9 28.2 304

14 10 32.6 31
Tail Length Spacer Length IM MIF MelM MIF

16 4 28.1 27.0

16 5 29.1 28.8

16 6 28.9 28.7

16 7 29.5 29.7

16 8 29.4 31.0

16 9 30.0 323

16 10 33.2 33.0
Tail Length Spacer Length IM MIF MelM MIF

18 4 28.6 28.6

18 5 30.7 29.4

18 6 304 30.2

18 7 31.8 31.2

18 8 31.4 33.6

18 9 32.1 34.1

18 10 35.7 34.7
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angle increasing with
increasing spacer length

Figure S5: Proposed charge compensation by geometric rearrangement of the surfactant headgroups to
comply with the charge density of the inorganic slabs. The angle between surfactant spacer and zinc
imidazolate chains increases with growing spacer length. To simplify this image, only a single [ZnIMBrz] unit is
shown and the carbon tail-groups (m) of the surfactants have been shortened.

D/

Figure S6: Schematic diagram depicting the proposed tilted interdigitated, anti-parallel arrangement of the
surfactant in the as-synthesized MIF materials, showing the angle a between the tail groups and the zinc

imidazolate layers.
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Figure S7: Powder XRD patterns of MelM-bridged MIFs synthesized in the presence of different halogenide

ions.
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Figure S8: Small-angle XRD patterns of gemini-directed materials and MIF-1 showing the first reflections
corresponding to the lamellar stacking of the as-synthesized materials.
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Figure S9: Infrared spectra showcasing the similarity between the MelM/IM MIFs templated by different
gemini-surfactants.
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Figure S10: Infrared spectra showcasing the similarities and purity of the synthesized MIF materials in
comparison to the starting materials used.
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Figure S11. Infrared spectra showcasing the similarities between prototypic MIF-1 (CTAB/MelM) and the MIF
obtained from synthesis with 16-10-16 gemini surfactant.
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9.2 CHAPTER 5 - SUPPORTING INFORMATION

Tabelle S1: Experimental parameter for the solid-state **C and >N NMR measuremetns
Rotational Recycle delay Contact time Number of
13¢ frequency [sec] [usec] scans
[kHz]
Zn[BelM]OPr 10 4.0 3000 256
Zn[BelM]OBut 10 8.0 3000 1752
Zn[BelM]OBut 10 4.0 3000 256

(solid state)

Zn[NO2-BelM]OAc 10 2.0 3000 256
Zn[NH2-BelM]OAc 10 8.0 3000 1752
Zn[NH2-BelM]OAc 10 4.0 3000 12488

(functionalized)

Rotational Recycle delay Contact time Number of
15 frequency [sec] [usec] scans
[kHz]

Zn[BelM]OPr 10 8.0 3000 20700
Zn[BelM]OBut 10 8.0 3000 20328
Zn[BelM]OBut 10 8.0 3000 14200

(solid state)
Zn[NO2-BelM]OAc 10 2.0 3000 20700
Zn[NH2-BelM]OAc 10 8.0 3000 20700

Mixed linker; 10 1.0 3000 19200

x=0.25

Mixed linker; 10 2.0 3000 31616

x=0.5
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9.3 CHAPTER 6 - SUPPORTING INFORMATION

Tabelle S1: Experimental parameter for the solid-state **C and *5N NMR measuremetns
Rotational frequency Recycle delay Contact time Number of
[kHz] [sec] [usec] scans
13¢ 10 1.0 3000 548
5N 10 1.0 3000 15236
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9.4 CHAPTER 7 - SUPPORTING INFORMATION

9.4.1 EXPERIMENTAL PROCEDURES

Chemicals. All chemicals and solvents were purchased from commercial suppliers and used without
further purification: Hexadecyltrimethylammonium bromide (Alfa Aesar, 98%), cobalt(ll)acetate
tetrahydrate (Acros Organics, 98+%), imidazole (Alfa Aesar, 99%), n-heptane (Grissing, 99%), 1-
hexanol (Sigma Aldrich, 98%), iso-propanol (Sigma Aldrich, 99%). Deionized water was used
throughout all procedures.

Co"3;Co"y(Im)12. In a typical synthesis, 948 mg (2.6 mmol) hexadecyltrimethylammonium bromide
(CTAB) were added to a mixture of 22 mL n-heptane and 2.3 mL 1-hexanol. To the turbid mixture,
1675 uL aqueous imidazole solution (1.8M) were added and the mixture was stirred until a clear
solution was formed. To this solution, 150 mg (0.603 mmol) cobaltacetate tetrahydrate were added
and the resulting mixture was refluxed at 105°C for 2 hours. The resulting precipitate was removed
from the solution by filtration, washed with iso-propanol to remove unreacted species and dried at

room temperature.

Characterization. X-ray diffraction (XRD) analysis, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), elemental analysis, tranmission electron microscopy, differential thermal
analysis couled with thermogravimetrical measurements (DTA/TG), magnetic measurements,
photoelectron spectroscopy (XPS), infrared spectroscopy (IR) and UV/VIS spectroscopy were used to
identify the material.

XRD data of powders were collected using a STOE Stadi P (STOE&Cie GmbH, Darmstadt) device
operating in Guinier geometry with an imaging plate as detector.

ICP-AES was done using a VISTA RL CCD and ICP-AES analyzer system (Agilent Technologies,
Waldbronn). An Elementar vario EL (Elementar Analysensysteme, Hanau) was employed for
elemental analysis.

TEM measurements were perfomed on a JEOL JSM-6500F (Jeol Ltd., Tokyo) with accelerating
voltages in the range from 2 to 25 kV.

DTA/TG were performed using a Netzsch STA 409C (Netzsch GmbH, Selb).

Magnetic measurements were performed in the temperature range between 5 and 350 K using a
MPMS 7.0 (Quantum Design, San Diego). X-ray photoelectron spectroscopy (XPS) was carried out on
an Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical, Manchester).

Infrared spectra were recorded using a Perkin Elmer Spectrum BXIl featuring an attenuated total

reflectance unit (Perkin Elmer Inc., Waltham).
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UV/VIS spectra were recorded using a Varian Cary 500 Scan UV-Vis-NIR spectrometer (Agilent

Technologies, Waldbronn).

Electrochemical characterization. The material was deposited onto the working electrode, either
fluorine-doped tin oxide coated glass (FTO, exposed diameter of 18 mm, Aldrich, 7 Q sq?) or glassy
carbon electrode (GCE, 3 mm, ALS Japan), using the drop-cast method. For the FTO, a loading of 1 mg
was achieved by repeated deposition of 100 pL aliquots of a 1 mg mL?! aqueous suspension, followed
by drying in air. For the GCE, 5 uL aliquot of the same suspension was drop-cast onto the electro-
active area of the electrode. For the non-aqueous experiments, a platinum foil and a platinum wire
were used as the counter and quasi-reference electrode, respectively. The electrolyte was an
acetonitrile  (dried over 4A molecular sieve) solution of tetra-n-butylammonium
hexafluorophosphate (0.1 M). Potential was referenced to the ferrocene redox couple.

Cyclic voltammetry was performed on a Princeton Applied Research VersaSTAT MC scanning from
3V to -3V at 10 mV s, In aqueous conditions, a saturated calomel electrode (SCE, +0.244 V vs
standard hydrogen electrode, SHE) was used as the reference electrode. Cyclic voltammetry was
conducted in NaOH solution (1 M) scanning from -0.2 to 1V vs SCE at 50 mV s repeatedly until the
voltammogram was reproducible, then at 1 mV s? (for clarity, only this voltammogram was plotted).
Electrochemical stability and faradaic efficiency experiments were performed in
chronoamperometry/chronocoulometry mode using NaOH solution (1 M) and the oxygen in the cell
headspace was quantified by gas chromatography (Thermo Scientific TRACE GC Ultra) equipped with
a TCD detector using argon as the carrier gas. The working electrode was held at 800 mV vs SCE for
60 min, and the headspace was analyzed before and after the applied potential. The leak rate of the
cell was also taken into account in the estimation of the faradaic efficiency, which assumes a 4-
electron process under alkaline conditions: 40H™ — 0, + 2H,0 + 4e~. The spent catalyst was
recovered by scrapping off the FTO, washed with water, then dried at 60 °C in a vacuum oven prior to
characterization. Reaction order with respect to [OH]" was determined wusing the
chronoamperometry method employing concentrations of 1.0, 0.49, 0.23 and 0.010 M for the NaOH
solutions; ionic strengths of these 4 solutions were kept at 1.0 M using Na,SOs. The working
electrode was held at a potential of 520 mV vs SCE, which is the midpoint of the non-diffusion-limited

linear region of the Tafel plot, and the steady current was used for the reaction order plot.
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9.4.2 STRUCTURE ELUCIDATION
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Figure S1 Rietveld refinement of the measured PXRD data.

Table S1: Crystal data obtained from the analysis of Co"3Co"(Im)1,.
Empirical formula C05C3z6H36N24
Formula weight 1099.51
Crystal system Cubic
Space group la-3d
a=b=c(A) 21.0825
a=pB=y 90
V (A% 9370.56
z 8
GOF 1.163
Rexp 2.995
Rp 2.514
Rwp 3.186
Table S2: Atom positions found for Co"3Co",(Im)1,.
Atom Wyck. X y Z
N1 96h -0.176 (1) 0.070 (1) -0.033 (1)
N2 96h -0.088 (1) 0.022 (1) -0.032 (1)
C1 96h -0.124 (1) 0.062 (1) 0.008 (1)
c2 96h -0.115 (1) 0.012 (1) -0.092 (1)
C3 96h -0.169 (1) 0.040 (1) -0.092 (1)
Col 16a 0 0 0
Co2 24c 0 -0.25 0.125
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Angels and Distances

Col—N1=1.8425A
Co2—N2=1.9015A

N1-C2=1.5281A
N1-C1=1.5284A
N2-C3=1.5281A
N2-C1=1.5282A
C2-C3=1.5286A

C1-H1=1.0800A
C2-H2=1.0800 A
C3-H3=1.0800 A

N1-Col-N1=85.72°/94.28°/180°
N2 - Co2 - N2 =110.29°/ 107.85°

C2-N1-C1=108.00°
C2-N1-Col=119.46°
C1-N1-Col1=132.32°
C3-N1-C1=108.00°
C3-N2-Co2=141.31°
C1-N2-Co2=110.45°
N2 -C1-H1=125.99°
N1-Cl1-H1=126.00°
N1-C1-N2=108.01°
N1-C2-C3=108.00°
N1-C2-H2=126.00°
H2-C2-C3=126.00°
C2-C3-N2=108.00°
C2-C3-H3=125.98°
H3-C3-N2=126.02°
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Figure S2 Comparison of the experimental pattern of Co"sCo",(/Im)1> (black) and the simulated

pattern of ZIF-5 (Znsln,lmi,) showcasing good agreement between the metrics of the two materials.

4000
Water, reflux 3 days
Toluene, reflux 3 days
Methanol, reflux 3 days
. 3000 as synthesized
=
]
—
>
=
n 2000
C
O
-
£

1000

0 n 1 n 1 n L "
5 10 15 20

2 Theta/®

Figure S3: Powder XRD patterns of Co";Co",(Im)1, before (black) and after 3 days refluxing in

methanol (green), toluene (blue) or water (yellow).
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Figure S4: Asymmetric unit with isotropic temperature factors drawn at the 50 percent probability

level.
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Figure S5 DTA/TG measurement of the sample showing the thermal stability up to 320 °C without

phase transitions below the decomposition temperature.
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Figure S6 Overview XPS measurement (left) and zoom into the binding energies for Cobalt 2p1/2 at

793.7 eV and 2p3/2 at 778.7 eV (right). Satelites are marked with asterisks.

Electrochemical measurements

30
25
20

15

Current / mA

10 F
5}
o}

L " L A L A L

-0.3 0.0 0.3 06 09 1.2
Potential vs NHE / V

Figure S7: Cyclic voltammograms of Co'sCo"

2(Im)12 before (black) and after calcination of the material
in air (red) and argon (blue) on FTO in NaOH solution (1 M) at a scan rate of 1 mV s. Note that
leaking of Co into the solution is only observed for the calcined samples, but not for the pristine

MOF.
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Figure S8: Determination of electrochemical stability and faradaic efficiency of the Co'"3Co"(Im)12
framework in chronoamperometry/chronocoulometry mode, showing the current in black and the

charge passed in red.
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Figure S9: Detection of oxygen in the headspace of the electrochemical cell in the
chronoamperometry/chronocoulometry experiment of Figure S6. Note that oxygen quantification via
gas chromatography is hampered by using Ar as carrier gas; in addition, oxygen dissolved in the

solution is not accounted for.
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Figure S10: Tafel plots of the Co'"sCo"(Im)1, framework in NaOH (1 M), compared with pm- and nm-
sized Cos04 powders. Tafel slopes obtained by linear fitting (blue, red and green lines) in the low
overpotential region were used for analysis of the reaction mechanism (see text); Tafel slopes in the

high overpotential region (> 0.6 V) were large and attributable to diffusion limitations.3>?
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Figure S11: Reaction orders (n, the slope of the linear fit) with respect to OH" of the Co"3Co",(Im)1,
framework and the um- and nm-sized Co304 powders.
Scheme S1: Literature reaction mechanism of oxygen evolution, where S denotes an active site on

the electrocatalyst (i.e. Co").

1) S+ OH  >SOH+e¢
2) SOH + 0H™ - S H,0, + ¢
3) 25-H;0; - 2S + 2H,0 + 0, 1
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Figure S12: Cyclic voltammograms of the Co"sCo",(Im)1, framework, compared to the um- and nm-

sized Co304 powders, using GCE as the substrate in NaOH solution (1 M).
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Figure S13: PXRD measurement of the sample before (red) and after chronoamperometry
measurement (black) proving the stability of the matrial under the electrochemical conditions. The
low signal to noise ratio in the measurement after chronoamperometry is due to the small amount of

sample used for chronoamperometry and the subsequent XRD measurement.
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Figure S14: IR spectra of the as-prepared sample (red) and after chronoamperometry measurement

(black), proving the stability of the matrial under the electrochemical conditions.
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