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I 

Abstract 

 

MUF-77 (MUF = Massey University Framework) is a quaternary, multicomponent metal-organic framework 

(MOF), constructed from three topologically distinct carboxylate linkers and Zn4O secondary building units. 

Multicomponent MOFs such as MUF-77, constructed from a set of ligands with different geometries, provide 

a valuable platform for obtaining ordered and programmable pore environments. In this context, they show 

great potential as recyclable and stable, heterogeneous catalysts. In this work, we looked at the typical 

MUF-77 synthesis conditions and investigated the formation of additional crystalline phases. Several new 

MOFs were discovered, including new multicomponent MOFs. We then investigated MUF-77 for the 

incorporation of transition metal catalysts. The work included ligand and MOF syntheses and synthetic 

modifications of the frameworks upon MOF formation. We also embedded a Au(III) catalyst within the 

MUF-77 framework and evaluated its catalytic properties upon installation into the framework. Finally, we 

shifted our focus to systems comprising MOF and enzyme components for their electrochemical application 

in layer-by-layer-grafted electrodes. The work extended our library of potential heterogeneous catalysts, 

showcasing the great potential of multicomponent systems. 
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Chapter 1  Introduction 

1.1 Metal-Organic Frameworks: A Promising Class of Porous Materials 

Materials such as zeolites,1 mesoporous silica,2 covalent or hydrogen-bonded organic frameworks (HOFs or 

COFs)3,4 and metal-organic frameworks (MOFs)5,6 are exciting classes of materials due to their high porosity. 

Their modular assembly and synthetic access to a vast variety of structures (Figure 1-1), and the often-

times good stability and crystallinity make MOFs promising candidates in various areas. MOFs have been 

widely used for gas storage and separation,7–10 toxin removal,11–13 sensing,14,15 drug delivery,16,17 catalysis18–

23 and many others. 

 

Figure 1-1 Overview of different well-established MOFs, their organic linkers, and typical or exemplary 
metal secondary building units (SBUs). 

Following the IUPAC (International Union of Pure and Applied Chemistry) recommendation a metal-organic 

framework is “a coordination network with organic ligands containing potential voids”.24 As a relatively 

young field of research, which gained immensely in popularity over the last two decades, it is not surprising 

that much of the terminology and classifications is still a topic of discussion. Although the term MOF is 

predominantly used today, individual reports prefer to use different terminologies, describing this class of 
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materials as porous coordination polymers (PCP), porous coordination networks (PCN), and microporous 

coordination polymers (MCPs) amongst others. After the advent of MOF chemistry in the early 1990s, the 

popularity of the field rose drastically with Yaghi’s discovery of MOF-5 in 1999.25,26 The framework with the 

formula Zn4O(bdc)3∙(DMF)8(C6H5Cl) (bdc = terephthalate, 1,4-benzenedicarboxylate) showed increased 

stability, a surface area of 2,900 m2g-1 and retained porosity after guest removal (Figure 1-2) 

 

Figure 1-2 Structure of MOF-5. Carbon atoms are shown in grey, oxygen is shown in red, and zinc is shown 
in turquoise. Hydrogen atoms and solvent molecules are omitted for clarity. 

MOF-5 was quickly identified as a potential hydrogen storage material.27,28 Framework design allows the 

physicochemical properties of pores and channels to be tuned to achieve the separation of various gases, a 

process that still requires extensive distillation setups for industrial scales today.29 In 2002 the same group 

optimized the synthetic procedure for MOF-5 and reported a series of related MOFs with different organic 

linkers.30 The new synthetic procedure for the IRMOF series was drastically simplified compared to the 

original MOF-5 synthesis and only involved heating the organic linker and zinc nitrate in 

N,N-diethylformamide (DEF). This general method is still widely applied for the development of new MOFs. 

This elegant approach takes advantage of the instability of dialkylformamides to decompose to formic 

acid/formate and a dialkylamine, which in situ deprotonates the carboxylic acid groups of the organic 

ligands (Figure 1-3).31 As this process can be acid/base catalysed, the presence and amount of water in the 

reaction medium are often critical for the synthesis outcome.32 

 

Figure 1-3 Decomposition pathway of dialkylamines. 

Contemporaneous with Yaghi’s MOF-5, the Williams group reported HKUST-1 (Hong Kong University of 

Science and Technology, Figure 1-4).33 The framework with the formula [Cu3(TMA)2(H2O)3]n (TMA or BTC = 

benzene-1,3,5-tricarboxylate) is based on secondary building units (SBUs) containing Cu2 dimers at the six 
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vertices of a cube and four organic linkers tetrahedrally. In this work, they also reported the replacement 

of the terminal axial water ligands with pyridine. This idea of ligand exchange in MOFs has later been 

extended and utilized in various publications, a concept today commonly used under the name of post-

synthetic modification (PSM) which will be discussed further in Chapter 1.2.2. 

 

Figure 1-4 Structure of HKUST-1. Carbon atoms are shown in grey, oxygen is shown in red, and copper is 
shown in dark blue. Hydrogen atoms and solvent molecules are omitted for clarity. 

Another milestone in the relatively young history of MOFs was the synthesis of UiO-66 (Universitetet i Oslo). 

Many of the MOFs before lacked stability under harsher conditions, caused by the lability of the metal-linker 

interactions, MOF-5 being the most prominent example. In 2008, the group of Lillerud presented UiO-66 

and UiO-67, frameworks built from bdc or bpdc linkers, each connected by Zr6O4(OH)4(CO2)12 clusters 

(Figure 1-5). Group 4 metals show a high affinity towards oxygen, making the zirconium-carboxylate bonds 

in this framework extremely stable. The framework was intact after immersing in water and showed high 

thermal stability. 

  

Figure 1-5 Structure of UiO-66. Carbon atoms are shown in grey, oxygen is shown in red, and zirconium in 
green. Hydrogen atoms are omitted for clarity. 
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1.2 Advantages of the Building Block Design — Tuneability of MOFs 

1.2.1 Isoreticular Principle 

The beauty of MOF chemistry lies within the plentiful possibilities to chemically alter the individual building 

blocks or the composition of the framework without compromising the structural integrity. The Yaghi group 

reported a series of MOF frameworks derived from the parent MOF-5 (Figure 1-6).30 Each MOF was 

designed by connecting the tetrahedral Zn4O clusters with organic dicarboxylic acid derivatives. Each MOF 

followed the parent structure despite the original organic linker being exchanged for functionalized or 

extended analogues.  A series of different MOFs was obtained and as each followed the parent architecture, 

they were termed isoreticular MOFs. Thus, the pore size could be designed for a specific application, for 

example, IRMOF-6 (organic linker: bicyclo[4.2.0]octa-1,3,5-triene-2,5-dicarboxylate) showed high methane 

storage capacity. The isoreticular concept offers many possibilities in MOF chemistry. Thus the framework 

properties can be directly adjusted by changing the properties of the organic linkers, while the original 

structure is maintained. 

 

Figure 1-6 Examples of MOFs within the IRMOF series and depiction of their building blocks. 

In 2015, PCN-333 (Porous Coordination Network) was reported as a single-protein encapsulating MOF.34 

This MOF beautifully represents the possibilities of specifically designing a framework tailored to a certain 

task by isoreticular chemistry. Protein encapsulation requires frameworks with high porosity and large 

cavities, which are stable under aqueous conditions. For this purpose, the highly stable mesoporous 

MIL-100 (Materials of Institut Lavoisier)35 was used as a template. The strong carboxylate-metal 

interactions in those trivalent metal species (Al3+, Fe3+, Cr3+, V3+, Sc3+) provide the MOF with good stability 

in aqueous media. The high porosity and large cavities offered an ideal starting point for the design of new 

MOFs. The pore sizes were systematically enlarged by replacing the 1,3,5-benzene tricarboxylic acid (btc) 

with benzo-tris-thiophene carboxylic acid (bttc) or 4,4’,4’’-s-triazine-2,4,6-triyl-tribenzoic acid (tatb) to give 

PCN-332 and PCN-333, respectively. The size of the largest pore could systematically be increased from 
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29 Å (MIL-100) to 45 Å (PCN-332) and 55 Å (PCN-333) while retaining the high porosity and stability of the 

frameworks (Figure 1-7).  

 

Figure 1-7 Isoreticular structures of MIL-100, PCN-332, and PCN-333 and their respective organic linkers. 

1.2.2 Framework Functionalization by Post-Synthetic Modification 

1.2.2.1 Non-Covalent Interactions 

The large internal surface area of many MOFs makes them an excellent target as host for guest 

encapsulation. However, the incorporation of guest molecules can be as much of a challenge as it can be 

exploited for MOF chemistry. While MOFs are usually relatively stable while immersed in the right solvent, 

forceful removal of the solvent molecules coordinated to the framework can lead to a collapse of the 

structure. To prevent structural collapse, synthetic procedures often include a step to replace the often 

polar, high boiling point solvents like dialkylformamides with less polar and more volatile solvents like 

acetone or DCM before drying the material.36–38 Removal of guest molecules from the MOF can lead to 

interesting new properties, as shown by the Yaghi group with the selective absorption of aromatic 

molecules in their 2D Co(II) BTC-based MOF upon removal of pyridine. Without the guest the MOF showed 

good selectivity in adsorbing aromatic molecules such as benzene, nitrobenzene, cyanobenzene, and 

chlorobenzene, but not acetonitrile, nitromethane, or dichloroethane.39 Some MOFs even experience 

structural flexibility upon guest removal or exchange.40 The phenomenon of ‘breathing’ frameworks opened 

access to new exciting applications. The dynamic pore environment allows selective gas41,42 or other guest 

adsorption43,44 and the design of advanced materials like breathing porous liquids.45 The adsorption or 

incorporation of guests through non-covalent interactions allows the usage of MOFs in a variety of 

additional applications. The installation of metal nanoparticles enables the design of advanced hybrid 

materials with properties that can exceed those of the individual components.46,47 The catalytic scope of 
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those nanoparticle/MOF hybrid materials includes photocatalysis,48,49 quantification and bioimaging of 

reactive oxygen species50, photosensitizer,51 or regioselective carboxylations52. 

1.2.2.2 Post-Synthetic Covalent Bond Formations 

The building block-based design of MOFs gave scientists various handles to tune the overall framework 

properties by modifying the individual building blocks. Post-synthetic modification (PSM) of MOFs quickly 

arose as a powerful tool to increase the scope of framework functionalizations.53–56 If the formed framework 

shows sufficient stability, covalent bond manipulations can be conducted upon MOF synthesis. This enables 

the introduction of functionality without impacting crystal growth or risking an alteration of the functional 

group under harsher MOF synthesis conditions. The Cohen group first presented the post-synthetic 

modification of IRMOF-3, an isoreticular framework to MOF-5 functionalized with an amine group. Upon 

installation of the linker, the amine was readily converted using acetic and alkyl anhydrides or isocyanates 

(Figure 1-8).57–59 The universal use of this approach was demonstrated by extending the scope of modified 

MOFs.60 Today PSM is a widely applied tool for the functionalisation of MOFs. 

 

Figure 1-8 Post-synthetic modification of IRMOF-3 with different substrates as an example of MOF 
functionalization through covalent bond formation. 

In the case of MOFs based on Zn4O building blocks the introduction of secondary amine functionalities can 

be challenging. The incorporation of the amine catalyst, following traditional solvothermal synthesis, might 

lead to (de)protonation of the functional group, or coordination to the metal ions might interfere with 

catalytic activity or crystal growth. Our group developed a strategy to protect the amino functionality with 

a thermolabile tert-butyloxycarbonyl (Boc) to successfully form IRMOF-type crystals.61 The free amino 

group was generated following MOF synthesis via the thermal removal of the Boc protecting group at 

elevated temperatures under vacuum. The framework was stable under the deprotection conditions and 

the catalyst retained catalytic activity. The MOF successfully promoted asymmetric aldol reactions, 

showcasing the viability of this post-synthetic modification protocol. 

Another important consideration is the incorporation of linkers with additional metal-coordinating 

functional groups, which are not required for the framework formation and might interfere with crystal 
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growth. Post-synthetic modification elegantly overcomes the limitations by introducing the additional 

functionalities once the framework has already formed, avoiding competing coordination sites. A beautiful 

example of combining different such sites within one organic MOF linker was reported by the Lin group.62 

The 1,1′-bi-2-naphthol (BINOL) backbone was equipped with pyridine groups for coordination to Cd(II) 

ions during MOF synthesis to yield a framework with the formula [Cd3Cl6L3]·4DMF·6MeOH·3H2O (L = 

(R)-6,6′-dichloro-2,2′-dihydroxy-1,1′-binaphthyl-4,4′-bipyridine) (Figure 1-9). The BINOL hydroxyl groups 

remained available for metal coordination upon MOF formation. This was exploited to combine the MOF 

with titanium(IV) isopropoxide to form the BINOL-titanium catalytic complex in situ. The MOF catalyst 

showed excellent enantioselectivity with up to 93 % enantiomeric excess (ee) and full conversion for 

several substrates in ZnEt2 addition reactions to aromatic aldehydes. 

 

Figure 1-9 Two independent coordination sites on one MOF linker. The pyridine functionality (red) was 
necessary for MOF formation, while the hydroxy groups were employed in situ for asymmetric titanium(IV) 
catalysis. 

1.3 MOFs as Catalysts 

Their porous nature and accessibility of a large variety of building blocks make MOFs a great platform for 

catalytic processes and the heterogeneous nature of the catalysts allows for easy recyclability. 

1.3.1 MOFs as Hosts for Enzyme Encapsulation 

Despite the drive to enlarge the portfolio of synthetic catalysts and their important role in many industrial 

processes, the true masterclass of catalysts, especially in biochemical fields, is formed by enzymes. The 

complex systems have been perfected by evolution and are often the catalyst of choice for biochemical 

processes. However, the high specificity towards the substrates and the good performance often come with 

the price of low structural stability under other than perfect conditions.  

MOFs with high inner surface areas are predestined for enzyme encapsulation, creating a porous shield that 

allows substrate diffusion while improving enzyme stability. ZIF-8, due to its good stability,63 high 

bioavailability,64 negligible cytotoxicity, and the choice of different synthetic procedures65,66 has been 

widely explored for enzyme encapsulation. Yet, due to a pore diameter of 11.6 Å67 the MOF is used primarily 

to form a composite material with enzymes by forming the MOFs around the guests, such as co-precipitation 

or biomineralization,68 rather than utilizing the MOF pores for host-guest interactions. Integrating the 

enzymes during the framework synthesis into MOF nanoparticles requires conditions mild enough to avoid 
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enzyme denaturation. A post-synthetic, direct encapsulation of an enzyme within a MOF pore of suitable 

size not only mitigates those limitations during synthesis but enables fine-tuning the host-guest 

interactions. As described in Chapter 1.2.1, the Zhou group enlarged the pore volume of MIL-100 by 

substituting the pristine ligand for tatb.34 The obtained PCN-333 is predestined for enzyme encapsulation 

as it offered sufficiently large pores and was stable in water, which was required to ensure enzyme stability. 

PCN-333 was suitable to encapsulate the enzymes horseradish peroxidase (HRP), cytochrome c (cyt c), and 

microperoxidase-11 (MP-11). The quick encapsulation of the enzymes and the high stability of those 

composites were attributed to the favourable affinity of the enzymes to the MOF cages. In buffer, the 

encapsulated enzymes showed a decreased turnover number, but increased substrate affinity, resulting in 

an overall similar activity compared to the free enzymes. In aqueous media, however, the PCN-333/cyt-c 

composite exhibited around 29-fold higher specific activity compared to the free enzymes (Figure 1-10). 

Denaturing and agglomeration of the enzymes upon changing reaction conditions such as solvent, pH, or 

temperature is a common problem, however, the host environment seemed to mitigate those influences. 

PCN-333/HRP showed maintained specific activity in water. In organic solvents, conditions relatively harsh 

for enzyme catalysis, the specific activity was increased compared to the free enzymes. The smaller MP-11 

showed decreased activity in water, which was attributed to the encapsulation of multiple enzyme units per 

pore instead of a single enzyme encapsulation ascribed to the cyt c and HRP composites. The MOF/enzyme 

composites showed almost no leaching during the catalysis and were recyclable. Its large pores and good 

stability make PCN-333 an interesting target for other catalytically active enzymes to be encapsulated. 

 

Figure 1-10 PCN-333 encapsulated cyt c showed improved catalytic efficiency compared to the free ligand 
in water.34 

1.3.2 MOFs as Organocatalysts 

Due to their modular structural arrangements and generally high porosity, MOFs are ideal materials for 

applications in heterogeneous catalysis.69,70 By confining the catalytic active site within the MOF pores the 

catalytic performance can be significantly improved21 or synergistic effects71,72 can be exploited. Through 

post-synthetic modification, Luan et al. installed a thiourea catalyst within the IRMOF-3 pores (Figure 1-11). 

The catalyst showed good performance for acetalization and Morita–Baylis–Hillman reactions. 

Homogeneous thiourea catalytic systems often suffer from self-aggregation of the catalyst, an undesired 



Chapter 1 | Introduction 

9 

side effect of the same propensity for hydrogen bonding exploited for the catalytic applications, negatively 

impacting the catalytic performance.73–75 By isolating the catalyst within the different MOF pores the 

turnover number (TON) was improved up to five-fold. Similarly, a thiourea-functionalized MIL-101 was 

later exploited for Friedel-Crafts alkylation and Biginelli reactions.76 

 

Figure 1-11 Post-synthetic incorporation of a thiourea catalyst within IRMUF-3 as a catalyst for 
organocatalytic reactions. 

Other examples of organocatalytic reactions promoted by MOFs include Knoevenagel condensation 

reactions77–79 and the ring opening of epoxides by amines.80 The potential for MOFs as catalysts is not 

limited to the functionalization of the organic linkers. Designing and exploiting catalytically active metal 

SBUs is only one example of how versatile MOFs are as platforms for catalysis.81–83 

1.3.3 Transition Metal Catalysts Within MOFs 

The beauty of MOF synthesis lies in the versatility of possible approaches.84 In many cases, MOFs can be 

synthesized directly from the linkers and the metal salts.85,86 If this direct approach is not suitable, the 

organic linkers (or the inorganic nodes) can often be functionalized upon framework formation through 

post-synthetic modification.87 In their pioneering work on post-synthetic modifications, the Cohen group 

showed that amine-functionalized linkers in IRMOF-3 could be further modified upon MOF synthesis.57 

Soon after, this principle was exploited by the functionalization of the amine groups in IRMOF-3 with 

salicylaldehyde to introduce free half-salen upon MOF synthesis. Salen ligands are widely used in transition 

metal chemistry.88,89 Prominent examples include the commercially available Jacobsen’s catalyst, a Mn-

Salen complex used in the asymmetric epoxidation of unfunctionalized olefins.90,91 Half-salen ligands are 

the bidentate equivalent. Their straightforward synthesis quickly brought them attention as potential 

transition metal catalysts for MOFs. The half-salen ligands were then successfully employed to stabilize a 

vanadium complex in solution. The obtained MOF was catalytically active in the oxidation of cyclohexene 

with tBuOOH.92 A similar approach was chosen to stabilize palladium complexes within the framework 

pores.93 Sun et al. adapted this post-synthetic modification strategy for the design of UiO-66 and UiO-67 

frameworks (in UiO-67 the ligand is a biphenyl dicarboxylic acid analogue instead of terephthalic acid).94 

The linkers were sequentially modified upon MOF synthesis to anchor the catalytically active palladium 

complex (Figure 1-12a). The optimized UiO-67 catalyst with a Pd content of 0.27 mmol g-1 showed a 
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conversion of up to 95 % for Suzuki coupling and 93 % for the Heck reaction with an E-selectivity of 100 % 

(Figure 1-12b). The heterogeneous catalyst showed superior activity and selectivity compared to the 

homogeneous controls. 

 

Figure 1-12 a) Incorporation of the catalytic group into the MOF by post-synthetic modification. b) The 
UiO-66 and UiO-67 analogues were catalytically active in palladium-catalysed C–C coupling reactions. 

Zirconium-based MOFs, like the before-mentioned UiO-66, are popular platforms for catalysis due to the 

chemical and thermal stability of the zirconium-oxygen bonds, providing a robust framework for the 

integration of well-known ligands like NacNacs (β-Diketimines)95 or salicylaldimines.96,97 CO2 was 

hydrogenated to formic acid/formate catalysed by a Ir(III)-functionalized Zr(IV) MOF.98 To obtain this MOF 

the traditional biphenyl linker was replaced with a [2,2’-bipyridine]-5,5’-dicarboxylic acid (Figure 1-13). 

Upon coordination of the catalytically active iridium species, the catalyst reached a turnover number of 

6149±50 in 15 h and a turnover frequency of 410±3 h−1 under atmospheric pressure at 85 °C. The 

heterogeneous nature of the catalyst allowed to create a dynamic gas/liquid interface at the catalytic site, 

enhancing the contact of CO2, H2, and H2O. 

 

Figure 1-13 An Ir(III)-functionalized UiO-type MOF catalyst for the hydrogenation of CO2. 
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A different approach was chosen for the synthesis of a phosphine-based MOF catalyst. Instead of leaning on 

an existing structure, 4,4′,4′′-phosphinetriyltribenzoic acid was selected as a linker in combination with a 

zirconium metal source to form LSK-1 (German acronym of the Laboratory for Catalysis and Sustainable 

Chemistry) (Figure 1-14).99 The LSK-1-Au-Cl pre-catalyst was obtained after the post-synthetic addition of 

chloro(tetrahydrothiophene)gold(I). Formation of the gold-alkyne species led to the catalytically active 

complex. This elegant method avoided activation with silver salts, commonly used in homogeneous 

catalysis,100,101 which leads to the precipitation of AgCl and thus complicates the recovery of the 

heterogeneous catalyst from solution. This catalyst successfully promoted the hydration of phenylacetylene 

and cyclization of N-(prop-2-yn-1-yl)benzamide exceeding homogeneous catalytic activity for the latter. 

 

Figure 1-14 LSK-1, a MOF with triphenylphosphine groups as organic linkers to anchor the catalytically 
active gold complex. 

The Lin group beautifully showcased the potential of MOF organocatalysis by extending the scope of 

reactions to asymmetric catalysis. New Cu-based chiral MOFs were designed from 4,4′,6,6′-substituted 1,1′-

bi-2-naphthol (BINOL) ligands. Upon combination with Ti(OiPr)4 the MOF/catalyst system successfully 

promoted the additions of diethylzinc and ethyl(phenylalkynyl)zinc to aromatic aldehydes to yield chiral 

secondary alcohols.102 

1.3.3.1 Architectural Stabilisation of the Catalyst 

The true potential of MOFs, however, can only be reached by exploiting the entirety of the framework. The 

groups of Toste and Yaghi followed this multidisciplinary approach to improve the stability of a 

homogeneous gold(III) catalyst.103 The homogeneous catalyst IPrAu(III)(biphenyl)X (where IPr is 1,3-

Bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene) and X– a non-coordinating counter anion) 

is known to undergo an unimolecular decomposition via reductive elimination (Figure 1-15). By confining 

the linear molecular geometry into a rigid framework, such as IRMOF-10 and bio-MOF-100, decomposition 

could be suppressed, and catalytic activity was retained, whereas the homogeneous catalyst suffered from 

decomposition over time.  
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Figure 1-15 Architectural stabilization of an Au(III) catalyst in MOFs. The incorporation into the rigid 
framework hindered the unimolecular decomposition that is observed for the homogeneous catalyst. 

In the same manner, monophosphine ligands were locked into a rigid framework, minimizing 

disproportionation and ligand exchange reactions at the metal centres (Rh, Ir) which would lead to a 

decrease in catalytic performance.104 The recyclable catalysts showed superior performance in the 

hydrosilylation of ketones and alkenes, the hydrogenation of alkenes, and the C−H borylation of arenes 

compared to the homogeneous controls. 

1.3.3.2 Cooperative Catalysis 

MOF synthesis is not limited to one organic linker or one metal centre but also allows the incorporation of 

multiple linkers of different lengths and connectivity.105 This opens the door for cooperative catalysis, 

where a combination of catalysts improves the catalytic performance. Utilizing two linkers that promote 

different reactions allows to target sequential or stepwise reaction cascades. Recently, LIFM-28 (Lehn 

Institute of Functional Materials) was reported as a platform to install a variety of catalytically active linkers 

for Knoevenagel condensation, alcohol oxidation, acetal-, click- and Baylis-Hillman reactions (Figure 

1-16).106,107 The multi-ligand MOFs incorporated multiple catalysts into the same framework for stepwise 

or sequential reactions. In this example, copper(I) sites promote the aerobic alcohol oxidation and the click 

reaction to form the triazole. Upon workup, the amine-functionalized linker was utilized for Knoevenagel 

condensation. 
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Figure 1-16 Synergistic catalysis in LIFM-28, a MOF incorporating multiple catalytic centres. 

The Cui group reported the synthesis of isoreticular UiO-68 frameworks by post-synthetic introduction of 

metal-salen (Cr, Cu, Fe, Mn, V) linkers.96 The MOFs were employed as enantioselective catalysts for the 

asymmetric cyanosilylation of aldehydes, ring-opening of epoxides, oxidative kinetic resolution of 

secondary alcohols, and aminolysis of stilbene oxide. The combination of Mn- and Cr-coordinated ligands 

in the framework allowed to subsequently promote epoxidation of 2,2-dimethyl-2H-chromene with 2-tert-

butylsulfonyliodosobenzen as oxidant followed by a ring-opening reaction with anilines in 80-85 % yield 

and up to 99.5 % ee. 

Through framework design, it is also possible to achieve cooperative effects by installing catalytically active 

metal centres in proximity to each other. For example, chiral salen-VO MOFs showed advanced 

stereoselectivity for the cyanation of aldehydes compared to the homogeneous counterpart while 

maintaining the catalytic activity.86 Control experiments indicated that the improved selectivity of up to 

>99% ee was due to the proximity of VO units in the MOF pores, leading to cooperative activation of the 

substrates. In another example, copper-coordinated Schiff base ligands were employed for Friedel−Crafts 

and Henry reactions.85 The framework also showed increased activity compared to homogeneous catalysis, 

due to the cooperative effects of the bimetallic catalytic centres. 

1.3.3.3 Ligands for Transition Metal Catalysis Within MOFs 

The range of transition metal catalysts incorporated into MOFs is extensive.108,109 The assembly of new 

MOFs and the improvement of synthetic procedures allowed the insertion of more and more complex 

systems. Bipyridine (bipy) ligands are prominently featured in the world of homogeneous transition metal 
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catalysis. Ni and Ir-coordinated bipy derivatives were essential in their roles as transition metal catalysts 

for promoting the selective sp3 C–H alkylation of the α-C–H of amines, ethers, and sulfides.110 Re-bipy 

complexes have been widely explored as catalysts for water oxidation111,112 and [Fe(bpy)3]2+ was employed 

as a photocatalyst for the enantioselective alkylation of aldehydes.113 Their geometric similarity to the 

popular ditopic ligand bpdc makes bipy ligands a promising target for incorporation into MOFs. Bipyridine 

ligands of different lengths were successfully integrated into UiO-type frameworks. The transition metal 

catalysts were introduced by post-synthetic metalation of bipy-based linkers with Pd or Ir precursors.114 

The new bpy-UiO-Pd catalysts were tested in the palladium-promoted aerobic oxidation of cyclohexanone 

to phenol (Figure 1-17).114,115 The recyclable MOF catalysts exhibited improved catalytic activity and 

stability compared to their homogeneous counterparts. 

 

Figure 1-17 Bipy-functionalized UiO frameworks as transition metal catalysts for the oxidation of 
cyclohexanone and arene C−H borylation. 

The respective bpy-UiO-Ir was obtained after metalation with [Ir(COD)(OMe)]2. Isoreticular UiO-bipy-Ir 

catalysts produced by the insertion of elongated bipy linkers and post-synthetic metallation.116 The MOF 

catalysts successfully promoted borylation of aromatic C−H bonds and the tandem hydrosilylation of aryl 

ketones and dehydrogenative ortho-silylation of benzylic silyl ethers. The activity for the ortho-silylation of 

benzylic silyl ethers was increased at least three-fold compared to the homogeneous control. 

Another class of archetypic ligands for Pd-catalysed cross-coupling reactions are phosphine ligands. 

Buchwald ligands, dialkylbiarylphosphine ligands like SPhos, are prominently featured in promoting cross-

coupling reactions117–119 and the Buchwald–Hartwig amination.120 The ligand design strongly influences the 

activity and stability of the respective transition metal catalysts. The related 2,2′-bis(diphenylphosphino)-

1,1′-binaphthyl (BINAP)121 ligands represent another class of phosphine ligands. The axial chirality, due to 

the restricted rotation of the individual naphthalene groups along the C2 axis, creates a chiral environment 

for a potential coordinated metal centre, making them excellent ligand candidates for asymmetric 

catalysis.122–124 The Lin group beautifully illustrated two different approaches for the incorporation of 

phosphine-transition metal complexes into MOFs as catalysts. A triarylphosphine-derived tricarboxylate 

linker was used for the MOF synthesis, exploiting the affinity of the carboxylate groups towards 

coordination with the zirconium SBUs.125 The soft phosphine coordination sites were less compatible with 

the Zr ions and no interference with framework formation was observed. The phosphine groups remained 

available for coordination with Rh or Ir transition metal complexes upon MOF synthesis (Figure 1-18 A). 

The obtained Rh- and Ir-functionalized MOF catalysts successfully promoted hydrosilylation, 
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hydrogenation, and borylation reactions. Following a different approach, an extended BINAP-type linker 

was incorporated into a framework of UiO-66 topology.126 Upon MOF synthesis the phosphine groups were 

successfully metalated to form the respective Ru or Rh complexes within the framework. Due to the chiral 

nature of the ligand, the functionalized MOFs successfully catalysed asymmetric hydrogenation reactions 

and the addition of arylboronic acids and trimethylaluminium to α,β-unsaturated ketones (Figure 1-18 B). 

 

Figure 1-18 Two phosphine functionalized frameworks as transition metal catalysts. The Zr-based MOFs 
were obtained by new framework design (A) or incorporation into a well-studied existing framework 
topology (B). 

Ligands structurally derived from 1,1′-bi-2-naphthol (BINOL) can be similarly used for application in 

asymmetric catalysis. Prominent examples of such a ligand class are phosphoramidites. Phosphoramidites 

are suitable to support a variety of transition metal catalysts and substitution at the amine functionality 

allows easy influence on the catalytic properties of the transition metal complexes.127 Examples of 

asymmetric catalytic reactions promoted by phosphoramidite transition metal complexes include Rh-

catalysed asymmetric hydrogenation reactions,128 Au-catalysed diastereo- and enantioselective 

cycloadditions of allenenes,129 Ru-catalysed Diels-Alder reactions,130 Ir-catalysed regio- and 

enantioselective allylation reactions131 and hydrosilylation reactions (Figure 1-19).132 Reports of 

phosphoramidite ligands within MOFs, despite their formidable predisposition as ligands for transition 

metal catalysts, are rather scarce. Jiang et al. installed the phosphoramidite ligand through post-synthetic 

modification, reasoning that the lability of the P–O bond under solvothermal MOF synthesis conditions or 

acidic conditions interfered with a direct MOF synthesis approach.133 Upon successful addition of the Ir-

catalyst, the MOF was active in the enantioselective hydrogenation of α-dehydroamino acid esters. 
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Figure 1-19 Schematic overview of different exemplary reactions catalysed by phosphoramidite transition 
metal catalysts. 

Since Arduengo et al. first reported the isolation of a stable carbene in 1991134 N-heterocyclic carbenes 

(NHCs) became a staple of transition metal catalysis. The combination of stability and tunability made them 

the ligand of choice for many transition metal catalysts.135–137 The structure of the NHCs enables easy 

modification of the ligand to influence the space surrounding the coordinated metal, shaping the catalytic 

side for the desired outcome.138 A bent 1,1′-methylenebis-(3-(4-carboxy-2-methylphenyl)-1H-imidazol-3-

ium ligand was used to construct a Zn-based metal-organic nanotube (Figure 1-20).139 The imidazolium 

ligands were readily deprotonated by palladium acetate in tetrahydrofuran as solvent to form a catalytically 

active Pd-NHC complex within the nanotube. The functionalized metal-organic nanotubes successfully 

promoted Suzuki−Miyaura and Heck coupling reactions, as well as hydrogenation reactions, and were 

recyclable for at least seven cycles. 

Following the isoreticular principle, an NHC-functionalized ligand was incorporated into a framework of 

UiO-type through a mixed linker approach. 140 BPDC and bi-NHC-functionalized Au- and Pd complexes were 

combined with zirconium chloride to yield the functionalized UiO-67 framework. The new material was 

successfully tested as a dual catalyst for the alkyne hydration−Suzuki coupling reaction. In a similar 

approach, an Ir-NHC-functionalized UiO-type framework was synthesized through direct mixed linker 

synthesis.141 The authors showed that through the alternative post-synthetic introduction of the Ir-NHC-

functionalized linker higher metal loadings were achieved within the MOFs. On a normalized catalytic 

loading, the catalytic performance of both materials was similar. 
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Figure 1-20 Post-synthetic modification of an imidazolium functionalized-metal-organic nanotube and 
successful promotion of the Suzuki−Miyaura coupling reaction of phenyl halides and phenylboronic acids. 

1.4 MUF-77 — a Multicomponent MOF With a Tuneable Pore Environment 

Multicomponent metal-organic frameworks, which are constructed from a set of several ligands with 

different geometries, provide a powerful platform for obtaining ordered, elaborate, and programmable 

pores. MUF-77 (MUF = Massey University Framework) materials are quaternary MOFs, constructed from 

three topologically distinct carboxylate linkers and Zn4O secondary building units. MUF-77 is outstanding 

in the wide realm of Zn-based MOFs for it is formed by three distinct organic linkers. When the ligand bears 

catalytically-active groups, the frameworks act as effective, recyclable and stable heterogeneous 

catalysts.142 By introducing functional groups to the ligands, the pore-environment in the framework can be 

tuned. In turn, this allows the catalytic properties to be modulated.143  

 

Figure 1-21 MUF-77, a multicomponent MOF assembled from the organic linkers bdc, bdpc, and hmtt in 
combination with Zn4O SBUs.142  
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1.4.1 Synthesis of MUF-77 

Our group developed two main synthetic pathways to obtain MUF-77, described by the formula 

[Zn4O(hxtt)4/3(bpdc)1/2(bdc)1/2], where x is the substituent on the methine bridges of the truxene 

tricarboxylic acid linker (for MUF-77 most commonly alkyl groups, with ‘m’ for methyl, ‘e’ for ethyl, et 

cetera), a solvothermal synthesis and a room temperature synthesis. The methods are sensitive to the ratios 

of ligands used in the synthesis, as well as other reaction conditions, like the choice of solvent or additives. 

As described earlier, bdc and bpdc ligands have been utilized as ligands for the IRMOF series, and truxene-

derived ligands are also known to independently form MOFs.144–146 Moreover, the combination of tritopic 

and ditopic linkers under the right conditions is known to form MOFs like UMCM-1.147 It is thus remarkable, 

that the formation of MUF-77 with the three distinct ligands is preferred under the right conditions. Both 

synthesis methods yield crystalline MUF-77, however, crystals in sizes suitable for single-crystal X-ray 

diffraction can so far only be obtained through solvothermal synthesis (Figure 1-22). 

 

Figure 1-22 General solvothermal synthesis procedure for sMUF-77. 

An optimized synthetic solvothermal protocol produces uniform single crystals of up to 0.5 mm in size. The 

crystals are usually obtained as truncated-dodecahedrons. As seen with other MOFs, MUF-77 crystals are 

transparent and often turn opaque upon loss of crystallinity. Variations in synthesis temperature and 

amount of benzoic acid (BA) as a crystal-growth modulator can lead to changes in the nucleation time. 

Crystal formation at more elevated temperatures can be observed within hours, while slower crystal growth 

can be achieved at lower temperatures. However, the most reliable and reproducible results are usually 

obtained at 85 °C after around 24 h, making it the preferred synthesis protocol in many use cases. 

The synthetic procedure at room temperature requires zinc acetate instead of zinc nitrate used for 

solvothermal procedures (Figure 1-23). The increasing basic nature of the metal source allows the 

formation of nanometer-sized MUF-77 (rtMUF-77) crystals, around 500 μm in size.148 rtMUF-77 can usually 

be obtained within minutes of mixing a solution of ligands with the zinc salt. 

 

Figure 1-23 General solvothermal synthesis procedure for rtMUF-77. 
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MUF-77 is built by the three ligands and Zn4O SBUs falling perfectly into place to form the framework 

structure, each ligand in its distinct crystallographic position. MUF-77 crystalizes in the cubic space group 

Pm3̅ and the framework lattice topology can be described as ith-d. At each Zn4O SBU, four tritopic ligands 

are positioned equatorially, while the axial sites are filled by one bpdc and one bdc ligand. The linker and 

SBUs are arranged to form two mesopores and one smaller micropore. The diameter of the mesopores was 

estimated around 22 Å and 24 Å (calculated from the crystal structure using CrystalMaker® 10, allowing for 

van der Waals radii of the framework atoms) while the micropore is roughly 10 Å in diameter in size. 

 

Figure 1-24 The three distinct pores within MUF-77 as illustrated by the crystal structure of 
[Zn4O(hmtt)3/4(bpdc)1/2(bdc)1/2]. The three distinct linkers arrange during MOF synthesis to form two 
mesopores and one micropore. 

Those cavities illustrate beautifully the highly porous nature of MUF-77. MUF-77 from hmtt (hexamethyl 

truxene tricarboxylic acid, 5,5′,10,10′,15,15′-hexamethyltruxene-2,7,12-tricarboxylate), bpdc and bdc 

showed a BET surface area of 3600 g2/m.142 Naturally, the porosity is a function of linker functionalisation 

and the uptake of space of each functional group introduced into the pores. Extending the alkyl chain from 

hexamethyl- to the hexahexyl- and hexadecyltruxene ligands was accompanied by a decrease in BET surface 

area to 2170 and 1170 g2/m, respectively. That porosity lays the foundation for the application of MUF-77 

in various fields where easy diffusion of small molecules through the framework is critical. The isoreticular 

principle, as discussed in Chapter 1.2.1, can also be applied to MUF-77 and the organic linkers in many cases 

exchanged with linkers of similar size and geometry. Compared to other zinc-carboxylate MOFs, MUF-77 is 

very stable in solvent and upon solvent removal, even at elevated temperatures. Yet, the ligand-metal 

coordination bond is weaker than in the zirconium-carboxylate bonds in UiO-66 or the zeolite-type 

framework ZIF-8, which is formed by zinc-imidazolate coordination. Those frameworks are versatile 

skeletons for simple incorporation of functional groups and their application under harsh conditions. 

MUF-77, however, is the MOF of choice when modulation of the pore sites is required. The well-defined 

arrangement of the three different ligands allows us to fine-tune the pore environment by independently 
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functionalizing each ligand. This provides us with three levers to shape the pore to the desired application. 

This is only possible due to the unique locations of each ligand within the structure. This well-defined 

framework of several organic linkers is commonly described as a multi-component MOF. It is important to 

emphasize the difference to multivariate (MTV) MOFs, frameworks also built from several different linkers, 

but with the linkers randomly filling the available positions (Figure 1-25). The terms multicomponent and 

multivariate are sometimes used interchangeably in literature. However, a more precise definition is 

essential as both framework types are inherently different. A comparison of MUF-77 with MTV-MOF-5 

(multivariate MOF-5) visualizes the difference in the incorporation of multiple ligands within the 

framework. In MUF-77 each ligand is unique in its geometry and length, forcing them into ligand-specific 

locations during the framework formation (Figure 1-25). MTV-MOF-5 is constructed from ligands very 

similar in geometry and length, thus all ligands are theoretically able to fill all available locations. The ligand 

locations can be merely predicted as statistical distributions within the framework. Of course, the 

incorporation of several, very similar ligands is not unique to MOF-5 and it is easy to imagine that 

multivariate versions- at least theoretically- exist for a large number of MOFs. For a multicomponent MOF, 

such as MUF-77, multivariate analogues can be obtained by introducing several similar ligands for each 

component of the MOF. 

 

Figure 1-25 Comparison of the multicomponent MOF MUF-77 with a multivariate MOF like MTV-MOF-5. 

Those structural differences also have important implications for the properties of each MOF family. 

MTV-MOFs are easy to synthesize, due to the great similarities in the ligands’ coordination behaviours. The 

properties of the resulting MOFs can easily be modified by the introduction and combination of several 

different ligands. Alterations in MTV-MOF-5 thus led to major changes in the gas uptake behaviour of the 
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MOF. However, those modulations are limited to the statistical incorporation and distribution of the ligands. 

It is impossible to design and predict individual pores. This becomes a significant obstacle when trying to 

arrange less-compatible ligands within the pores. In this case, the naturally preferred ligand arrangement 

for each pore might lead to unwanted aggregation of certain ligand types at different framework locations 

to avoid steric or physiochemical repulsion of ligands within the pore. The synthesis of multicomponent 

MOFs is more challenging, as it requires favourable crystallization conditions for ligands with different 

geometries and properties. The synthetic procedures also need to favour the multicomponent MOF over the 

possible frameworks formed by each component. However, once obtained, multicomponent MOFs like 

MUF-77 allow for precise modulation of the framework pores, enabling the combination of ligands with 

very different properties in a highly predictable manner.  

1.4.2 Modularity of MUF-77 

The modular of MUF-77 was demonstrated by our group in the work on tuning the luminescent output of 

the MOF.148 Incorporation of different fluorophores into MUF-77 allowed to finely tune the emission spectra 

of the whole framework as a combination of the individual emission spectrum (Figure 1-26). The different 

tritopic truxene linkers showed maximum emission around 430 to 445 nm, using an excitation wavelength 

of 390 nm. That yielded a blue colour of the framework under UV light exposure. Functionalization of the 

parent ditopic bpdc linker with a guanidine group shifted the emission maximum to 570 nm. Upon 

incorporation into MUF-77, the framework produced a yellow emission band. A similar influence in 

emission on the framework was observed when the ditopic bdc ligand was functionalized with an amino 

group, yielding a linker with a strong blue emission, leading to a deep-blue emission band of the 

frameworks. Combining both linkers with a suitable truxene-based linker gave access to MUF-77 with white 

emission. In additional experiments, the yellow contribution to the overall emission was finely modified by 

diluting the fluorophoric guanidine-functionalized bpdc with essentially non-emissive parent bpdc linkers. 

This work beautifully highlighted the isoreticular chemistry possible within MUF-77 and the potential of 

multicomponent MOFs for tuning desired applications by linker combination and pore design. 
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Figure 1-26 The combination of different fluorophoric linkers within MUF-77 allowed to finely tune the 
emission spectra of the framework as a complex combination of the individual emission profiles. 

1.4.3 Pore Modulation in MUF-77 for Tuning Catalysis 

The challenge in the design of novel catalytic systems arises from the limitations of tuning the catalyst 

properties for specific, demanding reactions. This can be often observed in the synthesis of fine chemicals 

where catalyst selectivity is essential for obtaining the desired product. Enzymes are well known for 

achieving high selectivity by providing favourable pore environments for certain substrates. However, 

altering those enzyme catalysts in a controlled manner is challenging and due to their structural complexity, 

the stability is often limited to very specific and often mild conditions. Traditional molecular catalysts were 

employed to close the gap and widen the scope of catalysts. Their design relies on traditional synthesis and 

is thus easily altered. A large variety can be relatively easily designed and screened. However, due to their 

limited structural complexity, they are often limited in the extent of controlling the substrate environment. 

While more complex molecular systems can be obtained, their syntheses become more challenging and the 

structural arrangement in solution is often hard to predict. Multicomponent MOFs like MUF-77 are valuable 

scaffoldings for selective catalytic applications. Through isoreticular chemistry, the linkers are easily 

replaced with known molecular catalysts. Adjusting the remaining linkers to the desired reaction allows the 

creation of a unique and highly specific pore environment. 

Proline is a well-known organocatalyst and its successful application as a chiral catalyst defined a milestone 

in asymmetric organocatalysis.149–152 The potential for catalytic applications of proline was reported in the 

early 1970s and the reaction was coined Hajos–Parrish–Eder–Sauer–Wiechert after the researchers 

involved.153,154 While the scope of catalytic applications was quickly broadened, including Mannich 

reactions155, α-amination of aldehydes156 and Michael additions,157 aldol reactions remained among the 

most prominently featured reactions successfully promoted by proline with great enantioselectivity.158 Our 

group successfully installed a proline functional group within the MUF-77 framework (Figure 1-27).143 

Adapting the protocol61 presented earlier (Chapter 1.2.2.2) the ditopic bpdc and bdc linkers were 

functionalized with a Boc-protected proline group. The functionalized linkers were then used in the 

synthesis of MUF-77 with the unaltered ditopic counterpart, tritopic hmtt linkers, and zinc nitrate 
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tetrahydrate in diethylformamide (DEF) as solvent. The MUF-77 crystals with the formulas 

[Zn4O(hmtt)4/3(bpdc-Pro-Boc)1/2(bdc)1/2] or [Zn4O(hmtt)4/3(bpdc)1/2(bdc-Pro-Boc)1/2] were then exposed 

to high temperature under vacuum to cleave off the thermolabile Boc protection group. The obtained 

proline-functionalized MUF-77 crystals were active catalysts for the aldol reaction of acetone and 

p-nitrobenzaldehyde. The proline group retained its catalytic activity within the MOF pores and the 

heterogeneous nature of the catalyst allowed for easy recyclability. The advantage of multicomponent MOFs 

was demonstrated by adjusting the pore environment around the catalytic side. Adjusting the length of the 

alkyl chain of the truxene linkers improved the activity, while functionalization of the bdc linker increased 

the selectivity of the proline catalyst for the tested aldol and Henry reactions. 

 

Figure 1-27 Schematic representation of pore modulation strategies within MUF-77.  

1.5 Research Aims and Objectives 

To expand the scope of potential applications for MUF-77, the incorporation of functionalized linkers is of 

great importance. While the synthesis of MUF-77 has been well understood for previously reported linker 

combinations, incorporating new linker systems is not trivial and often leads to the formation of unknown 

phases, rather than the desired MUF-77 product. Competing formation of other multicomponent or single-

ligand-MOF systems from the same set of linkers often interferes with MUF-77 synthesis in favour of the 

formation of unknown crystalline phases. This work is aimed at deepening our understanding of the 

competing MOF formations. By systematically adjusting individual parameters of the standard MUF-77 

synthesis conditions, we can monitor the impact on MOF composition. In our experience, linker ratios and 

linker functionalization are crucial parameters for the successful MUF-77 synthesis and thus provided a 

promising starting point for this analysis. The findings would not only shed light on the different synthetic 

parameters for successfully and reliably obtaining MUF-77 but investigating the new crystalline phases 

would allow us to identify potential new MOF systems with unique characteristics and properties. Chapter 

2 of this work is focused on the discussion of novel MOFs obtained from traditional MUF-77 building blocks. 
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As described in the previous chapter, MUF-77 was successfully employed as a scaffold for proline-catalyzed 

reactions. We envision broadening the scope of MUF-77 catalytic systems towards the implementation of 

transition metal complexes as active catalysts. We outlined a broad range of possible catalysts and 

transformations that such systems would allow access to. We hypothesize that pore modulation, similar to 

the reported organocatalytic MUF-77 examples, would enable us to access catalyst performances 

surpassing those achievable through traditional homogeneous catalysts, paired with easy recyclability 

inherent to heterogeneous materials. The functionalization of known MOFs with catalytically active 

transition metal catalysts has its unique challenges. The design of MUF-77-compatible linkers needs to take 

MOF and linker properties, like stability and steric demand, into account. To identify suitable transition 

metal catalysts, we aim to employ traditional MUF-77 linkers and introduce functionalities suitable for the 

stabilization of transition metal complexes. The examples of transition metal complexes and catalysts 

described in the introduction to this work include, in our eyes, the most promising starting candidates for 

this exploration due to their structural resemblance to traditional MUF-77 linkers. MUF-77-compatible 

linkers shall be synthesized and further investigated for the incorporation into MUF-77. Upon successful 

installation of a transition metal complex within the MUF-77 scaffold, the catalytic activity should be 

evaluated based on well-established protocols for similar homogeneous systems. Once satisfying catalytic 

activity is achieved, pore modulation by functionalization of the adjacent linkers with catalytically inert 

moieties should be employed to tune the catalytic performance. The findings of this approach are discussed 

in Chapters 3 and 4. 

MOFs like PCN-333 provide powerful platforms for the encapsulation of enzymes. We envision that similar 

interactions with bioelectrocatalytic electrodes could improve electrode performance and stability. 

However, bioelectrode preparation and application often include the use of aqueous buffers to ensure 

enzyme stability, conditions detrimental to the stability of many MOFs. Thus, the stability and behavior of 

PCN-333 under those conditions need to be understood. Subsequently, the impact of MOF modifications on 

bioelectrode stability and performance should be evaluated. Our investigations on this topic are presented 

in Chapter 5. 

In addition to traditional characterisation techniques employed in organic chemistry, such as 13C NMR and 

1H NMR spectroscopy, which are used to confirm the organic linker synthesis, additional standard methods 

are available for MOF characterisation. The molecular arrangement and structure of the new materials can 

be confirmed by X-ray diffraction analysis of well-ordered and sufficiently large single crystals. Here, the 

detected diffractions are used to model the crystal's unit cell dimensions, the positions of all atoms within 

the unit cell, and the bond lengths and angles between them. Bulk properties of the material are often 

determined by powder X-ray diffraction, as this method can be employed to quickly gather information 

about the crystallinity and composition of bulk samples. Similar to single-crystal X-ray diffraction, the 

incident X-ray beam is diffracted at specific angles by the crystalline structure. A detector measures the 

intensity of these diffracted X-rays as a function of the diffraction angle (2θ), creating a unique "fingerprint" 

pattern for the material. Additionally, the MOF composition can be determined by NMR spectroscopy. 

Where solid-state NMR is not available or applicable, the solid samples are usually digested and dissolved, 

often described as “digested”, in a suitable deuterated solvent before the solutions are subjected to the 

analysis. The information obtained includes the ratio of ligands within the solid material and the chemical 



Chapter 1 | Introduction 

25 

nature of the linkers upon exposure to the MOF synthesis conditions. Additionally, measuring the 

adsorption of different gases provides insights into the surface area, pore size distribution, and the 

interaction of the new materials with gases. The enzyme activity of bioelectrodes can be established by 

cyclic voltammetry. Cyclic voltammetry (CV) is used to study electron transfer processes involving enzyme 

catalysts. By sweeping the electrode's potential and measuring the resulting current, CV provides insights 

into the redox activity of the biocatalyst. Stability of the electrodes can be further analysed by 

chronoamperometry (CA), an electrochemical technique where a constant potential is applied to an 

electrode, and the resulting current is measured as a function of time. 
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Chapter 2  New MOFs From MUF-77 Building Blocks 

2.1 Overview 

The synthesis of multicomponent MOFs is challenging due to the various combination possibilities of linkers 

and metal nodes. This is also true for MUF-77. The synthesis of MUF-77 from new organic ligands often 

requires adjustments of the synthetic conditions to account for differences in the ligands’ properties. 

Different solubilities or electrochemical properties can influence the coordination behavior of each ligand 

and thus have a detrimental impact on the nucleation and crystallization of the desired MOF. It is not 

surprising that during new synthesis attempts of isoreticular MUF-77 systems, second phases of unknown 

origin can be observed (Figure 2-1). To this point our understanding of the formation of those secondary 

phases and their structures was very limited. Deeper insights into these systems would enable us to fine-

tune synthetic conditions for MUF-77, leading to more successful and consistent outcomes. Additionally, it 

may reveal new applications if the resulting MOFs exhibit promising properties. 

 

Figure 2-1 MUF-77 synthesis attempts leading to the formation of a second, novel, and crystalline phase. 

Small changes in the reaction conditions can have a large impact on the MOF formation. An example was  

shown by the Matzger group, where the combination of a ditopic bdc and a tritopic 

1,3,5-tris(4-carboxyphenyl)benzene (btb) linker with a Zn2+ source led to the formation of new MOFs 

(Figure 2-2).159 Under otherwise identical reaction conditions, an excess of bdc led primarily to the 

formation of MOF-5. Increasing the amount of tbt in the synthetic procedure led to a mixture of products. 

Besides MOF-5 a second framework was identified and denoted as UMCM-1. The framework with the 

molecular formula Zn4O(bdc)(btb)4/3 is constructed from both, ditopic and tritopic ligands. Optimizing the 

molar ratios allowed to tweak the product formation towards a pure UMCM-1 phase. Further increases in 

the molar btb:bdc ratio led to a new mixture of MOF materials, UMCM-1 and MOF-177,160 a MOF formed 

solely by btb ligands and metal SBUs. Increasing the amount further led to the uniform formation of MOF-

177.
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Figure 2-2 The combination of bdc and btb linkers with zinc nitrate in N,N-diethylformamide under the 
same conditions yielded three different MOFs, MOF-5, UMCM-1, and MOF-177, depending on the linker 
stoichiometry.159 

This versatility was exploited for the formation of new structures. The Yaghi group utilized extended 

tritopic ligands to synthesize new MOFs with high porosity (Figure 2-3). The combination of btb with a 2,6-

napthalenedicarboxylate (ndc) ditopic ligand successfully formed a new framework, MOF-205. A 

combination of btb and bpdc was long believed to not lead to a MOF formation.161 Only after extension of 

the btb linker, the new 4,4′,4″-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate (bte) linker was 

successfully combined with bpdc in the synthesis of MOF-210.162 The similarity of ligands and reaction 

conditions to the ones applied for the MUF-77 synthesis was striking. Thus, it is not surprising, that during 

synthesis attempts of new MUF-77 analogues the formation of different crystals is often observed, either as 

a secondary phase or as the main product.  
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Figure 2-3 Overview of the different MOFs reported by the Yaghi group.161 The MOFs were based on tritopic 
linkers, either used individually or in combination with ditopic linkers. 

2.2 Results and Discussion 

To investigate the formation of new crystal phases, we adjusted the typical MUF-77 synthesis procedures 

by systematically adjusted linker composition and reagent ratios as outlined in the following chapters. 

During our investigations, we found at least six reoccurring crystalline products (Figure 2-4). We denoted 

the new phases as BMUFs as we first noticed them as byproducts during MUF-77 synthesis. 

 

Figure 2-4 Overview of the crystalline phases obtained from hmtt, benzoic acid (BA) and zinc nitrate 
tetrahydrate in DMF or DEF. 
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2.2.1 Synthesis and Characterization of M[Zn4O(hmtt)2(bpdc)0.5] 

MUF-77 synthesis is often accompanied by the formation of a second phase of distinct crystalline solids, 

regularly observed as spherical clusters. For many ligand combinations, we found those clusters as the main 

product of the attempted MUF-77 synthesis. Removal of those clusters by hand is cumbersome and 

adjustments to the reaction conditions were only sometimes successful. Thus, we decided to investigate the 

formation of this byproduct. During our investigations, we found that the novel multicomponent framework 

was comprised of hmtt and bpdc ligands. A synthetic procedure was developed to produce the MOF with 

phase purity. Combining hmtt with bpdc zinc nitrate in DMF yielded uniform colourless crystals of a new 

multicomponent MOF, which was coined BMUF-2.  

 

Scheme 1 Synthesis of BMUF-2 from hmtt, bpdc, benzoic acid (BA) and zinc nitrate tetrahydrate. 

From the integration of the 1H NMR spectrum of the digested MOF in a mixture of DMSO-d6 and DCl we 

determined the ligand ratio of hmtt to bpdc as 1:0.25. 

 

Figure 2-5 1H NMR of the digested BMUF-2 in a mixture of DMSO-d6 and DCl. Only the aromatic region is 
shown for clarity. 

SXRD data confirmed the formation of a framework with the formula M[Zn4O(hmtt)2(bpdc)0.5], where M is 

a monovalent, cationic species (Figure 2-6). In BMUF-2, hmtt linkers form a honeycomb-like framework 
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with bpdc ligands inserted into alternating channels creating octahedral pores. The rhombohedral channels 

span approximately 18 Å x 11 Å in diameter and pores can house a sphere with a diameter of 13 Å 

(determined with CrystalMaker® 10 from the crystal structure, considering the calculated van-der-Waals 

surface). A monovalent cation must be present in the MOF pore to ensure a formal charge balance. This was 

supported by significant unresolved electron density. The cation could not be identified due to the high 

amount of disorder in the pore. 

 

Figure 2-6 Crystal structure of BMUF-2. Carbon atoms are depicted in grey, oxygen in red, nitrogen in blue, 
and zinc in turquoise. Hydrogen atoms are omitted for clarity. 

PXRD data confirmed the phase purity of the sample and was in good agreement with the simulated data 

(Figure 2-7). 

 

Figure 2-7 Experimental PXRD pattern of BMUF-2 (top, black) in comparison with the simulated PXRD 
pattern (bottom, green). 
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As mentioned in the previous chapter, a multicomponent MOF containing bpdc ligand and a tritopic btb 

type ligand was long considered not possible.161 However, recent reports showed that reducing the 

symmetry of the tritopic ligand allowed the combination with bpdc to successfully form frameworks with 

new topologies. Duan et al. synthesized a framework with hww topology from tritopic linkers with C2v 

symmetry.163 They theorized that reducing the symmetry of the ligand avoided the preferred average 

coordination of six ligands, as usually observed for btb, around the cluster, creating coordination sites for 

terminal ligands. They were able to adjust the pore volume, sizes, and shape of the MOF by systematically 

altering the size of ditopic and tritopic ligands. Hmtt and similar truxene-derived tritopic ligands are of C3h 

symmetry. While the symmetry is lowered compared to btb, the coordination geometry of hmtt can also be 

depicted as a planar triangle with similar dimensions (Figure 2-8). 

 

Figure 2-8  Comparison of tritopic ligands with different symmetries and sizes in the synthesis of new 
multicomponent MOFs. Atom-to-atom distances were calculated from structural models of the ligands. The 
ligand geometry was optimized using the software Avogadro 1.20164 employing a MMFF94 forcefield. 

It is mainly the lower symmetry that sets hmtt and btb apart, breaking up the preferred coordination 

uniformity and allowing for the incorporation of the ditopic bpdc ligands. Compared to the terphenyl-type 

tritopic ligands employed by Duan et al. hmtt is in close resemblance to btb, highlighting the importance of 

the symmetry-derived coordination preferences of the ligands as opposed to length or shape differences, 

which could also explain the different behaviour of btb compared to the terphenyl-type ligands. We 

observed this kind of framework for a number of different additional ligands and found the typical crystals 

in many other MUF-77 synthesis attempts, indicating the tolerance of the framework towards different 

organic linkers. 
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Typically for many Zn-based MOFs, BMUF-2 showed good stability in different solvents. After drying the 

crystals from acetone or dichloromethane the PXRD changed significantly. The overall signal-to-noise ratio 

was decreased, indicating a partial structural collapse. Only two broadened peaks around 2θ = 6.0° and 

10.4° indicated some retained crystallinity. In our experience, many Zn-SBU-containing MOFs often require 

elevated temperatures under vacuum to fully remove n-octane from the MOF pores. We theorized that 

trapped n-octane within the pore could lead to partial structural support of the MOF during the desolvation 

process. A sample in n-octane was mounted and the solvent was slowly allowed to evaporate over of 30 min. 

During the desolvation process, we observed retained crystallinity, but distinct changes within the PXRD 

pattern (Figure 2-9). Most notably the peaks around 2θ = 3.9° and 8.0° gained in relative intensity while the 

characteristic peaks around 2θ = 5.6° and 6.3° decreased in intensity with continued solvent evaporation. 

Upon full solvent removal under vacuum at 150 °C for 20 h the material’s PXRD pattern resembled those 

observed from drying in more volatile solvents. The structural change was irreversible. A partial structural 

collapse was supported by the calculated BET surface area from N2 adsorption isotherms at 77 K of only 

170 m²/g, a very low value for MOFs and for the porosity expected from the SXRD data. 

 

Figure 2-9 PXRD pattern of BMUF-2 during slow solvent evaporation and after complete solvent removal. 

2.2.2 Synthesis and Characterization of M[Zn4Ohmtt)2(bdc)0.5] 

Inspired by the new MOF variants discussed in the previous chapter, we decided to investigate a possible 

combination of tritopic truxene-derived ligand and a shorter ditopic ligand such as bdc. We expected that 

the combination of hmtt and bdc would not yield BMUF-2, as bdc was not long enough to replace bpdc in 

the framework. We were curious if this new combination would lead to a new multicomponent MOF or if 

single-ligand MOFs were preferred under those conditions. A new multicomponent MOF from those ligands 

would also allow us to shed more light on the synthesis of MUF-77 and the potential competing reactions. 

Hmtt and bdc were heated in a solvothermal oven with zinc nitrate in a solution of DMF and benzoic acid 

(BA) as crystal growth modulator to yield phase-pure crystals of a new MOF, which we denoted as BMUF-4 
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(Figure 2-10). The crystals were washed with DMF to remove excess reagents before being analyzed by 

PXRD, SXRD, and 1H NMR spectroscopy. 

 

Figure 2-10 Synthesis of BMUF-4 from hmtt, bdc and zinc nitrate tetrahydrate. 

The 1H NMR spectrum of the digested MOF showed a ligand ratio of four hmtt linkers for each bdc linker 

(Figure 2-11). 

 

Figure 2-11 1H NMR spectrum of BMUF-4 upon digestion in DMSO-d6/DCl. Only the aromatic region is 
shown for clarity. 

The crystals were stable while solvated, but lost crystallinity within minutes when exposed to air upon 

desolvation. Samples were handled solvated where possible. SXRD analysis of the crystals revealed a new 

framework with the formula M[Zn4O(hmtt)2(bdc)0.5], where M is a monovalent, cationic species (Figure 

2-12).  
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Figure 2-12 Crystal structure of BMUF-4, M[Zn4O(hmtt)2(bdc)0.5]. Carbon atoms are depicted in grey, 
oxygen in red, and zinc in turquoise. Hydrogen atoms were omitted for clarity. 

The large pore can be best described as a gyroelongated square pyramid that can fit a sphere with a 

diameter of 14 Å (determined with crystal maker from the crystal structure, considering the calculated van-

der-Waals surface) but offers additional pore volume due to its elongated nature. The smaller pore can fit a 

sphere with a radius of 11 Å. Attempts to determine the topology with CrystalNets165 and TopCryst166 did 

not match a known topology. The pores incorporate both ligand types, hmtt and bdc. Zn4O clusters were 
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observed for BMUF-4 and consisted of two tetragonal and two distorted trigonal bipyramidal coordinated 

zinc atoms. This cluster arrangement is very similar to the ones observed in BMUF-2 and in Duan’s reported 

isoreticular MOF.163 However, it stands in contrast with the SBUs observed for MOF-210 and MUF-77, which 

are solely comprised of only tetragonal coordinated zinc atoms (Figure 2-13). To ensure the formal charge 

balance between ligands and Zn SBUs a cationic species must be present within the BMUF-4 pore, which 

was supported by significant unresolved electron density within the MOF pore. The high degree of disorder 

did not allow for an identification. While MUF-77 is stable under air for prolonged periods, exposure to 

excess water quickly leads to the decomposition of the SBUs and the framework.  The lability towards water 

is pronounced in BMUF-2 and BMUF-4 and exposure of the dried samples to moisture, as in ambient air, 

quickly leads to the decomposition of the frameworks. 

 

Figure 2-13 The Zn4O-clusters of BMUF-2 (left), BMUF-4 (middle) and MUF-77 (right) in comparison. 

PXRD patterns of the samples were in good agreement with the simulated data and indicated the phase-

purity of the sample (Figure 2-14). For removal of the solvent, the crystals were first washed with acetone 

before being washed with n-octane. The tendency of n-octane to maintain within the MOF pores was 

exploited to allow safe handling and removal of excess solvent before the samples were heated at 150 °C 

under vacuum and kept under an inert atmosphere. BMUF-4 showed the MOF-typical high porosity even 

after activation, supported by an estimated BET surface area of 2180 m²/g calculated from nitrogen 

adsorption isotherms at 77 K. BMUF-4 could also be obtained through a room-temperature synthesis 

protocol, similar to MUF-77. However, the PXRD pattern and 1H NMR spectrum indicated that the sample 

was not phase pure. Further experiments to optimize the room temperature synthesis protocol are 

necessary. 
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Figure 2-14 Experimental PXRD pattern of BMUF-4 (top, black) in comparison with the simulated PXRD 
pattern (bottom, red). 

2.2.3 Hmtt-Single-Linker MOFs 

While multicomponent MOFs seemed to be prevalent under synthesis conditions employing different 

ligand-types, we sometimes observed the formation of additional crystalline phases.  MOF-5, IRMOF-9 and 

MOF-177 are archetypal MOFs based on Zn4O SBUs, thus we expected to identify those MOFs in crystalline 

byproducts. However, the typical PXRD pattern of those MOFs were hardly observed. To shed more light 

onto the issue we further investigated the products formed from only the tritopic hmtt ligand under 

conditions similar to the synthesis of MUF-77. MUF-77 can be synthesized in DMF or DEF with varying 

amounts of benzoic acid as crystal growth modulator and the synthesis often tolerates variations in the 

ligand ratios.  We found that the combination of hmtt with zinc nitrate tetrahydrate in DMF or DEF with 

different amounts of added water or crystal growth modulator benzoic acid led to the formation of several 

different crystalline phases. We investigated the product outcome more thoroughly with DMF as solvent. 

We identified four major crystalline phases that formed either as sole product or combination of different 

phases (Figure 2-15). 
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Figure 2-15 Overview of different crystalline phases observed from hmtt and zinc nitrate tetrahydrate in 
DMF with different modulators. 

Which phase formed was mostly dictated by the amount of water added and seemed unaffected by the 

amount of benzoic acid. For both phases phase-pure synthetic conditions were successfully established. 

With the addition of water to the reaction mixture, a distinct crystalline phase, which we named BMUF-7, 

was predominant. The intergrown crystals were not suitable for single-crystal X-ray analysis. Without the 

addition of water, a new MOF, which we coined BMUF-1, was the predominant synthesis product. For the 

phase-pure synthesis of BMUF-1, hmtt was combined with zinc nitrate tetrahydrate and benzoic acid as 

growth modulator in dimethylformamide and heated in a solvothermal oven at 85 °C for 48 h. The MOF was 

obtained as colorless hexagonal plates, with crystals often being truncated. An alternative room-

temperature synthesis protocol with zinc acetate as metal source was also developed, leading to the 

formation of a fine crystalline powder. Interestingly, the collected PXRD pattern of the MOFs showed great 

similarity with the experimental and simulated PXRD pattern of BMUF-2 (Figure 2-16). The resemblance of 

the characteristic peaks around 2θ = 15.8, 13.9, 11.0, 8.8, 7.7, 5.8, and 4.3 Å to the BMUF-2 pattern indicated 

a similar structural arrangement of the MOFs.  While phase-pure samples were successfully synthesized, 

the obtained crystals were not suitable for SXRD analysis. Despite different attempts to shield the sample 

from solvent evaporation and ensure MOF stability, for example by snap freezing in liquid nitrogen or 

covering in a solvent-filled sleeve, the observed diffraction was insufficient to allow for an accurate 

crystallographic model. Both BMUF-1 and BMUF-7, showed traces of trapped benzoic acid in the 1H NMR 

spectrum upon digestion of the MOFs despite washing the MOFs with solvent over a prolonged time. 
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Figure 2-16 PXRD pattern of BMUF-1 (black, top) in comparison to the experimental (dark green, middle) 
and simulated PXRD pattern of BMUF-2 (bottom, light green). 

We observed two rarer MOF byproducts during our synthetic experiments. They were coined BMUF-3 and 

BMUF-6. Attempts to establish reproducible, phase pure synthesis conditions were not fruitful. The 

difficulties underlined the complexities of MOF synthesis, even with only a single organic linker, and 

showcased that the crystal formation can be dictated by parameters beyond ligand and modulator ratios. 

BMUF-3 is isoreticular to the truxene MOFs reported by our group previously.167 SXRD data showed the 

framework was comprised of two channels, a larger trigonal channel, with a window size of around 10.3 Å, 

and a smaller, helical channel with a window size of 9.6 Å can be described (Figure 2-17). The hmtt ligands 

are arranged into ligand pairs in a gauche confirmation. Three ligand pairs are assembled in a threefold 

paddlewheel-like structure around the Zn SBUs. Three zinc-oxygen clusters line up to form the SBUs, capped 

by one water molecule each. The central cluster shows an octahedral arrangement, whereas the two wing-

side zinc clusters show a trigonal-pyramidal geometry. This arrangement is slightly distorted from a classic 

tetrahedral coordination.  
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Figure 2-17  Crystal structure of BMUF-3. The smaller, helical channel is shown in a). The paddlewheel 
structure of the pair-wise arranged ligands is shown in b), and c) depicts the zinc SBU. Carbon atoms are 
depicted in grey, oxygen in red, and zinc in turquoise. Hydrogen atoms have been omitted for clarity. 

BMUF-5 was found in several reactions as a side product. SXRD data of the crystals revealed a structure 

dictated by open channels with around 7.1 Å in diameter accessible (the void space was calculated with the 

software CrystalMaker® 11). According to our model, the zinc SBUs were stabilized by the coordination of 

several solvent molecules. We expected this more unusual arrangement to be the reason for the propensity 

of other MOFs to be formed in the synthesis procedures, as we expected the coordination of the organic 

linker to be relatively stronger and thus preferred over solvent coordination. The Zn SBUs were arranged 

in wave-like layers, interconnected by hmtt linkers. 

 

Figure 2-18 Crystal structure of BMUF-5, depicting the characteristic channels (left) and a sideview 
showing the layered arrangement of clusters (right). Carbon atoms are depicted in grey, oxygen in red, 
nitrogen in blue and zinc in turquoise. Hydrogen atoms have been omitted for clarity. 

2.3 Conclusion 

Our experiments were another proof of the vast possibilities of MOF synthesis. Using similar conditions to 

traditional MUF-77 procedures we observed more than six different possible MOFs, four single linker hmtt 

MOFs and two multicomponent MOFs incorporating hmtt and either bpdc or bdc. The MOFs showed 
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unusual structural arrangements, which we attributed to the reduced symmetry of hmtt compared to 

simpler trigonal linkers such as btb. The synthesis and characterization of new multicomponent 

frameworks allow us to expand our scope of potential multicomponent MOF catalysts in future experiments. 

For example, linker functionalized with catalytically active species can be incorporated. The 

multicomponent nature of the novel materials promises unique and easily tunable pore environments for 

embedding potential catalysts. 
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2.4 Experimental 

All starting materials and solvents were used as received from commercial sources without further 

purification. NMR spectra were recorded at 25 °C (unless otherwise noted) on Bruker-400 and Bruker-500 

Avance instruments, with the use of the solvent proton as an internal standard. Low-pressure gas 

adsorption isotherms were measured by a volumetric method using a Quantachrome Autosorb iQ2 

instrument. All adsorption measurements used ultra-high purity gases. X-ray diffraction measurements 

were carried out on either Rigaku Spider or Bruker D8 Venture.  

2.4.1 MOF Synthesis 

BMUF-1, solvothermal synthesis Hmtt (1.9 mg, 3.4 µmol, 1 eq.), benzoic acid (4.2 mg, 34 µmol, 10 eq.) and 

a 0.478 M zinc nitrate tetrahydrate solution in DMF (100 µL) were combined in DMF (900 µL). The solution 

was placed in an isothermal oven at 85 °C for 48 h to yield colorless, hexagonal crystals. The solvent was 

replenished with fresh DMF (5x). 

BMUF-1, room temperature synthesis Hmtt (6.0 mg, 10.7 µmol, 1 eq.) was dissolved in DMF (0.3 mL). 

While stirring, a solution of zinc acetate dihydrate (9.1 mg, 0.415 mmol, 39 eq.) in DMF (0.2 mL) and water 

(10 µL) was added. Immediate precipitation of solids was observed. The reaction was stirred at room 

temperature for 60 min before the solids were isolated by centrifugation and washed with DMF (3x). 

BMUF-2, M[Zn4O(hmtt)2(bpdc)0.5] Hmtt (10.2 mg, 18.3 µmol, 1 eq.), bpdc (7.5 mg, 31 µmol, 1.7 eq.), 

benzoic acid (100 mg, 0.819 mmol, 45 eq.) and zinc nitrate tetrahydrate (62.5 mg, 0.239 mmol) were 

combined in DEF (5 mL) and water (250 µL). The solution was sonicated for 10 min and placed in an 

isothermal oven at 85 °C for 48 h to yield golden, rectangular plates. The solvent was replenished with fresh 

DMF (5x).  

BMUF-4, M[Zn4O(hmtt)2(bdc)0.5] Hmtt (10.0 mg, 17.9 µmol, 1 eq.), bdc (5.5 mg, 33 µmol, 1.9 eq.), benzoic 

acid (60 mg, 0.819 mmol, 45 eq.) and a 0.478 M zinc nitrate tetrahydrate solution in DMF (1 mL) were 

combined in DMF (5 mL) and water (250 µL). The suspension was sonicated for 10 min and placed in an 

isothermal oven at 85 °C for 48 h to yield colourless plates. The solvent was replenished with fresh DMF 

(5x).  

BMUF-7 Hmtt (1.9 mg, 3.4 µmol, 1 eq.), benzoic acid (12.0 mg, 98.3 µmol, 29 eq.) and a 0.478 M zinc nitrate 

tetrahydrate solution in DMF (100 µL) were combined in DMF (900 µL) and water (100 µL). The solution 

was placed in an isothermal oven at 85 °C for 24 h to yield colourless, fan-like crystal clusters. The solvent 

was replenished with fresh DMF (5x). 

2.4.2 NMR Spectroscopy 

Solvated crystals in DMF were washed with acetone (5x) before being dried under vacuum. For 1H NMR 

spectroscopy, the desolvated crystals were digested using the following protocol: 23 μL of a 35% DCl 

solution in D2O was mixed with 1 mL of DMSO-d6 to give a DCl/DMSO-d6 stock solution. The sample was 

digested in 150 μL of this stock solution together with 450 μL of DMSO-d6. Spectra were acquired 

immediately following dissolution. 
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Figure 2-19 1H NMR spectrum of BMUF-2 upon digestion in DMSO-d6/DCl. 

 

Figure 2-20 1H NMR spectrum of BMUF-4 upon digestion in DMSO-d6/DCl. 
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Figure 2-21 1H NMR spectrum of BMUF-1 upon digestion in DMSO-d6/DCl. 

 

Figure 2-22 1H NMR spectrum of BMUF-7 upon digestion in DMSO-d6/DCl. 
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2.4.3 PXRD Patterns 

All powder X-ray diffraction measurements were carried out on either Rigaku Spider or Bruker D8 Venture. 

Rigaku Spider X-ray diffractometer is equipped with CuKα radiation (Rigaku MM007 microfocus rotating-

anode generator), monochromated and focused with high-flux Osmic multilayer mirror optics and a curved 

image plate detector. Bruker D8 Venture diffractometer is equipped with CuKα radiation with a diamond 

microfocus X-ray source and a Photon III 28 detector. The two-dimensional images of the Debye rings were 

integrated with 2DP or Diffract Eva to give 2θ vs I diffractograms. Predicted powder patterns were 

generated from single-crystal structures using Mercury.  
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2.4.4 SXRD Measurements 

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture, and the 

measurement temperature was controlled using Oxford Cryostream if required. Bruker APEX 3 was used to 

collect and process data, and the structure was solved and refined using the Shelx package168,169 under 

Olex2.170 

Table 2-1 Summary of X-ray crystallography data for the BMUF series. 

Name BMUF-2 BMUF-4 BMUF-3 BMUF-5* 

Empirical 
formula 

C79H58O15Zn4 C76H56O15Zn4 C72H58O14Zn3 C45H50N3O11Zn2 

Formula weight 1508.73 1470.68 1343.29 939.62 

Temperature/K 294 294 294 100 

Crystal system monoclinic orthorhombic cubic tetragonal 

Space group P21/n Pbca P4332 P43212 

a/Å 17.5358(12) 29.8345(7) 25.3199(11) 23.5031(6) 

b/Å 31.802(2) 30.8553(7) 25.3199(11) 23.5031(6) 

c/Å 31.621(2) 35.3960(8) 25.3199(11) 29.6809(12) 

α/° 90 90 90 90 

β/° 91.695(3) 90 90 90 

γ/° 90 90 90 90 

Volume/Å3 17627(2) 32583.9(13) 16233(2) 16395.6(11) 

Z 4 8 4 8 

ρcalcg/cm3 0.569 0.6 0.55 0.761 

μ/mm-1 0.836 0.898 0.73 1.001 

F(000) 3088 6016 2768 3912 

Crystal size/mm3 0.2 × 0.1 × 0.6 0.3 × 0.1 x 0.5 0.2×0.2×0.2 0.2×0.2×0.3 

Radiation 
CuKα (λ = 
1.54178) 

CuKα (λ = 
1.54178) 

CuKα (λ = 
1.54178) 

CuKα (λ = 
1.54178) 

2Θ range 
for data 
collection/° 

3.942 to 153.618 4.818 to 153.032 26.34 to 152.306 4.796 to 152.854 

Index ranges 
-21 ≤ h ≤ 21 
-37 ≤ k ≤ 39 
-39 ≤ l ≤ 39 

-33 ≤ h ≤ 33 
-33 ≤ k ≤ 37 
-40 ≤ l ≤ 44 

-31 ≤ h ≤ 23 
-18 ≤ k ≤ 22 
-31 ≤ l ≤ 26 

-29 ≤ h ≤ 29 
-29 ≤ k ≤ 28 
-35 ≤ l ≤ 36 

Reflections 
collected 

307229 393448 39614 243973 

Independent 
reflections 

3659 
Rint = 0.0475 
Rsigma = 0.0258 

32605 
Rint = 0.0675 
Rsigma = 0.0371 

5558 
Rint = 0.1088 
Rsigma = 0.0769 

17119 
Rint = 0.0412 
Rsigma = 0.0181 

Data/restraints/ 
parameters 

36592/58/ 
931 

32605/0/ 
868 

5558/0/ 
134 

17119/156/ 
544 

Goodness-of-fit 
on F2 

1.174 1.46 1.096 1.031 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.1262 
wR2 = 0.3595 

R1 = 0.1041 
wR2 = 0.3331 

R1 = 0.1246, 
wR2 = 0.3094 

R1 = 0.0686 
wR2 = 0.2059 

Final R indexes 
[all data] 

R1 = 0.1282 
wR2 = 0.3607 

R1 = 0.1343 
wR2 = 0.3654 

R1 = 0.1724, 
wR2 = 0.3410 

R1 = 0.0761 
wR2 = 0.2217 

Largest diff. 
peak/hole / e Å-3 

2.44/-1.03 1.09/-1.11 0.41/-1.17 0.39/-0.71 

Flack parameter   -0.11(3) 0.13(3) 

* A solvent mask was used. 
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2.4.5 Gas Adsorption Measurements 

N2 adsorption isotherms were measured by a volumetric method using a Quantachrome Autosorb iQ2 

instrument. Before the initial measurements, as-synthesized samples were washed with acetone (5x) and 

n-octane (5x) and activated under dynamic vacuum at 150 °C for 20 h. BET surface areas were calculated 

from N2 adsorption isotherms at 77 K according to the following procedures171: 

 

Figure 2-23 Nitrogen adsorption isotherm at 77 K and BET surface area plots for BMUF-2. 
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Figure 2-24 Nitrogen adsorption isotherm of BMUF-2 at 77 K. 
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Figure 2-25 Gas adsorption isotherms of BMUF-2 at 293 K. 
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Figure 2-26 Nitrogen adsorption isotherm at 77 K and BET surface area plots for BMUF-4. 
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Figure 2-27 Nitrogen adsorption isotherm of BMUF-4 at 77 K. 
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Figure 2-28 Gas adsorption isotherms of BMUF-4 at 293 K. 

2.4.6 Pore Size Distribution 

The pore size distribution was calculated with VersaWinTM from N2 isotherms at 77 K using a DFT method. 

The selected parameters were: N2 at 77K on carbon (slit/cylindr./sphere pores, QSDFT); adsorbat: nitrogen 

at 77K; adsorbent: carbon. 
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Figure 2-29 Calculated pore size distribution of BMUF-4. 
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Chapter 3  Incorporation of Transition Metal Catalysts 

Into MUF-77 

3.1 Opportunities and Challenges in the Integration of Metal Catalysts in MUF-77 

Molecular transition metal complexes are an important class of homogeneous catalysts. C–C bond formation 

reactions like the Sonogashira,172 Suzuki173–175 or Heck176 reactions are only some of the prominent 

examples that have made it into chemistry laboratories around the globe. Today, the periodic table is widely 

exploited for different synthetic applications. From earth-abundant catalysts for hydrosilylations and 

hydroborations,177 nickel catalysts for asymmetric reactions178,179 to heavy transition metals like gold for 

activating multiple C–C bonds.180–182 Often the improvement of those homogeneous catalysts relies heavily 

on the design of new functional ligands to create highly specialized coordination environments around the 

active metal centre. Specific ligand design can lead to improved catalytic activity and stabilization of the 

catalyst (Figure 3-1).183–186 

 

Figure 3-1 The evolution of ligand design for homogeneous catalysis, illustrated by SPhos186, an example of 
a commercially available Buchwald ligand. By adjusting the steric and electronic properties of the ligand it 
is possible to stabilize the catalyst and improve its performance. 

The prominent role of transition metal (TM) complexes in traditional homogeneous catalysis quickly drew 

the interest of researchers in the MOF community. While the incorporation of those systems first simply 

served as examples in post-synthetic ligand exchange reactions,92,93 their true potential was quickly 

uncovered when the recyclability and stability of MOFs as scaffolding were exploited. The challenges in 

synthesizing a MOF/TM-catalyst hybrid are obvious when considering that MOFs themselves are 

coordination complexes. Ligands employed for the synthesis of the MOF scaffold and ligands stabilizing the 

transition metal catalyst can potentially compete for the same metal ions. This can lead to decomposition of 

the catalyst and problems for the MOF formation. Two strategies are commonly followed for the 

incorporation of a transition metal catalyst in MOF. If the transition metal complex is sufficiently stable 

under MOF synthesis conditions, the complex-bearing linker can be synthesized beforehand and then used 

in the traditional MOF synthesis procedure. However, for less stabile systems, a post-synthetic 

functionalization is often the preferred approach. Here the free ligand is used for the framework synthesis. 

After MOF formation, the ligand is then metalated in a second step under milder conditions.187 If the metal 

chosen as a transition metal catalyst is sufficiently different from the metal nodes forming the MOF, the 

stabilizing ligands often contrast enough from the MOF linkers to avoid any interference. The HSAB theory 

(HSAB = Hard and Soft Acids and Bases)188 is a useful indication for outlining possible combinations of 

ligand/metal pairs.189 The strong interactions between zirconium ions and 
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carboxylate-based linkers, a typical case of interactions between a hard acid and a hard base, are 

demonstrated in the chemical stability of UiO-66, UiO-67, and isoreticular frameworks (Figure 3-2). This 

allowed the incorporation of 2,2'-bipyridine-5,5'-dicarboxylic acid (bipy; the abbreviation is usually used 

for 2,2'-bipyridine but is commonly adapted in the MOF context to refer to the dicarboxylic acid ligand) 

within the framework without any interference during the MOF synthesis.114,190,191 

 

Figure 3-2 Synthesis of bipy-UiO-67 and the post-synthetic metalation with heavy transition metals. The 
stepwise synthesis exploited the difference in affinity of carboxylate and pyridine ligands towards harder 
or softer metals according to the HSAB concept, avoiding interference of the two potential coordination 
sites during MOF synthesis. 

The carboxylate groups of the bipy ligand firmly anchored the linker to the framework Zr6O4(OH)4 SBUs, 

while comparably softer pyridyl donors (according to the HSAB theory) did not interfere with the UiO-67 

formation. Those free coordination sites were then employed to bind soft transition metal ions like Pd2+ and 

Ir+. The introduced metal complexes were active catalysts for the C−H borylation of arenes, intramolecular 

ortho-silylation of benzylicsilyl ethers to benzoxasiloles, and the dehydrogenation of substituted 

cyclohexenones to phenols. The MOF catalysts showed improved catalytic activity, stability, and 

recyclability compared to the homogeneous counterparts.190 

MUF-77 provides an excellent scaffold for the incorporation of transition metal catalysts since the 

functionalisation of the three linkers does not perturb framework assembly except in very rare cases. Yet, 

the choice of potential transition metal catalysts and thus of linkers appended with coordinating motifs is 

limited to complexes that will compete for the zinc(II) ions with the carboxyl groups involved in MOF 

formation. A secondary interaction with the zinc ions in solution would lead to undesired coordination or 

polymerisation during MOF synthesis. The ligand choices are further dictated by geometric restrictions due 

to the structural specifications of MUF-77. The incorporation of existing homogeneous catalysts allows us 

to lean on their well-studied mechanisms and the principle understanding of such systems while evolving 

the catalysts beyond the limits of homogeneous catalysis. Synthetic chemistry has done a wonderful job in 

developing ligand systems large enough to create catalytic pockets and modulate the substrate binding sites 
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of catalysts. Yet, the design of new ligands for homogeneous catalysts becomes more challenging with 

possible unpredictable interactions in homogeneous reaction mixtures. Replacing those complicated ligand 

systems through the incorporation of the parent catalyst into a MOF pore with tuneable properties allows 

for modulation of the substrate environment beyond the possibilities of homogeneous systems. It is 

noteworthy, that in the following discussion about transition metal complexes within MUF-77 the focus 

solely lies on the functionalization of the organic linkers with potential catalytically active species. While 

the metal clusters necessary for MOF assembly can be altered192–194 and exploited for catalytic purposes195 

it was not part of our strategy for MUF-77.  

3.2 Results and Discussion 

3.2.1 Bipyridine Linkers for the Incorporation into MUF-77 

As discussed in the previous chapters, bipy was successfully used to produce transition metal catalysts 

within UiO-67-type frameworks. The linear geometry 2,2'-bipyridine-5,5'-dicarboxylic acid and its 

similarity to bpdc, traditionally used for the MUF-77 synthesis, made this an interesting target. This would 

lead to a useful intermediate for subsequent post-synthetic metalation steps to obtain a catalytically active 

transition metal complex within the MUF-77 framework. We hypothesized that the milder room-

temperature conditions might be advantageous for a successful MUF-77 synthesis. We followed the original 

procedure for the synthesis of rtMUF-77, while replacing bpdc with 2,2'-bipyridine-5,5'-dicarboxylic acid 

(Route A, Figure 3-3) or a pre-metalated analogue (Route B, Figure 3-3). The organic ligands were dissolved 

in DMF or DEF prior to the addition of zinc acetate, which immediately led to precipitation of a crystalline 

material. However, no MUF-77 was formed. Control experiments indicated that the bipy ligand was prone 

to quickly forming an amorphous precipitate with zinc acetate. Similar complexation reactions were 

previously described in the literature.196–198  The PXRD pattern of the crystalline solids showed the typical 

peaks for BMUF-1 or BMUF-2 and a set of additional peaks, indicating a second unknown species. We moved 

to focus on combining the bipy ligand with a suitable metal precursor to form a metal complex that would 

occupy the bipyridine coordination sites during the subsequent MOF synthesis. Due to the catalytic 

versatility of bipyridine-nickel complexes,199–202 we attempted to incorporate the respective nickel(II)-

coordinated bipy ligand into MUF-77 (Figure 3-3, M = Ni). We screened different ligand ratios for the 

synthesis of bipy-MUF-77. While precipitation of a crystalline solid was observed, none of the PXRDs 

indicated successful formation of the MUF-77 framework. Instead, PXRD indicated the formation of BMUF-1 

or BMUF-2 and other unknown crystalline products. FT-IR and energy-dispersive X-ray spectroscopy (EDX) 

of the crystalline material, indicated that the Ni-complex retained stability during the MOF synthesis. The 

formation of other crystalline species under conditions that otherwise favour rtMUF-77 formation indicated 

that the Ni-bipy complex was not suitable for incorporation into a MUF-77 framework. We expanded our 

trials to a PdCl2-coordinated bipyridine ligand to see if the nature of the metal centre influenced the MUF-77 

formation. Homogeneous PdCl2-bipy complexes are known to promote C-C coupling reactions203–206 and 

thus offer good potential as a proof-of-concept for the incorporation of catalytically active transition metal 

complexes into MUF-77.  While a crystalline material was obtained, the PXRD pattern of the trials indicated 

the same product formation as observed in the previous experiments with free bipy ligands and NiCl2-

complexated ligands, but no MUF-77 crystals. 1H NMR spectroscopy indicated that the palladium complex 
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retained stability throughout the experiment. The affinity of the ligand to form other MOF species and not 

MUF-77, even when the coordination site was occupied with stable metal complexes during the MOF 

synthesis, ruled out Route B as a viable synthetic method. 

 

Figure 3-3 Reaction scheme for the attempted synthesis of M-bipy-MUF-77. 

3.2.2 Phosphine-functionalized MUF-77 and Respective Gold(I) Complexes 

Tertiary phosphines are an important class of ligands in transition metal catalysis.207–209 A 

diphenylphosphine-functionalized bdc (PPh2-bdc) was previously used for incorporation into MOF-5 and 

MIL-101 analogues.210 We envisioned, that by embedding PPh2-bdc or similar tertiary phosphine linkers 

within the MUF-77 framework, metalation of the ligand would give access to a transition metal catalyst 

within the MUF-77 pore (Figure 3-4).211 

 

Figure 3-4 General strategy for the incorporation of a phosphine-stabilized transition metal catalyst within 
MUF-77. 

3.2.2.1 Ligand Stability 

One disadvantage of phosphine-appended ligands is that they are prone to oxidation to phosphine oxides 

during MOF synthesis212 or following MOF synthesis if they are not stored in dry, degassed solvents. To 
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verify we could handle the PPh2-bdc linker under ambient conditions during our MOF preparation we 

conducted a series of stability tests. The 1H NMR spectrum of the phosphine ligand exposed to air for an 

hour did not differ from a freshly prepared sample. Partial oxidation was observed in both samples, 

indicated by minor additional signals in the 1H NMR spectra and the presence of a peak around 29 ppm in 

the 31P{¹H} NMR spectra, matching the reported spectra for the phosphine ligand upon oxidation (Figure 

3-5).212 This was attributed to the ligand sample we received being either partially oxidized or oxidation 

occurring due to using standard NMR solvent. We did not expect limited oxidation to be troublesome, as it 

was reported that, while the oxidation of the phosphine linker reduced the amount of available coordination 

sites, it did not adversely affect the framework.212 Upon the addition of excess DCl complete oxidation of the 

ligand was observed. The experiments indicated that the ligand could be handled without significant 

oxidation under ambient conditions but was prone to oxidation at harsher conditions. 

 

Figure 3-5 1H NMR spectrum (right) and 31P{¹H} NMR spectrum (right) in DMSO-d6 of a freshly prepared 
sample of PPh2-bdc (top, black), a dry sample exposed to air for 1 h, (middle, blue) and after the addition of 
excess DCl to the NMR sample (bottom, green). 

3.2.2.2 Diphenyl Phosphine-functionalized MUF-77 

To limit oxidation, we combined the ligands in oven-dried vials in degassed solvent and under an inert 

atmosphere. Upon successful MOF formation, the crystals were handled under an inert atmosphere and 

kept in degassed solvent. PPh2-MUF-77 was synthesized using two different protocols. A solvothermal 

synthesis was conducted at 85 °C in diethyl formamide as solvent (Figure 3-6, route A) and a milder room 

temperature synthesis protocol was employed (Figure 3-6, route B), yielding a nanocrystalline material in 

DMF. Both synthetic methods led to the successful formation of PPh2-MUF-77. 

 

Figure 3-6 Reaction scheme for the synthesis of PPh2-sMUF-77 and PPh2-rtMUF-77. 
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The PXRD pattern of PPh2-sMUF-77 was in good agreement with its simulated pattern (Figure 3-7, A). SXRD 

was obtained from a desolvated sample (Figure 3-7, B). As seen before for other MUF-77 analogues, the 

three linkers occupy distinct spaces in the crystal lattice. The SXRD data showed the successful 

incorporation of the PPh2-bdc into the MUF-77 pore. The phosphine group is disordered over four 

equivalent positions, facing into the smallest, tetrahedral pocket. This arrangement is advantageous for our 

envisioned pore-modulation of the catalyst environment. The phenyl groups attached to the phosphorous 

could not be determined from the crystal structure due to the high degree of disorder. For a better 

understanding of the pore environment, we modelled the phenyl groups in representative positions. Our 

structural model of PPh2-sMUF-77 only indicated minor oxidation during MOF synthesis.  

A) 

 

B) 

 

Figure 3-7 A) Simulated PXRD pattern for PPh2-sMUF-77 (top, black) and experimental PXRD pattern for 
PPh2-sMUF-77 (middle, red) and PPh2-rtMUF-77 (bottom, green). B) SXRD model of the small pore in 
PPh2-sMUF-77. Carbon atoms are shown in grey, phosphorus in pink, oxygen in red, and zinc as cyan 
polyhedra. Positions of phenyl groups attached to the phosphorous could not be determined from the 
structure but were later modelled in representative positions. Hydrogen atoms are omitted for clarity. 

To obtain nanocrystalline PPh2-rtMUF-77, zinc acetate was added to a stirring solution of H2bpdc, H2pbdc, 

and H3hmtt in DMF to yield PPh2-rtMUF-77 as a pale-yellow powder (Figure 3-6, route B). The successful 

formation of PPh2-rtMUF-77 was confirmed by PXRD, 1H NMR spectroscopy of a digested sample, and 31P 

NMR spectroscopic data (Figure 3-8). The obtained PXRD data from the nanocrystalline samples were in 

good agreement with the simulated powder pattern from the crystal structure (Figure 3-7, A). 1H and 31P 

NMR data indicated ligand oxidation of around 45 %. As the standard digestion procedures for MUF-77 

required either acidic or basic conditions, partial oxidation of the ligand could not be avoided during sample 

preparation. This made an accurate determination of the actual oxidation in the MOF difficult since some 

oxidation may have occurred during MOF digestion and analysis. 



Chapter 3 | Incorporation of Transition Metal Catalysts Into MUF-77 

56 
 

 

Figure 3-8  31P{¹H} NMR spectrum (left) and 1H NMR spectrum (right) upon digestion of PPh2-rtMUF-77 in 
a mixture of DMSO-d6 and DCl. 

3.2.2.3 Diethyl Phosphine-functionalized MUF-77 

The stability and catalytic performance of phosphine-stabilized transition metal complexes depend on the 

functional groups used to stabilize the phosphine.183–186 Aryl-phosphines often offer the best compromise 

of stability and activity. However, as our crystallographic models of PPh2-bdc within the MUF-77 framework 

indicated substantial steric limitations within the pore, we were interested in additional alkyl-substituted 

phosphine ligands to reduce the steric pressure within the pore. 

PEt2-bdc was used as HCl salt. Unfortunately, employing the ligand in salt form under standard conditions 

for MUF-77 synthesis was not successful, but rather led to the formation of BMUF-1 or BMUF-2 and a second 

phase. We expected that the protonation of the PEt2-bdc ligand prevented it from being available for the 

zinc cluster formation and that the addition of a base might avert that issue. We chose triethylamine as a 

suitable base as we knew that MUF-77 was stable in its presence. The addition of excess triethylamine to 

the solvothermal synthesis led to the successful formation of PEt2-sMUF-77 crystals (Figure 3-9).  

 

Figure 3-9  Synthesis attempts of PEt2-MUF-77 under solvothermal and room-temperature synthesis 
conditions. 

SXRD data of the crystals obtained from the solvothermal synthesis indicated the successful incorporation 

of PEt2-bdc into MUF-77 (Figure 3-10 A). The model displayed the typical MUF-77 structure. The bdc-

appended phosphine group pointed into the small, tetrahedral pore of MUF-77, which is desired from a 

catalytic application standpoint. The ethyl groups attached to the phosphorous were modelled in 

representative positions due to the high degree of disorder. The SXRD data did not indicate ligand oxidation. 
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While the synthesis was not phase-pure, MUF-77 crystals were readily isolated by hand, as shown by the 

PXRD pattern of the isolated phase and its similarity of characteristic peaks with the simulated pattern 

(Figure 3-10 B). 

A)

 

B)

 

Figure 3-10 A) SXRD model of the small pore in PEt2-sMUF-77. Carbon atoms are shown in grey, phosphorus 
in pink, oxygen in red, and zinc as cyan polyhedra. Ethyl-groups attached to the phosphorous were modelled 
in representative positions due to disorder. Hydrogen atoms are omitted for clarity. B) Simulated PXRD 
spectrum of PEt2-sMUF-77 (top, black) and experimental PXRD spectra of as-synthesized PEt2-sMUF-77 
(bottom, red) 

1H NMR analysis of the mixed sample confirmed the presence of all three ligands (Figure 3-11). The shifts 

correlated to the PEt2-bdc ligand showed identical chemical shifts compared to the original ligand NMR 

spectrum, indicating that the synthetic conditions for the MUF-77 formation and the addition of 

triethylamine did not lead to undesired oxidation of the ligand. Due to the different additional crystalline 

species within the sample, the ligand ratios for hmtt and bpdc were higher than expected from a phase-pure 

MUF-77 synthesis. 
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Figure 3-11  1H NMR spectra of PEt2-bdc·HCl (top, red) and digested PEt2-sMUF-77 (bottom, black). The 
good agreement of both NMR spectra indicated the successful incorporation of the ligand into MUF-77. 

3.2.2.4 Metalation of PPh2-MUF-77 

With the diphenylphosphine-functionalized MUF-77 in hand, the focus was on introducing a suitable pre-

catalyst to the framework. In homogeneous catalysis, this can be achieved by reacting the free diphenyl 

phosphine ligand with a suitable gold chloride precursor.100,101 Usually, the gold is stabilized with an easily 

displaceable ligand, allowing for quick ligand exchange. Gold(I) chloride complexes are excellent catalysts 

upon halide abstraction.129,213–215 Following this methodology, we combined freshly synthesized PPh2-MUF-

77 with chloro(dimethylsulfide)gold(I), (Me2S)AuCl, in dichloromethane at room temperature (Figure 

3-12). To avoid the formation of gold nanoparticles the samples were protected from light. 

 

Figure 3-12 General procedure for the metalation of PPh2-sMUF-77. 

When the van Bokhoven group employed a similar strategy for the synthesis of LSK-1, they found that the 

reaction time was crucial for maintaining single atom sites. Reaction of the MOF for 4 h with the gold reagent 

gave the complex with 16 % catalyst loading, while nanoparticles were observed during reaction times of 

several days.216 

3.2.2.4.1 Metalation of PPh2-rtMUF-77 

With PPh2-rtMUF-77 at room temperature, we did not observe a time dependence, however, the ratio of gold 

precursor to MOF was essential for avoiding the formation of elemental gold. The MOF samples retained 
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crystallinity after the reaction as shown by PXRD (Figure 3-13, a). No diffraction peaks related to gold 

nanoparticles were observed. The successful coordination of the gold pre-catalyst was confirmed by EDX 

and NMR (Figure 3-13, b and c). The observed peak in the 31P{¹H} NMR at 35.6 ppm was in good agreement 

with the reported data for triphenylphosphine gold complexes (triphenylphosphine gold chloride:  

34.19 ppm, [(4,5-dicyano-imidazolyl-1yl)-(triphenylphosphane)-gold(I)]: 32.04 ppm).217,218 EDX data 

showed the existence of gold in the sample, while no signals for gold were found in control experiments 

with the parent MUF-77 under similar metalation conditions.  

 

Figure 3-13 Characterization of AuPPh2-MUF-77 by a) PXRD, b) 31P{¹H} NMR in DMSO-d6/DCl and c) EDX. 

3.2.2.4.2 Attempted Metalation of PPh2-sMUF-77 

Encouraged by the results we attempted to repeat the metalation experiments with sMUF-77 from 

solvothermal synthesis. The larger crystal sizes allowed for further investigation of the coordination 

through SXRD experiments. Crystals of PPh2-sMUF-77 were reacted with Me2SAuCl in dichloromethane at 

room temperature.  As observed with the nanocrystalline MUF-77 variant, excess gold precursor (in 

comparison to the estimated amount of phosphine linker) quickly led to nanoparticle formation as indicated 

by the appearance of purple colouration. In contrast to our expectations, SXRD data of PPh2-sMUF-77 did 

not indicate the successful complex formation. Instead, SXRD data indicated a partial oxidation of the 

phosphine group (Figure 3-14). While the experiments with nanocrystalline samples were promising, 

indicating the formation of the desired complex, the attempted metalation within the crystals derived from 

solvothermal synthesis did not lead to complex formation, but oxidation of the ligands was observed. 



Chapter 3 | Incorporation of Transition Metal Catalysts Into MUF-77 

60 
 

 

Figure 3-14  Structural model from SXRD data of the distortion arising from the oxidation of the phosphine 
functionality at the bdc linker within the MUF-77 pore. 

3.2.3 Phosphoramidite-functionalized MUF-77 

We further focused our efforts on the functionalization of the bpdc ligand with a phosphoramidite group, 

another promising ligand for transition metal catalysis.127 We envisioned that functionalization of the 

diphenyl backbone would move the steric bulk further into the MOF pore. That would lead to fewer steric 

constraints and stabilize our target transition metal complexes. 

3.2.3.1 Attempted Synthesis of a Ditopic Phosphoramidite Ligand 

Following the procedure by Bartels et al., the 2,2’-dihydroxy bpdc ester was refluxed in toluene with 

N,N,N',N',N'',N''-hexamethylphosphanetriamine, P(NMe2)3, to yield the desired phosphoramidite ligand 

ester 1 (Figure 3-15).219,220 In our hands, the bpdc phosphoramidite ester slowly decomposed in solution 

over time, which was not surprising, as many phosphoramidites are susceptible to hydrolysis, especially 

under acidic conditions.127,221–223 We directly  commenced with the metalation step, expecting the 

complexation would stabilize the functional group.224 Slow addition of the bpdc ligand to a solution of 

Me2SAuCl in dichloromethane afforded the respective transition metal complex 2.214 The successful metal 

complex formation was supported by 31P NMR spectroscopy, showing a shift of the signal from 149.9 ppm, 

a value typical for the related BINOL-derived phosphoramidites (31P NMR for BINOL-P(N(Me2)) = 

148.8 ppm; biphenyl-P(N(Me2)) = 149.7 ppm)214,225, to 129.1 ppm. For comparison, the 31P NMR chemical 

shift for the BINOL-derived phosphoramidite gold complex was reported at 128.2 ppm.214 While we 

successfully synthesized the desired Au(I)-complex as the bpdc-ester, attempts to obtain the final ligand (3) 

through hydrolysis of the ester groups led to the decomposition of the phosphoramidite. A direct reaction 

of (OH)2-bpdc with P(NMe2)3 did not yield the desired product but the respective carboxamide. 
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Figure 3-15  Attempted functionalization of the bpdc linker with a phosphoramidite-derived gold-complex 
for incorporation into MUF-77. 

3.2.3.2 Post-Synthetic Modification of MUF-77 

As an alternative approach, we investigated the post-synthetic modification of MUF-77. We hoped this 

strategy would reduce the chances of ligand hydrolysis during MOF and ligand synthesis. The challenge in 

this approach was to ensure the phosphoramidite formation would not come at the expense of framework 

stability. As MUF-77 showed good stability in toluene we adapted the homogeneous synthesis conditions. 

(OH)2-MUF-77 was successfully synthesized through a solvothermal synthesis approach (Figure 3-16). 

 

Figure 3-16 Solvothermal synthesis of (OH)2-sMUF-77. 

A solution of hmtt, (OH)2-bpdc, bdc and zinc nitrate hexahydrate in DMF with benzoic acid as crystal growth 

modulator was heated in an isothermal oven at 85 °C for 24 hours. The morphology of the obtained MUF-77 

crystals was unusually sensitive to the ligand ratios employed in the synthesis until the ideal ratio was 

found. The good agreement of the PXRD data with that of parent MUF-77 confirmed the synthesis of 

crystalline (OH)2-MUF-77 (Figure 3-17). 1H NMR data of the digested MOF supported the successful 

incorporation of (OH)2-bpdc into the MUF-77 framework.  The ligand ratios matched the expected ratios 

hmtt1.33|(OH)2-bpdc0.5|bdc0.5 for (OH)2-MUF-77 with the formula {Zn4O(hmtt)4/3[(OH)2-bpdc)]1/2(bdc)1/2}.  
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Figure 3-17 Simulated PXRD pattern of parent MUF-77 (black, top) and experimental PXRD pattern of 
(OH)2-MUF-77 (red, bottom).  

The MOF was subsequently refluxed under argon in toluene with P(NMe3) to synthesize (Me2N)PO2-MUF-77 

(Figure 3-18).  

 

Figure 3-18 Synthesis of (Me2N)PO2-MUF-77. 

While the MOF showed clear signs of stress, indicated by increased opacity of the crystals under visual 

inspection, PXRD analysis indicated the framework maintained its crystallinity (Figure 3-19 A). SXRD 

analysis of the single crystals indicated the successful post-synthetic formation of the phosphoramidite 

(Figure 3-19 B). The disorder arising from the different possible locations for the dimethylamino group 

impaired its modelling. While incomplete, the observed geometry matched the usually observed pseudo 

tetrahedral structure of phosphoramidites and respective bond lengths. At 1.64 Å, the P-O bond length is in 

good agreement with reported BINOL-derived structures (1.62 Å for the reported 

bis(1-phenylethyl)phosphoramidite).226 
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A)

 

B) 

 

Figure 3-19  A) Simulated PXRD pattern for parent MUF-77 (black, top) and experimental PXRD pattern of 
(Me2N)PO2-MUF-77. B) SXRD model of the small pore in (Me2N)PO2-MUF-77. Carbon atoms are shown in 
grey, phosphorus in pink, oxygen in red, and zinc as cyan polyhedra. Hydrogen atoms are omitted for clarity. 
The high degree of disorder interfered with modelling of the dimethylamino functional group. 

To support our model and to understand the degree of any functionalization, several NMR experiments 

were conducted. As expected from our experiments with the molecular phosphoramidite esters, the 

phosphoramidite was prone to hydrolysis under our standard basic MOF digestion conditions. The 1H NMR 

spectrum from the digestion in 0.1 M NaOD in D2O indicated the presence of dihydroxy bpdc. While this 

could stem from unreacted ligand, it was likely to result from decomposed phosphoramidite systems. We 

thus explored additional digestion methods. Different metal binding reagents were used to cleave the Zn−O 

metal-ligand bonds within MUF-77. Due to the hygroscopic nature of sodium sulfide and because of practical 

limitations working with H2S gas, the most suitable alternatives to acidic or basic digestion were found to 

be the use of acetamide or ethylenediaminetetraacetic acid (EDTA) in DMSO-d6. Both reagents successfully 

digested parent (OH)2-MUF-77 but let to the decomposition of the phosphoramidite functional group. 

Following the same strategy as for the ligand synthesis, we attempted to stabilize the phosphoramidite by 

reacting it with Me2SAuCl in dichloromethane to yield the respective complex (Figure 3-20).  

 

Figure 3-20  Attempted metalation of (Me2N)PO2-MUF-77 with Me2SAuCl to yield the respective gold(I) 
complex within MUF-77. 

The reaction accompanied a change of colour for the AuPO2-MUF-77 crystals from a golden colour to a deep 

purple. We observed this coloration several times as an indication of the formation of gold 
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nanoparticles,227,228 being visible by eye or microscope before the concentration reached the threshold 

necessary for confirmation by our PXRD setup. SXRD data was inconclusive. The reduced stability of the 

phosphoramidite ligand restricted our standard MOF digestion protocols and NMR analysis. Therefore, we 

shifted our focus to alternative transition metal complexes within MUF-77. 

3.2.4 N-Heterocyclic Carbene-Transition Metal Complexes in MUF-77 

3.2.4.1 Synthesis of a Gold(I)-NHC-Functionalized Linker for MUF-77 

Gold-NHC complexes are accessible through several different metalation routes.229 Many NHC complexes 

can be obtained by directly reacting a suitable gold source with the free NHC. Due to limitations in suitable 

substrates and the requirement for glove box techniques, alternative methods were quickly introduced.230 

The reported procedures include the synthesis from isonitrile-gold complexes231,232 and imidazolium salts 

as substrates,233 often in the presence of weak bases.234 Commonly, the complexes are obtained through a 

transmetalation route. Imidazolium halide salts were readily converted to the respective silver complexes.  

Transmetalation with a gold source led to the desired gold complex.230,235 For the synthesis of our NHC-bpdc 

ligand (7), we adapted this popular method, as it did not require the use of a glovebox, other specialized 

equipment, or uncommon reagents (Figure 3-21). The bpdc imidazolium salt ester (4) was reacted with 

silver oxide in dichloromethane under inert conditions and protected from light to give the respective Ag(I)-

NHC complex (5) in situ. After removing unreacted solids, (Me2S)AuCl was added, and the stirring was 

continued. Solids were again filtered off and upon solvent removal, the NHC-gold(I) complex of the bpdc 

ester (6) was obtained. Hydrolysis of the ester gave the desired ligand, Au(I)-NHC-bpdc (7). 

 

Figure 3-21 Synthesis of a NHC gold(I) complex-bearing bpdc linker for the incorporation into MUF-77. 

3.2.4.2 Attempted Solvothermal Synthesis of Au(I)NHC-sMUF-77 

With the pre-catalyst in hand, we attempted the direct solvothermal synthesis of Au(I)NHC-sMUF-77 (Figure 

3-22). The ligands were combined in diethylformamide in the presence of benzoic acid as a crystal growth 

modulator and heated in an isothermal oven at 85 °C for 16-24 h. The reaction yielded crystals of typical 

MUF-77 morphology, however, a purple powder formed on the walls of the glass vial, and the crystals 

themselves showed the purple coloration indicative of gold nanoparticle formation.  



Chapter 3 | Incorporation of Transition Metal Catalysts Into MUF-77 

65 
 

 

Figure 3-22 Attempted solvothermal synthesis of Au(I)NHC-sMUF-77. 

Indeed, PXRD of the sample indicated the formation of gold nanoparticles besides the desired MUF-77 

framework (Figure 3-23). The typical diffraction peaks for MUF-77 were observed, however, peaks at high 

angles around 38, 65, and 78 Å indicated the formation of gold nanoparticles.236,237 The 1H NMR spectrum 

of the digested MOF confirmed the NHC ligand decomposes during MOF synthesis. Analysis by SXRD did not 

deliver further insights. The disorder of the functional group in the pore complicated any suggestions for a 

structural model. Due to the limited stability of the Au(I)NHC-bpdc complex during ligand and MOF 

synthesis, we moved on to alternative synthesis conditions. 

 

Figure 3-23  Experimental PXRD pattern of Au(I)NHC-sMUF-77 (top, black) and the simulated PXRD pattern 
of parent MUF-77 (left bottom, green) and gold nanoparticles (bottom right, red). 

3.2.4.3 Room-Temperature Synthesis of Au(I)NHC-rtMUF-77 

To avoid the decomposition of the metal complex we shifted our approach to utilize milder synthesis 

conditions with the already metalated NHC-bpdc linker.  Following our standard room-temperature 

MUF-77 conditions, adjusted for ligand ratios, and limiting additional water, the ligands were dissolved in 

DMF. A solution of zinc nitrate dihydrate in DMF was added under stirring. MOF formation was indicated 

by the immediate formation of a precipitate. After 45 min the off-white solid was isolated by centrifugation 

and washed with fresh DMF five times (Figure 3-24). 
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Figure 3-24 Room-temperature synthesis of Au(I)NHC-rtMUF-77. 

The PXRD pattern of the synthesized material confirmed the successful formation of Au(I)NHC-rtMUF-77 

crystals. The pattern was in good agreement with the simulated pattern for parent MUF-77 crystals. Signals 

indicating the formation of elemental gold, an indication of the decomposition of the gold-linker complex, 

were absent (Figure 3-25). The broad peak around 2θ =21° is caused by the oil used to mounting the sample 

during the PXRD experiment. The intensity of the peak depends on the amount of oil in ratio to substrate. 

As MOFs typically lead to characteristic diffractions at lower angles, the peaks attributed to oil are usually 

not interfering with the characterisation of the material. 

 

Figure 3-25  Experimental PXRD pattern of Au(I)NHC-rtMUF-77 (top, black) and the simulated PXRD 
pattern of parent MUF-77 (left bottom, green) and gold nanoparticles (bottom right, red). 

The 1H NMR spectrum of the digested MOF supported that finding (Figure 3-26). All ligand signals were 

found to match those of the parent samples, supporting the conclusion that decomposition of the complex 

was avoided through the milder conditions and by using the already metalated linker. The ligand ratios 

matched the expected ratios hmtt1.33|Au(I)NHC-bpdc0.5|bdc0.5 for Au(I)NHC-MUF-77 with the formula 

[Zn4O(hmtt)4/3((Au(I)NHC-bpdc)1/2(bdc)1/2]. Mass spectrometry of the NMR sample further supported the 

presence of intact Au(I)-NHC-bpdc after synthesis, with an calculated m/z of 567.038 and a found m/z of 

567.039. Unexpectedly, after 12 h the off-white solid in DMF changed colour to dark grey, and purple spots 

were observed after seven days. The colour change was a good indication of gold nanoparticle formation in 

previous experiments. Storing the crystals in dichloromethane did not improve the ligand stability. The 
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reactivity and stability of transition metal-NHC complexes are influenced greatly by the choice of the N,N’-

functionalisation. The electronic properties of the NHC ligand and the steric bulk around the metal centre 

are crucial factors in synthesising stable NHC complexes.138 Stable complexes are often obtained by 

employing NHC ligands with bulky, aryl-N,N’-substituents like the popular 1,3-Bis(2,6-diisopropylphenyl)-

1,3-dihydro-2H-imidazol-2-ylidene, IPr. Due to the size limitations within the MUF-77 pore, we 

compromised on the functionalization the bpdc linker with a less bulky methyl substituent, which showed 

only limited stability under the MUF-77 synthesis conditions. 

 

Figure 3-26 The 1H NMR spectrum of Au(I)NHC-rtMUF-77 upon digestion in a mixture of DCl and DMSO-d6. 

3.2.4.4 Attempted Post-Synthetic-Metalation of Imidazole-Functionalized MUF-77 

3.2.4.4.1 Solvothermal Synthesis of Imidazole-Functionalized MUF-77 

As an alternative route to avoid the decomposition of the transition metal ligand complex during synthesis 

we attempted to introduce the transition metal complex after successfully synthesizing the imidazole-

functionalized MUF-77 framework, im-sMUF-77 (Figure 3-27). Ligands, zinc nitrate, and the crystal growth 

modulator benzoic acid were combined in diethylformamide and heated in an isothermal oven at 85 °C for 

16-24 h to yield colourless im-sMUF-77crystals with the typical MUF-77 morphology. 
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Figure 3-27 Solvothermal synthesis of im-sMUF-77. 

PXRD analysis of the synthesized crystals indicated the successful formation of the MUF-77 framework. The 

PXRD peak pattern was in good agreement with the simulated pattern of parent MUF-77 (Figure 3-28). 

 

Figure 3-28  Experimental PXRD pattern of im-sMUF-77 (top, black) and simulated PXRD pattern of parent 
MUF-77. 

The 1H NMR spectrum of the digested MOF further supported the successful formation of im-sMUF-77. The 

determined ligand ratios matched the expected ratios hmtt1.33|im-bpdc0.5|bdc0.5 for MUF-77, 

[Zn4O(hmtt)4/3((im-bpdc)1/2(bdc)1/2]. Signals of im-bpdc were present as expected, indicating the stability 

of the ligand under the solvothermal MUF-77 synthesis conditions. 

3.2.4.4.2 Attempted Post-Synthetic-Metalation of im-sMUF-77 

With the imidazole-functionalized MUF-77 in hand, we attempted the post-synthetic metalation to yield the 

respective transition metal MUF-77 catalyst (Figure 3-29). Different conditions and metals were tested, 

with a focus on systems familiar to us through previous experiments. While transmetalation reactions, most 

prominently involving silver complexes, are commonly used to prepare homogeneous catalysts, we feared 

the resulting insoluble metal salts would be difficult to separate from the MOF crystals and complicate 

catalytic studies. Following Clauberg et al., we attempted to post-synthetically form a nickel-NHC complex 

through the ‘free-carbene’ route (Figure 3-29, route A).238 We attempted the post-synthetic metalation of 
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freshly synthesized im-sMUF-77 with potassium tert-butoxide as a base for the in situ formation of the free-

carbene NiBr2(PPh3)2 as nickel precursor, but no reaction was observed. The Yaghi group followed a similar 

route for the metalation of a ditopic, imidazole-functionalized MOF-linker to form a stable palladium 

complex.239 We attempted the metalation with Pd(OAc)2 in potassium tert-butoxide and in the presence of 

KBr, but 1H NMR analysis of the digested crystals only showed signals corresponding to the unaltered ligand. 

 

Figure 3-29 Different general synthetic approaches for the post-synthetic metalation of im-sMUF-77. 

While we achieved the metalation for the linker itself through transmetalation, the same route was not 

desirable due to the concerns mentioned earlier about insoluble silver halide salts that might hinder the 

isolation of the MOF. We thus pursued a protocol reported by Visbal et al. that involves the in situ formation 

of a [NHC–H]+[AuCl2] and subsequent deprotonation with a mild base (Figure 3-29, route B).234 Using a mild 

base was vital for the successful complex formation, as stronger bases led to the decomposition to metallic 

gold. We observed the formation of the imidazolium salt, [NHC–H]+[AuCl2], during the development of the 

MOF linker synthesis, supporting the viability of our post-synthetic strategy. However, when we exposed 

im-sMUF-77 to Me2AuCl we quickly observed the originally colourless MUF-77 crystals turning purple. No 

precipitate or colouration was observed besides the MOF crystals (Figure 3-30). 

 

Figure 3-30  Attempted post-synthetic metalation of im-sMUF-77 leading to the formation of gold 
nanoparticles within the MUF-77 crystal, Au@im-MUF-77. 
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The formation of gold nanoparticles within the MOF pores was supported by PXRD. Our hypothesis that 

residual solvent in the MUF-77 pore might have promoted the decomposition was disproved when a control 

experiment with unfunctionalized parent-MUF-77 under similar conditions did not lead to the 

unambiguous colour change of the MOF crystals. The challenges synthesising the desired gold complex 

might stem from the limited steric bulk around the coordination site. 

3.2.4.5 Gold Nanoparticles in MUF-77: A Byproduct with Catalytic Potential 

While the decomposition to gold nanoparticles during the solvothermal MUF-77 synthesis was problematic 

in achieving our primary goal of obtaining the ligand-metal-complex within MUF-77, the strict localization 

of the nanoparticle formation within the MUF-77 crystals woke our interest. The size-control of transition 

metal nanoparticles is often a main focus and MOF pores were previously used as templates for the 

synthesis of nanoparticles to limit aggregating and uncontrolled growth.240 Hu et al. reported the formation 

of a conceptually similar TiO2@UiO-68 after exposing a NHC-functionalized UiO-68 framework to 

Ti(OPri)4.241 The bifunctional catalyst successfully promoted the one-pot Morita−Baylis−Hillman reaction 

from benzylic alcohols to benzaldehydes. The reaction was initiated by the photocatalytic oxidation of 

benzyl alcohol through the incorporated TiO2, while the chiral imidazolium functionalized linker promoted 

the Morita−Baylis−Hillman reaction. The oxidation of benzyl alcohol was also reported to be promoted by 

gold nanoparticle-MOF composites.242,243 The fabrication of such nanoparticles within MOFs can be 

challenging and often requires additional measures to limit the crystal growth to the MOF pores.244 To 

assess our system for its potential for similar applications, we tested the Au@im-MUF-77 crystals for the 

catalytic oxidation of benzyl alcohol (Figure 3-31). 

 

Figure 3-31 Schematic representation of the catalytic oxidation of benzyl alcohol by Au@im-MUF-77. 

The MOF crystals were carefully washed with toluene and were kept in toluene during the reaction. Benzyl 

alcohol was added, and the reaction was heated to 90 °C. The reaction was followed by TLC and product 

formation was observed after two hours and confirmed by 1H NMR spectroscopy after 24 h. While the 

preliminary nature of the experiment did not allow for quantification, the successful production of 

benzaldehyde showed that catalytically active gold nanoparticles were present in the im-sMUF-77 crystals. 
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The catalytic loading was difficult to estimate without further investigations of the nanoparticle formation, 

but less than 2 wt.% of im-MUF-77 were used for the Au@im-MUF-77 formation. The catalysis was 

successful using dried air and no purified oxygen gas was required, further highlighting the catalytic 

potential of this hybrid material. These preliminary results showed that im-MUF-77 could be exploited in 

the future to direct nanoparticle growth within the MUF to form catalytically active NP@MUF-77 

composites. 

3.2.5 Attempted Synthesis of Acyclic Gold(I)-Carbene-Complexes as Catalysts in MUF-77 

3.2.5.1 Attempted Synthesis of an Acyclic Gold(I)-Carbene-Functionalized Ligand 

Nitrogen acyclic carbene (NAC)-complexes provided an interesting alternative route for us to install a stable 

transition metal catalyst within MUF-77 as their synthesis does not rely on metalation of an imidazolium-

type precursor but shows more resemblance with traditional click-chemistry in organic synthesis. Acyclic 

gold carbene complexes are accessible through the reaction of primary or secondary amines with a gold(I) 

isonitrile complex.231,232,245 Following this procedure, we reacted 2-[(methylamino)methyl)]-functionalized 

bpdc ester with the isonitrile complex in dichloromethane at room temperature to form the respective 

AuNAC-functionalized bpdc ester (8) (Figure 3-32). The complex (8) was obtained by combining the 2-

((methylamino)methyl)-bpdc methyl ester with tert-butylisocyanogold(I) chloride in dichloromethane at 

room temperature. The product was isolated by preparative thin-layer chromatography and characterized 

by 1H NMR and 13C NMR spectroscopy. The gold(I)-NAC coordination was most prominently depicted by a 

characteristic 13C NMR peak at 193.1 ppm which was in good agreement with literature values for similar 

compounds.231 While we successfully obtained the desired Au(I)-NAC compound, the subsequent hydrolysis 

to form the final MUF-77 linker (9) led to the decomposition of the complex and the formation of the urea-

type decomposition product (10). The decomposition of the gold(I) complex during basic hydrolysis has 

been seen previously for NHC-bpdc compounds. The limited stability under those conditions raised 

concerns that this system would also lack stability during the basic MUF-77 synthesis procedure, even if the 

gold(I) functionalized linker was successfully isolated. 

 

Figure 3-32  Attempted synthesis of an NAC-bpdc ligand for the incorporation into MUF-77. The gold(I) 
complex was successfully synthesized but suffered from decomposition during hydrolysis to obtain the final 
MUF-77 linker. 
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3.2.5.2 Synthesis of Amino-Functionalized MUF-77 as Precursors 

To limit the exposure of the gold(I) complex to basic conditions we attempted to install it through post-

synthetic modification of a suitable amino-functionalized MUF-77 system (Figure 3-33). We targeted two 

systems: 2-((methylamino)methyl)-bpdc (mam) and azepine-bpdc (az). 

 

Figure 3-33  General synthetic routes to amino-functionalized MUF-77 for the post-synthetic reaction with 
a gold(I) isonitrile to form an Au(I)-NAC complex within the MUF-77 pore. 

While the solvothermal synthesis with hmtt, 2-((methylamino)methyl)-bpdc and bdc yielded the typical 

MUF-77 crystals, 1H NMR analysis of the digested sample indicated the undesired reaction of the amine 

sidechain under solvothermal MOF synthesis conditions (Figure 3-34). The potential of DMF to act as a 

reagent is well-documented246 and we observed the side reaction on several occasions when amine-

functionalized ligands were exposed to the dialkyl formamide solvents at elevated temperatures. 

Our room-temperature protocol, which requires milder conditions and yields nano-sized crystals, 

successfully yielded the respective MUF-77 framework, mam-rtMUF-77, without any noticeable alteration 

of the bpdc linker. The crystalline material quickly formed after combining solutions of ligand and zinc 

acetate at room temperature in DMF. 
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Figure 3-34  Synthesis of mam-MUF-77. Ligand decomposition was observed during solvothermal 
synthesis. A milder, room-temperature synthesis approach led to successful formation of the respective 
MUF-77. 

PXRD analysis confirmed the successful MUF-77 formation (Figure 3-35). 1H NMR spectroscopy of the 

digested MOF supported product formation without noticeable side-reaction involving the 

2-((methylamino)methyl)-bpdc linker. The ligand ratios matched the expected ratios hmtt1.33|mam-

bpdc0.5|bdc0.5 for mam-MUF-77 with the formula [Zn4O(hmtt)4/3((mam-bpdc)1/2(bdc)1/2. 

 

Figure 3-35 PXRD pattern of mam-rtMUF-77 (bottom, red) in comparison with the simulated pattern for 
MUF-77 (top, black). 

For the successful incorporation of azepine-bpdc into MUF-77 through solvothermal synthesis we protected 

the amine functionality with a tert-butyloxycarbonyl (Boc) group. The thermolability of the protecting 

group was previously exploited by our group for the incorporation of amine-functionalized linker into MUF-

77 where a direct synthesis approach failed.61,143 After successful MUF-77 synthesis, deprotection of the 

Boc-protected amine functionalities at elevated temperatures was well tolerated by MUF-77. The ligand 
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was synthesized from 2,2’-di(bromomethyl)bpdc methyl ester (11). The reaction with allylamine led to the 

formation of the azepine-type N-heterocycle functionalized bpdc ester (12). Different attempts to form the 

desired Boc-protected azepine-type bpdc ester (14) directly were not successful. Upon deallylation with a 

Pd(0) catalyst in the presence of 1,3-dimethylbarbituric acid as allyl group scavenger the desired azepine 

bpdc ester (13). The Boc protection group was introduced through reaction with di-tert-butyl dicarbonate 

(Boc2O) in tert-butanol. Hydrolysis of methyl esters yielded the final MUF-77 ligand, bocaz-bpdc (Figure 

3-36). 

 

Figure 3-36 Synthesis of bocaz-bpdc. 

With the ligand in hand, az-sMUF-77 was synthesized following the solvothermal synthesis protocol. Hmtt, 

bocaz-bpdc, and bdc were combined with zinc nitrate tetrahydrate and benzoic acid as crystal growth 

modulator in diethyl formamide and water. The reaction was heated in an isothermal oven for 24 h. The 

obtained crystals were washed with dimethyl formamide and dichloromethane before the deprotection was 

conducted (Figure 3-37). 
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Figure 3-37 Synthesis of az-sMUF-77. 

For the deprotection, a reported methodology was adapted.61,143 The Boc-protected az-sMUF-77 was 

activated using the outgasser function at the activation port at 200 °C for 20 h. Time and temperature 

required for a successful deprotection were established by TGA experiments (Figure 3-38). Under TGA 

conditions, first indications of weight loss attributed to the removal of the Boc-protection group were 

observed around 190 °C. The onset of MUF-77 decomposition was around 380 °C. Holding the sample at 

200 °C the deprotection was complete around 13 h. 

 

Figure 3-38  Thermogravimetric analysis of Boc-protected az-sMUF-77 to establish the required 
deprotection parameters. The data was collected with a ramp rate of 5.00 °C/min of a carefully desolvated 
sample. 

The successful conservation and deprotection of the amino functionality were confirmed by 1H NMR 

spectroscopy (Figure 3-39). The ligand ratios were in good agreement with the the expected ratios 
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hmtt1.33|az-bpdc0.5|bdc0.5 for az-sMUF-77 with the formula [Zn4O(hmtt)4/3((az-bpdc)1/2(bdc)1/2]. The 

successful removal of the Boc-protection group in az-sMUF-77 was shown by the absence of the 

characteristic signal around 1.50 ppm, corresponding to the Boc-group. 

 

Figure 3-39 1H NMR spectrum of az-sMUF-77 upon deprotection. The sample was collected upon digestion 
in 0.1 M NaOD. 

PXRD supported the successful formation of az-MUF-77, and that crystallinity was retained throughout the 

deprotection procedure (Figure 3-40). 

 

Figure 3-40  Simulated PXRD pattern of parent MUF-77 (top, black) and experimental PXRD pattern of 
bocaz-sMUF-77 (middle, red) and az-sMUF-77 (bottom, green). 

3.2.5.3 Attempted Post-Synthetic-Synthesis of an Acyclic Gold Carbene-MUF-77 

Following the procedure for the single molecule Au(I)NAC ligand synthesis, we exposed the amine-

functionalized MUF-77 frameworks mam-rtMUF-77 and az-sMUF-77 to the gold(I) nitrile complex at room 
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temperature (Figure 3-41). No reaction was observed even with the addition of excess reagent. Gentle 

heating to 40 °C did not promote the reaction but led to the decomposition of the reagents indicated by the 

precipitation of metallic gold. 

 

Figure 3-41 Attempted post-synthetic modification of amine-functionalized MUF-77 with a gold(I) nitrile 
complex. The example of az-sMUF-77 is shown. No reaction was observed but the precipitation of elemental 
gold indicated the decomposition of reagent upon gentle heating. 

The 1H NMR spectrum of the digested samples showed hmtt, bdc, and unaltered mam/az-bpdc, indicating 

that the post-synthetic modification of the framework was not successful. SXRD data of the crystals also 

showed no signs of a successful post-synthetic modification. 

3.3 Conclusion 

We reported the successful incorporation of phosphine-, phosphoramidite- and NHC-functionalized linkers 

into the MUF-77 framework. Those ligands are prominently featured in traditional, homogeneous transition 

metal catalysis. The integration of bipyridine linkers into MUF-77 was not successful. Integration of 

metalated ligands directly or through post-synthetic metalation upon MUF-77 synthesis faced several 

challenges due to the partially limited stability of the metal complexes. Milder MUF-77 synthesis conditions 

were often necessary to stabilize the MOF linker and transition metal complexes. We focused our ligand 

design on smaller functionalities to limit steric stress within the MUF-77 pore, however, that likely led to 

insufficient stabilization of the transition metal complexes. Homogeneous gold(I)-NAC complexes suffered 

from limited stability and post-synthetic modification of amine-functionalized MUF-77 was unsuccessful. 

Gold(I) phosphine and -NHC complexes were successfully introduced into MUF-77 but showed limited 

stability. Gold nanoparticles crafted within MUF-77 during the attempted incorporation of a gold(I)-NHC 

linker showed promising catalytic activity. While further characterization of the nanoparticle-MOF hybrid 

is necessary, those findings are promising for the development of size-controlled nanoparticles and the 

potential to influence the catalytic properties through the MUF-77 environment. Future experiments are 

necessary to improve ligand design to stabilize the metal complexes while maintaining a footprint suitable 

for incorporation into MUF-77. Transition metal-functionalized MUF-77 materials remain very promising 

candidates for evaluating their catalytic potential and the influence of the MUF-77 environment on the 

catalytic performance. 
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3.4 Experimental 

3.4.1 General Procedures 

All starting materials and solvents were used as received from commercial sources without further 

purification unless otherwise noted. Triethylamine was purified by distillation prior to usage. Sensitive 

reactions were carried out under an inert atmosphere in glassware that was heated under vacuum prior to 

usage. Where this was not suitable, glassware was oven-dried prior to use. Solvents were degassed prior to 

usage by at least 10 cycles of sonication under half vacuum and under an inert atmosphere. Reactions 

including sensitive reagents were carried protected from light exposure. High-resolution mass 

spectrometry was performed using a ThermoScientific Q Exactive Focus Hybrid Quadrupole-Orbitrap Mass 

Spectrometer.  

3.4.2 NMR Spectroscopy 

Crystals in high-boiling point solvents were washed with acetone or DCM (5x) and dried under vacuum. 

Desolvated crystals were dissolved using the denotated reagents. For the digestion in DMSO-d6/DCl the 

following protocol was followed: 23 μL of a 35% DCl solution in D2O was mixed with 1 mL of DMSO-d6 to 

give a DCl/DMSO-d6 stock solution. The sample was digested in 150 μL of this stock solution together with 

450 μL of DMSO-d6. Spectra were acquired immediately following dissolution. NMR spectra were recorded 

at room temperature on Bruker-400, Bruker-500 and Bruker-700 Avance instruments, with the use of the 

solvent proton as an internal standard. 

3.4.3 X-ray Crystallography 

All powder X-ray diffraction measurements were carried out on either a Rigaku Spider or Bruker D8 

Venture instrument. Rigaku Spider X-ray diffractometer is equipped with CuKα radiation (Rigaku MM007 

microfocus rotating-anode generator), monochromated and focused with high-flux Osmic multilayer mirror 

optics and a curved image plate detector. Bruker D8 Venture diffractometer is equipped with CuKα 

radiation with a diamond microfocus X-ray source and a Photon III 28 detector. The two-dimensional 

images of the Debye rings were integrated with 2DP or Diffract Eva to give 2θ vs I diffractograms. Predicted 

powder patterns were generated from single-crystal structures using Mercury. Samples were mounted 

using Fomblin® Y oil or dialkyl formamide solvents. 

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture, and the 

measurement temperature was controlled using Oxford Cryostream if required. Bruker APEX 3 was used to 

collect and process data, and the structure was solved and refined using the Shelx package168,169 under 

Olex2170 
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Table 3-1 Summary of X-ray crystallography data for PPh2-sMUF-77, PEt2-sMUF-77 and (Me2N)PO2-
sMUF-77. 

Name PPh2-sMUF-77a) PEt2-sMUF-77 (Me2N)PO2-sMUF-77b) 

Empirical 
formula 

C59H40O13P0.5Zn4 C61H45O13P0.5Zn4 C59H42N0.5O14P0.5Zn4 

Formula weight 1233.87 1262.93 1258.89 

Temperature/K 101 293 293 

Crystal system cubic cubic cubic 

Space group Pm-3 Pm-3 Pm-3 

a/Å 29.9306(11) 30.0017(3) 29.9790(15) 

b/Å 29.9306(11) 30.0017(3) 29.9790(15) 

c/Å 29.9306(11) 30.0017(3) 29.9790(15) 

α/° 90 90 90 

β/° 90 90 90 

γ/° 90 90 90 

Volume/Å3 26813(3) 27004.6(8) 26943(4) 

Z 6 6 6 

ρcalcg/cm3 0.458 0.466 0.466 

μ/mm-1 0.814 0.812 0.819 

F(000) 3753 3855 3834 

Crystal size/mm3 0.3 × 0.3 × 0.3 0.3 × 0.3 × 0.3 0.5 × 0.5 × 0.5 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range 
for data 
collection/° 

4.174 to 152.45 4.164 to 144.13 4.168 to 152.516 

Index ranges 

-37 ≤ h ≤ 32 
-36 ≤ k ≤ 30 
-35 ≤ l ≤ 34 

-24 ≤ h ≤ 31 
-32 ≤ k ≤ 35 
-37 ≤ l ≤ 26 

-36 ≤ h ≤ 34 
-32 ≤ k ≤ 24 
-20 ≤ l ≤ 36 

Reflections 
collected 

236080 116507 68752 

Independent 
reflections 

9859 
[Rint = 0.0445 
Rsigma = 0.0162] 

9391 
[Rint = 0.0680 
Rsigma = 0.0478] 

9820 
[Rint = 0.0470 
Rsigma = 0.0193] 

Data/restraints/ 
parameters 

9859/0/ 
202 

9391/76/ 
225 

9820/7/ 
224 

Goodness-of-fit 
on F2 

2.17 1.387 1.099 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.1304 
wR2 = 0.4184 

R1 = 0.1418 
wR2 = 0.3800 

R1 = 0.0528 
wR2 = 0.1558 

Final R indexes 
[all data] 

R1 = 0.1375 
wR2 = 0.4298 

R1 = 0.1856 
wR2 = 0.4110 

R1 = 0.0564 
wR2 = 0.1601 

Largest diff. 
peak/hole / e Å-3 

3.03/-1.1 0.85/-0.76 1.03/-0.48 
 

a) Phosphine-appended phenyl moieties could not be modelled. 
b) A solvent mask was used. Nitrogen-appended methyl groups could not be modelled.  
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Table 3-2 Summary of X-ray crystallography data for bocaz-MUF-77 and az-MUF-77. 

Name bocaz-MUF-77* az-MUF-77 

Empirical 
formula 

C60H40N0.5O13Zn4 C60H42N0.5O13Zn4 

Formula weight 1237.4 1239.42 

Temperature/K 101 101 

Crystal system cubic cubic 

Space group Pm-3 Pm-3 

a/Å 29.8772(5) 30.0226(6) 

b/Å 29.8772(5) 30.0226(6) 

c/Å 29.8772(5) 30.0226(6) 

α/° 90 90 

β/° 90 90 

γ/° 90 90 

Volume/Å3 26669.8(13) 27061.1(16) 

Z 6 6 

ρcalcg/cm3 0.462 0.456 

μ/mm-1 0.779 0.768 

F(000) 3765 3777 

Crystal size/mm3 0.5 × 0.4 × 0.4 0.4 × 0.4 × 0.4 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range 
for data 

collection/° 
4.182 to 152.628 4.162 to 152.328 

Index ranges 
-35 ≤ h ≤ 16 
-31 ≤ k ≤ 28 
-36 ≤ l ≤ 35 

-35 ≤ h ≤ 17 
-34 ≤ k ≤ 37 
-24 ≤ l ≤ 36 

Reflections 
collected 

69565 71422 

Independent 
reflections 

9785 [Rint = 0.0393, Rsigma = 0.0218] 9915 [Rint = 0.0296, Rsigma = 0.0130] 

Data/restraints/ 
parameters 

9785/0/ 
214 

9915/0/ 
214 

Goodness-of-fit 
on F2 

1.133 2.179 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.0723, wR2 = 0.2320 R1 = 0.1112, wR2 = 0.4189 

Final R indexes 
[all data] 

R1 = 0.0753, wR2 = 0.2363 R1 = 0.1119, wR2 = 0.4202 

Largest diff. 
peak/hole / e Å-3 

1.28/-1.03 4.03/-0.78 

*Boc groups could not be modelled. 
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3.4.4 Phosphines  

PPh2-sMUF-77 An oven-dried and argon-purged 4.5 mL vial was charged with hmtt (2.2 mg, 3.9 µmol, 

1.0 eq), PPh2-bdc (1.9 mg, 5.4 µmol, 1.4 eq), bpdc (1.3 mg, 5.4 µmol, 1.4 eq), Zn(NO3)2∙4H2O (16.8 mg, 

64.3 µmol, 16.4 eq) and benzoic acid (7.6 mg, 62 µmol, 15.8 eq). Degassed DEF (1 mL) and water (50 µL) 

were added, and the vial was purged with argon. The suspension was sonicated for 10 minutes and was 

placed in an 85 °C isothermal oven for 48 h. The hot solvent was replaced with fresh, degassed DMF (5x). 

Alternatively, the reaction vessel was heated in a metal heating block with an argon-filled balloon attached 

for 24 h to yield MUF-77 crystals. 

For solvent removal, the crystals were washed with degassed, anhydrous DCM (5x) before the crystals were 

dried under vacuum. The crystals were activated at 80 °C for 2h at a ramping rate of 1 °C/min using the 

outgasser function at the activation port. 

PEt2-sMUF-77 An oven-dried and argon-purged 4.5 mL vial was charged with hmtt (1.9 mg, 3.4 µmol, 1.0 

eq), PEt2-bdc·HCl (2.2 mg, 7.6 µmol, 2.2 eq), bpdc (1.4 mg, 5.8 µmol, 1.7 eq), Zn(NO3)2∙4H2O (17.1 mg, 

65.4 µmol, 19.2 eq) and benzoic acid (8.6 mg, 62 µmol, 18.3 eq). Triethylamine was added where noted. 

Degassed DEF (1 mL) and water (50 µL) were added, and the vial was purged with argon. The suspension 

was sonicated for five minutes and was placed in an 85 °C isothermal oven for 48 h. The hot solvent was 

replaced with fresh, degassed DMF (5x). The MUF-77 phase was isolated by hand from additional phases. 

PPh2-rtMUF-77 In a standard experiment an oven-dried, argon-purged 4.5 mL vial was charged with hmtt 

(12.0 mg, 21.5 µmol, 2.6 eq), PPh2-bdc (2.9 mg, 8.3 µmol, 1.0 eq) and bpdc (2.0 mg, 8.3 µmol, 1.0 eq). The 

ligands were dissolved in degassed DMF (1 mL). A solution of Zn(OAc)2∙2H2O (18.1 mg, 82.5 µmol, 10 eq) in 

degassed DMF was prepared in an oven-dried, argon-purged 1.5 mL vial. With a syringe, the Zn(OAc)2∙2H2O 

solution was quickly added to the ligand solution while stirring under a stream of argon. Immediate 

precipitation of a solid was observed. The reaction was stirred for 30 min. The suspension was transferred 

to a 1.5 mL Eppendorf vial and centrifuged. The solvent was decanted and replaced with fresh degassed 

DMF. The washing process was repeated three times. 

AuPPh2-rtMUF-77 Freshly synthesized PPh2-rtMUF-77 was washed with DCM (5x). The sample was 

transferred to a 4.5 mL vial protected from light. (Me2S)AuCl (3.2 mg) was dissolved in DCM (1 mL) and 

protected from light. The gold precursor solution was quickly added to the MOF-suspension and the 

reaction mixture was allowed to stand undisturbed at room temperature overnight. The mother liquor was 

replaced with fresh DCM (3x) and the solid was allowed to soak overnight. The solvent was then replenished 

twice. 
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3.4.5 Phosphoramidites 

3.4.5.1 Ligand Synthesis 

Under argon, tris(dimethylamino)phosphine (150 µL, 0.993 mmol, 3 eq.) was dissolved in 

anhydrous toluene (1 mL). While stirring, (OH)2-bpdc dimethyl ester (99.6 mg, 

0.330 mmol, 1 eq.) suspended in anhydrous toluene (4 mL) was added. The solid quickly 

dissolved after addition to the reaction mixture. The solution was set to reflux for 17 h. The 

brown suspension was allowed to cool to room temperature and the solvent was removed 

under vacuum. The brown solid was extracted with EtOAc and purified by column 

chromatography over silica with EtOAc:n-hexane 1:4 as eluent. 

1H NMR (500 MHz, CDCl3) δ 7.89 (dd, J = 8.0, 1.7 Hz, 2H), 7.83 (s, 2H), 7.51 (d, J = 8.0 Hz, 2H), 2.64 (d, J = 9.1 

Hz, 6H). 31P NMR (202 MHz, CDCl3) δ 149.90. 

 Under argon, an oven-dried 4 mL vial charged with Me2SAuCl (27.2 mg, 0.0923 mmol, 

1 eq.) was dissolved in anhydrous DCM (1 mL). The solution was cooled to 0 °C and a 

solution of the phosphoramidite bpdc ester (1) (35.0 mg 0.0906 mmol, 1 eq.) in DCM 

(1 mL) was added while stirring. The vial was rinsed with DCM (1 mL) and the solution 

was allowed to warm to room temperature and stirring was continued for 2 h. The solvent 

was removed under vacuum to give the product as a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.07 (d, J = 8.0 Hz, 2H), 7.93 (s, 2H), 7.64 (d, J = 8.0 Hz, 2H), 3.98 (s, 6H), 2.90 (d, 

J = 12.1 Hz, 6H). 31P NMR (202 MHz, CDCl3) δ 129.12. 

3.4.5.2 MOF Synthesis 

(OH)2-MUF-77 A 4.5 mL vial was charged with hmtt (2.2 mg, 3.9 µmol, 1.0 eq), bdc (1.3 mg, 7.8 µmol, 

2.0 eq), and (OH)2-bpdc (1.4 mg, 5.1 µmol, 1.3 eq). The ligands were suspended in DEF (0.7 mL) and water 

(50 µL). A 0.631 M solution of Zn(NO3)2∙4H2O (100 µL, 63.1 µmol, 16.0 eq) in DEF and a 0.819 M solution of 

benzoic acid (80 µL, 66 µmol, 16.6 eq) in DEF were added. The suspension was sonicated for 10 minutes 

and was placed in an 85 °C isothermal oven for 24 h. The hot solvent was replaced with fresh, degassed DMF 

(5x). 

(Me2N)PO2-MUF-77 In a 4.5 mL vial (OH)2-MUF-77 crystals were washed with anhydrous toluene (5x). The 

solvent was decanted and replenished with fresh anhydrous toluene (1 mL). Under argon, 

tris(dimethylamino)phosphine (100 µL) was added, and the reaction was heated to 85 °C for 24 h. The 

solvent was replaced with anhydrous toluene (5x) over several hours. 
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3.4.6 N-Heterocyclic Carbenes 

3.4.6.1 Ligand Synthesis 

The NHC functionalized bpdc ligand was synthesized according to a reported procedure.247 

Under argon, im-bpdc (100 mg, 0.225 mmol, 1 eq.) and Ag2O (31.7 mg, 0.137 mmol, 0.6 eq.) 

were suspended in anhydrous DCM (3 mL) and stirred for 4 h protected from light at room 

temperature. Solids were filtered off and (Me2S)AuCl (81.7 mg, 0.277 mmol, 1.2 eq.) was 

added. The reaction was stirred for 16 h at room temperature. The suspension was filtered 

over celite. The solvent was removed under vacuum to yield the product as an off-white 

solid (125.4 mg, 0.185 mmol, 82 %) 

1H NMR (500 MHz, CDCl3) δ 8.14 (d, J = 8.3 Hz, 2H), 8.08 (dd, J = 8.0, 1.7 Hz, 1H), 7.90 (s, 1H), 7.39 (d, J = 8.0 

Hz, 1H), 7.36 (d, J = 8.7 Hz, 1H), 6.86 (d, J = 1.9 Hz, 1H), 6.57 (d, J = 2.0 Hz, 1H), 5.36 (s, 2H), 3.95 (d, J = 12.9 

Hz, 6H), 3.78 (s, 3H). 

ESI (positive mode, MeOH): m/z = 619.0670 (C21H20AuClN2O4 + Na+), calculated 619.0669. 

The AuNHC-bpdc methyl ester (6) (30.2 mg, 0.0506 mmol) was dissolved in a mixture of 

THF (1 mL).  1 M NaOH (1 mL) was added, and the reaction was stirred for 16 h. The dark 

suspension was filtered over celite. THF was removed under reduced pressure and the 

remaining aqueous phase was acidified with dil. aq. HCl to pH = 5. The solid was collected 

by centrifugation and washed with water (2x 0.5 mL). The dark purple solid was suspended 

in acetone (4 mL) and filtered through celite.  The solvent was removed under vacuum to 

yield the product as a yellow solid. 

1H NMR (400 MHz, DMSO) δ 13.09 (s, 2H), 8.02 (d, J = 7.8 Hz, 2H), 7.97 (d, J = 7.8 Hz, 1H), 7.65 (s, 1H), 7.52 

(d, J = 7.9 Hz, 2H), 7.43 (dd, J = 4.9, 3.0 Hz, 2H), 7.27 (d, J = 2.1 Hz, 1H), 5.34 (s, 2H), 3.71 (s, 3H). 

ESI (negative mode, MeOH): m/z = 567.0390 (C19H15AuClN2O4−), calculated 567.0380. 

3.4.6.2 MOF Synthesis 

im-sMUF-77 A 4.5 mL vial was charged with hmtt (2.2 mg, 3.9 µmol, 1.0 eq), bdc (1.3 mg, 7.8 µmol, 2.0 eq), 

im-bpdc (2.1 mg, 5.0 µmol, 1.3 eq), Zn(NO3)2∙4H2O (16.5 mg, 63.1 µmol, 16.2 eq) and benzoic acid (8.0 mg, 

65.5 µmol, 16.8 eq.) as crystal growth modulator were added. The ligands were suspended in DEF (1 mL) 

and water (50 µL). The suspension was sonicated for 5 minutes and was placed in an 85 °C isothermal oven 

for 21 h. The hot solvent was replaced with fresh DMF (5x). 

AuNHC-rtMUF-77 A 4.5 mL vial was charged with hmtt (12.0 mg, 21.5 µmol, 2.6 eq), bdc (1.4 mg, 8.4 µmol, 

1.0 eq) and AuNHC-bpdc (4.9 mg, 8.6 µmol, 1.0 eq). The ligands were dissolved in DMF (1.5 mL). A solution 

of Zn(OAc)2∙2H2O (18.0 mg, 82.0 µmol, 9.7 eq) in DMF was added to the ligand solution while stirring. 

Immediate precipitation of a solid was observed. The reaction was stirred for 45 min. The suspension was 

transferred to a 1.5 mL Eppendorf vial and centrifuged. The solvent was decanted and replaced with fresh 

degassed DMF. The washing process was repeated four times. 
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Au@NHC-MUF-77 A 4.5 mL vial, im-sMUF-77 crystals were washed with anhydrous DCM (5x). Under argon, 

(Me2S)AuCl (1.5 mg) in DCM was added. The reaction was kept undisturbed for 3 h at room temperature. 

The purple crystals were washed with fresh DCM (7x) over several hours and again after 24 h. 

A control reaction with parent MUF-77 was conducted under similar conditions. 

3.4.6.3 Catalysis 

For catalysis, Au@NHC-MUF-77 crystals were washed with anhydrous toluene (5x) and transferred to a 

Schlenk tube. The solvent was decanted and fresh anhydrous toluene (2 mL) and benzyl alcohol (104 µL, 

1 mmol, purified prior via column chromatography to remove possible benzaldehyde) were added. Air was 

passed through a column of CaCl2 and continuously bubbled through the solution. The reaction was heated 

to 90 °C. TLC indicated product formation after 1.5 h. 1H NMR spectra of the reaction were recorded after 

24 h. 

3.4.7 Nitrogen Acyclic Carbenes 

Chloro(tetrahydrothiophene)gold(I) and tert-butylilisocyanogold(I) chloride were synthesized according 

to literature procedures.231,248 CDCl3 for NMR sample preparation was stored over activated Al2O3. 

3.4.7.1 Ligand Synthesis 

Crude 2,2’-di(bromomethyl)bpdc methyl ester (11) (661 mg) was dissolved in THF 

(10 mL). Allylamine (330 µL, 4.41 mmol) was added and the reaction was stirred for 

24 h at 50 °C. The solvent was removed, and the crude product was further purified by 

column chromatography over silica, with a gradient of EtOAc:cyclohexane 1:5 to 1:2 as 

eluent. The crude product was dissolved in Et2O, and the solvent was allowed to slowly 

evaporate overnight to yield colorless, rod-shaped crystals. The crystalline solids were 

isolated. The mother liquor was concentrated and placed at 5 °C to provide a second crop 

of crystals. The combined solids were dried under vacuum. 

1H NMR (500 MHz, CDCl3) δ 8.12 (dd, J = 8.0, 1.7 Hz, 2H), 8.03 (d, J = 1.7 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 5.98 

(ddt, J = 16.8, 10.1, 6.5 Hz, 1H), 5.32 (dd, J = 17.1, 1.8 Hz, 1H), 5.26 (dd, J = 10.1, 1.7 Hz, 1H), 3.96 (s, 6H), 3.44 

(s, 4H), 3.21 (dd, J = 6.6, 1.7 Hz, 2H). 

The deallylation protocol was adapted from a reported general procedure.249 Under argon, 

12 (691 mg, 1.97 mmol, 1 eq.) was dissolved in degassed, anhydrous dichloromethane 

(5 mL). 1,3-Dimethylbarbituric acid (925 mg, 5.92 mmol, 3 eq.) and 

tetrakis(triphenylphosphine)palladium(0) (35.0 mg, 0.0303 mmol, 1.5 mol%) were added. 

The reaction was stirred at 35 °C for 3 h while the reaction progress was followed by TLC. 

The reaction was diluted with dichloromethane and washed with aqueous Na2CO3 (2 x 5 mL) 

and water (2 x 5 mL). The organic phase was dried over magnesium sulphate and the solvent 

was removed under vacuum. The solid was washed with hot diethyl ether to yield the product as a brown 

powder (259 mg, 0.832 mmol, 42 % yield). 

1H NMR (500 MHz, CDCl3) δ 8.12 (dd, J = 8.0, 1.7 Hz, 2H), 8.07 (d, J = 1.7 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H), 3.96 

(d, J = 1.2 Hz, 6H), 3.68 (s, 4H). 
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Under argon, 13 (94.7 mg, 0.304 mmol, 1 eq.) was suspended in anhydrous tert-butyl 

alcohol (0.5 mL). A solution of di-tert-butyl dicarbonate (66.1 mg, 0.302 mmol, 1 eq.) in 

anhydrous tert-butyl alcohol (0.5 mL) was added and the reaction was stirred at 35 °C. After 

16 h additional di-tert-butyl dicarbonate (11.0 mg, 0.0504 mmol, 0.16 eq.) was added, and 

stirring was continued for another 24 h. Additional di-tert-butyl dicarbonate (14.9 mg, 

0.0683 mmol, 0.23 eq.) was added, and stirring was continued for further 4 h. The solvent 

was removed under vacuum. The crude product was used without further purification. 

The solid was dissolved in THF (0.5 mL) and 1 M aqueous NaOH (0.5 mL) was added. The reaction was 

stirred at 50 °C until TLC indicated consumption of all starting material. THF was removed under reduced 

pressure and the aqueous phase was acidified to pH=4. Solids were filtered off and washed with water. The 

solvent was removed under vacuum to yield the product as off white solid (30.4 mg, 0.0792 mmol, 26 %). 

H NMR (500 MHz, DMSO) δ 13.18 (s, 2H), 8.08 (dt, J = 7.9, 1.8 Hz, 2H), 8.02 (s, 2H), 7.74 (dd, J = 8.0, 1.7 Hz, 

2H), 4.21 (s, 4H), 1.47 (d, J = 1.6 Hz, 9H). 

13C NMR (176 MHz, DMSO) δ 166.82, 153.44, 143.31, 134.40, 131.30, 130.43, 129.58, 128.82, 79.61, 47.43*, 

46.91*, 28.07. 

*At 176 MHz the CH2 signal was split into two broad peaks of low intensity. At lower frequency, the 

broadening was too pronounced to observe a signal. The number of carbon atoms was confirmed by HMQC 

and DEPT NMR experiments. 

ESI (negative mode, methanol): m/z = 382.1290 (C21H20NO6−), calculated 382.1285. 

Under argon, im-bpdc ester (8.2 mg, 0.0262 mmol, 1 eq.) and tert-

butylilisocyanogold(I) chloride (8.2 mg, 0.0260 mmol, 1 eq.) were weighed into 4.5 mL 

vial protected from light. The atmosphere was replaced with argon (3x) before the 

solids were dissolved in anhydrous DCM (1 mL). The reaction was stirred under argon 

at room temperature for 16 h. The solvent was removed the product was isolated by 

preparative thin layer chromatography over silica using a mixture of EtOAc:n-hexane 

1:1 as eluent. 

1H NMR (700 MHz, CDCl3) δ 8.13 (d, J = 8.2 Hz, 2H), 8.06 – 8.02 (m, 1H), 7.89 (d, J = 1.7 Hz, 1H), 7.39 (d, J = 

8.3 Hz, 2H), 7.36 (d, J = 7.9 Hz, 1H), 5.76 (s, 1H), 5.31 (s, 2H), 3.95 (d, J = 2.6 Hz, 6H), 2.61 (s, 3H), 1.62 (s, 

9H). 

13C NMR (176 MHz, CDCl3) δ 193.07, 166.78, 166.54, 162.34, 145.33, 143.79, 133.67, 130.75, 130.42, 130.20, 

130.07, 129.28, 129.05, 128.65, 63.24, 54.92, 52.57, 52.48, 33.04, 31.82. 

3.4.7.2 MOF Synthesis 

mam-rtMUF-77 In a 4.5 mL vial hmtt (6.0 mg, 11 µmol, 2.6 eq.) and mam-bpdc (1.2 mg, 4.2 µmol, 1 eq.) were 

suspended in DMF (550 µL). A 3.91 mM solution of bdc (105 µL, 4.1 µmol, 1 eq.) in DMF was added. The 

ligands were dissolved in DMF (1.5 mL). A solution of Zn(OAc)2∙2H2O (9.2 mg, 42 µmol, 10.2 eq.) in DMF 
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was added to the ligand mixture while stirring. The vial was closed, and the reaction mixture was swirled. 

The reaction was stirred for 1 h. The suspension was transferred to a 1.5 mL Eppendorf vial and centrifuged. 

The solvent was decanted and replaced with fresh DMF. The washing process was repeated four times. 

az-sMUF-77 A 4.5 mL vial was charged with hmtt (11.1 mg, 19.9 µmol, 1.1 eq.), Boc-protected az-bpdc 

(7.0 mg, 18 µmol, 1 eq.), bdc (6.5 mg, 39 µmol, 2.1 eq.), Zn(NO3)2∙4H2O (82.5 mg, 0.316 mmol, 17.6 eq.) and 

benzoic acid (40.0 mg). The solids were suspended in DEF (4.88 mL) and water (125 µL). The suspension 

was sonicated for 5 minutes and was placed in an 85 °C isothermal oven for 24 h. The hot solvent was 

replaced with fresh DMF (5x). 

For removal of the Boc group, the crystals were washed with DCM (5x) before subsequent heating to 200 °C 

for 20 h with a ramp rate of 10 °C/min under vacuum using the outgasser function at the activation port of 

the iQ2 gas adsorption instruments. 
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Chapter 4  MUF-77 as a Versatile Platform 

for Gold(III) Catalysis 

4.1 Overview 

4.1.1 Homogeneous Gold(III) Catalysts 

While homogeneous Au(I) catalysis is well established, efficient gold catalysts with higher oxidation states 

feature less prominently in the literature. This might come as a surprise as Au(III) compounds are well 

known.250,251 Chloroauric acid, H[AuCl4], has been long used as an important reagent in the synthesis of 

Au(I) complexes. It can be obtained by dissolving elemental gold in aqua regia, a potent mixture of 

concentrated nitric acid and hydrochloric acid. It is often used in nanoparticle synthesis by reducing the 

oxidation state of gold from +3 to 0.252 The addition of tetrahydrothiophene (tht) to a solution of H[AuCl4] 

in ethanol and water yields tht-AuI-Cl, a valuable precursor to Au(I) catalysts.248 In Au(III) catalysis it is 

often not straightforward to determine whether the active species responsible for catalysis is the employed 

Au(III) complex or if an in situ reduction leads to an active Au(I) catalyst.253,254 The higher redox potential 

of gold (AuIII/Au0 = 1.52 V, AuIII/AuI =1.36 V, AuI/Au0=1.83 V) compared to metals like platinum (PtII/Pt0 = 

1.19 V) means it is more easily reduced, mechanistic studies become convoluted.250 The design and use of 

new ligands helps overcome those challenges by stabilizing the Au(III) centre. The potential ligands are 

manifold (Figure 4-1), yet, generally, they beneficial interactions are based on the hard Lewis acid 

properties of Au(III) compared to the softer Au(I) cations. While complexes of the formula LAuX3 (ligands 

are denoted as L, X, or Z according to the covalent bond classification method255,256) have been employed 

successfully as (pre-)catalysts in 1,5-enyne cycloisomerization reactions.253,257 Their propensity for 

reduction to Au(I) in other instances was reported258. Further N-coordinating ligands of the type LAuX3 or 

chelating N^O complexes were found to be active catalysts, however, their catalytic activity was only slightly 

superior to AuCl3.259 These complexes were also found to be prone to reduction.260 Today, chelating or 

pincer ligands are widely used in the stabilization of Au(III) complexes. N^C complexes have been 

successfully used to promote the formation of propargylic amines, chiral allenes, and isoxazole.261 C^N^C 

pincer ligands are one of the most widely used scaffolds for Au(III) complexes.262 When embedded in a MOF, 

they have been reported to promote the photo-reduction of methyl viologen.263 

 

Figure 4-1 Overview of typical Au(III) catalyst scaffolds used in homogeneous transition metal catalysis. 
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Au(III) is a promising target for use in transition metal catalysis due to its relative carbophilicity, stability 

against hydrolysis, and tolerance of a wide range of functional groups.250 Overall, research in high-valent 

transition metal catalysis is still lagging behind the well-established low-valent transition metal catalysis, 

making it a promising target for further research.264 Such a Au(III) catalyst was reported by the Toste group 

in 2015 (Figure 4-2).264 A NHC-Au(I)-Cl complex, a common catalyst in transition metal catalysis, was 

transformed to a stable Au(III) catalyst by oxidative addition of biphenyl. The conversion required only mild 

conditions compared to the strong halogen-based oxidants usually employed. That allowed the active 

Au(III) catalyst to form in situ. The hard Lewis acidic Au(III) catalyst promoted new catalytic 

transformations, previously not accessible through Au(I) catalysts or traditional bulky Lewis- and 

Brønsted-acid catalysts. The catalyst promoted Mukaiyama-Michael additions, nitronate Michael additions, 

a thiol addition, Hantzsch ester reductions, Diels–Alder reactions and a [2+2] cycloaddition with good 

selectivity. In contrast to popular Au(III) catalysts like AuCl3, which show harsh and non-selective acidity,265 

the new catalyst provided intermediate reactivity. The ligand environment not only stabilized the Au(III) 

species but provided a unique catalytic pocket, leading to the excellent selectivity observed during the 

catalytic trials. 

 

Figure 4-2 The different catalytic outcomes using a traditional Au(I) catalyst or the Au(III) catalyst reported 
by Toste. Upon activation with a halide abstraction reagent, the NHC-Au(I) catalyst led to the formation of 
the 1,2 adduct while the Au(III) catalyst promoted the formation of the 1,4 adduct. The novel biphenyl/NHC-
Au(III)-Cl pre-catalyst was synthesized from NHC-Au(I)-Cl by oxidative addition of a C–C bond. 

The catalytically active, cationic Au(III) complex, was obtained through chloride abstraction by a silver salt. 

In the case of the biphenyl-Au(III) system, the catalytic cationic complex was obtained by replacing the 

chloride ligand with the weakly coordinating SbF6− anion. A water-coordinated metal centre was proposed 

as the catalytic species (Figure 4-3). 
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Figure 4-3 Schematic representation of the activation of the Au(III) pre-catalyst. The catalytically active 
cationic complex was obtained through halide abstraction with a suitable silver salt. The chlorido ligand 
was replaced by a weakly coordinating counterion, SbF6−. The catalytically active species was characterized 
as the respective Au(III)-aqua complex. 

The square planar ligand coordination geometry of Au(III) complexes provides further advantages 

compared to the linear coordination environment in Au(I) species (Figure 4-4). Naturally, the ligands 

occupy spaces around the metal centre closer to the chlorido ligand/the active centre, allowing them to 

directly influence the catalytic site and create a catalytic pocket. 

 

Figure 4-4 The square planar ligand arrangement of Au(III) complexes and the close proximity of (typically 
innocent) ligands to the active centre lead to new possibilities in shaping the catalytic pocket (IPr = [1,3-
bis(2,6-diisopropylphenyl)imidazole-2-ylidene). 

In 2017 the groups of Wong and Toste independently exploited the proximity of the ligands to the catalytic 

site to obtain enantioselective Au(III) catalysts by introducing chiral ligands (Figure 4-5).260,266 The catalysts 

are stabilized through either C^N or C^C ligand complexation and a ligand bearing the chiral information. 

Toste utilized a chiral derivative of the NHC ligand shown earlier to obtain the biphenyl-stabilized catalyst. 

The catalyst was successfully employed in the direct enantioconvergent kinetic resolution of 1,5-enynes. 

Interestingly, when Wong introduced a BINOL ligand into an Au(III) dichloride complex, [(C^N)AuCl2], C,O-

chelation was observed instead of the expected O,O’ chelate complex. The Au(III) complex successfully 

promoted the carboalkoxylation of ortho-alkynylbenzaldehyde with methanol and the initial selectivity 

trials showed 41 % ee. 
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Figure 4-5  Novel selective Au(III) catalysts for asymmetric catalysis and kinetic resolution reported by 
Wong and Toste. 

4.1.2 MOFs as Platforms for Gold(III)-catalysed Reactions 

Research into Au(III)-based MOF catalysts is still in its infancy. However, the first examples provide a 

promising outlook into future possibilities. Levchenko et al. recently reported the incorporation of a stable 

Au(III) catalyst into UiO-67.267 2-Phenylpyridine-5,4′-dicarboxylic acid was transformed in two steps to the 

respective C^N-Au(III) coordinated ligand. However, the synthesis conditions for the UiO-67 framework led 

to decomposition of the Au(III) complex. Reduction of Au(III) was also reported for other attempts to 

incorporate Au(III) complexes into MOFs.268,269 While the resulting hybrid materials of gold nanoparticles 

and/or partially formed Au(III)-salen complexes within MOFs might be exploited for catalysis, Levchenko 

et al. circumvented the decomposition by introducing Au(III)-bearing ligands through post-synthetic ligand 

exchange (Figure 4-6). Upon synthesis, a regular bpdc linker in UiO-67 was replaced with the catalyst and 

the MOF successfully promoted cyclopropanation reactions. 

 

Figure 4-6 Synthesis of a novel UiO-67-Au(III) catalyst. Attempts to introduce the catalytically active ligand 
through a direct MOF synthesis led to the decomposition of the gold complex. Instead, the ligand was 
successfully incorporated into an existing traditional UiO-67 framework through post-synthetic ligand 
exchange. 
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As described previously, Lee et al. were successful in synthesizing a biphenyl-stabilized Au(III) catalyst, 

IPrAu(bpdc)Cl (IPr = [1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene]) suitable to be incorporated into 

different MOF frameworks (Figure 4-7).270 No decomposition of the Au(III) complex was observed. The 

frameworks, IRMOF-10 and bio-MOF-100, provided architectural stability for the catalyst. Incorporation 

into the framework stabilized the ligand against the unimolecular decomposition observed for the 

homogeneous catalyst. The catalysts successfully promoted the 1,5-enyne and the alkynyl cycloheptatriene 

cycloisomerization reactions. Both catalysts were recyclable and no leaching of active catalyst into solution 

was observed. 

 

Figure 4-7 IRMOF-10 and bio-MOF-100 as platforms for a bpdc derived Au(III) catalyst. The ligand was 
stable during MOF synthesis. The incorporation into the framework stabilized the ligand from 
decomposition through reductive elimination. The functionalized MOFs were successfully promoted the 
1,5-enyne and the alkynyl cycloheptatriene cycloisomerization reaction. 

This proof-of-concept inspired us to target the incorporation of the IPrAu(bpdc)Cl ligand into our MUF-77 

system. The common synthetic conditions for IRMOF-10 resemble those of MUF-77, indicating a promising 

tolerance of the employed reagents to the conditions. Lee et al. combined bpdc and IPrAu(bpdc)Cl with 

Zn(NO3)2·4H2O in DEF. After heating the reaction at 90 °C for 24 h they obtained the framework as yellow 

crystals. The ratio of IPrAu(bpdc)Cl to bpdc was determined by NMR upon digestion to be between 5 % and 

16 %. It is important to note that an increase in catalyst loading led to a decrease in crystallinity through an 

increase in crystal defects, which the authors attributed to the increased steric clashes of the sterically 

demanding IPrAu-groups. We theorized that the ligand could be introduced to MUF-77 to produce a catalyst 

in a similar way (Figure 4-8). Modification of the two other ligands in MUF-77 provides a way to influence 

the catalytic activity through pore modulation. 
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4.2 Results and Discussion 

4.2.1 MOF Synthesis and Characterization 

4.2.1.1 Synthesis of IPrAu(bpdc)Cl-sMUF-77 at Different Temperatures 

We synthesized IPrAu(bpdc)Cl-MUF-77 by combining the ligands hmtt, IPrAu(bpdc)Cl and bdc with zinc 

nitrate tetrahydrate and benzoic acid in DEF. The reactions were carried out at temperatures between 50 °C 

and 120 °C (Figure 4-8).  

 

Figure 4-8 Solvothermal synthesis of IPrAu(bpdc)Cl-sMUF-77 at different synthesis temperatures. 

For parent MUF-77 the optimal synthesis temperatures was established earlier as 85 °C. When we adopted 

the common MUF-77 synthesis to incorporate IPrAu(bpdc)Cl, however, the obtained transparent crystals 

showed a distinct purple coloration due to gold nanoparticles (Figure 4-9). While the formation of 

nanoparticles is not a problem per se, it requires careful control of the catalytic properties of such 

nanoparticles. More importantly, it raises the question about the decomposition of the incorporated ligands. 

Alerted by these observations, we attempted the synthesis at different temperatures and reaction times. 

     

50 °C 60 °C 85 °C 100 °C 120 °C 

6 d 2 d 22 h 3 h 15 min 85 min 

Figure 4-9 Microscopy images of sMUF-77(AuIII) crystals obtained through solvothermal synthesis at 
different temperatures. At elevated temperatures, the obtained crystals show a purple coloration, an 
observation we correlated with complex decomposition and formation of gold nanoparticles during the 
MOF synthesis. 

Optical inspection of the synthesized MOFs showed a clear correlation between the synthesis temperature 

and the occurrence of the purple coloration. At lower temperatures and longer reaction times, the crystals 

obtained were transparent and without any purple coloration. At 85 °C we observed purple coloration of 

the crystals. At 120 °C the purple colour dominant and powder diffraction patterns showed the fingerprint 

of gold nanoparticles (Figure 4-10). 
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Figure 4-10 Powder X-ray diffraction pattern of IPrAu(bpdc)Cl-sMUF-77 synthesized at different 
temperatures. The pattern showed the successful and phase-pure formation of MUF-77 crystals. 
Additionally, at 120 °C the characteristic peaks of gold nanoparticles were observed, supporting our 
conclusion about ligand decomposition during the MOF synthesis. 

To determine whether the IPrAu(bpdc)Cl ligand was incorporated into IPrAu(bpdc)Cl-sMUF-77 without 

decomposition, we digested the crystals formed at different temperatures in a mixture of DMSO-d6 and DCl 

(Figure 4-11). Comparison of 1H NMR spectra from digested MUF-77 synthesized at 50 °C and 60 °C with 

the ligand showed a shift of the characteristic isopropyl signals and the appearance of additional signals in 

that region. We observed similar changes for the bpdc backbone signals. While it was difficult to determine 

the actual complex structure, the data indicated a change in the arrangement of the side group, hinting 

towards a change in the coordination environment. The appearance of at least two sets of doublets 

correlated to the isopropyl groups of the NHC ligand pointed towards at least two different coordination 

complexes upon digestion. Additional signals were also observed in the aromatic region. At temperatures 

at or above 85 °C, we observed additional signals of bare bpdc in solution. This indicated the decomposition 

of the gold complex through gold nanoparticle formation. While we expected the complex to be stable under 

the chosen synthesis condition due to the successful synthesis of IPrAu(bpdc)Cl-IRMOF-10 by Lee et al., the 

reduction and decomposition of Au(III) complexes by amines is well known. Reduction of Au(III) complexes 

was reported with DMF and other amines without the addition of further reducing agents.271,272 Ligand 

decomposition to gold nanoparticles has been previously reported in different solvothermal MOF synthesis 

approaches.267,268 The main difference in the synthetic procedures, despite the choice of ligands, seemed to 

be the addition of benzoic acid. Benzoic acid was used in MUF-77 synthesis as a growth modulator and the 

addition was necessary to allow for the reproducible formation of uniform crystals with a size suitable for 

standard SXRD measurements. 
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Figure 4-11 1H NMR spectra of IPrAu(bpdc)Cl-sMUF-77 crystals synthesized at different temperatures 
upon digestion in a DMSO-d6/DCl mixture. 

SXRD analysis of IPrAu(bpdc)Cl-sMUF-77 single crystals from a 85 °C solvothermal synthesis showed 

electron density consistent with the presence of gold chelated by the biphenyl ligand (Figure 4-12). The 

bpdc backbone and the coordinated gold centre were disordered, showing rotational freedom of the ligand-

metal plane along the bpdc backbone axis.  The most representative orientation is depicted in Figure 4-12 

without any rotational adjustments. The rotation might be a result of steric pressure within the MUF-77 

pore. The occupancy of the modelled gold centres was lower than expected for IPrAu(bpdc)Cl-sMUF-77, 

which was in good agreement with our observation from 1H NMR spectroscopy that under the employed 

conditions partial ligand decomposition was observed. Precise information about the coordinated co-

ligands could not be obtained. No indicative electron density for any expected chlorido ligands was 

observed. The disorder and rotational freedom of the appended groups and the possibility of a partial 

reaction of the complex made it difficult to develop an accurate structural model, even at low temperatures 

and upon solvent removal. 
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Figure 4-12 SXRD model of the small pore in IPrAu(bpdc)Cl-sMUF-77 obtained from a solvothermal 
synthesis at 85 °C. Gold centre and bpdc backbone were disordered and are shown in representative 
positions. Coordinated co-ligands could not be modelled. Carbon atoms are shown in grey, gold in yellow, 
oxygen in red, and zinc as cyan polyhedra. Hydrogen atoms are omitted for clarity 

4.2.1.2 Mixed Ligand Solvothermal Synthesis of IPrAu(bpdc)Cl-msMUF-77 

Lee et al. also reported challenges for the IRMOF-10 synthesis. To obtain the desired MOF with good 

crystallinity IPrAu(bpdc)Cl had to be “diluted” with the parent bpdc ligand (5-16 % IPrAu(bpdc)Cl, 

remainder bpdc). We adopted a similar strategy to MUF-77 analogues. While maintaining the general 

synthetic conditions, a mixture of bpdc and IPrAu(bpdc)Cl was combined to produce IPrAu(bpdc)Cl-msMUF-

77, where ms stands for mixed-ligand solvothermal synthesis (Figure 4-13). As IPrAu(bpdc)Cl:bpdc feed 

ratio we chose 25:75 and 15:85 while all other conditions were held constant. Both reaction feed ratios 

yielded crystals of the typical MUF-77 appearance. 

 

Figure 4-13 Solvothermal synthesis of IPrAu(bpdc)Cl-msMUF-77. 

PXRD pattern of the synthesized crystals showed the phase-pure formation of MUF-77, as indicated by the 

good match with the simulated PXRD pattern of parent MUF-77 and of the comparable synthesis with only 

IPrAu(bpdc)Cl (Figure 4-14). 1H NMR spectroscopy of the digested MOFs in a mixture of DMSO-d6/DCl 
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showed both IPrAu(bpdc)Cl and bpdc were incorporated (Figure 4-15). The decreased symmetry of the 

bpdc backbone, indicated by the additional set of signals in the aromatic region, strongly indicated that a 

gold coordination complex was successfully integrated. This was further supported by the characteristic 

signal pattern of the IPr ligand, and the splitting of the isopropyl proton signals often seen in coordination 

complexes where the rotation of the benzyl-side groups is hindered. While the peak pattern was comparable 

to that of the homogeneous ligand, we noted a shift in the isopropyl and biphenyl signals. We attributed the 

shift to a change in the coordination environment of the gold complex. The diluted samples did not show 

any additional isopropyl or functionalized bpdc signals as observed for the samples synthesized from 

IPrAu(bpdc)Cl without bpdc addition.  

 

Figure 4-14 Powder X-ray diffraction pattern of IPrAu(bpdc)Cl-msMUF-77 crystals obtained through a 
mixed-linker solvothermal approach. 
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Figure 4-15 1H NMR spectra of digested IPrAu(bpdc)Cl-msMUF-77. The spectra indicated a change in the 
coordination environment of the gold complex during the synthesis. 

Initial catalytic trials with IPrAu(bpdc)Cl-msMUF-77 did not show any catalytic activity (Chapter 4.2.2.2). A 

possible explanation was the formation of an Au(III)-hydroxo species via chloro-hydroxy exchange that 

occurred under the synthesis conditions at elevated temperatures.273 This would explain the shift in 1H NMR 

signals and the absence of catalytic activity (Figure 4-16). At this point, we halted our investigation into the 

ligand decomposition to examine an alternative synthetic route to IPrAu(bpdc)Cl-MUF-77. 

 

Figure 4-16 Proposed ligand replacement during the MUF-77 solvothermal synthesis in the presence of 
bpdc and IPrAu(bpdc)Cl leading to a catalytically inactive hydroxo complex. 
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4.2.1.3 Room-Temperature Synthesis of IPrAu(bpdc)Cl-rtMUF-77  

We anticipated that a milder and quick room temperature synthesis approach would be beneficial for the 

stability of the IPrAu(bpdc)Cl complex during MUF-77 synthesis. A solution of hmtt, IPrAu(bpdc)Cl, and bdc 

in DMF was combined with dissolved zinc acetate in DMF (Figure 4-17). An off-white precipitate formed 

shortly after mixing ligands and metal salt. The nanocrystalline IPrAu(bpdc)Cl-rtMUF-77 was obtained as 

fine powder. 

 

Figure 4-17 Room temperature synthesis of nanocrystalline IPrAu(bpdc)Cl-rtMUF-77. 

PXRD pattern of the precipitate confirmed the formation of MUF-77 crystals (Figure 4-18). PXRD pattern of 

nano-sized materials often show broadened signals compared to samples with larger crystal-sizes. The peak 

width was comparable with the solvothermal-synthesis MUF-77 pattern, a good indication for the high 

crystallinity of the nanocrystalline sample. No additional peaks were observed, indicating phase purity of 

the synthesized material. No purple coloration or signals in the PXRD pattern corresponding to gold 

nanoparticles were observed, indicating that no nanoparticles formed during the reaction. 

 

Figure 4-18 Powder X-ray diffraction pattern of IPrAu(bpdc)Cl-rtMUF-77 obtained through room 
temperature synthesis compared to parent MUF-77. 
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1H NMR spectroscopy indicated no competing frameworks had formed. Integration of the ligand signals was 

in alignment with the expected molecular formula for IPrAu(bpdc)Cl-MUF-77, 

[Zn4O(hmtt)4/3(IPrAu(bpdc)Cl)1/2(bdc)1/2]. Moreover, the 1H NMR spectrum indicated that, in contrast to 

our solvothermal approach, no change in coordination of the gold complex occurred during the MOF 

synthesis (Figure 4-19). The IPrAu(bpdc)Cl signals were in good agreement with those observed from the 

homogeneous ligand, only differing in a small shift to higher ppm that can be attributed to small pH 

differences or interactions with other dissolved ligands upon digestion. 

 

Figure 4-19 1H NMR spectrum of digested IPrAu(bpdc)Cl-rtMUF-77 in a DMSO-d6/DCl mixture. The data 
indicated the Au(III) complex was successfully incorporated into the MUF-77 framework. 

To evaluate the porosity of the nanocrystalline IPrAu(bpdc)Cl-rtMUF-77, the BET surface area of the 

material was determined. DMF was replaced with acetone and the solvent was replenished four times. The 

IPrAu(bpdc)Cl-rtMUF-77 powder was carefully pre-dried under vacuum for ten minutes before being dried 

at 60 °C for 24 h. The sample showed a type I isotherm, which is typically observed for the microporous 

MUF-77 system (Figure 4-20). In contrast to MUF-77 obtained from solvothermal synthesis, the room-

temperature samples show a rapid increase in the nitrogen uptake close to P/P0 = 1 due to the condensation 

of liquid N2 between the nano-sized particles.274 The BET surface area was estimated at around 2200 m2/g. 

Those results demonstrated the porous nature of the material and were well in line with our expectations. 

Parent MUF-77 was reported with a BET surface area of 3600 m2/g for crystals obtained from solvothermal 

synthesis.275 A decrease in the N2 uptake was in line with the expectation of a decreased available pore 

volume due to the introduced IPrAuCl-functionality filling the pores. The total pore volume was 1.18 cm3/g 

(calculated from the N2 adsorption isotherm at 77 K and P/P0 = 0.849).  
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Figure 4-20 Nitrogen absorption isotherm at 77 K of IPrAu(bpdc)Cl-rtMUF-77 upon activation highlighting 
the porosity of the nanocrystalline material. 

 IPrAu(bpdc)Cl-rtMUF-77 retained crystallinity upon activation as shown by PXRD analysis (Figure 4-21). 

 

Figure 4-21 Powder X-ray diffraction pattern of IPrAu(bpdc)Cl-rtMUF-77 before and after solvent 
removal. 

We were further interested in investigating the stability of IPrAu(bpdc)Cl-rtMUF-77. We established in 

previous experiments that dried nanocrystalline MUF-77 was less stable in air than the crystals obtained 
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from conventional solvothermal synthesis. This is not surprising as the large surface area increases the 

contact with water vapor, which can damage the MUF-77 structure. We investigated the stability of the 

nanocrystalline IPrAu(bpdc)Cl-MUF-77 in DMF and acetophenone at elevated temperatures. DMF was 

chosen to compare the stability of the MOF and the IPrAu(bpdc)Cl complex to the solvothermal synthesis 

approach, while acetophenone was reported as a suitable solvent for post-synthetic MOF modifications.276 

IPrAu(bpdc)Cl-MUF-77 was kept in the respective solvent at 85 °C for 3 d. PXRD of the powder showed that 

IPrAu(bpdc)Cl-MUF-77 retained crystallinity under those conditions (Figure 4-22). Additionally, no change 

in the 1 H NMR spectra of the digested MOF was observed indicating the Au(III) complex maintained stability 

in those solvents. The results were in line with the reported stability during IPrAu(bpdc)Cl-IRMOF-10 

synthesis. The findings indicated that the observed complex decomposition during solvothermal MUF-77 

synthesis was likely a cause of the reaction conditions rather than detrimental interactions between 

complex and MOF or solvent. 

A) 

 

B) 

 

Figure 4-22 A) Powder diffraction pattern of IPrAu(bpdc)Cl-rtMUF-77 and B) 1H NMR spectra of the 
digested MOF following stability tests in DMF and acetophenone. The MOFs retain crystallinity under those 
conditions and no change in the Au(III)-ligand environment was observed. 

4.2.2 Catalysis 

4.2.2.1 General Considerations 

To evaluate the catalytic performance of IPrAu(bpdc)Cl-rtMUF-77 it was necessary to activate the catalyst. 

This is usually achieved by abstraction of the chlorido ligand, which is replaced by a non-coordinating 

anion.277,278 Different salts can be employed for the catalyst activation step and a suitable silver salt/pre-

catalyst pair needs to be determined experimentally. We focused on TlPF6 and different silver salts that had 

been reported to successfully activate IPrAu(bpdc)Cl-bioMOF-100 or comparable homogeneous 

catalysts.103,279–281 Our catalysis experiments were designed to provide a proof-of-concept for 

IPrAu(bpdc)Cl-rtMUF-77 and no focus was placed on quantifying catalytic performance. 

4.2.2.2 Hydration of Hexynes 

For our first catalytic trials, we chose the hydration of 3-hexyne (Figure 4-23). The reaction is well 

established for many gold catalysts under a variety of conditions.281–283 The reagents are easily accessible 

and not known to negatively impact MUF-77 stability, including the addition of water.284,285 
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Figure 4-23  Hydration of 3-hexyne in the presence of IPrAu(bpdc)Cl-MUF-77. 

We first investigated if the crystals obtained from the solvothermal synthesis approach showed catalytic 

activity under the chosen conditions. IPrAu(bpdc)Cl-msMUF-77 (25 % feed ratio IPrAu(bpdc)Cl to bare 

bpdc) was combined with excess AgOTf in a solution of γ-valerolactone, 3-hexyne, and water. The reaction 

was conducted at 50 °C. No product signals were observed by 1H NMR spectroscopy after two days. The 

control reaction with parent MUF-77 under similar conditions showed no catalytic activity, showing that 

catalytic activity cannot stem from the zinc SBUs within the framework. 

We then evaluated the catalytic activity of the nanocrystalline material obtained by room temperature 

synthesis for this reaction. In preparation for our first catalysis trials, IPrAu(bpdc)Cl-rtMUF-77 was carefully 

washed with γ-valerolactone. We added AgOTf as halide abstraction reagent and kept the reaction at 60 °C 

for four days. The catalysis trial with AgOTf showed product formation by 1H NMR spectroscopy. In a control 

experiment, the catalyst was filtered off part way through the reaction and the homogeneous reaction 

mixture was monitored. Additional hexan-3-one formation was observed. Moreover, the isolated MUF-77 

material lost all catalytic activity in subsequent recycling experiments, despite retaining crystallinity. While 

it was promising to see IPrAu(bpdc)Cl-rtMUF-77 retained catalytic activity through MOF formation, the 

results indicated that the reaction conditions led to leaching of the catalyst from the MUF-77 framework 

and the formation of soluble, homogenous catalysts. 

4.2.2.3 Cycloisomerization Reaction of Hex-5-en-1-yn-3-ylbenzene 

Originally, Lee et al. reported the cyloisomerization of hex-5-en-1-yn-3-ylbenzene to the bicyclohexane 

product as a test reaction for their IPrAu(bpdc)Cl-bio-MOF-100 and IPrAu(bpdc)Cl-IRMOF-10 catalysts. We 

adapted the catalysis conditions with our IPrAu(bpdc)Cl-MUF-77 system to test for catalytic activity of the 

Au(III) complex (Figure 4-24). 

 

Figure 4-24  Cycloisomerization reaction of hex-5-en-1-yn-3-ylbenzene in the presence of different gold 
catalysts. 

For the catalytic trials, desolvated IPrAu(bpdc)Cl-rtMUF-77 was suspended in anhydrous DCM and an excess 

of AgOTf, AgBF4 or TlPF6 was added. Control experiments were conducted under the same conditions 

without the MOF catalyst. The homogeneous catalytic test reaction with PPh3AuCl and TlPF6 was used for 

comparison, and as expected, led to product formation.286 The reaction progress was followed by 1H NMR 

spectroscopy and HPLC analysis (Figure 4-26). The MOF catalyst, IPrAu(bpdc)Cl-rtMUF-77, successfully 

promoted the cycloisomerization reaction in the presence of TlPF6 (Figure 4-25). Other halide abstraction 

reagents did not lead to catalyst activation. The catalyst was tested for leaching by filtering the reaction to 

remove all solid IPrAu(bpdc)Cl-rtMUF-77 and subjecting the remaining stock solution to the synthesis 

conditions. Upon filtration, product formation halted, indicating that no leaching of the catalyst occurred. 
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Further, IPrAu(bpdc)Cl-rtMUF-77 was recycled and subjected to fresh catalysis conditions. The catalyst 

maintained catalytic activity in this recycling experiment, showing no signs of decomposition.  

 

Figure 4-25 IPrAu(bpdc)Cl-rtMUF-77 as successful catalyst for the cycloisomerization reaction in the 
presence of TlPF6. 

 

Figure 4-26  HPLC chromatograms from the Au(III)-catalyzed cycloisomerization reaction of hex-5-en-1-
yn-3-ylbenzene. Chiral HPLC conditions were developed to analyse the enantiomers independently. This 
allows us to evaluate the catalyst selectivity in future experiments. 

The MOF retained crystallinity throughout the catalysis experiment, as supported by PXRD measurements 

(Figure 4-27). As expected, traces of TlCl, the solid residue stemming from the halide abstraction process, 

were detected in the PXRD pattern, as well as excess TlPF6 (Figure 4-27). The data did not show peaks for 

gold nanoparticles, ruling out the formation of a second, potentially, catalytically active species during the 

catalysis runs. 



Chapter 4 | MUF-77 as a Versatile Platform for Gold(III) Catalysis 

104 
 

A)

 

B)

 

Figure 4-27 Powder X-ray diffraction pattern of the rtMUF-77(AuIII) catalyst after two runs. A) A 
comparison with PXRD pattern from the as-synthesized MOF shows the catalyst retained crystallinity. B) 
The diffraction pattern at a high angle shows no sign of gold nanoparticle formation. As expected, traces of 
AgTlPF6 and TlCl were found in the PXRD pattern. 

4.3 Conclusion 

Despite challenges of ligand stability during solvothermal synthesis procedures, we successfully 

incorporated a catalytically-active Au(III) moiety into a MUF-77 framework. The IPrAu(bpdc)Cl ligand 

suffered from decomposition to gold nanoparticles under standard solvothermal MUF-77 synthesis 

conditions. Adjusting the conditions to lower temperature or aiming for a non-functionalized 

bpdc/IPrAu(bpdc)Cl seemingly improved stability but was accompanied by a change in the Au(III) ligand 

environment. An alternative room-temperature synthesis protocol was followed to obtain MUF-77 with 

incorporated IPrAu(bpdc)Cl. IPrAu(bpdc)Cl-rtMUF-77 was characterized and successfully promoted the 

cycloisomerization reaction of hex-5-en-1-yn-3-ylbenzene. The results were very encouraging and 

showcased the potential of MUF-77 as a scaffold for Au(III) catalysis. We envision exploiting the modular 

pore environment of MUF-77 to shape the catalyst environment in future work. We propose that decorating 

the catalytic pocket with functional groups on the other ligands will enable us to control the selectivity and 

activity of the Au(III) catalyst in a way that is not easily achievable with homogeneous Au(III) catalysts.  
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4.4 Experimental 

4.4.1 General Procedures 

All starting materials and solvents were used as received from commercial sources without further 

purification unless otherwise noted. Hex-5-en-1-yn-3-ylbenzene was synthesized according to the reported 

procedure.260 High-performance liquid chromatography (HPLC) was carried out using a Thermo Fisher 

Dionex Ultimate 3000 system equipped with a UV detector. HPLC conditions were adapted from the 

reported procedure260 using the following conditions: Chiralpak OD-H column; 100 % hexane as eluent; 

flow rate of 0.5 ml/min. Products were detected according to their absorption of 215 nm UV light. Low-

pressure gas adsorption isotherms were measured by a volumetric method using a Quantachrome Autosorb 

iQ2 instrument. All adsorption measurements used ultra-high purity gases. 

4.4.2 MOF Synthesis and Characterisation 

4.4.2.1 MOF Synthesis 

Solvothermal synthesis of IPrAu(bpdc)Cl-sMUF-77 at different temperatures 

Method A, 4 mL scale: In an oven-dried 4 mL vial, hmtt (2.2 mg, 

3.94 µmol), IPrAu(bpdc)Cl (4.5 mg, 5.23 µmol), bdc (1.3 mg, 7.83 µmol), 

benzoic acid (8.0 mg, 65.5 µmol) and ZnNO3·4H2O (100 µL of a 0.56 M 

ZnNO3·4H2O stock solution in anhydrous DEF, 56.0 µmol) were 

combined in a mixture of anhydrous DEF (850 µL) and water (50 µL). 

The suspension was sonicated for five minutes. The reaction mixture 

was placed for 20 h at 85 °C in an isothermal oven. The hot mother liquor was decanted and replaced with 

fresh DMF (5x). The crystals were stored in DMF.  

Method B, 1.5 mL scale: In an oven-dried 1.5 mL vial, hmtt (1.1 mg, 1.97 µmol), IPrAu(bpdc)Cl (1.8 mg, 

2.09 µmol), bdc (100 µL of a 0.0391 M bdc stock solution in DEF, 3.91 µmol), ZnNO3·4H2O (50 µL of a 0.56 M 

ZnNO3·4H2O stock solution in anhydrous DEF, 28.0 µmol) and benzoic acid (4.0 mg, 32.8 µmol) were 

dissolved in a mixture of anhydrous DEF (325 µL) and water (25 µL). The reaction mixture was placed for 

the denoted time at the respective temperature in an isothermal oven. The hot mother liquor was decanted 

and replaced with fresh DMF (5x). The crystals were stored in DMF. 

Solvothermal synthesis of mixed ligand IPrAu(bpdc)Cl-msMUF-77 at different temperatures 

IPrAu(bpdc)Cl-msMUF-77-(AuIII) was obtained through a modified method A. The feed ratios of bpdc and 

IPrAu(bpdc)Cl were adjusted to maintain the same total amount of biphenyl linker. 

For a 25 % IPrAu(bpdc)Cl to bpdc feed ratio, in a 4 mL vial, hmtt (2.2 mg, 

3.94 µmol), IPrAu(bpdc)Cl (1.1 mg, 1.28 µmol), bpdc (0.9 mg, 

3.72 µmol), bdc (1.3 mg, 7.83 µmol), benzoic acid (8.0 mg, 65.5 µmol) 

and ZnNO3·4H2O (100 µL of a 0.56 M ZnNO3·4H2O stock solution in 

anhydrous DEF, 56.0 µmol) were combined in a mixture of anhydrous 

DEF (850 µL) and water (50 µL). The suspension was sonicated for five 

minutes. The reaction mixture was placed for 24 h at 85 °C in an 
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isothermal oven. The hot mother liquor was decanted and replaced with fresh DMF (5x). The crystals were 

stored in DMF.  

Room-Temperature Synthesis of IPrAu(bpdc)Cl-rtMUF-77  

Method C, large scale: In an oven-dried 4 mL vial with a magnetic stirrer, hmtt (22.4 mg, 40.1 µmol), 

IPrAu(bpdc)Cl (15.0 mg, 17.4 µmol) and bdc (360 µL of a 0.0391 M bdc stock solution in DEF, 14.1 µmol) 

were dissolved in DMF (1.12 mL). In a 1.5 mL vial, Zn(OAc)2·2H2O (34.5 mg, 157 µmol) was dissolved in 

DMF (380 µL). While stirring, the Zn(OAc)2·2H2O solution was quickly added to the ligand solution. The 

MOF formation was indicated by an immediate formation of an off-white precipitate. Upon addition, the 

reaction vial was closed and vigorously shaken. The reaction was stirred at room temperature for 1 h before 

the mother liquor was removed by centrifugation followed by decantation and replaced with fresh DMF 

(5x).  

Method D, small scale: In an oven-dried 1.5 mL vial with a magnetic stirrer, hmtt 

(3 mg, 5.37 µmol), IPrAu(bpdc)Cl (2.0 mg, 2.32 µmol) and bdc (48 µL of a 0.0391 M 

bdc stock solution in DEF, 1.88 µmol) were dissolved in DMF (300 µL). In a 1.5 mL 

vial, Zn(OAc)2·2H2O (4.5 mg, 20.5 µmol) was dissolved in DMF (100 µL). While 

stirring, the Zn(OAc)2·2H2O solution was quickly added to the ligand solution. The 

MOF formation was indicated by an immediate formation of an off-white precipitate. 

Upon addition, the reaction vial was closed and vigorously shaken. The reaction was 

stirred at room temperature for 1 h before the mother liquor was removed by centrifugation followed by 

decantation and replaced with fresh DMF (5x). 

4.4.2.2 1H NMR Spectroscopy of Digested MOF Samples 

Solvated crystals in DMF were washed with acetone (5x) before being dried under vacuum. Desolvated 

nanocrystalline material was used as is. 

For 1H NMR spectroscopy, the desolvated crystals were digested using the following protocol: 23 μL of a 

35% DCl solution in D2O was mixed with 1 mL of DMSO-d6 to give a DCl/DMSO-d6 stock solution. The sample 

was digested in 150 μL of this stock solution together with 450 μL of DMSO-d6. Spectra were acquired 

immediately following dissolution. NMR spectra were recorded at 25 °C (unless otherwise noted) on 

Bruker-400 and Bruker-500 Avance instruments, with the use of the solvent proton as an internal standard 
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Figure 4-28 1H NMR spectrum of IPrAu(bpdc)Cl-rtMUF-77 upon desolvation in DMSO-d6/DCl. 

4.4.2.3 X-ray Crystallography 

All powder X-ray diffraction measurements were carried out on either Rigaku Spider or Bruker D8 Venture. 

Rigaku Spider X-ray diffractometer is equipped with CuKα radiation (Rigaku MM007 microfocus rotating-

anode generator), monochromated and focused with high-flux Osmic multilayer mirror optics and a curved 

image plate detector. Bruker D8 Venture diffractometer is equipped with CuKα radiation with a diamond 

microfocus X-ray source and a Photon III 28 detector. The two-dimensional images of the Debye rings were 

integrated with 2DP or Diffract Eva to give 2θ vs I diffractograms. Predicted powder patterns were 

generated from single-crystal structures using Mercury.  

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture, and the 

measurement temperature was controlled using Oxford Cryostream if required. Bruker APEX 3 was used to 

collect and process data, and the structure was solved and refined using the Shelx package168,169 under 

Olex2170. 
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Table 4-1 Summary of X-ray crystallography data for the IPr(bpdc)Cl-sMUF-77. 

Name IPr(bpdc)Cl-sMUF-77* 

Empirical formula C59H40Au0.38O13Zn4 

Formula weight 1293.89 

Temperature/K 107 

Crystal system cubic 

Space group Pm-3 

a/Å 29.9790(3) 

b/Å 29.9790(3) 

c/Å 29.9790(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 26943.3(8) 

Z 6 

ρcalcg/cm3 0.478 

μ/mm-1 1.338 

F(000) 3890 

Crystal size/mm3 0.5 × 0.5 × 0.5 

Radiation CuKα (λ = 1.54178) 

2Θ range 
for data collection/° 

2.946 to 152.19 

Index ranges 

-32 ≤ h ≤ 37 
-32 ≤ k ≤ 37 
-37 ≤ l ≤ 26 

Reflections collected 220865 

Independent reflections 
9764 
[Rint = 0.0335, Rsigma = 0.0126] 

Data/restraints/ 
parameters 

9764/18/ 
207 

Goodness-of-fit 
on F2 

2.173 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.1172 
wR2 = 0.4211 

Final R indexes 
[all data] 

R1 = 0.1187 
wR2 = 0.4238 

Largest diff. 
peak/hole / e Å-3 

3.29/-1.04 
 

c) Gold-appended co-ligands could not be modelled. The lower-than-expected gold content was due to 

decomposition of the complex during synthesis  
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4.4.2.4 Gas Adsorption Isotherms of IPrAu(bpdc)Cl-rtMUF-77  

Freshly prepared MOF samples were washed with acetone (5x). The samples were transferred to a pre-

dried and weighed analysis tube. Excess acetone was removed under vacuum and the tube back filled with 

argon. The sample was then fully desolvated using the outgassing function. Temperature was increased at 

1 °C per minute to 80 °C under vacuum. The sample was then held under a dynamic vacuum at 10-6 Torr for 

24 hours. Accurate sample masses were calculated using activated samples after backfilling with nitrogen. 

Desolvated samples were stored in a desiccator with fresh drying agent. Air exposure was limited. 

 

Figure 4-29 Nitrogen adsorption isotherm at 77 K and BET surface area plots for IPrAu(bpdc)Cl-rtMUF-77. 
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Figure 4-30 CO2 adsorption isotherm of IPrAu(bpdc)Cl-rtMUF-77 at 293 K. 

4.4.3 Catalysis 

4.4.3.1 Catalysis Trials for the Hydration of Hexynes 

Hydration of 3-hexynes: IPrAu(bpdc)Cl-rtMUF-77 was washed with γ-valerolactone (5x). IPrAu(bpdc)Cl-

msMUF-77 and parent MUF-77 control were washed with acetone (5x) and γ-valerolactone (5x). The solvent 

was replaced with fresh γ-valerolactone (400 µL), 3-hexyne (100 µL), and water (18 µL). Excess AgOTF was 

added, and the reaction was kept at 50-60 °C. 

For 1H NMR spectroscopy, a small amount of sample (10 µL) was removed after the respective time interval 

and diluted with CDCl3 (500 µL). Spectra were recorded according to the general method. 

4.4.3.2 Catalysis Protocol for the Cycloisomerization Reaction 

In an oven-dried 1.5 mL vial, desolvated IPrAu(bpdc)Cl-rtMUF-77 (1-2 mg) was suspended in anhydrous 

DCM (0.5 mL). AgOTF or TlPF6 were added in excess and hex-5-en-1-yn-3-ylbenzene (10 µL) were added. 

Control reactions with only halide abstraction reagents were prepared identically but without the addition 

of IPrAu(bpdc)Cl-rtMUF-77. The reaction mixtures were kept undisturbed at room temperature. 

A homogeneous test reaction was prepared with PPh3AuCl and excess TlPF6 under identical conditions. The 

crude product was isolated after 2 d by filtering the reaction mixture through a celite plug using n-pentane 

as eluent and removing the solvent under reduced pressure. The 1H NMR spectra matched the reported 

signals for the cycloisomerization product.260 

For 1H NMR spectroscopy, 10 µL of the sample was removed from the reaction mixture after the respective 

time interval and diluted with 500 µL CDCl3. Spectra were recorded according to the general method. 

The control reactions with the respective halide abstraction reagents and the reaction with IPrAu(bpdc)Cl-

rtMUF-77 and AgOTf were kept for 12 d before being subjected to HPLC analysis. The reaction with 

IPrAu(bpdc)Cl-rtMUF-77 and TlPF6 was analysed after 8 d, and the homogeneous reaction after 24 h. A small 
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amount of sample was diluted with n-pentane and solids were removed by passing the solution through a 

0.45 µm syringe filter. 

4.4.3.3 Filtration Control Experiment 

After 8 d of reaction with added IPrAu(bpdc)Cl-rtMUF-77 and TlPF6, the suspension was centrifuged, and 

the reaction mixture was decanted off and passed through a 0.45 µm syringe filter to remove any solid MOF 

catalyst or salt. The solution was kept under catalysis conditions.  

For 1H NMR spectroscopy, a small amount of sample (10 µL) was removed after the respective time interval 

and diluted with CDCl3 (500 µL). Spectra were recorded according to the general method. 

4.4.3.4 Catalyst Recycling Experiment 

After 8 d of reaction with added IPrAu(bpdc)Cl-rtMUF-77 and TlPF6 the reaction mixture was removed. The 

MUF-77 catalyst was washed with DCM (3x). The solvent was removed and a solution of hex-5-en-1-yn-3-

ylbenzene (10 µL) in DCM (200 µL) was added and kept at room temperature. For 1H NMR spectroscopy, a 

small amount of sample (10 µL) was removed after the respective time interval and diluted with CDCl3 

(500 µL). Spectra were recorded according to the general method. 
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Chapter 5  MOF-Modified Electrodes for Bioelectrocatalysis  

5.1 Overview 

5.1.1 PCN-333 as Host for Enzyme Bioelectrocatalysis 

Bilirubin oxidase (BOx or BOD) belongs to the class of multicopper oxidases and is a highly efficient oxygen 

reduction catalyst.287,288 The enzyme contains one type 1, one type 2 and two type 3 copper centres, similar 

to laccases, ascorbate oxidase, and ceruloplasmin. The type 1 centre accepts electrons while the type 2 and 

type 3 centres are responsible for the oxygen reduction by serving as the electron-donating site.289,290 In 

solution, the enzyme can be handled safely at temperatures up to 37 °C without compromising stability over 

short periods.291 BOx is stable between pH 5.0 and 9.7 at 37 °C for up to 60 min. At a pH below 9, the enzyme 

was shown to be susceptible to degradation after five days at 5 °C. It also shows a lower sensitivity towards 

chloride anion inhibition in solution in contrast to laccases.292 Chloride insensitivity is an important 

parameter for catalytic applications under physiological conditions. Previous studies have nevertheless 

shown that chloride and/or halides can inhibit direct electrochemical oxygen reduction activity e.g. 

thermostable bacterial BOx from Bacillus pumilus.293 The most commonly employed BOx for applications in 

bioelectrochemistry is the fungal BOx from Myrothecium verrucaria, mainly due to its commercial 

availability.294 BOx-modified electrodes are commonly used for bioelectrocatalytic oxygen reduction due to 

their high efficiency at neutral pH, because they do not produce toxic oxygen intermediates or products (e.g. 

H2O2), and due to their sustainable nature.295 Furthermore, the modified electrodes can reduce oxygen at a 

high potential near physiological pH, which is especially advantageous for enzymatic biofuel cell 

applications to maximise output voltage.296  

Its capability of direct electron transfer (DET) in combination with carbon nanotube (CNT) electrodes 

makes the system a very promising candidate for biocathodes in biofuel cell applications (Figure 5-1).297,298 

DET reactions do not require an artificial redox mediator and are therefore simpler. DET can minimize the 

thermodynamic overpotential required for electrochemical reactions (e.g. the O2/H20 reduction) to further 

maximise the voltage of a fuel cell set-up. Enzyme-electrode interactions can be enhanced by surface 

modification (e.g. grafting) on CNT-modified electrodes, leading to higher Faradaic currents.299 An 

exemplary report on the immobilization of BOx on a CNT-modified glassy carbon (GC) electrode showed an 

enhancement of the catalytic activity by up to 26-fold compared to non-modified GC electrodes further 

highlighting the potential of CNT-BOx-modified electrodes.295 
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Figure 5-1 Schematic representation of direct electron transfer to the grafted BOx enzyme on a 
multiwalled-carbon nanotube-modified glassy carbon electrode to drive the 4-electron 4-proton 
bioelectrocatalytic reduction of oxygen to water. 

The MOF PCN-333 is a promising host for enzyme encapsulation due to its reported good stability in 

aqueous media and large pore size. Following the landmark study by the Zhou group in 2015,300 PCN-333 

has been exploited as a host for different enzymes and applications.301–303 The incorporation of enzymes 

like H202-reducing HRP within PCN-333 motivated us to extend the scope of encapsulated enzymes and 

exploit the hybrid materials for the preparation of new CNT-based enzymatic electrodes to enhance 

bioelectrocatalysis, for example, via possible nanoconfinement and MOF ‘protection’ effects. A comparison 

of the crystal structures of HRP and BOx showed similar dimensions in the solid state, with BOx being 

slightly larger than HRP. We estimated the dimension of HRP around 6.6 x 4.1 x 4.8 Å (using the software 

Crystalmaker 9), compared to reported values304 of 6.8 x 4.0 x 4.4 Å, and for BOx around 7.0 x 5.6 x 5.8 Å, 

using atom-to-atom distances found in the crystal structures. Due to the dynamic nature of enzymes in 

solution, those values can only serve as an indication, however, the similarities in size between HRP and 

BOx promised that the latter might also be suitable for the encapsulation in PCN-333. The feasibility of 

expanding the scope of encapsulated enzymes was demonstrated by Lian et al.305 A 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (BODIPY)-functionalized, nano-sized PCN-333(Al) analogue showed good bulk 

stability when incubated with superoxide dismutase and catalase in water. We hypothesized that modifying 

BOx biocathodes with PCN-333 might lead to enhanced performance and stability of the electrodes, either 

through direct enzyme encapsulation or other beneficial interactions. To gain a further understanding of 

the behaviour of PCN-333 under enzyme catalytic conditions, we initially subjected the MOF alone to 

stability tests in different physiologically relevant buffers. Multiwall carbon nanotube (MWCNT)-BOx 

electrodes were subsequently prepared and modified with PCN-333 and BOx/PCN-333 composites to 

evaluate the impact of MOF modification on the oxygen reduction activity of the electrodes. 
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5.2 Results and Discussion 

5.2.1 Synthesis of PCN-333(Fe) and PCN-333(Al) 

PCN-333 synthesis procedures usually include heating tatb with a respective metal source in DMF or DEF 

in the presence of trifluoroacetic acid (TFA) under solvothermal conditions.306 A variety of different metal 

sources can be used in the synthesis, allowing access to a series of isoreticular PCN-333 frameworks, such 

as PCN-333(Al), PCN-333(Fe), PCN-333(Sc), PCN-333(Cr) or PCN-333(Sc-Ti).34,307–309 For enzyme 

encapsulation PCN-333(Fe) and PCN-333(Al) were primarily investigated and thus provide a promising 

starting point for further enzyme catalysis. We developed a strategy based on a combination of reported 

procedures.307,310 Anhydrous iron(III) chloride or aluminium chloride hexahydrate and tatb ligand were 

suspended in DEF in a glass vial. The suspension was sonicated until all starting material was dissolved. The 

solution was transferred to a Teflon liner, TFA was added, and the reaction mixture was enclosed in a 

stainless-steel reactor.  For safe practice, the reaction was carried out in a stainless-steel autoclave, due to 

the limitations of the standard glass vessels at higher temperatures and the use of harmful chemicals. The 

reaction was kept in an isothermal oven at 150 °C for PCN-333(Fe), or 135 °C for PCN-333(Al) for 12 h or 

3 d to yield the MOFs as fine powders (Figure 5-2). 

 

Figure 5-2 Schematic presentation of the synthesis of PCN-333 from different metal sources. 

Powder X-ray diffraction showed the successful formation of PCN-333 (Figure 5-3). A comparison of the 

experimental data with the simulated powder pattern, obtained from the crystal structure, indicated the 

successful formation of PCN-333(Fe) and PCN-333(Al).  The high similarity of the PXRD pattern for both 

variants was in good agreement with the reported crystal structures of the frameworks being almost 

identical. 
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Figure 5-3 The simulated PXRD pattern of PCN-333(Al) (top, black) and the experimental PXRD pattern of 
synthesized PCN-333(Al) (middle, blue) and PCN-333(Fe) (bottom, red). 

Broadening of characteristic PXRD peaks has been reported as an indication for nano-sized PCN-333.305 

However, in our case, it is likely a consequence of the limitations of our PXRD experimental setup as the 

crystals were in the same size range as reported for the original synthesis. The broad peak at 2θ = >10° was 

attributed to oil used in mounting the sample. The previously synthesized Fe-based material maintained its 

overall crystallinity after storage for six months in a desiccator (Figure 5-4). The PXRD patterns are in good 

agreement with the simulated powder pattern, proving that the adapted synthetic procedure was 

reproducibly yielding the desired PCN-333 framework. 

 

Figure 5-4 The simulated PXRD pattern of PCN-333(Al) (green) and the experimental PXRD pattern of 
PCN-333(Fe) after six months of storage (blue) and PCN-333(Al) synthesized at the Université Grenoble 
Alpes (red). PXRD patterns were collected at the Université Grenoble Alpes. 



Chapter 5 | MOF-Modified Electrodes for Bioelectrocatalysis  
 

116 
 

5.2.2 Stability Tests of PCN-333 

Aqueous stability of a potential host framework, especially in buffers, is desirable for bioelectrochemistry 

applications with enzymes. While not crucial, intact crystallinity helps predict the environment of the 

enzyme and its behaviour under catalytic conditions. A collapse of the framework might lead to loss of 

protection effects, poor reproducibility, or complications relating to the porosity of the resulting hybrid 

material that would affect substrate diffusion to/from the enzyme catalyst. The Zhou group reported 

“exceptionally water-stable” performance for PCN-333 in aqueous solutions of pH 3 to pH 9.306 Biocatalytic 

data was reported after 1-2 days but additional data about the MOF crystallinity was not reported. Later, 

Phipps et al. performed catalytic activity tests at pH 7 for seven days in tris(hydroxymethyl)aminomethane 

(Tris) buffer and showed the material retained 80-97 % of the initial activity after this period.311 However, 

the authors did not include PXRD data that allowed a conclusion about the framework stability under those 

conditions. From the reports we expected that PCN-333(Al) and PCN-333(Fe) should show similar stability 

and thus decided to focus on PCN-333(Fe) for the initial aqueous stability trials. We designed our 

experiments to mimic the envisioned biocatalytic applications as closely as possible and followed eventual 

changes in bulk crystallinity by PXRD. While PXRD allowed us to efficiently and quickly display the 

crystallinity of a bulk sample with relatively small amounts of sample needed, it did not allow for a 

quantitative description of the crystallinity within the sample.  

The stability upon drying from different solvents, is an important factor to consider in the preparation of 

the bioelectrodes; enzymatic electrodes are typically prepared via various layer-by-layer immobilisation 

steps with rinsing and drying. Importantly, additional PXRD experiments showed that an additional wash 

with acetone maintained crystallinity upon exposure of the MOF to water. We decided to focus our efforts 

on the stability in deionized (DI) water (pH = 7.2) and two different buffers, 0.1 M phosphate buffer (PB) at 

pH = 7.4 (without chloride) and 0.1 M tris(hydroxymethyl)aminomethane hydrochloride (Tris HCl) buffer 

at pH = 7.0. Water was used for enzyme encapsulation in many of the reported experiments on 

enzyme@MOF composites. While the BOx@PCN-333 has not been reported to our knowledge, we could 

draw comparisons to previously published observations with other enzymes. Neutral PB and Tris HCl buffer 

were chosen buffers due to their excellent compatibility with BOx, and simple physiological-type nature and 

electrolytic properties for bioelectrochemical reactions. Powder diffraction experiments showed 

PCN-333(Fe) retained crystallinity for at least two days in DI water. After five days, we observed a decline 

in crystallinity, indicated by the decreasing signal-to-noise ratio of the spectrum (Figure 5-5 A). The 

structural stability data was in good agreement with the reported data and underlined PCN-333’s potential 

as a host matrix for enzyme immobilisation and biocatalytic applications (Figure 5-5 B).300 
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A) B) 

 

 

Figure 5-5 PXRD pattern of PCN-333(Fe) in deionized water over time (Figure A). The crystallinity of the 
framework was retained over at least two days before a decline was observed. Schematic overview of the 
stability data of PCN-333(Fe) in water and in different buffer solutions (Figure B). 

In 0.1 M phosphate buffer (PB) at pH = 7.4, the MOF lost crystallinity within an incubation period of one 

hour. The susceptibility of phosphates to coordinate to Fe3+ and the subsequent decomposition of the 

framework has been previously reported for MIL-100(Fe) in phosphate-based buffers.312,313 Nano-sized 

MIL-100(Fe), as an isoreticular MOF to PCN-333, degraded in 1.19 mM PBS buffer after six hours, releasing 

34 ± 2.6 weight percentage of ligand. Even in diluted buffer at a concentration of 0.12 mM degradation was 

observed after two days. While the morphology changed, the particle sizes remained constant during the 

degradation. Raman microscopy allowed insight into the degradation mechanisms at the erosion fronts and 

using Mössbauer spectrometry the authors could determine the amorphous residues to be mainly iron 

phosphates. The speed of the framework collapse was also depending on the particle sizes, with smaller 

particles degrading faster.313 

PCN-333(Fe) showed good stability suspended in 0.1 M Tris HCl buffer at pH 7.0 over five days with only a 

minimal decrease in peak intensities (Figure 5-6). The results were promising so we decided to conduct 

additional experiments to shed light on the stability beyond the means of bulk PXRD patterns. We measured 

the N2 adsorption absorption of an as-synthesized sample and compared it to samples that were exposed to 

0.1 M Tris HCl buffer at pH 7.0 for one hour before gently rinsing it with water and acetone. In this 

experiment, the sample was heated under vacuum at 40 °C to remove solvent under relatively mild 

conditions compared to traditional activation temperatures to allow comparison with enzyme@PCN-333 

samples in future experiments. After exposure to buffer, PCN-333(Fe) showed a significant decrease in BET 

surface area from 2860 m2/g to 1090 m2/g. The loss of surface area could indicate incomplete solvent 

removal and/or partial collapse of the pores. Only minor changes in the PXRD pattern were observed. While 

the decline in BET surface area was more pronounced than expected from initial PXRD experiments, the 

maintained porosity is still high compared to most solid materials, and promising for any biocatalytic 

applications, proving the potential for guest incorporation and substrate and electrolyte diffusion. 
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Figure 5-6 PXRD pattern of PCN-333(Fe) (A) in 0.1 M PB at pH 7.4 or 0.1 M Tris HCl at pH 7.0 and upon 
exposure to acetone (B). 

We subsequently attempted to incorporate different enzymes into PCN-333(Fe), following the reported 

synthetic protocol. We focused our experiments on the incorporation of BOx due to its great potential for 

bioelectrocatalytic electrodes. HRP was used as a comparison, as the PCN-333/HRP hybrid material has 

already been reported as a working bioelectrochemical system for H2O2 reduction to H2O.314 PCN-333(Fe) 

was incubated with the respective enzyme for one hour, and the stability of the bulk sample then analysed 

by PXRD (Figure 5-7). In the presence of HRP, the MOF indicated a lower stability in water than the enzyme-

free sample. After one hour in water, the PXRD pattern showed a broadening of signals, indicating an 

induced decline in crystallinity. The signal-to-noise ratio worsened after one day, significantly, and 

continued to decline over three and five days of immersing the sample in the aqueous enzyme solution. In 

contrast, a more rapid decline in crystallinity of the PCN-333(Fe)/HRP composite was observed in Tris HCl 

buffer. The characteristic peaks around 3.5 and 4.1 Å were barely visible after one hour in the solvent when 

in contact with HRP, indicating a partial collapse of the framework within this brief period. 

 

Figure 5-7 PXRD pattern of PCN-333(Fe) exposed to the enzyme HRP in water (left) and 0.1 M Tris HCl 
buffer at pH 7.0 (right). 
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We then investigated the influence of BOx in solution on the MOF stability. After one hour of incubation with 

enzyme in 0.1 M Tris HCl at pH 7.0, the crystallinity of the sample decreased significantly (Figure 5-8). The 

decrease in crystallinity was comparable to the PCN-333(Fe)/HRP samples in Tris HCl and was in contrast 

to stability tests without the addition of enzyme. Washing the sample upon incubation with fresh buffer 

after one hour did not have any impact on the crystallinity. We concluded, that the amorphization of the 

framework structure was permanent and that the combination of Tris HCl buffer and enzyme led to that 

rapid collapse. While the MOF showed only slow degradation when exposed to an aqueous solution of the 

enzyme, or in buffer, independently, both factors together were detrimental to the bulk crystallinity of the 

sample. Control experiments with PCN-333(Al)/HRP in buffer showed a similar decline in crystallinity. This 

was in line with our expectations that PCN-333(Fe) and PCN-333(Al) show similar stability. 

A) B) 

  

Figure 5-8 PXRD pattern of PCN-333(Fe) in the presence of BOx in 0.1 M Tris HCl pH 7.0 over time (A) and 
the PXRD pattern of PCN-333(Fe) and PCN-333(Al) in the presence of BOx in 0.1 M Tris HCl pH 7.0 (B) after 
one hour in comparison. 

The loss of crystallinity contrasted with experiments conducted without the addition of HRP, which showed 

a slightly improved stability in comparison. Yet, the slow loss of crystallinity we observed in our tests 

appeared to not hinder the biocatalytic applications, for example, those reported by the Zhou group.306 This 

observation is in agreement with our hypothesis that a sufficiently maintained porosity/nanostructure 

would still allow enzyme incorporation and could permit substrate diffusion at an electrode, even if the 

structure is more amorphous. Yet, as mentioned previously, it was not reported if the authors observed a 

similar decline in crystallinity with exposure to enzymes during their experiments.  Yang  et al. employed 

solid-state NMR (ssNMR) to gain a further understanding of the interactions of encapsulated enzymes 

within PCN-333(Al).315 Although PCN-333(Al) was chosen in this study to facilitate ssNMR experiments, we 

expected that the observations could be applied to both PCN-333(Al) and PCN-333(Fe), due to the similar 

coordination environment of the metal ions within the MOF structure. The ssNMR studies revealed that 

the incorporation of the enzymes led to a decrease in overall framework flexibility due to the confinement 

of the enzymes within the pores, while the Al-oxo clusters showed weak interactions with the enzymes. This 

supports the assumption that the metal cluster-enzyme interactions were favourable for the enzyme 

incorporation. The observed changes in the 13C NMR spectral features of the carboxylate groups indicated 
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a change in the metal ion coordination environment. Additionally, it was shown that the Al-atoms of the 

MOF showed weak interactions with the NH2-groups of the enzyme, presumably through van der Waals 

forces between the metal ions and surface lysine or arginine groups. Moreover, the deprotonated form of 

Tris HCl, tris(hydroxymethyl)aminomethane, is known for its coordination with metal ions,316–320 and 

shows a strong affinity towards coordination with Fe3+ ions in solution.321,322 It is easy to imagine that 

the free NH2-groups of the amino acids of the HRP and BOx enzymes could interact similarly with the metal 

clusters in PCN-333(Fe) or PCN-333(Al), as it was reported for the enzyme lipase. These observations were 

supported by reports indicating that solvents containing different amino acids and proteins had a significant 

impact on the stability of the MOF/enzyme composite due to additive-metal coordination, leading to 

framework decomposition.323,324 We hypothesized, that PCN-333(Fe) tolerated the different additives to an 

extent, but that the combination of additives led to accelerated framework decomposition (Figure 5-9). 

 

Figure 5-9  Schematic illustration of the framework decomposition induced by the simultaneous presence 
of both enzyme and Tris HCl buffer in solution. 

5.2.3 Electrode Preparation 

GC-CNT electrodes were prepared by adapting the reported procedure.325,326 GC-CNT electrodes were either 

modified by drop-casting (solution adsorbs/evaporates) or incubation (solution remains during the 

reaction) (Figure 5-10). Multiwall carbon nanotubes in 1-methyl-2-pyrrolidinone were drop-casted onto 

freshly polished glassy carbon electrodes. The electrodes were carefully dried under reduced pressure to 

be used in subsequent modification steps. We tested different techniques and combinations to find the best 

compromise between practicality and MOF and enzyme stability, prioritizing the latter to ensure 

bioelectrocatalytic activity was retained.  
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Figure 5-10 Procedure for the preparation of GC-CNT electrodes and the subsequent ‘layer-by-layer’ 
modification with MOF and enzyme for the bioelectrocatalytic application. 

For drop-casting, a drop of enzyme solution or MOF suspension was carefully placed on the prepared 

MWCNT surface and either allowed to evaporate in air. Incubation was achieved by carefully inserting the 

electrode into an Eppendorf tube filled with the respective enzyme solution or MOF suspension. The enzyme 

immobilization process is based on simple physi-adsorption, as is widely performed in literature. The 

Eppendorf tube sealed the electrode, which was stored upright to ensure an even coverage with liquid. The 

prepared electrodes were rinsed prior to conducting bioelectrocatalytic experiments. BOx was usually 

handled in PB pH 7.4 and exposure to organic solvents was limited as much as possible. For example, GC-

CNT electrodes were incubated with an aqueous solution of BOx overnight at 3 °C in PB.  The electrodes 

were denoted as CNT-iBOx. Handling in buffer ensured the activity of the BOx enzyme would be retained. 

Nevertheless, in this work, we had to develop protocols adapted to the use of MOF suspensions prepared in 

organic solvent. After rinsing the electrodes with ethanol, a drop of finely suspended PCN-333(Fe) in 

ethanol was placed on the CNT-BOx surface and allowed to dry in air to yield the new CNT-iBOx-

dcPCN333(Fe) bioelectrode. Ethanol was chosen as it can be tolerated by BOx, and to limit stress on 

PCN-333(Fe) crystals during preparation or solvent removal.327 In other cases, acetone was used instead, 

for its generally excellent compatibility with most MOFs, and volatility that limited contact time with the 

enzyme. In another experiment, CNT-iPCN333 electrodes were prepared by incubating the GC-CNT 

electrodes with a fine suspension of PCN-333(Fe) in acetone for two hours, followed by rapid evaporation 

of the solvent in air. The obtained electrodes were further incubated with BOx overnight at 3 °C in PB to 

give CNT-iPCN333-iBOx electrodes. Based on our earlier characterization experiments, we therefore would 

expect loss of crystallinity (e.g. partial framework collapse) under these conditions. While crystallinity is 

desirable for an easier characterization and mechanistic explanation, more amorphous porous MOF 

structures might also provide an advantageous enzyme environment for bioelectrocatalysis, in line with 

previous literature concerning biocatalysis.328 Additional experiments in Tris HCl buffer were conducted by 

a Master’s student, Ardeshir Dadgar Yeganeh, under the supervision of Dr Andrew Gross, in collaborative 

work. In those experiments, short and long incubation times were explored (data not shown). As shown 

earlier in this chapter, the crystalline structure of PCN-333 showed better stability in Tris HCl during the 

incubation timeframe.  
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Through layer-by-layer deposition, several CNT-modified glassy carbon electrodes were functionalised 

with the purpose of analysing the effect of these modifiers on the bioelectrocatalysis of BOx (Figure 5-11).  

 

Figure 5-11  General design of the electrodes prepared by layer-by-layer assembly and used in this study. 

GC-CNT electrodes were modified with either BOx, PCN-333(Fe) and the enzyme/MOF composite, 

BOx/PCN-333, or the tatb ligand, to study the influence of PCN-333(Fe) on the electrode performance 

(Figure 5-11). SEM images of PCN-333 layered on a MWCNT surface are shown in Figure 5-12 (A and B, in 

comparison to PCN-333(Fe) after different treatments, Figure 5-12 C and D). The electrodes were named in 

order of the applied layers. CNT-BOx-PCN-333(Fe), CNT-PCN-333(Fe)-BOx and electrodes CNT-TATB-BOx 

electrodes were designed by applying additional layers of PCN-333(Fe), BOx or free ligand as control. These 

electrodes contained the catalytically active BOx and PCN-333(Fe) and we were interested in analysing the 

influence of the different compositions on bioelectrocatalysis. Adapting the methodology of Feng et al.306 we 

also attempted to encapsulate BOx into the PCN-333(Fe) framework and graft the CNT-BOx/PCN-333 

composite on the GC-CNT electrodes. To control for the influence of MOF decomposition and the free linker 

on the catalytic behaviour, we grafted the free tatb linker onto a GC-CNT electrode. To our knowledge, this 

tripodal ligand was not previously explored in combination with bilirubin oxidase for bioelectrocatalysis. 

For the latter electrode, a layer of BOx was added, and the electrode was denoted as CNT-TATB-BOx.  

 

Figure 5-12 SEM image of PCN-333(Fe) layered on the surface of MWCNT (A and B), treated with Tris HCl 
(C) and as MOF/enzyme composite (D). SEM data was collected at the Université Grenoble Alpes. 
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5.2.4 Electrochemical Evaluation of Modified Electrodes 

The electrochemical characterization of the CNT-modified electrodes was first performed in 0.1 M PB at 

pH 7.0 using cyclic voltammetry. In this technique, the potential of the working electrode (the modified 

electrode) is swept between different potentials (e.g. the initial/final potential and the switching potential) 

versus a reference electrode, and the resulting current at the working electrode is measured. First, to 

establish the baseline activity across the bioelectrochemically-relevant range, GC-CNT electrodes were 

measured across a wide potential range in the presence of ambient O2, between an initial potential of Ei = 

−0.5 V and a switching potential of E1 = 1.0 V vs. a saturated calomel electrode (SCE), with a scan rate υ = 

20.0 mV/s. The GC-CNT electrode (Figure 5-13) showed the expected reduction peak due to the 

electrochemical reduction of dissolved oxygen at CNTs, and the propensity of the CNT-modified electrodes 

for this reaction that occurs with a low negative onset potential of ca. -0.05 V. Smaller, quasi-reversible 

peaks at ca. 0 to -0.25 V were attributed to redox-active oxygenated functionalities (e.g. quinones) at the 

CNT surface. The observed capacitive current stands in close relation to the CNT surface area while at high 

positive potentials of ca. 1 V we approach the solvent limit of the carbon-based electrode in aqueous media. 

A current spike at the beginning of the experiment was associated with a discharge current and omitted for 

clarity in the following voltammograms.  

 

Figure 5-13 Cyclic voltammograms of a GC-CNT electrode. Cyclic voltammograms were collected in 0.1 M 

PB pH 7.0, with a scan rate υ = 20.0 mV/s, using a saturated calomel electrode (SCE) as reference. 

Cyclic voltammograms of BOx-modified electrodes (Figure 5-14 A), CNT-BOx, showed the expected catalytic 

current at a high positive potential correlated to the four-electron reduction of oxygen to water,289 

indicating that the enzyme was effectively immobilised and oriented, and able to undergo the direct electron 

transfer reaction at the CNT electrode. Our observations were in good agreement with the reported 

literature. Under ambient conditions, the amount of dissolved oxygen as substrate can often be the limiting 

factor for electrocatalytic performance. Saturating the buffer solution with oxygen increased the substrate 

concentration and thus allowed us to evaluate the catalytic performance under more ideal conditions with 

less oxygen diffusion and concentration limitations. Oxygen was bubbled through the buffer solution for at 
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least 30 min prior to the experiment and a low stream of oxygen was maintained above the solution 

throughout the electrochemical testing. Care was taken to avoid any disturbance around the electrodes to 

not impact the measurements and electrode surfaces, for example to avoid random hydrodynamic effects 

on O2 mass transport. Testing CNT-BOx electrodes under saturated oxygen conditions led to the expected 

increase in oxygen reduction current (Figure 5-14 B). This supported our expectation, that the maximum 

catalytic performance of the electrodes was limited by the amount of dissolved oxygen in solution and that 

the electrodes did not reach substrate saturation under ambient conditions. 

A) B) 

  

Figure 5-14 Cyclic voltammograms of CNT-BOx electrodes under ambient conditions (A) or under 
saturated oxygen conditions (B). Cyclic voltammograms were collected in 0.1 M PB pH 7.0, with a scan rate 
υ = 20.0 mV/s, using a SCE as reference. 

Modifying the electrodes with an additional layer of PCN-333(Fe) led to differing results depending on the 

order the layers that were added to the electrode. When PCN-333(Fe) was added as an external layer onto 

a CNT-BOx electrode, the measured reduction current was around 26 % reduced compared to non-modified 

CNT-BOx electrodes (Figure 5-15). The loss in catalytic current might be explained by the solvent choice for 

adding the PCN-333(Fe) layer onto each electrode, that may have deactivated the immobilised enzyme, or 

through limited transport of oxygen caused by the MOF layer. Overall, the most promising condition when 

using the PCN-333 as a membrane layer was CNT-iBOx-iPCN-333(Fe). 
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Figure 5-15 Cyclic voltammograms of CNT-BOx-PCN-333(Fe) electrodes under ambient conditions (A) or 
under saturated oxygen conditions (B). Cyclic voltammograms were collected in 0.1 M PB pH 7.0, with a 
scan rate υ = 20.0 mV/s, using a SCE as reference. 

We next shifted to an alternative modification strategy whereby the MOF was used as a porous host matrix 

and not as an external membrane. When the layers were applied in inverted order, as seen for GC-CNT-

PCN333-BOx, the electrodes showed improved performance compared to bare GC-CNT-BOx electrodes 

(Figure 5-16).  This result appears to reflect a significant beneficial effect of the MOF structure on promoting 

the bioelectrocatalytic reduction of oxygen. Since our earlier data revealed the limited stability of PCN-

333(Fe) in PB and PB-enyzme solution, we can expect that this enhancement may be due to the tatb linker 

and/or the MOF structure. We estimated the onset potentials from representative graphs under oxygen-

saturated conditions from the intersection point between the tangent lines of the Faradaic and non-Faradaic 

currents.329 The onset potential for CNT-BOx electrodes was estimated to be 0.52 V vs SCE, while we found 

the onset potential for CNT-PCN-333-BOx electrodes around 0.53 V vs SCE. The catalytic peak maxima were 

-0.11 mA for CNT-BOx and -0.26 mA for CNT-PCN-333-BOx, respectively. The trend towards higher onset 

potentials for CNT-PCN-333-BOx compared to CNT-BOx electrodes indicated the influence of additional 

modifications on the catalytic performance. It was reported, that by influencing the orientation of the 

enzyme on the electrode surface, specific redox centres within the protein can be targeted.330 The surface 

charge played an important role in this process and negatively charged surface modifications, e.g. through 

carboxylate electrostatic interactions between the positively charged Cu T1 environment and the 

carboxylate functionalities, were shown to improve performance.331 The enhancement of catalytic 

performance through PCN-333(Fe) modified electrodes might be explained by a similar supportive layering, 

increasing availability of specific redox centres, or electron transfer. A control CNT-TATB-BOx electrode 

showed a catalytic performance enhancement compared to the CNT-BOx electrodes and similar 

performance to the GC-CNT-PCN333-BOx electrode (Figure 5-17). An onset potential of 0.53 V vs SCE was 

observed. Due to the ligand enhancement affect, it is not straightforward to determine the effect of the MOF 

structure on the bioelectrocatalytic response. Similar observations were made in further independent 

experiments in Grenoble. Additional experiments are necessary to establish whether the increased 

performance is solely a result of MOF decomposition and ligand exposure or if the porous PCN-333(Fe) 
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structure provides additional benefits, and to gain mechanistic insights e.g. relating to nanoconfinement 

effects.  

A) B) 

  

Figure 5-16 Cyclic voltammograms of CNT-PCN-333(Fe)-BOx electrodes under ambient conditions (A) or 
under saturated oxygen conditions (B). Cyclic voltammograms were collected in 0.1 M PB pH 7.0, with a 
scan rate υ = 20.0 mV/s, using a SCE as reference. 

 

Figure 5-17 Cyclic voltammogram CNT-TATB-BOx electrodes as control. Cyclic voltammograms were 
collected in 0.1 M PB pH 7.0, with a scan rate υ = 20.0 mV/s, using a SCE as reference. 

In the final strategy, we explored the possibility to better confine and protect the enzyme via an enzyme 

encapsulation process prior to electrode modification. For the preparation of the BOx/PCN-333 composite, 

we adapted the reported procedure used to obtain HRP@PCN-333(Fe).306 Enzyme and MOF were combined 

in water for 90 min and vortexed several times to ensure thorough mixing. The suspension was then 

centrifuged. The solid was washed thoroughly with water before being adsorbed onto the GC-CNT 

electrodes. The thus prepared electrodes did not show any catalytic activity under ambient or oxygen-

saturated conditions. We found it most likely that the enzyme encapsulation within the MOF matrix was not 

successful or that the composite-CNT interaction was not sufficient to ensure the stable attachment of the 

PCN-333 particles on the electrode surface. Other possibilities include the enzyme losing activity during the 
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encapsulation process in water, or that the enzyme was indeed encapsulated but not accessible for effects 

oxygen diffusion and/or electron transfer between the active site of the enzyme and the electrode. Further 

experiments are necessary to fully characterize any BOx/PCN-333(Fe) composite and optimize the 

modification procedure. For example, an adjusted composite preparation protocol led to retained catalytic 

activity of the prepared electrodes and even showed increased enzyme activity and stability. 

A) B) 

  

Figure 5-18 Cyclic voltammograms of CNT-composite electrodes under ambient conditions (A) or under 
saturated oxygen conditions (B). Cyclic voltammograms were collected in 0.1 M PB pH 7.0, with a scan rate 
υ = 20.0 mV/s, using a SCE as reference. 

We further investigated the influence of the modifications on the retained bioelectrocatalytic activity of the 

grafted enzyme in the presence of an inhibitor. BOx activity is well known to be inhibited by halide anions 

in solution.332 The inhibition through chloride ions was explained through an induced change of the BOx 

redox state and a concentration dependence was observed.293 To establish the impact of chloride anions on 

modified electrodes, we repeated our cyclic voltammetry experiments with CNT-iBOx and CNT-dcPCN-

333(Fe)-iBOx electrodes in phosphate-buffered saline solution (PBS) at pH 7.5 (Figure 5-19). We tested two 

electrodes of each making and conducted our electrocatalytic tests under similar conditions. The CNT-iBOx 

electrodes showed a decrease in bioelectrocatalytic oxygen reduction current of around 24 % of oxygen 

reduction activity upon exposure to chloride ion-containing PBS buffer. For CNT-dcPCN-333(Fe)-iBOx 

electrodes, the difference was between 15 % and 24 %. While CNT-dcPCN-333(Fe)-iBOx electrodes seemed 

to provide some advantages, further experiments are necessary to draw a more robust conclusion. 
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Figure 5-19 Cyclic voltammograms of CNT-iBOx electrodes (A) and CNT-dcPCN-333(Fe)-iBOx electrodes (B) 
under ambient conditions in PB at pH 7.0 or in PBS at pH 7.5. Cyclic voltammograms were collected with a 
scan rate υ = 20.0 mV/s, using a SCE as reference. 

To explore the longer-term stability and activity of selected electrodes we conducted chronoamperometry 

experiments over several days under ambient conditions in PB and subsequently in PBS. The tests were 

conducted at a fixed applied potential of Ei = 0.25 V. At this potential, as can be deduced from the CV data, 

the oxygen reduction reaction is strongly driven. Between experiments, the electrodes were stored in the 

respective buffer at 3 °C. Both, CNT-iBOx and a CNT-CNT-iPCN-333(Fe)-iBOx electrodes retained their 

electrocatalytic activity in PB over at least six days (Figure 5-20). After exposure to chloride-containing PBS, 

the current observed for the CNT-iBOx electrode was diminished and did not recover. In contrast, the 

activity for CNT-CNT-iPCN-333(Fe)-iBOx electrodes was only slightly impacted, even after several days. 

While additional tests are necessary to confirm those findings, the data indicated the potential of the 

supportive PCN-333(Fe) layering, which not only improved catalytic activity but decreased the impact of 

chloride inhibition in our tests. 

A) B) 

  

Figure 5-20 Chronoamperometry data of a CNT-iBOx electrode (A) and a CNT-CNT-iPCN-333(Fe)-iBOx 
electrode (B) over time under ambient conditions in PB at pH 7.0 or in PBS at pH 7.5. 

Additional experiments by Ardeshir Dadgar Yeganeh at the Département de Chimie Moléculaire, Université 

Grenoble Alpes under the supervision of Dr Andrew Gross were conducted following up on these studies. 

Additional modified electrodes were prepared, and the different electrode modifications were tested in Tris 
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HCl. Stability tests were also conducted with fluoride as an inhibitor. Ascorbic and uric acid, compounds 

often present in biological fluids, are known to interfere with bioelectrode applications. The impact of those 

compounds on the newly developed electrodes was also tested. From our initial tests, a new preparation 

method of an enzyme/MOF combination layer was developed. Further, additional hemin-functionalized 

electrodes were investigated as an external standard to establish the relative performance of our electrodes 

to this system. These electrodes profit from improved enzyme orientation, leading to high catalytic currents 

and low overpotentials.333 The results further supported our observations that PCN-333 and tatb-modified 

electrodes showed increased activity compared to bare CNT-Box electrodes. They also exceeded the CNT-

hemin-BOx electrodes and decreased the inhibitory effects of fluorides or ascorbic and uric acid334 on 

electrode performance with better recovery. Combined enzyme/MOF layer modification led to slightly 

improved results compared to subsequent MOF/BOx or TATB/BOx layering. 

5.3 Conclusion 

We showed that PCN-333(Fe), while widely regarded as a very stable MOF in aqueous solution, suffered 

from stability issues in PB and in Tris HCl buffer when combined with HRP or BOx. This knowledge is 

important for the design and preparation of enzyme and MOF-modified electrodes and their evaluation.  We 

successfully showed that modifying glassy carbon CNT-BOx electrodes with PCN-333(Fe) increased the 

oxygen reduction activity of the electrodes. However, the catalytic response was sensitive to the 

modification conditions and electrode design. Adding enzyme onto the MOF layer enhanced activity, in 

contrast, an inverted order led to decreased bioelectrocatalysis. The latter system, with PCN-333 used as a 

membrane, opens up new perspectives e.g. as a flux-limiting or protecting membrane layer to improve 

stability and/or increase the linear dynamic range of electrochemical biosensors. The PCN-333(Fe)-Box-

modified electrodes were also more efficient in protecting the enzyme from inhibition in chloride-

containing buffer. Our preliminary results with a ligand-modified electrode also showed enhanced activity. 

In additional experiments, functionalization with the free tatb ligand and BOx showed similar performance 

to MOF-BOx-functionalized electrodes, indicating, that much of the bioelectrocatalytic enhancements 

stemmed from improved enzyme orientation on the electrode surface. To the best of our knowledge, this 

class of tritopic ligands for direct electron application with BOx is not reported, nor are the PCN-333/BOx 

materials. Future experiments should be conducted to evaluate the impact of MOF decomposition on the 

electrode performance, and both the nature and extent of enzyme encapsulation. Further, it was reported 

that PCN-333 can be modified to increase MOF stability. Post-synthetic metal exchange allowed the 

synthesis of PCN-333(Cr) and PCN-333(Sc-Ti). PCN-333(Cr) showed increased stability compared to the 

parent PCN-333(Fe) framework while the introduction of titanium nodes extended the limited scope of 

titanium-based MOFs.307–309 Those modifications might extend the stability in buffers suitable for enzyme 

catalysis, enabling electrode preparation without sacrificing MOF crystallinity, and should be investigated 

in further experiments. 
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5.4 Experimental 

5.4.1 General 

All chemicals were used as purchased. Commercial grade multiwalled carbon nanotubes (NC7000, Ø=9.5 

nm, 1.5 μm length, ≥95% purity, batch A2206) were obtained from Nanocyl and used as received without 

purification. Bilirubin Oxidase from Myrothecium Verrucaria (M=68000 g/mol) was purchased from 

Amano, stored at -20 °C, and used as received. Purified water was obtained by water purification to a 

resistivity of 18.2 MΩ cm using a Millipore Ultrapure system. High purity oxygen was obtained from Messer.  

Powder X-ray diffraction data at the Université Grenoble Alpes was collected with a X'Pert PRO MPD 

PANalytical diffractometer with Cu Kα radiation (α = 1.5412 Å). All powder X-ray diffraction measurements 

at Massey University were carried out on either a Rigaku Spider or Bruker D8 Venture instrument. Rigaku 

Spider X-ray diffractometer is equipped with CuKα radiation (Rigaku MM007 microfocus rotating-anode 

generator), monochromated and focused with high-flux Osmic multilayer mirror optics and a curved image 

plate detector. Bruker D8 Venture diffractometer is equipped with CuKα radiation with a diamond 

microfocus X-ray source and a Photon III 28 detector. The two-dimensional images of the Debye rings were 

integrated with 2DP or Diffract Eva to give 2θ vs I diffractograms. Predicted powder patterns were 

generated from single-crystal structures using Mercury 4.0335.  

5.4.2 MOF Synthesis 

PCN-333(Fe) In a sealed glass vial, tatb (59.5 mg) and anhydrous FeCl3 (60.7 mg) were suspended in DMF 

(10 mL). The mixture was sonicated for 10 min until all solids were dissolved. The yellow solution was 

transferred to a Teflon liner and placed in a stainless-steel reactor. TFA (0.6 mL) was added with a syringe 

and the reaction vessel was closed and placed in an isothermal oven for 16 h at 150 °C. The dark brown 

suspension was centrifuged (4000 rpm, rt, 5 min) and the mother liquor was decanted. DMF (10 mL) was 

added. The centrifugation tube was vortexed for a few seconds to ensure a homogeneous dispersion of the 

solid. The washing process was repeated three times in DMF and subsequently three times with acetone. 

The solid was dried in an oven at 65 °C overnight to yield the product as an orange-brown powder. 

PCN-333(Al) In a sealed glass vial, tatb (50.2 mg) and anhydrous AlCl3·6H2O (203 mg) were suspended in 

DMF (10 mL). The mixture was sonicated for 10 min until all solids were dissolved. The yellow solution was 

transferred to a Teflon liner and placed in a stainless-steel reactor. TFA (0.6 mL) was added with a syringe 

and the reaction vessel was closed and placed in an isothermal oven for 2 d at 135 °C. The colourless 

suspension was centrifuged (4000 rpm, rt, 5 min) and the mother liquor was decanted. DMF (10 mL) was 

added. The centrifugation tube was vortexed for a few seconds to ensure a homogeneous dispersion of the 

solid. The washing process was repeated three times in DMF and subsequently three times with acetone. 

The solid was dried in an oven at 65 °C overnight to yield the product as a colourless powder. 

5.4.3 Stability Experiments 

In an Eppendorf tube, PCN-333 (5 mg) was suspended in water or the denoted buffer solution (1 mL). After 

the respective time interval, the suspension was centrifuged but kept immersed. A small amount of 

aggregated wet sample was quickly extracted with a spatula, placed on a glass slide and carefully coated 

with oil. The sample was quickly mounted on an 18 mm Mounted CryoLoop and immediately measured on 
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either a Rigaku Spider or Bruker D8 Venture instrument. The MOF was stored in the respective solvent at 

room temperature and powder X-ray diffraction patterns were collected over the described time periods. 

To evaluate the impact of added enzyme, PCN-333(Fe) (5 mg) was suspended in a solution of HRP (5 mg of 

MOF) in the respective buffer or water (1 mL) at room temperature. Continuous dispersion of the MOF was 

achieved either through the usage of a shaking plate or the attachment to ‘ferris-wheel’-type setup, slowly 

rotating the Eppendorf tube perpendicular to the surface. After 1 h, the mother liquor was removed by 

centrifugation and replenished, where mentioned, with fresh solvent. 

5.4.4 Porosity Measurements 

N2 adsorption isotherms were measured by a volumetric method using a Quantachrome Autosorb iQ2 

instrument. Before the initial measurements, as-synthesized samples were activated under dynamic 

vacuum at 40 °C for 24 h. Upon measurement, the sample was incubated according to the conditions 

described in the previous paragraph. The MOF was washed with Milli-Q water (1 x 1.3 mL) and acetone (3 

x 1.3 mL). The MOF was dried at 65 °C. Upon activation under a dynamic vacuum at 40 °C for 24 h the 

nitrogen isotherm at 77 K was measured again and the BET surface area was calculated. 
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Figure 5-21 N2 adsorption isotherms of PCN-333(Fe) as synthesized and after treatment in Tris HCl pH 7 
for one hour. 
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5.4.5 Electrode Preparation 

GC electrodes GC electrodes were polished using a Presi polishing cloth with 1 μm diamond slurry. The 

electrodes were rinsed with water and sonicated in distilled water for 5 min.  The washing process was 

repeated in ethanol before the electrodes were allowed to dry at air. 

GC-CNT electrodes In a sealed glass vial, CNTs (5 mg) were suspended in 1-methyl-2-pyrrolidinione 

(1 mL). The suspension was sonicated for 2 h to achieve a homogeneous dispersion. The CNT (20 μL) 

dispersion was then drop-casted onto the GC electrode. The modified electrode was subsequently dried 

under vacuum. 

GC-CNT-iBOx electrodes BOx (0.6 mg) was dissolved in PB pH 7.4 buffer (300 µL). For incubation GC-CNT 

electrodes were covered with enzyme suspension (20 µL or 40 µL) and sealed with an Eppendorf tube. The 

electrodes were incubated for 22 h at 3 °C. 

GC-CNT-dcBOx electrodes BOx (0.6 mg) was dissolved in PB pH 7.4 buffer (300 µL). The enzyme solution 

(20 µL) was drop-casted onto the GC-CNT-BOx electrodes. The solvent was slowly evaporated at 3 °C. 

GC-CNT-iBOx-dcPCN333(Fe) electrodes PCN-333(Fe) (0.6 mg) was suspended in ethanol (300 µL). The 

MOF suspension (20 µL) was drop-casted onto the GC-CNT-iBOx electrodes. The electrodes were carefully 

dried under reduced pressure. 

GC-CNT-iBOx-iPCN333(Fe) electrodes PCN-333(Fe) (0.5 mg) was suspended in water (250 µL). 

GC-CNT-PCN333(Fe) electrodes were prepared by incubation at rt for 20 h. For incubation the electrodes 

were rinsed with water, covered with MOF suspension (40 µL) and sealed with an Eppendorf tube. 

GC-CNT-iPCN333(Fe) electrodes PCN-333(Fe) (0.5 mg) was suspended in acetone (250 µL). 

GC-CNT-PCN333(Fe) electrodes were prepared by incubation at rt for 2 h. For incubation, the electrodes 

were covered with MOF suspension (20 µL) and sealed with an Eppendorf tube. The electrodes were 

allowed to dry at air. 

GC-CNT-dcPCN333(Fe) electrodes PCN-333(Fe) (0.5 mg) was suspended in acetone (250 µL). The MOF 

suspension (20 µL) was drop-casted onto the GC-CNT electrodes. The electrodes were allowed to dry at air. 

GC-CNT-dcPCN333(Fe)-iBox electrodes BOx (0.5 mg) was dissolved in PB pH 7.4 buffer (250 µL). For 

incubation, GC-CNT-DCPCN333(Fe) electrodes were covered with enzyme suspension (40 µL) and sealed 

with an Eppendorf tube. The electrodes were incubated for 22 h at 3 °C and rinsed with ethanol. 

GC-CNT-TATB-BOx electrodes tatb (0.5 mg) was suspended in acetone (250 µL). The ligand suspension 

(20 µL) was drop-casted onto the GC-CNT-BOx electrodes. The electrodes were allowed to dry at air. 

GC-CNT-iPCN333(Fe)-iBOx electrodes BOx (0.6 mg) was dissolved in PB pH 7.4 (300 µL). For incubation, 

GC-CNT-PCN333(Fe) electrodes were covered with enzyme suspension (20 µL) and sealed with an 

Eppendorf tube. The electrodes were incubated with BOx for 20 h at 3 °C.  

GC-CNT-Composite electrodes PCN-333(Fe) (4.0 mg) and BOx (4.0 mg) were suspended in water 

(0.5 mL). The suspension was kept at room temperature for 90 min. During that period, the suspension was 
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vortexed several times to ensure dispersion. The solids were isolated by centrifugation and the mother 

liquor was replaced with fresh water three times. After the last washing step, the suspension was separated 

by centrifugation one more time and the isolated solid was suspended in water (1 mL). This suspension was 

then used for grafting onto the prepared GC-CNT electrodes by drop casting (20 µL) or incubation (40 µL). 

5.4.6 Electrochemistry 

Electrochemical measurements were performed using a Biologic VMP3 Multi Potentiostat with EC-lab 

software. Experiments were performed at room temperature. A conventional three-electrode cell setup was 

used comprising a modified GC working electrode (Ø= 3 mm), a saturated calomel reference electrode 

(SCE), and a Pt wire counter electrode. Electrochemical experiments were performed in 0.1 M phosphate 

buffer (PB) pH = 7 or phosphate-buffered saline (PBS) pH7.5 under ambient or oxygen-saturated conditions. 

Oxygen saturation was achieved by bubbling purified oxygen through the buffer solution for at least 30 min 

prior to the experiment. A low oxygen flow was maintained throughout the experiments and care was taken 

that the bubbles did not cause disturbance near the electrodes. The bioelectrodes were rinsed with water 

prior to electrochemical testing and were stored in fresh buffer solution at 3 °C between experiments. Cyclic 

voltammograms were collected between an initial potential Ei = −0.5 V and a switching potential E1 = 0.7 V 

vs. a saturated calomel electrode (SCE) unless otherwise noted, with a scan rate υ = 20.0 mV/s in 0.1 M PB. 

Chronoamperometry experiments were performed in fresh buffer with Ei = 0.25 V and data was recorded 

every 0.1 s. 
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Chapter 6  Summary and Perspective 

6.1 Current Work 

MUF-77 is a versatile platform for the incorporation of catalytic moieties. Its multicomponent structure 

provides a pore environment that can be exploited to impact the performance of the embedded catalyst. In 

this work, we deepened our understanding of the MUF-77 synthesis and discovered several new promising 

MOFs. We synthesized different transition metal-functionalized ligands to expand the scope of catalytic 

motifs that can be embedded in MUF-77. These represent the first examples of transition metal catalytic 

systems in MUF-77, moving beyond the organocatalysts employed in earlier studies. We also developed 

post-synthetic strategies for ligand exchange in MUF-77 and applied alternative synthesis protocols to 

improve complex stability throughout the synthesis. While we encountered challenges with the 

decomposition of some embedded transition metal complexes, we achieved promising results with certain 

Au(I) and Au(III) systems. We further expanded our scope to investigate the interplay of MOFs with 

enzymes in electrocatalysis.  

In Chapter 2 we investigated typical crystalline side products from the MUF-77 synthesis. Experiments with 

only  tritopic linker, hmtt, yielded four different new frameworks, which were characterized. We were able 

to establish reproducible synthesis protocols for two of the MOFs, but we were not successful in tuning the 

parameters to produce the other frameworks reliably. With the addition of a second, ditopic organic linker 

the product formation was shifted towards two new multicomponent MOFs, M[Zn4O(hmtt)2(bpdc)0.5] and 

M[Zn4O(hmtt)2(bdc)0.5]. The new MOFs were characterized. The findings supported our empirical 

observations that the formation of MUF-77 from hmtt, bpdc, and bdc is preferred under ideal conditions. If 

a ditopic linker is removed from the synthesis, either directly or resulting from poor solubility, steric 

hindrance, or unfavorable interactions in solution, the newly discovered multicomponent MOFs seemed to 

be favored. When the reaction conditions are altered sufficiently, several MOFs are accessible from each 

linker, as shown in the example of hmtt. These insights are valuable to improve the outcome of MUF-77 

syntheses with novel linkers, and the new MOFs expand the scope of potential multicomponent MOFs. While 

the limited stability after solvent removal is a disadvantage, multicomponent MOFs are promising 

candidates for the incorporation of different catalysts to exploit the frameworks’ unique pore environments. 

The high porosity of M[Zn4O(hmtt)2(bdc)0.5] makes it also a potential target for gas separation applications, 

where isoreticular ligand exchange could alter selectivity for different gasses. 

In Chapter 3 we broadened our scope of catalysts by moving from traditional organocatalytic systems to 

embedding transition metal complexes. Inspired by literature examples, we attempted to incorporate 

bipyridyl units in MUF-77 but attempts to form the MOF were unsuccessful. We successfully introduced 

diphenyl- and diethyl phosphine ligands into MUF-77. Ligand oxidation was minimized by synthesizing the 

MOF under inert conditions. Metalation of nanocrystalline samples to form a Au(I) complex was promising, 

however, we could not confirm the complex formation by SXRD in larger crystals. Phosphoramidite ligand 

precursors were successfully synthesized and metalated, but the complex was not stable during the final 

hydrolysis step. Instead, we incorporated the phosphoramidite by post-synthetic modification of 

2,2’-dihydroxy-bpdc-functionalized MUF-77. Metalation of the ligand was attempted but limited ligand 
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stability during MOF digestion for NMR interfered with the analysis. Functionalization of bpdc with a Au(I)-

NHC complex was completed. While the complex decomposed under solvothermal MOF synthesis 

conditions, the Au(I)-NHC-linker was successfully embedded within MUF-77 following an alternative and 

milder room-temperature approach. However, the complex suffered from decomposition over time. We also 

attempted to install the complex through post-synthetic modification of MUF-77. Unexpectedly, the reaction 

led to gold nanoparticle formation within the MOF pores. This reaction was unique to the imidazole 

functionalized linkers and was not observed with parent MUF-77. The nanoparticles were catalytically 

active in the oxidation of benzyl alcohol. The pore-directed nanoparticle formation might allow for precise 

size control, a property critical for the catalytic performance,227,336 and should be evaluated in future work. 

Further, we synthesized an acyclic Au(I)-carbene functionalized linker precursor. The complex suffered 

from decomposition during the final hydrolysis step towards the MOF linker. Attempts to introduce the 

complex by post-synthetic modification of secondary amine-bearing linkers were unsuccessful. We propose 

that future adjustments of the ligand design, for example increasing the steric bulk around the NHC 

coordination site, would stabilize the potential complexes. However, size limitations by the MUF-77 pore 

need to be considered. Shifting the focus back to organocatalysis shows potential for our novel linker and 

MUF-77 systems beyond transition metal catalysis. NHCs and phosphines are known as efficient 

organocatalysts.337–340 For example, phosphine catalysts have successfully been employed in Michael 

additions,341 nitroaldol reactions,342 enantioselective acylations,343 and asymmetric Morita-Baylis-Hillman 

reactions.208 With the functionalized MUF-77 systems in hand, the potential for organocatalytic applications 

should be investigated in future work. 

In Chapter 4, we evaluated a Au(III) functionalized ditopic linker, IPrAu(bpdc)Cl, for incorporation into 

MUF-77. While solvothermal synthesis attempts, with or without ligand dilution with bare bpdc, led to the 

decomposition of the ligand, our milder room-temperature synthesis protocol allowed to form 

IPrAu(bpdc)Cl-rtMUF-77 without impacting the complex stability (Figure 6-1). The MOF successfully 

promoted the Au(III)-catalyzed cycloisomerization reaction of hex-5-en-1-yn-3-ylbenzene. Catalyst 

leaching was not detected, and the MOF retained crystallinity and catalytic activity upon recycling. In future 

work, the potential of MUF-77 as a catalytic scaffold should be fully exploited by modulating the pore 

environment to influence catalyst performance. 

 

Figure 6-1 Synthesis of IPrAu(bpdc)Cl-rtMUF-77, a Au(III)-catalyst embedded in MUF-77. 
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In Chapter 5 our interest in MOF catalysis led us to explore MOF-enzyme interactions. We investigated the 

enzyme bilirubin oxidase in combination with the MOF PCN-333 for the catalytic reduction of oxygen.  We 

evaluated the stability of PCN-333 in different buffers and with different additives for later use in 

electrocatalysis with bilirubin oxidase-functionalized electrodes. For the bioelectrocatalytic application, 

glassy carbon electrodes were modified with multi-walled carbon nanotubes. Through layer-by-layer 

deposition, MOF, enzyme, or MOF/enzyme composite materials were grafted onto the electrodes by drop-

casting or incubation. The new electrodes were subjected to electrocatalytic testing under ambient 

conditions or oxygen saturation. Layering the enzyme on top of the MOF improved the catalytic activity and 

stability toward inhibiting chloride ions in solution. In additional collaborative work by our colleagues at 

the Université Grenoble Alpes a similar impact was observed by layering the free ligand instead of the MOF, 

indicating MOF decomposition was a major factor in the shift in performance. Overall, the bioelectrodes 

showed improved catalytic performance and stability, but additional testing is needed to understand the 

underlying mechanisms. Further experiments under conditions supportive of PCN-333 stability should be 

conducted to understand the enzyme/MOF interactions and to guide further electrode design.  

Overall, we successfully characterized several new MOFs and deepened our understanding of the MUF-77 

formation. Several promising transition metal complexes were evaluated for their incorporation into 

MUF-77. Integration of a Au(III) complex into MUF-77 yielded IPrAu(bpdc)Cl-rtMUF-77, which is a very 

promising candidate for tuning the catalytic performance by altering the pore environment of MUF-77. We 

also evaluated potential of modifying bioelectrodes with MOFs like PCN-333 and found promising 

improvements in performance and stability. 

6.2 Future Organocatalysts for MUF-77 

We propose a post-synthetic modification protocol for installing a sulfonic acid functionality within the 

MUF-77 pore (Figure 6-2). In preliminary tests, we observed the full conversation of an amino-

functionalized bpdc linker with 2-sulfobenzoic acid cyclic anhydride. Under optimized conditions, MUF-77 

demonstrated good stability during the procedure. In preliminary catalytic trials, the system showed 

promising activity as Brønsted acid catalyst for the ring-opening reaction of styrene oxide.344–346 The post-

synthetically modified MOF displayed superior catalytic performance compared to MOFs obtained through 

a direct synthesis approach, highlighting the advantage of the post-synthetic protocol. We suggest that 

similar post-synthetic catalyst incorporations should be evaluated for other organocatalysts in MUF-77, as 

they overcome potential catalyst poisoning during the MOF synthesis and improve catalytic performance. 

Brønsted acid catalysts are promising candidates for several reactions, including Mannich-type reactions 

and other asymmetric transformations.347–351 In future work, the sulfonic acid-MUF-77 catalyst should be 

evaluated for its broad catalytic performance. We see much potential for our catalyst to be used in remote 

asymmetric induction through MUF-77, as currently developed by our group. Brønsted acid-MUF-77 

catalysts allow us to expand the scope of reactions, and the performance upon pore modulation should be 

examined. Further, the catalysts might be exploited for cooperative catalysis through additional 

functionalization of the other MUF-77 linkers.352 
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Figure 6-2 Post-synthetic synthesis of a novel sulfonic-acid MUF-77 catalyst. 

In preliminary experiments, we identified the secondary amine functionalized MUF-77, az-sMUF-77 

(Chapter 5) as a potential organocatalyst. Secondary amines provide powerful tools for organocatalytic 

applications.353,354 Preliminary experiments showed that the MOF catalyst successfully promoted the aldol 

reaction of different para- or meta-nitrobenzaldehydes with acetone (Figure 6-3). The MOF was also active 

in the Friedel-Crafts alkylation of 2-chloro-5-nitrobenzaldehyde with acetone and trans-β-nitrostyrene with 

indole.355 Proline is well-known for promoting the Hajos-Parrish-Eder-Sauer-Wiechert reaction.153,154,356,357 

In contrast, our catalyst did not yield the desired Hajos-Wiechert-ketone when added to 2-methyl-2-(3-

oxobutyl)cyclohexane-1,3-dione but led to the formation of a reported triketone.358 In DMF and other 

solvents, the control reaction with parent MUF-77 showed significant background reactivity, however, in 

acetonitrile, background reactions were minimized and the az-sMUF-77 led to three times higher 

consumption of starting material. Similarly, while az-sMUF-77 was an active catalyst for the methanolysis 

of carbic anhydride, background reactions were observed. While the protocols for the catalyst testing 

needed further improvement, the initial results show the potential of az-sMUF-77 as a versatile 

organocatalyst that should be exploited further in future work. 

 

Figure 6-3 Reactions catalysed by az-MUF-77. 

Further provisional results indicate that different chiral guanidine-functionalized MUF-77 materials are 

good catalysts for the Michael Reaction of β-nitrostyrene and dibenzoylmethane (Figure 6-4).359–361 With 

increasing volume of the modulator group, the conversion slowed down significantly, and we observed 

differences in enantioselectivity depending on the chosen pore modulator. For example, pore modulation 

with (S)-Boc-protected-proline-bdc led to an improvement in ee from 9.0 to 28.7. The MOF also catalysed 

the reaction of cyclohex-2-en-1-one with malonitrile,362,363 but the formation of three different products 

complicated the analysis and indicated a lack of product selectivity. While those results were promising, 
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further experiments are necessary to understand the interplay between pore modulator and catalyst and 

to evaluate more catalysts and reactions.  

 

Figure 6-4 Exemplary Michael reaction in toluene at 25 °C catalysed by δ3-MUF-77. 

6.3 Future Chiral Truxene Linkers for Pore Modulation 

While our library of MUF-77 ligands today includes numerous chiral ditopic bpdc and bdc linkers, the 

functionalization of the truxene-derived ligands has proven more challenging. However, access to such 

linkers would be valuable as it would offer us an additional handle for pore modulation in MUF-77 and 

would free the ditopic linkers for functionalization with other modulators or catalysts. For that purpose, 

syn-tribenzyl- and syn-triphenyl-substituted truxenes were synthesized according to the literature.364 

Carboxylation with aluminium chloride and oxalyl chloride led us to the respective truxene ligands (Figure 

6-5). We attempted to resolve the ligands by crystallization with chiral anions, however, the same poor 

solubility that impeded the synthesis of many truxene-derived compounds before also hindered this 

approach. Instead, we shifted to the covalent synthesis of diastereomers, either through amine or through 

ester formation. We obtained the diastereomeric esters by direct Steglich esterification. We also found the 

respective acyl chloride to be readily synthesized and converted to the diastereomeric ester in the presence 

of a base and the respective chiral alcohol. We successfully synthesized the (S)-(−)-sec phenylethyl and 

(1R)-(−)-Myrtenol-esters of the tribenzyl-substituted truxene. However, attempts to resolve the products 

through column chromatography or crystallization were not successful. Alternatively, the respective amine 

was synthesized from acyl chloride with (S)-(−)-1-phenylethylamine and successfully resolved by column 

chromatography. Unfortunately, the amide proved harder to cleave than anticipated and attempts to obtain 

the final tricarboxylate ligands were unsuccessful. However, this work provides a good foundation for 

future attempts to synthesize a chiral truxene ligand.  
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Figure 6-5  Synthesis of different diastereomers for the resolution of the tribenzyl-truxene ligand. 
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Appendix A | For Chapter 2 

 

A 1. M[Zn4O(hmtt)2(bpdc)0.5], BMUF-2 

 

Figure A-1 TGA of BMUF-2 after activation at 150 °C for 12 h under vacuum. 

 

 

 

Figure A-2 PXRD patterns of BMUF-2.
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Figure A-3 Exemplary ligand combinations yielding BMUF-2. 

 

A 2. M[Zn4O(hmtt)2(bdc)0.5], BMUF-4 

A 2.1 Room Temperature Synthesis 

Preliminary room temperature synthesis protocol for BMUF-4, hmtt2|bdc0.5|Zn4O 

Hmtt (17.8 mg, 0.0319 mmol, 2.4 eq.) was suspended in DMF (0.67 mL). A 0.04 M solution of bdc in DMF 

(330 µL, 0.0132 mmol, 1 eq.) was added. While stirring, a solution of Zn(OAc)2∙2H2O (29.2 mg, 0.133 mmol, 

10 eq.) in DMF (0.5 mL) and water (25 µL) was added. Immediate formation of a precipitate was observed. 

The reaction was stirred for 60 min before the solid was collected by centrifugation and washed with DMF 

(5x). 

 

Figure A-4 PXRD pattern of the sample obtained through room temperature synthesis (red, middle) in 
comparison to a solvothermal synthesis (top, black) and the simulated PXRD pattern (bottom, green). While 
BMUF-2 was obtained, the sample was not phase pure. 



Appendix A | For Chapter 2 
 

160 
 

 

Figure A-5 1H NMR spectrum of BMUF-4 obtained through a room temperature synthesis protocol in 0.1 M 
NaOD in D2 O. The increased amount of bdc compared to hmtt indicated the co-precipitation of a second 
phase during the room temperature synthesis. 

 

A 2.2 Solvothermal Synthesis 

 

Figure A-6 TGA of BMUF-4 after drying the sample briefly under vacuum at room temperature. Trapped 
solvent was evaporated at elevated temperature. The MOF was stable until around 350 °C. 
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Figure A-7  TGA of BMUF-4 after activation at 150 °C for 3 h under vacuum. 

 

Figure A-8 PXRD patterns of BMUF-4. 
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A 2.3 Hmtt-Single-Linker BMUFs 

0 5 10 15 20

0

20

40

60

80

100  BMUF-1

 BMUF-7

 BMUF-6

 BMUF-5

w
a

te
r 

[m
L

]

benzoic acid [mg]
 

Figure A-9 BMUF-phases observed during standard syntheses from hmtt (2.0 mg), Zn(NO3)2∙4H2O, benzoic 
acid, and water (where applicable) in DMF. 

 

 

Figure A-10 1H NMR of BMUF-1 derived from room temperature synthesis upon digestion in DMSO-d6/DCl. 
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B 1. Phosphine-Functionalized MUF-77 

B 1.1  MOF NMR Spectra 

Table B-1 Crystalline phases observed during the synthesis of PEt2-sMUF-77 with different amounts of 
added triethyl amine. 

Triethyl amine added Product 

- BMUF-1/2 + second phase 

1.3 µL, 2.8 eq. BMUF-1/2+ second phase 

13 µL, 28 eq. MUF-77 + second phase 

 

 

Figure B-1 1H NMR spectrum of a mixture of PEt2-sMUF-77 and second phase. The crystalline solid was 
dissolved in a mixture of DMSO and DCl. 
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Figure B-2 1H NMR of AuPPh2-rtMUF-77 upon digestion in a mixture of DMSO-d6 and DCl.  
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B 2. Phosphoramidite-Functionalized MUF-77 

B 2.1  Experimental Procedures 

Attempted direct synthesis of (Me2N)PO2-bpdc from (OH)2-bpdc Under argon, (OH)2-bpdc (34.8 mg, 

0.127 mmol, 1 eq.) was suspended in anhydrous toluene (1 mL). P(NMe2)3 (29 µL, 0.19 mmol, 1.5 eq.) was 

added while stirring. The reaction vessel was rinsed with anhydrous toluene (1 mL) and the reaction was 

refluxed for 16 h. The precipitate was filtered off and dried under vacuum to yield the dicarboxamide 

byproduct. 

 

Figure B-3 Direct synthesis attempt of (Me2N)PO2-bpdc from (OH)2-bpdc leading to the formation of a 
dicarboxamide byproduct.  

 

B 2.2  Ligand NMR Spectra 

 

Figure B-4 1H NMR spectrum of 2,2'-dihydroxy-N4,N4,N4',N4'-tetramethyl-[1,1'-biphenyl]-4,4'-
dicarboxamide in DMSO-d6. The compound was isolated as a byproduct from the attempted direct synthesis 
of (Me2N)PO2-bpdc. 



Appendix B | For Chapter 3 
 

166 
 

 

Figure B-5 1H NMR spectrum of (Me2N)PO2-bpdc dimethyl ester (1) in CDCl3. 

 

 

 

Figure B-6 31P NMR spectrum of (Me2N)PO2-bpdc dimethyl ester (1) in CDCl3. 
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Figure B-7 1H NMR spectrum of (Me2N)PO2-bpdc dimethyl ester (1) after 13 d in CDCl3. 

 

 

 

Figure B-8 1H NMR spectrum of AuPO2-bpdc dimethyl ester (2) in CDCl3. 
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Figure B-9 31P NMR spectrum of AuPO2-bpdc dimethyl ester (2) in CDCl3. 
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Figure B-10 1H NMR spectrum of the attempted hydrolysis of AuPO2-bpdc dimethyl ester (2) to obtain the 
desired MUF-77 linker AuPO2-bpdc (3) in DMSO-d6. The characteristic signals for (OH)2-bpdc indicate the 
decomposition of the gold(I) complex under the hydrolysis conditions.  

 

Figure B-11 31P NMR spectrum of the attempted hydrolysis in DMSO-d6. 
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B 2.3  MOF NMR Spectra 

 

Figure B-12 1H NMR spectrum of (OH)2-sMUF-77 upon digestion in a solution of EDTA (1 mg) in DMSO-d6 
(0.6 mL).  

 

B 2.4  Digestion Experiments 

 

Figure B-13 1H NMR spectra of (Me2N)PO2-MUF-77 (top, purple) upon digestion in 0.1 M NaOD/D2O in 
comparison with (Me2N)PO2-bpdc dimethyl ester (middle, green) and (OH)2-bpdc (bottom, yellow). Only 
the aromatic region is shown for simplicity. 
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Figure B-14 1H NMR spectra of (Me2N)PO2-MUF-77 (purple) and (OH)2-MUF-77 (blue) upon digestion in a 
solution of thioacetamide (1 mg) in DMSO-d6 (0.6 mL) in comparison with (Me2N)PO2-bpdc dimethyl ester 
(green) and (OH)2-bpdc (yellow). Only the aromatic region is shown for simplicity. 

 

 

 

Figure B-15 1H NMR spectra of (Me2N)PO2-MUF-77 (purple) and (OH)2-MUF-77 (blue) upon digestion in a 
solution of EDTA (1 mg) in DMSO-d6 (0.6 mL) in comparison with (Me2N)PO2-bpdc dimethyl ester (green) 
and (OH)2-bpdc (yellow). Only the aromatic region is shown for simplicity. 
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Figure B-16 31P NMR spectra of the different digestion attempts. The shift of the signal from around 
149.9 ppm to a chemical shift of around 0 ppm is indicative of the decomposition of the phosphoramidite. 
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B 3. N-Heterocyclic Carbene–Transition Metal Complexes in MUF-77 

B 3.1  Ligand NMR Spectra 

 

Figure B-17 1H NMR spectrum of Au(I)NHC-bpdc dimethyl ester in CDCl3. 

 

 

 

Figure B-18 1H NMR spectrum of Au(I)NHC-bpdc in DMSO-d6. 
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B 3.2  MOF NMR Spectra 

 

Figure B-19 1H NMR spectrum of im-sMUF-77 upon digestion in a mixture of DMSO-d6 and DCl. 

 

B 3.3  MOF Pictures 

  

Figure B-20 Microscopic picture of a single crystal of Au@im-MUF-77 (left) as-synthesized and after 
carefully breaking it in comparison with the control reaction (right) using parent MUF-77.  
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B 3.4  Catalysis NMR 

 

Figure B-21 1H NMR spectrum of the catalytic oxidation of benzyl alcohol by Au@im-MUF-77. 
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B 3.5  Ligand X-ray Crystallography 

Table B-2 Summary of X-ray crystallography data for (im-bpdc-ester)[AuX2]. Crystallization from DCM and 
Et2O yielded colourless rod-like crystals. 

Name (im-bpdc-ester)[AuX2] 

Empirical formula C21H21AuBrClN2O4 

Formula weight 677.734 

Temperature/K 297 

Crystal system monoclinic 

Space group P21 

a/Å 7.2337(2) 

b/Å 30.3193(11) 

c/Å 10.4850(4) 

α/° 90 

β/° 92.772(2) 

γ/° 90 

Volume/Å3 2296.89(14) 

Z 4 

ρcalcg/cm3 1.96 

μ/mm-1 15.393 

F(000) 1282.9 

Crystal size/mm3 0.4 × 0.1 × 0.1 

Radiation Cu Kα (λ = 1.54178) 

2Θ range 
for data collection/° 

11.68 to 144.66 

Index ranges -8 ≤ h ≤ 8, -34 ≤ k ≤ 36, -11 ≤ l ≤ 11 

Reflections collected 48447 

Independent 
reflections 

7956 [Rint = 0.0401, Rsigma = 0.0301] 

Data/restraints/ 
parameters 

7956/79/ 
546 

Goodness-of-fit 
on F2 

1.056 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.0697, wR2 = 0.1956 

Final R indexes 
[all data] 

R1 = 0.0771, wR2 = 0.2070 

Largest diff. 
peak/hole / e Å-3 

3.58/-1.54 

Flack parameter 0.328(3) 
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B 4. Acyclic Carbene-Functionalized MUF-77 

B 4.1  Experimental 

 

Figure B-22 Attempted hydrolysis of 8 to yield the final linker 9. 

AuNAC-bpdc ester (8) (24.0 mg) was dissolved in THF (1 mL). 1 M aq. KOH (1 mL) was added, and the 

formation of a dark precipitate was observed. The reaction was stirred for 3 d at room temperature 

protected from light. The suspension was filtered over celite. The organic solvent was removed under 

reduced pressure and the aqueous phase was acidified to pH 1 with 1 M aq. HCl. The solid was filtered off 

and dried under vacuum to yield the urea-type compound 10 as an off-white solid. 

1H NMR (500 MHz, DMSO) δ 13.01 (s, 2H), 8.02 (d, J = 8.0 Hz, 2H), 7.89 (dd, J = 7.8, 1.8 Hz, 1H), 7.83 (s, 1H), 

7.49 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 7.9 Hz, 1H), 5.55 (s, 1H), 4.39 (s, 2H), 2.61 (s, 3H), 1.24 (s, 9H). 

13C NMR (176 MHz, DMSO) δ 167.10, 167.07, 157.29, 144.25, 143.88, 136.67, 130.38, 130.11, 129.98, 

129.35, 129.11, 127.91, 127.64, 50.04, 49.07, 34.23, 29.18. 

m/s: theoretical: 383.1601 m/z, found: 383.1612 m/z 



Appendix B | For Chapter 3 
 

178 
 

B 4.2  Ligand NMR Spectra 

 

Figure B-23 1H NMR spectrum of 12 in CDCl3. 

 

 

 

Figure B-24 1H NMR spectrum of 13 in CDCl3. 
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Figure B-25 1H NMR spectrum of bocaz-bpdc in DMSO-d6. 

 

 

 

Figure B-26 13C NMR spectrum of bocaz-bpdc in DMSO-d6. 
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Figure B-27 HMQC NMR spectrum of bocaz-bpdc in DMSO-d6. 

 

 

 

Figure B-28 DEBT NMR spectrum of bocaz-bpdc in DMSO-d6. 
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Figure B-29 1H NMR spectrum of 8 in CDCl3. 

 

 

 

Figure B-30 31C NMR spectrum of 8 in CDCl3. 
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Figure B-31 1H NMR spectrum of the decomposition product from the attempted hydrolysis of 8 in 
DMSO-d6. 

 

 

 

 

Figure B-32 13C NMR spectrum of the decomposition product from the attempted hydrolysis of 8 in 
DMSO-d6. 
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B 4.3  Ligand X-ray Crystallography 

Table B-3 Summary of X-ray crystallography data for 12. Recrystallization in Et2O yielded colourless, rod-
like crystals. 

Name allylamine-bpdc-ester, 12 

Empirical formula C21H21NO4 

Formula weight 351.39 

Temperature/K 100 

Crystal system monoclinic 

Space group P21/c 

a/Å 18.5774(10) 

b/Å 5.0393(3) 

c/Å 18.5546(10) 

α/° 90 

β/° 92.076(2) 

γ/° 90 

Volume/Å3 1735.89(17) 

Z 4 

ρcalcg/cm3 1.345 

μ/mm-1 0.758 

F(000) 744 

Crystal size/mm3 0.3 × 0.1 × 0.1 

Radiation CuKα (λ = 1.54178) 

2Θ range 
for data collection/° 

4.76 to 152.248 

Index ranges -23 ≤ h ≤ 23, -6 ≤ k ≤ 5, -22 ≤ l ≤ 22 

Reflections collected 29017 

Independent 
reflections 

3579 [Rint = 0.0267, Rsigma = 0.0174] 

Data/restraints/ 
parameters 

3579/0/ 
237 

Goodness-of-fit 
on F2 

1.052 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.0398, wR2 = 0.0979 

Final R indexes 
[all data] 

R1 = 0.0434, wR2 = 0.1008 

Largest diff. 
peak/hole / e Å-3 

0.19/-0.26 
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B 4.4  MOF NMR 

 

 

Figure B-33 1H NMR of bocaz-MUF-77 upon digestion in 0.1 M NaOD. 

 

B 4.5  MOF TGA 

 

Figure B-34 TGA of the deprotection of bocaz-MUF-77 at 200 °C. To ensure stability of the sample, solvated 
crystals in dichloromethane were used and the solvent was removed under a flow of nitrogen at elevated 
temperature prior to the experiment. 

Method: Ramp 10.00 °C/min to 60.00 °C; isothermal for 30.00 min; equilibrate at 200.00 °C; isothermal for 

20 h. 
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C 1. Catalysis Data 

C 1.1  1H NMR Spectra of the Cycloisomerization Reaction 

After 8 d of reaction time, 10 µL were removed from the reaction mixture and diluted with 500 µL CDCl3. 

Samples of the homogeneous reaction were prepared after 24 h of reaction time. 1H NMR spectra were 

recorded immediately after sample preparation. 

 

Figure C-1 1H NMR spectra from the cycloisomerization reaction of hex-5-en-1-yn-3-ylbenzene in the 
presence of different gold catalysts and from control reactions without catalyst addition. 
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C 1.2  Filtration Control Experiment 

After 8 d of reaction with added IPrAu(bpdc)Cl-rtMUF-77 and TlPF6, the suspension was centrifuged, and 

the reaction mixture was decanted off and passed through a syringe filter to remove any solid MOF catalyst 

or salt. The solution was kept under catalysis conditions. 1H NMR spectra were recorded from 10 µL solution 

diluted with 500 µL CDCl3. 

  

Figure C-2 1H NMR spectra of the cycloisomerization control reaction after catalyst filtration. 
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C 1.3  Catalyst Recyclability Experiment 

After 8 d of reaction with added IPrAu(bpdc)Cl-rtMUF-77 and TlPF6 the reaction mixture was removed. The 

MUF-77 catalyst was washed with DCM (3x). The solvent was removed and a solution of hex-5-en-1-yn-3-

ylbenzene (10 µL) in DCM (200 µL) was added and kept at room temperature. For 1H NMR spectroscopy, a 

small amount of sample (10 µL) was removed after the respective time interval and diluted with CDCl3 

(500 µL). Spectra were recorded according to the general method. 

 

Figure C-3 1H NMR spectra of the second catalytic run upon recycling the rtMUF-77(AuIII) catalyst. 
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C 2. MOF Characterization After Catalysis 

C 2.1  MOF SEM Images 

 

Figure C-4 SEM images of IPrAu(bpdc)Cl-rtMUF-77 as synthesized. 

 

 

Figure C- 5 SEM images of IPrAu(bpdc)Cl-rtMUF-77 after two runs of catalysis. 
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C 2.2  MOF EDX 

0 1 2 3 4 5 6 7 8 9 10

Cl

 MUF-77rt(AuIII) after activation

 MUF-77rt(AuIII) after two runs

ZnZn

Cl

ZnO

Energy [keV]

C

Au

 

Figure C-6 EDX of IPrAu(bpdc)Cl-rtMUF-77 after two runs of catalysis. 

 

 



Appendix C | For Chapter 4 
 

190 
 

Appendix D | For Chapter 5 

 

D 1. MOF Characterisation 

 

Figure D-1 Picture of a mounted PCN-333 (Fe) sample during a typical PXRD experiment. 

 

 

 

Figure D-2 PXRD pattern of PCN-333(Fe) after exposure to Tris HCl at pH 7 for 1 h, sample preparation and 
gas adsorption measurements (green, bottom) in comparison to an as-synthesized sample (middle, red) 
and the simulated PXRD pattern (top, black). 
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Figure D-3 Nitrogen adsorption isotherm at 77 K and BET surface area plots for PCN-333(Fe) as-
synthesized. 

 

Figure D-4 Nitrogen adsorption isotherm at 77 K and BET surface area plots for PCN-333(Fe) after 
exposure to Tris HCl at pH 7 for 1 h. 
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Electrode Preparation 

 

Figure D-5 Picture of the preparation of GC-CNT electrodes by drop-casting. 

 

 

Figure D-6 Picture of prepared modified glassy carbon electrodes upon drying. 
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Electrochemistry 

 

Figure D-7 Cyclic voltammograms of a GC-CNT electrode. Cyclic voltammograms were collected in 0.1 M 

PB pH 7.0, with a scan rate υ = 20.0 mV/s, using a saturated calomel electrode (SCE) as reference. 
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