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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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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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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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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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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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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). 



Chapter 2 | New MOFs From MUF-77 Building Blocks 

31 
 

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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(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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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 2-16 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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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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2.4.5 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. 

 

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. 

 

 

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. 

 

Figure 2-29 Calculated pore size distribution of BMUF-4. 
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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. 
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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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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 (t riphenylphosphine 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 PPh 2-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. 
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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 

hmtt 1.33|(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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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.  
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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 -rt MUF-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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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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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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hmtt 1.33|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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