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Summary 

 
Chapter 1: Introduction 

Chapter 1 provides an insight into chemical literature regarding the carbonylation of 

methanol as well as efforts to provide a heterogeneous alternative to the existing 

homogeneous processes. There is also discussion of metal-organic frameworks and their 

use in catalysis. The chapter concludes with a summary of the aims of the project. 

Chapter 2: UiO MOFs with Linkers Containing Pyridine Moieties 

Chapter 2 describes efforts to synthesise a cationic support via methylation of a range of 

pyridine-containing UiO-type metal-organic frameworks (UiO-67-bpy, UiO-67-bp/ppy 

and UiO-66-b/py). Reaction of these MOFs with MeI did not reach 100% conversion to 

the fully methylated forms. Reaction of the partially quaternised MOFs with [Rh(CO)2I]2 

resulted in a mixture of rhodium dicarbonyl species. 

Chapter 3: UiO MOFs with Linkers Containing Imidazole Moieties 

Chapter 3 describes the synthesis and postsynthetic modification of imidazole-

functionalised UiO-66-type MOFs (UiO-66-imb and UiO-66-b/imb). The synthesised 

MOFs were postsynthetically modified by methylation of the pendant nitrogen site of the 

imidazole, converting it to imidazolium. Conversion of imidazole sites to N-

methylimidazolium was 85% for the single-linker MOF (UiO-66-imb) and 97% for the 

mixed-linker MOF (UiO-66-b/imb). These cationic supports can be used to 

electrostatically immobilise cis-[Rh(CO)2I2]
-. For the mixed-linker MOF, the catalyst was 

found to occupy the micropores of the MOF and the encapsulated complex underwent the 
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same organometallic processes as in solution. The supported complex was found to be 

active for the carbonylation of methanol to acetic acid, with lower activities than the 

homogeneous analogue. It demonstrated good recyclability and retained its crystallinity 

after catalysis. 

Chapter 4: Dispersible Microporous Polymers with Pyridine Moieties 

Chapter 4 describes the synthesis and postsynthetic modification of a novel dispersible 

microporous polymer containing a 4-vinylpyridine co-polymer. The material was 

postsynthetically modified via N-methylation of the pyridine moieties to form pyridinium 

cations. The cationic support was used to immobilise cis-[Rh(CO)2I2]
- and volumetric N2 

sorption studies revealed that the catalyst occupied the polymer’s micropores. In situ IR 

reaction monitoring of the oxidative addition of MeI to the supported complex revealed 

that this step occurred faster than for the homogeneous analogue. The encapsulated 

catalyst was active for the carbonylation of methanol to form acetic acid, with activities 

slightly lower than the homogeneous analogue. The system demonstrated good 

recyclability in CHCl3. 

Chapter 5:  Conclusions and Future Work 

General conclusions and suggestions for further work are provided. 

Chapter 6: Experimental 

Full details of the instrumentation and experimental procedures used. 

Chapter 7: Appendices  

Supplementary data and spectra as well as details of calculations.  
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Abbreviations 

 
Abbreviation Technique 

ATR attenuated total reflectance 

BET Brunauer-Emmett-Teller 

CIR cylindrical internal reflectance 

CP-MAS cross polarisation magic angle spinning 

FTIR Fourier-transform infra-red 

IR infra-red 

NMR nuclear magnetic resonance 

SAXS small-angle X-ray scattering 

SEM scanning electron microscopy 

TEM transmission electron microscopy 

TPPM two-pulse phase modulation 

UV-Vis ultraviolet-visible 

 

Abbreviation General terms 

MIL Materials Institute Lavoisier 

MOF metal-organic framework 

RCSR Reticular Chemistry Structure Resource 

SBU secondary building unit 

UiO University of Oslo 
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Abbreviation Ligand / linker 

bdc 

 
1,4-benzenedicarboxylate (or terephthalate) 

bpdc 

 
biphenyl-4,4’-dicarboxylate 

bpydc 

 
2,2’-bipyridine-5,5’-dicarboxylate 

imbdc 

 
2-(imidazol-1-yl)terephthalate 

[imbdc-Me]+ 

 
2-(3-methyl-1H-imidazol-3-ium-1-yl)terephthalate 

OAc  
acetate 
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Abbreviation Ligand / linker 

ppydc 

 
2-phenylpyridine-5,4’-dicarboxylate 

pydc 

 
pyridine-2,5-dicarboxylate 

 

Abbreviation MOF composition (estimated) 

UiO-66 [Zr6O4(OH)4(bdc)6] 

UiO-66-b/imb [Zr6O4(OH)4(bdc)4.8(imbdc)1.1(OAc)0.1] 

UiO-66-b/py [Zr6O4(OH)4(bdc)4.6(pydc)0.9(OAc)0.9] 

UiO-66-imb [Zr6O4(OH)4(imbdc)6] 

UiO-67-bpy [Zr6O4(OH)4(bpydc)6] 

UiO-67-bp/ppy [Zr6O4(OH)4(bpdc)4.75(ppydc)1.25] 

 

Abbreviation Polymer composition (estimated) 

1 PEG113-b-DVB300-co-VP63 

2 PEG113-b-DVB300-co-VP13-co-[VP+I-]50 

3 PEG113-b-DVB300-co-VP13-co-[VP+I-]8-co-[VP+Rh-]42 
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Abbreviation Chemical 

bpy 2,2’-bipyridyl 

BTC benzene-1,3,5-tricarboxylate 

Bu butyl 

COD cyclooctadiene 

Cy cyclohexyl 

[C6mim] 1-hexyl-3-methylimidazolium 

[C84mpy] 1-octyl-4-methylpyridinium 

D deuterium 

DMF dimethylformamide 

dppe 1,2-bisdiphenylphosphinoethane 

DVB 1,4-divinylbenzene 

Et ethyl 

Me methyl 

PEG polyethylene glycol 

PET polyethylene terephthalate 

Ph phenyl 

PVA polyvinyl acetate 

py pyridine 

THF tetrahydrofuran 

TPPTS triphenylphosphine-m-trisulfonic acid 

VP 4-vinylpyridine 
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1.1. Catalysis 

A catalyst is a substance that speeds up a chemical process without itself being used up. 

It achieves this by lowering the Gibbs activation energy, ΔG‡, of a reaction by providing 

an alternative reaction pathway. This is often achieved by forming intermediates in a 

cyclical process that eventually regenerates the catalyst. This process is shown 

diagrammatically in Figure 1.1. 

 

Figure 1.1. Gibbs free energy profile showing the effect of a catalyst on the Gibbs 

energy of activation. 

Catalysts are ubiquitous – from digestive enzymes for breaking down food, to catalytic 

converters in cars for the oxidation of toxic carbon monoxide and other exhaust gases. It 

is estimated that around 90% of all materials and chemicals involve use of a catalyst at 

some point in their manufacture.1 
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Catalytic reactions are classed as either homogeneous or heterogeneous. Homogeneous 

processes pertain to reactions in which all reactants and catalysts are in the same phase 

(often in solution), whereas heterogeneous processes represent reactions where the 

catalyst is in a different phase to the reactants (usually catalysts on solid supports with 

gaseous reactants passed over the surface). 

Many homogeneous catalysts are comprised of well-defined molecular transition metal 

complexes that are soluble in common organic solvents. This allows for a detailed 

characterisation of reaction intermediates and products via spectroscopic and kinetic 

analyses, which help to elucidate the full catalytic mechanism. Another useful tool that is 

commonplace in this field of study is the use of computational models to study these 

mechanisms. The ability to scrutinise the mechanism in this manner allows for a great 

deal of tuning of the catalyst, for example by varying a catalyst's steric and electronic 

properties via careful ligand design. This can help enhance important factors such as 

selectivity and turnover frequency. 

Thanks to these advantages, homogeneous catalysts are often responsible for high yields 

and selectivity, require reasonably mild reaction conditions, and have the potential for 

every catalyst molecule to be active. The downside of this method of catalysis is the 

requirement to separate the catalyst from the products at the end of the reaction in order 

to reuse it. Some examples of major homogeneous catalytic processes are alkene 

hydroformylation and methanol carbonylation, the specifics of which will form the 

subject of Section 1.1.1. 

Heterogeneous catalysts, however, are generally solids, which are easily separated from 

reactants and products that are in solution or, more often, the gas phase. They are more 

chemically robust than their homogeneous analogues and are tolerant of more extreme 
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reaction conditions. However, they are often far less chemically sophisticated materials 

than homogeneous catalysts, and are thus less reactive and selective. Furthermore, the 

reaction mechanism is more challenging to study in the bulk solid state than it is for 

discrete molecules in solution. Because of this, vital pieces of information regarding the 

active site and the mechanism of reaction are much more difficult to ascertain, and thus 

tuning of heterogeneous catalysts is much more challenging. Some major examples of 

heterogeneous catalysis are the Haber process of fixing nitrogen and the Fischer-Tropsch 

process, which forms long-chain hydrocarbons from carbon monoxide and hydrogen gas. 

A lot of effort has been invested into designing new hybrid materials that capitalise on 

the advantages of both homogeneous and heterogeneous catalysis. One route that has 

generated significant interest is the immobilisation of a homogeneous transition metal 

catalyst onto a solid-state support - a process known as heterogenisation. This technique 

preserves the highly tuned molecular catalyst derived from detailed homogeneous studies 

and enables facile separation from the reaction mixture. Some further advantages of this 

method are (i) protection from some common homogeneous catalyst deactivation routes 

such as aggregation; (ii) better control of the catalyst's immediate chemical environment 

which can improve performance; (iii) the use of solvents that would otherwise not be 

accessible due to poor catalyst solubility. Some solid-state supports that have been studied 

include activated carbon, inorganic oxides, zeolites, insoluble polymers, and, more 

recently, metal-organic frameworks.2–6 

1.1.1. Acetic acid production via methanol carbonylation 

It was discovered in 1913 that methanol could be carbonylated to produce acetic acid,7 

although methanol was not available in commercial quantities until after 1920. BASF 
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opened a plant in 1960 in which carbon monoxide was reacted with methanol in the 

presence of CoI2 at high pressures and temperatures to form acetic acid.8 

Monsanto discovered in 1966 that a rhodium catalyst used in conjunction with an iodide 

co-catalyst could be used to facilitate the production of acetic acid via methanol 

carbonylation under milder conditions and with higher specificity.9 

 

Scheme 1.1. Simplified representation of the Monsanto process. 

As shown in Scheme 1.1, the hydrogen iodide co-catalyst reacts with methanol to form 

water and methyl iodide. The methyl iodide undergoes an SN2-type oxidative addition to 

the square planar rhodium(I) complex, and then the methyl group spontaneously migrates, 

causing a carbonyl insertion. Carbon monoxide associates, after which acetyl iodide is 

reductively eliminated. This reacts with the water formed previously to regenerate the 

hydrogen iodide co-catalyst and form the product, acetic acid. The catalytic reaction has 

been shown to be first order with respect to the catalyst and methyl iodide, and thus the 

oxidative addition step is considered to be rate-determining. 

A relatively high water concentration (~10% wt.) is employed in the Monsanto process, 

to maintain high catalytic activity. At lower water concentrations, an inactive Rh(III) 
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species, [Rh(CO)2I4]
- can accumulate, as an intermediate in a competing water-gas shift 

reaction. This species can dissociate CO and lead to precipitation of RhI3 in parts of the 

plant that have lower CO partial pressure (volatiles are mostly vaporised in a "flash-tank" 

to enable catalyst recycling). A disadvantage of the high water concentration is that it 

increases the costs of product purification, by distillation, to give dry acetic acid.  

Variations of the Monsanto process have been introduced that can operate at lower water 

concentration. For example, the Celanese Acid Optimization (AO Plus) technology 

employs a lithium iodide promoter that stabilises the Rh catalyst and achieves 

carbonylation rates that are comparable with those in the conventional Monsanto process 

– but at significantly lower water concentrations. Related processes for carbonylation of 

methyl acetate to acetic anhydride under anhydrous conditions use lithium iodide 

(Eastman) or quaternary ammonium iodide salts (BP) as additives.10 

In 1996 BP Chemicals introduced the Cativa™ process for methanol carbonylation using 

an iridium catalyst, iodide co-catalyst and a ruthenium promoter.11,12 This gives higher 

selectivity, makes use of a cheaper catalyst, and operates at a lower water concentration 

(reducing product purification costs) compared with the Monsanto process. 

 

Scheme 1.2. Simplified representation of the Cativa™ process. 
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The cycle in Scheme 1.2 is very similar to that of Scheme 1.1, but with a few key 

differences. In this process the octahedral complex formed after the oxidative addition of 

methyl iodide to the metal centre is more stable and so a ligand exchange (carbon 

monoxide for iodide) must occur before the methyl group migrates, which then allows 

for the carbonyl insertion and the re-association of iodide. In this process, the oxidative 

addition step is much faster than for the process shown in Scheme 1.1, and the ligand 

exchange is the rate-limiting step and promoted by iodide acceptors such as ruthenium 

iodocarbonyl complexes.13 

The operating conditions of the three industrial methods of methanol carbonylation are 

compared in Table 1.1. All three require an iodide co-catalyst that acts to generate methyl 

iodide from methanol. 

Table 1.1. Operating conditions of methanol carbonylation methods.8–12,14 

Method Catalyst Commercialised 
Operating 

temperature 
/ °C 

Operating 
pressure / 

atm 

BASF [Co(CO)4]
- 1960 210 700 

Monsanto [Rh(CO)2I2]
- 1966 180 30 

Cativa [Ir(CO)2I3(Me)]- 1996 190 20 

Due to the more forcing conditions required to reach commercially acceptable reaction 

rates in the BASF method as compared with the Monsanto and Cativa™ processes, these 

latter two have largely supplanted the former industrially.14 Worldwide production for 

acetic acid was estimated at 20 million metric tons per annum in 2018.15 

The main use of acetic acid is in the production of vinyl acetate,16 which is an important 

monomer for various copolymers as well as in the production of polyvinyl acetate (PVA). 

A growing use, however, is as solvent in the synthesis of ultrapure terephthalic acid, 
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which is used to make polyethylene terephthalate (PET). Thanks to these two major uses 

for acetic acid, worldwide demand is expected to grow by ~12% over the next five years.15 

Since the introduction of the Cativa™ process, efforts have largely turned to alternative 

ways of improving the carbonylation of methanol, and one obvious route is in conversion 

to a heterogeneous process. Research undertaken into such a process forms the subject of 

Section 1.1.2, but it is worth noting that two heterogeneous routes for acetic acid 

formation have been adopted on an industrial scale; the Chiyoda/UOP Acetica™ process 

(which is discussed in detail in Section 1.1.2.2);17 and BP’s SaaBre™ process, which uses 

syngas as its feedstock as opposed to methanol, and proceeds via carbonylation of 

dimethyl ether.16 

1.1.2. Heterogenising the carbonylation of methanol 

A range of solid supports have been used to heterogenise rhodium catalysts for methanol 

carbonylation, including activated carbon,5 clays,18 graphitic carbon nitride,19 covalent 

triazene frameworks,20 inorganic oxides,21–24 zeolites,25–28 and various polymeric 

materials.29–34 A major limitation discovered with several of these systems was the 

leaching of catalyst from the solid supports, which prevented commercial 

implementation.6 

1.1.2.1. Using zeolites 

Zeolites are microporous aluminosilicate materials that accommodate loosely held 

cations such as Mg2+ and Na+ in their pores (Figure 1.2). There are 232 synthetic and 67 

naturally occurring zeolites known.35 
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Figure 1.2. Schematic of zeolite Linde 13X highlighting its central pore. 

The cations held within the pores can be exchanged for transition metal cations via ion 

exchange. The advantages of this method are that a high dispersal is often achieved when 

compared with silica gel, alumina, or other comparable solid supports. Furthermore, the 

high thermal stability of zeolites allows for harsher catalytic conditions to be employed 

when compared with solid supports such as organic polymers. Transition metal cations 

exchanged into zeolites tend to display similar catalytic activities to the same species in 

solution.28,36 

In a study by Lars et al., the zeolite Linde 13X (Figure 1.2) was impregnated using a 

solution of [Rh(CO)H(PPh3)3] in CHCl3, followed by removal of solvent under reduced 

pressure.27 The phosphine ligands were too large to enter the cavities of the zeolite, and 

the catalytic species was therefore expected to be confined to the outer surface of the 

zeolite particles. The same zeolite was also impregnated with [Rh(NH3)5Cl]2+ by an ion-

exchange procedure. This impregnation was more homogeneous in nature, with the 

catalytic species dispersed evenly throughout both the interior and the exterior of the 

zeolite particles. 
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Addition of methanol at 170 °C under carbon monoxide at 1 atm to these impregnated 

zeolites formed methyl acetate with dimethyl ether as a by-product. The formation of the 

by-product was lower for the catalytic species confined to the exterior of the zeolite than 

for the more homogeneously dispersed species. It was suggested that this was as a result 

of the occupation of active acidic sites for the by-product formation on the exterior of the 

zeolite by [Rh(CO)H(PPh3)3]. 

1.1.2.2. Using polymers 

Polymers are large molecules made up of repeating units of smaller molecules, known as 

monomers. They can range from artificial synthetic polymers such as polystyrene to 

naturally occurring biological polymers such as DNA. Many long-chain polymers have 

low solubility, and they are thus attractive potential media for solid supports. 

In 1980 Drago et al. demonstrated for the first time the ionic attachment of 

cis-[Rh(CO)2I2]
- on a solid support. The support used was a copolymer of styrene and 

4-vinylpyridine and was methylated by treatment with MeI to form a cationic 

methylpyridinium-functionalised polymer with iodide counter-ions. Reaction of this 

material with [Rh(CO)2I]2 resulted in generation of the desired species in situ. The 

supported species was found to be equal in catalytic activity with the homogeneous 

complex, and leaching could be minimised by appropriate solvent selection and altering 

the ratio of support to rhodium. 

In 1998 the Chiyoda/UOP Acetica™ process was developed,17 which was the first 

commercially viable example of a heterogenised methanol carbonylation process.37 The 

process involves use of a cross-linked poly-vinylpyridine resin which is tolerant of 

elevated temperatures and pressures, and a rhodium catalyst. Under the reaction 

conditions, the rhodium is converted into the catalytically active anionic square planar 
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complex, cis-[Rh(CO)2I2]
-, and the resin pyridine groups become positively charged due 

to quaternisation with methyl iodide. 

The process has carbonylation rates comparable with the homogeneous analogue but 

produces fewer by-products by virtue of the lower water concentrations used. 

Furthermore, higher catalyst loading can be achieved due to the removal of the solubility 

constraints in the homogeneous system. The Acetica™ process has since been 

implemented commercially in a plant in Brazil producing 200 kilotonnes of acetic acid 

per annum.38 

The mechanism of the polymer-supported carbonylation process was investigated by 

Haynes et al. using thin-films of poly(4-vinylpyridine-co-styrene-co-divinylbenzene) 

suitable for in situ IR spectroscopic study.39 As shown in Scheme 1.3, the pyridyl groups 

were quaternised with methyl iodide, generating a cationic support with charge-balancing 

iodide anions.  

 

Scheme 1.3. Reaction of polymer pyridyl groups with methyl iodide to generate 

a cationic support. 

The rhodium complex was loaded onto the cationic polymer using the reaction between 

the catalytic precursor ([Rh(CO)2I]2) dissolved in n-hexane and the support’s iodide 

counter-ions, to form the square planar anionic catalyst as shown in Scheme 1.4. 
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Scheme 1.4. Reaction between quaternised polymer and rhodium precursor to 

form ionically encapsulated anionic rhodium square planar complex. 

IR spectroscopy indicated the formation of the square planar anionic rhodium complex 

shown in Scheme 1.4, the ν(CO) signals of which were close to the equivalent complex 

in solution. 

The reaction of the supported cis-[Rh(CO)2I2]
- complex with methyl iodide was 

monitored in situ via IR spectroscopy, which demonstrated that the same basic steps of 

the cycle shown in Scheme 1.1 also occur in this heterogeneous analogue, while kinetic 

measurements showed rates similar to those in solution. 
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1.2. Metal-organic frameworks 

Metal-organic frameworks (MOFs) are a class of coordination polymers constructed from 

metal-containing secondary building units (SBUs) that act as nodes and polytopic organic 

linkers (also known as struts). They first appeared in the literature in the early 1990s40 

and since then an estimated 70,000 MOF structures have been reported and studied.41,42 

Figure 1.3 shows how interest in MOFs has grown exponentially over recent years. In 

2019, there were nearly 25 publications released on average every day concerning metal-

organic frameworks. 

 

Figure 1.3. The number of publications per year in the area of metal-organic 

frameworks according to Web of Science. 

Common SBUs consist chiefly of metal clusters, as demonstrated in Figure 1.4. Another 

way of considering these SBUs is as nodes with various coordination geometries – these 

are demonstrated above the SBUs shown in Figure 1.4. 
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Figure 1.4. Examples of common types of SBUs found in MOFs.43,44 

Organic linkers are ditopic or polytopic Lewis bases of different geometries such as those 

shown in Figure 1.5, with their respective simplified geometries shown above. 

 

Figure 1.5. Examples of different geometries of commonly employed organic 

struts.45 

The appeal of MOFs is in the ability to tune their properties by careful selection of SBU 

and strut combinations, thus making them attractive designer media for a variety of 

applications, as discussed in Section 1.2.2. 
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1.2.1. The UiO series of metal-organic frameworks 

Zirconium-based MOFs have attracted much attention due to their high stability and ease 

of synthesis. Lack of hydrolytic and chemical stability has hindered the performance of 

many MOFs, yet some zirconium MOFs are stable in water or even acidic conditions. 

This is largely due to the hard Lewis acid Zr4+ cations interacting very strongly with the 

hard Lewis base carboxylate ligands acting as linkers between the clusters. Most reported 

Zr-based MOFs possess the Zr6 clusters shown in Figure 1.6 as their SBUs. This structure 

is robust and symmetric, which enables relatively simple prediction of the resulting MOF 

structure. Each zirconium ion in Figure 1.6 is coordinated by two O2- ions and two (OH)- 

ions, which are themselves each shared between three zirconium ions. Each metal cation 

is also coordinated by four carboxylate anions that form a bridge with each adjacent 

cation; only one such carboxylate anion is displayed in Figure 1.6 for clarity. 

 

Figure 1.6. Structure and connectivity of [Zr6(μ3-O)4(μ3-OH)4]12+ clusters and their 

mode of binding with carboxylates. Only one bound carboxylate is shown for 

clarity. These clusters are hereafter identified using the purple sphere shown 

above the structure. 

One of the most widely studied families of MOFs in recent years is the zirconium-based 

UiO-66 and its isoreticular (same topology) derivatives.46 This series of MOFs is of 
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interest due to their high porosity, ease of synthesis, low cost and their high thermal, 

chemical and mechanical stability,47–49 although their long-term stability in ambient 

conditions is less convincing.50 

UiO-66 consists of the zirconium clusters shown in Figure 1.6 coordinated with 12 

1,4-benzenedicarboxylate linkers. The adjacent carboxylate oxygen atoms on each linker 

are each coordinated to a different zirconium ion within the same cluster, thus forming a 

syn-syn bidentate bridge with the cluster while the ditopic nature of the linker enables two 

distinct clusters to be connected, as shown in Figure 1.7. 

 

Figure 1.7. The syn-syn bidentate bridge mode of binding between a 1,4-

benzenedicarboxylate strut and two of the [Zr6(μ3-O)4(μ3-OH)4]12+ SBUs shown in 

Figure 1.6. 

The 1,4-benzenedicarboxylate struts of UiO-66 can be replaced with linear biphenyl 

dicarboxylate struts (giving UiO-67) or linear terphenyl dicarboxylate struts (giving 

UiO-68) – these have been shown to adopt the same basic structure as UiO-66 but with 

an increased surface area and pore window size (Table 1.2).46,51 These are thus 

isoreticular derivatives of UiO-66. It is noted that even in the case of the smallest MOF 

in the series (UiO-66), a molecule the size of hexamethylbenzene may pass through the 

triangular pore windows.46 In the full structure, each SBU is linked to 12 others via the 

dicarboxylate bridges to give a face-centred cubic close-packed arrangement with both 

octahedral and tetrahedral pores, as demonstrated in Figure 1.8. This represents an fcu 

topology using the Reticular Chemistry Structural Resource (RCSR) net 

nomenclature.52,53 
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Table 1.2. BET surface areas, and pore window sizes of UiO-type MOFs.46,51 

MOF 
SABET 

/ m2 g-1 
Window size  

/ Å 

UiO-66 1187 6 

UiO-67 3000 8 

UiO-68 4170 10 

 

Figure 1.8. Schematic drawing of UiO-67 highlighting how biphenyl dicarboxylate 

struts link with the SBUs shown in Figure 1.6 to form both octahedral- and 

tetrahedral-shaped pores.46 The struts are represented as straight black lines and 

the zirconium clusters are represented as purple spheres. 

The crystal structure of UiO-67 has been solved and is shown in Figure 1.9.54 The 

structure highlights the high symmetry brought about by the combination of the 

icosahedral SBUs shown in Figure 1.6 and the linear dicarboxylate struts. 
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Figure 1.9. X-ray crystal structure of UiO-67.54 Hydrogen atoms are omitted for 

clarity. 

Much research has been undertaken into the defect chemistry of the UiO-series of MOFs 

due to its potential to improve the stability and porosity of synthesised MOFs.55,56 Two 

key defects have been identified – missing linker defects and missing cluster defects.57 

Different methods of synthesis favour different concentrations of defects, and indeed 

several different synthetic procedures exist for the synthesis of UiO MOFs.46,51,55,58–61 

Each method has its own advantages for the properties of the MOF that is generated, for 

instance a higher defect concentration leading to greater porosity. 

An acidic modulator is often used in the synthesis as this restricts nucleation, thereby 

leading to larger crystal formation. A range of acidic modulators have been reported, 

including acetic acid,61 hydrochloric acid,51,55 trifluoroacetic acid57 and benzoic acid.62 

An optimal benzoic acid to ZrCl4 ratio of 30:1 has been suggested in the formation of 

UiO-67.58 This modulator helps to increase crystallinity and leads to larger crystals 

growing by competing with the fast reaction between SBU and linker. 

Previous work has indicated that the predominant defect present in the UiO-series of 

MOFs is missing cluster defects rather than missing linker defects.57 Modulators with 
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greater acidity led to a higher concentration of defects in the MOF, to the extent that a 

different topology could be observed within the framework. The use of high acidity 

modulators led to what is described using the RCSR net nomenclature52 as reo phases 

appearing as opposed to the usual fcu topology of the pristine framework as shown in 

Figure 1.9. A tentative explanation for this observed trend is that modulators with a lower 

pKa form stronger bonds with zirconium SBUs and are thus harder to displace by the 

ditopic strut, meaning that more defects begin to appear. 

In place of simple benzene-based linkers, substituted struts are often used.54,59,60,62–66 A 

popular example is an analogue of UiO-67 which incorporates a bipyridyl motif, 

commonly known as UiO-67-bpy, shown in Figure 1.10. The bipyridyl motif is often 

used to chelate to transition metal complexes, as discussed in Section 1.2.3.1. 

 

Figure 1.10. Schematic of the structure of UiO-67-bpy. 

Compared with the number of anionic MOFs, the number of reported cationic MOFs is 

relatively low.67–69 In recent years, however, two cationic UiO-type MOFs have been 

reported that are prepared via postsynthetic modification of a UiO-type MOF containing 

a substituted linker.62,70 
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In 2016, Xu et al. reported the quantitative quaternisation of the nitrogen sites in UiO-67-

bpy with MeI to form a cationic support (UiO-67-bpy-Me) with iodide counter-ions in 

the pores (Scheme 1.5).62 After methylation, the BET surface area of the MOF dropped 

from 2306 m2 g-1 to 1104 m2 g-1, reflecting the increased congestion in the pores brought 

about by the newly introduced methyl groups and iodide counter-ions.  The anionic dye 

methyl orange was taken up by ion exchange with the iodide counter-ions of the cationic 

framework. This postsynthetically modified MOF was shown to have increased light 

absorption and was used to catalyse methyl orange degradation under UV-Vis light 

irradiation. 

 

Scheme 1.5. Reported reaction of UiO-67-bpy with MeI.62 

In 2017, Liang et al. reported a novel UiO-66-type MOF (UiO-66-imb) composed of 

substituted linkers containing imidazole moieties, H2imbdc (Scheme 1.6).70 This MOF 

was postsynthetically modified with MeI to methylate 75% of the coordinatively 

unsaturated nitrogen sites on the imidazole moieties and generate a cationic MOF with 

iodide counter ions in the pores, UiO-66-imb-Me (Scheme 1.7). This material was shown 

to catalyse the cycloaddition of carbon dioxide with epoxides without a co-catalyst. An 

acid/base synergistic catalysis mechanism was proposed to explain this. 



Sam Ivko 

Introduction  21 

 

Scheme 1.6. Synthesis of UiO-66-imb from H2imbdc and ZrCl4.70  

 

Scheme 1.7. Postsynthetic modification of UiO-66-imb to generate a cationic 

framework (UiO-66-imb-Me) via methylation of its pendant nitrogen sites.70 

1.2.2. Applications of metal-organic frameworks 

Applications of MOFs are similar to those of other highly porous materials, such as 

activated carbon and zeolites. These include gas adsorption and separation, catalysis, and 

chemical purification. 

The advantage of MOFs over other porous materials is their high tunability – careful 

selection of appropriate SBU and strut combinations generates MOFs with designer 

properties. This can result in a porous framework with the ideal pore size, window size 

and internal surface properties to preferentially adsorb specific gaseous molecules, or 

favour formation of one product of a chemical reaction over another, for example. 

Selective gas adsorption in MOFs has been the subject of extensive review.71–75 In the 

interest of climate change prevention, CO2 gas storage has attracted widespread interest 
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in recent years.71,72 MOFs are attractive media for the storage of CO2 due to the ability to 

tune their properties to preferentially favour adsorption of these molecules over other 

atmospheric gases. 

Storage of H2 in MOFs has also been of widespread interest for similar environmental 

reasons75 – hydrogen fuel is a promising candidate to replace dwindling fossil fuel 

reserves as it has a much higher energy density than traditional hydrocarbons and does 

not emit CO2 upon burning. 

Many MOFs are non-toxic and biodegradable, and this makes them attractive media to 

use in biomedicine.76,77 MOFs can exhibit therapeutic activity by direct incorporation of 

a bioactive molecule in their framework. Some MOFs can achieve very high loading 

capacities of therapeutic drugs compared with other carriers such as polymers or 

zeolites.78 

Heterogeneous catalysis was an early suggestion and example for an application of 

metal-organic frameworks.40,79 The large surface areas and uniform porosity of MOFs are 

also present in zeolites which are already ubiquitous in the field of heterogeneous 

catalysis.80 

It has been argued, however, that the comparisons with zeolites only serve to limit the 

potential of this burgeoning field of research.4 The possibility of incorporating multiple 

catalysts within a framework as well as designing environments that can determine a 

specific reactivity have led some to argue that catalytic MOFs could more closely 

resemble artificial enzymes, although the field of study has not yet reached this level of 

complexity. The use of metal-organic frameworks in catalysis is the subject of 

Section 1.2.3. 
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1.2.3. Metal-organic frameworks and catalysis 

Metal-organic frameworks are particularly promising candidates for the heterogenisation 

of catalysts due to their crystallinity and porosity. The crystallinity of metal-organic 

frameworks is a desirable property as this allows for easier characterisation via 

crystallographic means, as well as a well-defined catalytic site for consistency and study. 

Porosity enables catalysts to be dispersed throughout the framework, rather than just on 

the surface, and allows for diffusion of reactants and products into and out of the 

framework. Metal-organic frameworks can also be tuned to enhance selectivity, for 

instance by designing pore and window sizes that will favour a certain product. 

MOFs can incorporate catalytic behaviour in a number of ways; the as-synthesised MOF 

itself may be catalytic by virtue of its SBU or strut; it may be suitable for postsynthetic 

modification in order to incorporate a catalytic species via coordination to the strut; or 

the catalytic species may be encapsulated within the pores of a MOF. These latter two 

types of incorporation are discussed in Sections 1.2.3.1 and 1.2.3.2 respectively. 

1.2.3.1. Covalent attachment 

Three key methods have been employed to incorporate molecular catalysts into MOFs 

via covalent means; (i) direct solvothermal synthesis, in which a metalloligand such as 

those shown in Figure 1.11 is synthesised and used in the solvothermal synthesis of the 

MOF to incorporate a pre-coordinated metal complex; (ii) postsynthetic modification, in 

which a MOF with chelating sites is synthesised via the normal solvothermal procedure, 

and then reacted with a metal complex in solution which is incorporated into the 

framework via the coordination sites; and (iii) postsynthetic exchange, where an 
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unsubstituted MOF is synthesised, and then reacted with a metalloligand of the type 

shown in Figure 1.11 to exchange with its struts. 

 

Figure 1.11. Examples of metalloligands commonly found in MOF literature. 

The direct solvothermal synthesis method is desirable as a one-pot synthesis of catalytic 

MOFs, but the harsh conditions of the solvothermal process make this inappropriate for 

a number of more labile complexes that might not survive the procedure. Postsynthetic 

modification and postsynthetic exchange offer an alternative route that can avoid this 

problem by introducing the catalyst after the harsh solvothermal conditions that are 

necessary to synthesise the MOF. 

UiO-67-bpy has been used as a solid support upon which to heterogenise transition metal 

catalysts. The bipyridyl moiety has been used extensively as a chelating coordination site 

to incorporate molecular catalysts, most notably by the groups of Cohen and 

Lin.54,59,63,64,66,81–97 Using this method, catalysts have been incorporated into the UiO-67-

type framework that can be used for water oxidation, CO2 reduction, and organic 

photocatalysis. 

In an example relevant to this study, a flexible copper-based MOF was synthesised using 

the linker shown in Figure 1.12. The central sp3-hybridised carbon atom is highlighted to 

emphasise its hinged nature.98 
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Figure 1.12. A hinged linker used to synthesise a structurally flexible MOF.98 The 

linker is hereafter identified using the symbol on the left, emphasising the 

coordinatively unsaturated di-pyrazole nitrogen atoms. 

The di-pyrazole nitrogen sites can act as soft electron pair donors, allowing them to be 

used as a chelating unit for postsynthetic metal binding.99 This metalation step is 

quantitative, and the resultant MOF is often suitable for single crystal X-ray diffraction 

analysis. One such example is the reaction shown in Scheme 1.8 where a manganese(II)-

based MOF containing the linker shown in Figure 1.12 was reacted with a rhodium 

carbonyl chloride dimer to form the ionic product shown.100 

 

Scheme 1.8. Reaction within the manganese(II) MOF between the di-pyrazole 

nitrogen sites and a rhodium precursor to form an ionic product.100 

The anionic rhodium complex was exchanged for a bromide anion, and the resultant MOF 

was found to be catalytically active for the carbonylation of methyl bromide. This was of 

significant interest as the carbonylation of methyl iodide is a key step in the production 

of acetic acid as discussed in Section 1.1.1. Upon reaction of this MOF with methyl 

iodide, the oxidative addition, methyl migration and carbon monoxide association steps 

from Scheme 1.1 were observed. The complex did not undergo reductive elimination, 

whereas the analogous reaction with methyl bromide underwent all the steps highlighted 

in Scheme 1.1, to give the reaction profile shown in Scheme 1.9. 
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Scheme 1.9. Reaction between rhodium-incorporated MOF, MeBr and CO. The 

MOF’s bromide counter-ion is omitted for clarity. 

1.2.3.2. Ionic encapsulation 

Covalent attachment of catalysts can require multiple synthetically challenging steps. 

Further, it fundamentally alters the chemical properties of the homogeneous catalyst that 

is being immobilised. This can affect the catalytic activity and selectivity compared to 

the solution phase. Because of this, simple encapsulation is increasingly being targeted 

as a means to heterogenise homogeneous catalysts, as this should, in principle, enable 

direct transfer of solution chemistry into the solid state. 

Encapsulation as a strategy has its own inherent challenge however - a catalyst must be 

held firmly enough within the pores by non-covalent interactions not to leach into the 

reaction mixture upon turnover. 

The first example of heterogenisation of ionic metal complexes within a metal-organic 

framework via electrostatic interactions was reported by Genna et al.101 A range of 

cationic complexes were exchanged for endogenous NH2Me2
+ in the pores of an anionic 

indium MOF, ZJU-28, or [H2NMe2]3[In3(BTC)4] (where H3BTC is benzene-1,3,5-

tricarboxylic acid). In particular, MOF-supported [Rh(dppe)(COD)]+ catalysed the 

hydrogenation of 1-octene to n-octane, with activity comparable with the homogeneous 

analogue and with retention of crystallinity of the MOF after catalysis. 
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Wang et al. reported another example shortly thereafter involving encapsulation of 

phosphotungstic acid anions ([PW12O40]
3-) in the mesopores of a chromium-based MOF 

decorated with amino groups (MIL-101-NH2) via electrostatic interactions with the 

amino moieties.102 This system exhibited high catalytic activity in the extractive and 

catalytic oxidative desulfurisation system under mild conditions. It was also easy to 

recover and could be recycled several times without leaching or loss of activity. 

Grigoropoulos et al. reported encapsulation of a cationic catalyst via direct exchange into 

an anionic indium MOF.103 This catalyst was rigorously characterised and was shown to 

be active for the Diels-Alder reaction between isoprene and methyl vinyl ketone, as 

illustrated in Scheme 1.10. 

 

Scheme 1.10. A cationic catalyst for the Diels-Alder reaction electrostatically 

immobilised in an anionic indium MOF.103 

Grigoropoulos et al. later reported encapsulation of Crabtree’s catalyst 

([Ir(COD)(PCy3)(py)]+) in the pores of an anionic chromium-based MOF (MIL-101-SO3) 

by cation exchange.104 This supported complex was capable of hydrogenating non-

functionalised alkenes under mild conditions, and it outperformed the homogeneous 

analogue, [Ir(COD)(PCy3)(py)][BF4], in the hydrogenation of olefinic alcohols. 

Furthermore, encapsulation resulted in greater selectivity for hydrogenation by 

suppressing the competing isomerization reaction as a result of extended coordination 
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sphere interactions of the catalytic centre with the chemically functionalised internal 

surface of the MOF. 

Another indium-based MOF (PCN-99) utilising an intentionally designed trigonal planar 

tritopic linker, 10,15-dihydro-5H-diindolo-[3,2-a:3’,2’-c]carbazole-3,8,13-tricarboxylate 

(H3DCTA), was used to immobilise the photocatalytic species [Ru(bpy)3]
2+ which was 

active for the aerobic hydroxylation of a range of arylboronic acids.105 

In 2016, Genna et al. reported a further study in the electrostatic immobilisation of 

catalysts within MOFs.106 The authors once again used ZJU-28, a MOF with anionic 

nodes, and also a chromium based MOF with anionic linkers (MIL-101-SO3). The two 

different types of MOFs, with anionic nodes and anionic linkers, could both be used to 

encapsulate cationic rhodium complexes, and both systems served as recyclable catalysts 

for hydrogenation of both terminal and internal alkenes, indicating either type of support 

could be used to encapsulate catalysts successfully. 

The first example of the encapsulation of an anionic catalyst in the pores of a cationic 

MOF was reported by Leshkov et al. in which a chromium-based MOF (MIL-101) was 

treated with AlCl3 in order to exchange the fluoride anions balancing the positive charge 

of the SBUs with more labile chloride anions.107 This material was then treated with 

Na[Co(CO)4] to exchange the chloride anions for [Co(CO)4]
-. This supported catalyst was 

active for the carbonylation of epoxides to form β-lactones (Scheme 1.11). Interestingly, 

the chromium ions in the framework had a synergistic effect on the catalysis by activating 

the epoxide, binding the oxygen via Lewis acidic interactions. This same system was later 

shown to be active for the subsequent carbonylation of β-lactones to form succinic 

anhydrides.108 
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Scheme 1.11. MOF-supported catalytic epoxide carbonylation to form 

β-lactones.107 

More recently, Ma et al. have demonstrated the encapsulation of a trinuclear palladium 

complex into the pores of an anionic zinc-based MOF (bio-MOF 100) through 

postsynthetic cation exchange for NH2Me2
+. This supported catalyst was active for the 

semihydrogenation of internal alkynes,109 which could not be achieved with the 

heterogeneous analogue. This system demonstrated good recyclability. 

Grela et al. also used the anionic chromium-based MOF, MIL-101-SO3, to immobilise a 

cationic olefin metathesis catalyst.110 A number of pharmaceutically relevant products 

were obtained in high yield and selectivity using this supported catalyst. 



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

30 Chapter 1 

1.3. Project aims 

As discussed in Section 1.1.2, heterogenisation of the carbonylation of methanol is 

desirable for a number of reasons including simplified catalyst recovery, higher catalyst 

loading capacity and formation of fewer by-products by virtue of the lower water content 

required. 

Two key routes to heterogenisation of catalysts are covalent tethering and ionic 

immobilisation. Covalent tethering has often been found to lead to high levels of catalyst 

leaching due to the weak dative bonds employed, and this approach also necessitates 

alterations in the first coordination sphere of the catalyst. Ionic immobilisation, on the 

other hand, minimises leaching of the catalyst, and preserves its first coordination sphere, 

in principle leading to direct transfer of solution-phase chemistry into the solid state. 

The overall aim of this thesis is to investigate the immobilisation of anionic carbonylation 

catalysts on cationic solid supports via Coulombic interactions. 

The cationic UiO-type supports discussed in Section 1.2.1 will be used to incorporate the 

active catalyst in the Monsanto process for methanol carbonylation, cis-[Rh(CO)2I2]
-, by 

reaction with a dimeric precursor, such as is shown in Scheme 1.12. 

 

Scheme 1.12. Proposed incorporation of cis-[Rh(CO)2I2]- on UiO-66-imb-Me.  
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Furthermore, a novel dispersible porous polymer system containing pyridine moieties 

(Figure 1.13) will be N-methylated to generate a cationic support. This will be used to 

support cis-[Rh(CO)2I2]
-, as described previously. 

 

Figure 1.13. Pyridine-containing dispersible porous polymer system. 

All of these systems will be extensively characterised, and the reactivity of the supported 

complexes investigated. 
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2.1. Introduction 

As discussed in Chapter 1, a range of linear ditopic linkers can be employed in the 

synthesis of the UiO family of MOFs. These can differ in both length and functionality. 

One linker that has been extensively utilized in these systems is 2,2’-bipyridyl-5,5’-

dicarboxylic acid (H2bpydc).1–7 The UiO-type MOF containing this linker, 

[Zr6O4(OH)4(bpydc)6] (known as UiO-67-bpy, shown in Figure 2.1), has received much 

attention in the literature due to the chelating ability of the bipyridyl motif, which has 

been employed to incorporate transition metals for applications in catalysis. 

 

Figure 2.1. Schematic representation of UiO-67-bpy. The purple spheres 

represent [Zr6(μ3-O)4(μ3-OH)4]12+ SBUs as shown in Figure 1.6. 

UiO-67-bpy can also be postsynthetically modified via quaternisation of its nitrogen sites 

to form a cationic MOF. Several attempts to quaternise the nitrogen sites in UiO-67-bpy 

have been made.8–11 Extent of quaternisation is usually quantified via the solution-phase 

1H NMR spectrum of the digested MOF. One study reported that stirring the neutral MOF 

with methyl trifluoromethanesulfonate (MeOTf) in CHCl3 for 24 h resulted in 57% 

conversion of the neutral MOF to the cationic form.9 A further study found that extending 
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this reaction time to 48 h further increased the extent of quaternisation to > 70%.8 These 

approaches resulted in a mixture of neutral, mono-methylated, and di-methylated 

bipyridyl sites in the MOF. 

Gao et al. employed a bifunctional quaternisation agent (ethylene 

ditrifluoromethanesulfonate) which proceeds via N,N’-dicycloalkylation to form the di-

quaternised product. Reaction of UiO-67-bpy with ethylene ditrifluoromethanesulfonate 

in CHCl3 for five hours resulted in 65% conversion of neutral sites into di-quaternised.10,11 

Du et al. reported full quaternisation of all nitrogen sites in UiO-67-bpy after reaction 

with MeI in THF for 72 h (Scheme 2.1).4 This was evidenced by 1H NMR spectroscopy 

after digestion using HF. 

 

Scheme 2.1. Reported reaction of UiO-67-bpy with methyl iodide.4 

This work went on to demonstrate the versatility of the cationic MOF by performing a 

simple anion exchange of the iodide counterion for the dye methyl orange. This work 

provided an exciting prospect as compared with the number of anionic and neutral MOFs, 

very few cationic frameworks are known. 

It was envisaged that the iodide counter ions in this framework could cleave a dimeric 

rhodium precursor and generate cis-[Rh(CO)2I2]
- in situ, as shown in Scheme 2.2. 
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Scheme 2.2. Proposed incorporation of Monsanto catalyst into cationic 

framework. 

This chapter describes the synthesis of a range of pyridine-containing MOFs using the 

linkers shown in Figure 2.2, subsequent efforts to postsynthetically N-alkylate these 

moieties to generate a cationic MOF, and finally the attempted ionic encapsulation of 

cis-[Rh(CO)2I2]
- in their pores.  

 

Figure 2.2. Range of dicarboxylic acids used in this chapter, and their 

abbreviations. 



Sam Ivko 

UiO MOFs with Linkers Containing Pyridine Moieties 45 

2.2. UiO-67-bpy 

2.2.1. Synthesis and characterisation of UiO-67-bpy 

The linker, 2,2’-bipyridyl-5,5’-dicarboxylic acid (H2bpydc) was synthesised according 

to a literature procedure,12 and its identity confirmed by 1H NMR spectroscopy, mass 

spectrometry and elemental analysis. 

[Zr6O4(OH)4(bpydc)6] (UiO-67-bpy) was synthesised via a modulated approach using 30 

equivalents of benzoic acid to H2bpydc to maximise crystallinity, in line with a reported 

procedure.13 The material was washed with methanol to remove unreacted starting 

materials and residual DMF from the pores, and the final MOF was activated from 

methanol by drying in vacuo, as reported previously.2 

Successful synthesis of the crystalline framework was confirmed by powder X-ray 

diffraction, which showed good agreement with the simulated pattern based on the crystal 

structure of UiO-67 (Figure 2.3).1 Further confirmation that UiO-67-bpy had been 

synthesised was provided via elemental and ICP-MS analyses. Confirmation of 

incorporation of bpydc linker into the framework was provided by digestion of the MOF 

in a solution of NaOD in D2O, followed by characterisation using solution-phase 1H NMR 

spectroscopy (Figure 2.4). There was no evidence of benzoic acid in the 1H NMR 

spectrum, suggesting a low defect concentration in the final product. 
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Figure 2.3. X-ray powder patterns of synthesised UiO-67-bpy (blue) and the 

simulated pattern based on the crystal structure of UiO-67 at 298 K (black).1 

 

Figure 2.4. 1H NMR spectra (aromatic region) of UiO-67-bpy digested in 

NaOD/D2O (blue) and benzoic acid in NaOD/D2O (red). 

2.2.2. Quaternisation of UiO-67-bpy 

2.2.2.1. Using methyl iodide 

UiO-67-bpy was postsynthetically quaternised by incubation in a solvothermal vessel 

with a mixture of THF and MeI at 100 °C for 96 h. The extent of reaction was determined 
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by digestion using NaOD in D2O, followed by measurement of a solution-phase 1H NMR 

spectrum (Figure 2.5). 

 

Figure 2.5. 1H NMR spectrum (aromatic region) of product of reaction between 

UiO-67-bpy and MeI after 96 h (digested in NaOD/D2O). 

If the reaction had reached completion, three resonances would be observed in the 

aromatic region of the spectrum, with a singlet of triple their intensity at higher field 

representing the methyl groups. The spectrum shown in Figure 2.5 contains more 

resonances than can be accounted for purely by the di-methylated product, thus 

suggesting a mixture of products are present. 

The possible products of the reaction between UiO-67-bpy and MeI are shown in Figure 

2.6, namely; unreacted starting material (A); mono-quaternised product (B); and the 

desired di-quaternised product (C).  

 

Figure 2.6. Possible products of the reaction of UiO-67-bpy with MeI. 
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Products A and C should each cause three resonances in the aromatic region of a 1H NMR 

spectrum, whereas product B should cause six due to the asymmetry introduced by mono-

methylation of the bipyridyl moiety. 

In the spectra of the digested quaternisation products, resonances due to A can be 

identified by comparison with the starting material, UiO-67-bpy. The resonances due to 

A were identified as those at 7.99, 8.20 and 8.88 ppm in Figure 2.5 in this manner. 

Resonances due to B and C can be differentiated using a 1H-1H COSY NMR spectrum 

(Appendix 7.1) to identify which resonances in a mixture of products belong to the same 

species. The number of resonances correlated would indicate whether they were due to B 

or C. Five resonances were found to correspond to one another at 7.74, 8.05, 8.33, 8.78 

and 9.00 ppm – these were assigned to product B. 

When UiO-66-py (the mono-pyridine analogue to this system) is methylated, it has been 

found that the proximal hydrogen to the nitrogen readily exchanges with deuterium upon 

digestion in NaOD and D2O (Scheme 2.3).7 

 

Scheme 2.3. The exchange of an acidic proton for deuterium upon digestion of 

methylated UiO-66-py in NaOD/D2O. 

An analogous reaction would explain the absence of a sixth resonance for product B, and 

indeed further experiments did show a sixth related resonance of varying intensity 

downfield from the other resonances (at 9.12 ppm), suggesting presence of a more acidic 

proton. The intensity of this resonance is presumed to be dependent on the length of time 

spent in solution before analysis. 
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There was no conclusive evidence of formation of product C from this reaction. Thus, all 

of the resonances observed in the 1H NMR spectrum can be assigned (Figure 2.7). 

 

Figure 2.7. Assigned 1H NMR spectrum (aromatic region) of product of reaction 

between UiO-67-bpy and MeI after 96 h (digested in NaOD/D2O). The resonance 

marked with an asterisk is thought to be formic acid. 

A sample of UiO-67-bpy was incubated with MeI, the 1H NMR spectrum of the product 

in NaOD/D2O was analysed, and then the remainder of the product was further incubated. 

In this way, the data in Table 2.1 were collected, which in turn was used to produce Figure 

2.8, demonstrating the change in product composition over time. 

Table 2.1. Relative intensities of 1H NMR resonances at 8.88 ppm and 9.00 ppm 

over time, corresponding to products A and B respectively. 

Incubation 

length / d 

∫ at 8.88 

ppm 

∫ at 9.00 

ppm 

0 1.00 N/A 

4 1.86 1.00 

8 0.51 1.00 

10 0.35 1.00 

15 0.21 1.00 

 

A A A 
B B B B B B 

* 
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Figure 2.8. Relative amounts of products A-C after varying periods of incubation 

(after digestion in NaOD/D2O). 

Figure 2.8 shows how even after 15 days of incubation, some starting material (A) is still 

detectable, and there is no evidence for any formation of product C. Instead, the 

predominant component is B. This contrasts with the reported procedure, which indicated 

full conversion to product C after three days of incubation.4 

It is possible that the method of digestion used could cause de-methylation to occur, and 

so in order to determine whether the procedure gave an accurate determination of the 

extent of quaternisation, a quaternised sample was digested using three different methods; 

NaOD in D2O; D3PO4 in (CD3)2SO; and DCl in D2O. The solution-phase 1H NMR spectra 

of these mixtures were recorded, and the final product ratios calculated are shown in 

Figure 2.9. None of the 1H NMR spectra showed any evidence for formation of product 

C, and all three are consistent in the ratio of products A and B that they indicate. The 

consistency between the three digestion methods suggests that the digestion conditions 

do not cause de-methylation. 
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Figure 2.9. Relative amounts of products A-C (after 10 days of reaction) 

according to three different digestion methods. 

Efforts were also made to quaternise the free linker, H2bpydc, to determine whether this 

could be incorporated into the framework pre-quaternised. Several different methods 

were attempted, and these are listed in Table 2.2. Each method resulted in a similar 1H 

NMR spectrum in (CD3)2SO, which indicated return of the starting material based on the 

lack of a resonance for any N-bound methyl groups. 

Table 2.2. Methods employed to quaternise H2bpydc. 

Solvent Method Reaction time / h Temperature / °C 

Neat MeI Reflux 16 45 

EtOH / MeI Reflux 16 70 

Neat MeI Solvothermal 100 120 

THF / MeI Solvothermal 100 120 

MeCN / MeI Solvothermal 60 100 

MeCN / MeI Microwave 0.5 140 
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Following a literature procedure for quaternisation of a similar linker,14 the acid groups 

on H2bpydc were protected via esterification prior to attempted quaternisation, and then 

re-acidified, as shown in Scheme 2.4. 

 

Scheme 2.4. Proposed quaternisation of H2bpydc via protection of carboxylic 

acid groups. (a) EtOH and DMF, SOCl2 added dropwise, reflux 72 h, (b) MeCN 

and MeI reflux 24 h, (c) 6 M HCl reflux 16 h. 

The product of the reaction shown in Scheme 2.4 was analysed via 1H NMR spectroscopy 

in (CD3)2SO and mass spectrometry. This indicated a mixture of starting material with 

some (~40%) mono-quaternised product formed. None of the desired di-quaternised 

product was detected. Due to the lengthy nature of this method, further quaternisation via 

this route was ruled out. 

 
2.2.2.2. Using 1,2-diiodoethane 

In an effort to increase conversion to the fully quaternised form, 1,2-diiodoethane was 

proposed as an alternative quaternisation agent. Once one nitrogen site on the bpydc 

linker is quaternised there will be a high effective molarity on the remaining 

unquaternised nitrogen site, which should further favour formation of the diquaternised 

species. This approach has precedent in the literature, where ethylene 

ditrifluoromethanesulfonate has been used to quaternise UiO-67-bpy (albeit not to 
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complete conversion) as described in Section 2.1.11 The proposed reaction is shown in 

Scheme 2.5. 

 

Scheme 2.5. Proposed reaction between UiO-67-bpy and 1,2-diiodoethane. 

The postsynthetic modification of UiO-67-bpy using 1,2-diiodoethane was attempted in 

MeCN using a solvothermal method involving incubation at 100 °C for 60 h. The product 

was digested using a solution of NaOD in D2O and its 1H NMR spectrum was recorded. 

The spectrum did not contain a resonance of double the intensity of the aromatic protons 

at higher field for a C2H4 moiety, which indicated that only starting material was returned. 

2.2.3. Reaction between UiO-67-bpy-Me87% and [Rh(CO)2I]2 

A sample of partially (87%) mono-quaternised UiO-67-bpy was reacted with [Rh(CO)2I]2 

in hexane for 24 h. The ATR-IR spectrum of the product contained two very weak ν(CO) 

bands at 2066 cm-1 and 1996 cm-1 (Figure 2.10). 
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Figure 2.10. ATR-IR spectra of UiO-67-bpy-Me87% (blue) and the product of the 

reaction of UiO-67-bpy-Me87% with [Rh(CO)2I]2 in n-hexane for 24 h (red). 

These two ν(CO) absorptions are at a similar frequency to those for cis-[Rh(CO)2I2]
- in 

solution,15 which suggests that this species has been successfully encapsulated, 

presumably via the reaction shown in Scheme 2.6. The weak intensity of these bands, 

however, suggests minimal uptake of the complex into the framework. 

 

Scheme 2.6. Proposed reaction between UiO-67-bpy-Me87% and [Rh(CO)2I]2. 

2.2.4. Reaction between UiO-67-bpy and [Rh(CO)2I]2 

Given the presence of a potentially chelating moiety in the bpydc linkers in UiO-67-bpy, 

the reaction of neutral UiO-67-bpy with [Rh(CO)2I]2 was investigated. 
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Much research has been undertaken to investigate the effects of varying ligands on the 

active catalyst of the Monsanto process, including coordination to bipyridyl moieties as 

well as other diimine complexes – Scheme 2.7 shows a generalised reaction.16–18 

 

Scheme 2.7. General reaction for synthesising diimine-coordinated rhodium 

carbonyl complexes. 

Some reactions, however, formed a cationic bis-chelated rhodium centre with 

cis-[Rh(CO)2I2]
- providing charge balance, as shown in Scheme 2.8. 

 

Scheme 2.8. Route to ionic by-product formation. 

As discussed in Section 1.2.3.1, this reactivity has been observed in a structurally flexible 

copper MOF, which employed the hinged diimine linker shown in Figure 2.11.19 

 

Figure 2.11. A hinged diimine-containing linker used to synthesise a structurally 

flexible MOF.19  

This MOF was reacted with [Rh(CO)2Cl]2 which produced the ionic product shown in 

Scheme 2.9.20  
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Scheme 2.9. Reaction between MOF containing diimine sites and [Rh(CO)2Cl]2 

to form ionic product.20 

The reaction of UiO-67-bpy with [Rh(CO)2I]2 was carried out in hexane. The reaction 

reached completion after two hours. The ATR-IR spectrum of the product showed four 

ν(CO) absorptions at 1998 cm-1, 2036 cm-1, 2063 cm-1, and 2090 cm-1 (Figure 2.12). 

 

Figure 2.12. ATR-IR spectra (ν(CO) region) of pristine UiO-67-bpy (blue) and the 

product of the reaction between UiO-67-bpy and [Rh(CO)2I]2 after 2 hours (red). 

The spectrum shown in Figure 2.12 shows four ν(CO) absorptions and these can be 

interpreted as due to cationic and anionic Rh(I) dicarbonyl species, as shown in Scheme 

2.10. The absorptions at 2090 cm-1 and 2036 cm-1 are assigned to the cationic species, as 

these are at a higher frequency due to weaker back-bonding from a less electron-rich 

metal centre. The absorptions at 2063 cm-1 and 1998 cm-1 are hence assigned to the 
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anionic complex, and these are similar to the same species in solution (and to the values 

reported in Section 2.2.3).15 

  

Scheme 2.10. Proposed reaction between UiO-67-bpy and [Rh(CO)2I]2.20 

The free ligand, H2bpydc, was reacted with [Rh(CO)2I]2 in an analogous manner. The 

reaction was stopped after two hours and an ATR-IR spectrum of the product was 

recorded. This spectrum indicated minimal change from the starting material, and hence 

the complex was left to react for a further four days before another ATR-IR spectrum was 

recorded. This spectrum resembled that shown in Figure 2.12. 

The slower reaction of H2bpydc with [Rh(CO)2I]2 is surprising considering the diffusion 

limitations in the MOF. This observation is in accordance with the lack of reactivity of 

the free ligand towards methyl iodide discussed in Section 2.2.2.1. 

2.2.5. Reaction of MeI with UiO-67-bpy-Rh 

If the structure shown in Scheme 2.10 is correct, this would indicate presence of an 

electrostatically-bound cis-[Rh(CO)2I2]
- species in this MOF. Thus, the MOF was soaked 

in MeI, dried, and an ATR-IR spectrum was recorded (Figure 2.13). 

There is significant overlap between the multiple absorptions present, but after soaking 

in MeI, the ν(CO) band at 2065 cm-1 increases in intensity, whereas the band at 1998 cm-1 

diminishes. The other bands at 2090 cm-1 and 2038 cm-1 merge with the larger absorption 
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at 2065 cm-1. Furthermore, there is growth of an absorption at 1714 cm-1 which suggests 

formation of an acetyl ligand, and has good agreement with the acetyl ν(CO) absorption 

of [Rh(CO)(COMe)I3]
- in solution.15 

 

Figure 2.13. ATR-IR spectra (ν(CO) region) of product of reaction between UiO-

67-bpy and [Rh(CO)2I]2 (red) and after this product was soaked in MeI for 6 d 

(green). 

These observations suggest that the anionic species is undergoing oxidative addition and 

subsequent methyl migration as shown in Scheme 2.11. 

 

Scheme 2.11. Proposed reaction between UiO-67-bpy-Rh and MeI. 

The higher reactivity of the anionic species is what would be expected if the oxidative 

addition of MeI were to follow the previously postulated SN2-type mechanism.21 
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The IR spectrum for the product of the reaction between neutral UiO-67-bpy and 

[Rh(CO)2I]2 (Figure 2.12) highlights the need for all nitrogen sites in the bpydc linker to 

have been methylated, otherwise the reaction shown in Scheme 2.10 will also occur on 

exposure to [Rh(CO)2I]2. The presence of cationic chelated Rh(CO)2 species partially 

obscures the IR absorptions of the electrostatically bound anionic complexes. 
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2.3. UiO-67-bp/ppy 

2.3.1. Synthesis and characterisation of UiO-67-bp/ppy 

Due to the difficulty in achieving full quaternisation of the bpydc moiety in UiO-67-bpy, 

it was decided that a linker with a single nitrogen site should be investigated. A search of 

the literature found a preparative procedure for 2-phenylpyridine-5,4’-dicarboxylic acid 

(H2ppydc), as shown in Scheme 2.12.22 A coupling reaction was performed between 2-

bromo-5-methylpyridine and p-tolylboronic acid to form 5,4’-dimethyl-2-

phenylpyridine. This was then oxidised using CrO3 to form the dicarboxylic acid product, 

H2ppydc. The obtained product was analysed by 1H NMR spectroscopy, mass 

spectrometry and elemental analysis. This linker can directly substitute for H2bpydc in 

the synthesis reported in Section 2.2.1 to form an isoreticular MOF with a single nitrogen 

site per linker.23 

 

Scheme 2.12. Synthetic route toward 2-phenylpyridine-5,4’-dicarboxylic acid 

(H2ppydc). 

It was decided that a mixed-linker approach would be taken, which would minimise steric 

hindrance in the pores upon quaternisation, thus potentially leading to a higher extent of 

conversion to the cationic form. A 1:5 ratio of H2ppydc to biphenyl-4,4’-dicarboxylic 
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acid (H2bpdc) was employed as this ratio would lead to one ppydc linker per zirconium 

cluster on average (Scheme 2.13). 

 

Scheme 2.13. Synthesis of mixed-linker UiO-67-bp/ppy. 

Successful synthesis of crystalline UiO-67-type MOF was confirmed via powder X-ray 

diffraction (Figure 2.14), which agreed with the simulated pattern of UiO-67.1 

 

Figure 2.14. X-ray powder patterns of synthesised UiO-67-bp/ppy (blue) and the 

simulated pattern based on the crystal structure of UiO-67 at 298 K (black).1 
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The sample was digested in a solution of NaOD in D2O and a solution-phase 1H NMR 

spectrum was recorded, which was used to determine the final linker ratios. The linker 

bpdc displays resonances at 7.60 and 7.81 ppm in this solvent mixture (corresponding to 

four aromatic protons each), whereas ppydc contains resonances at 8.16 and 8.85 ppm 

(corresponding to one aromatic proton each), and an overlapping multiplet at 7.80 ppm 

corresponding to the remaining five aromatic protons. The relative intensities for the 

resonances at 8.16 ppm and 7.60 ppm were 1.00 and 15.20 respectively. This indicated 

the relative abundance of ppydc to bpdc in the MOF as 1:3.8, giving the final formula as 

[Zr6O4(OH)4(bpdc)4.75(ppydc)1.25] (UiO-67-bp/ppy). As observed for UiO-67-bpy in 

Section 2.2.1, there was no evidence of residual benzoic acid in the 1H NMR spectrum. 

The deviation of these values from the 1:5 ratio used in the reaction mixture is likely due 

to differing pKa values between H2ppydc and H2bpdc affecting their relative rates of 

reaction. An alternate explanation is that these linkers have differing solubility, and so 

the effective concentration in solution could be different from that added to the reaction 

vessel.  

The elemental analysis values for this MOF vary quite significantly from those expected, 

with a much lower carbon content than suggested by the formula (37.4% vs. 46.8%). This 

could be due to protonation of the nitrogen site on ppydc under the acidic synthesis 

conditions leading to incorporation of heavy counter-ions such as chloride (from ZrCl4). 

In any case, the proposed formula for UiO-67-bp/ppy should be treated with some 

caution. 
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2.3.2. Quaternisation of UiO-67-bp/ppy 

2.3.2.1. Reflux method with methyl iodide 

The mixed-linker UiO-67-bp/ppy MOF was refluxed with MeI in CHCl3 to methylate the 

nitrogen sites present in the MOF in a manner analogous to that discussed in Section 

2.2.2.1. The extent of quaternisation was determined by digestion in a mixture of D3PO4 

and (CD3)2SO, followed by recording the 1H NMR spectrum of the solution. In the 1H 

NMR spectrum of the digested product, the aromatic resonances due to the neutral and 

quaternised linkers were overlapping. Therefore in order to calculate extent of 

quaternisation, one of the combined aromatic resonances (at 8.85 ppm) was compared 

with the N-methyl resonance (at 4.09 ppm). After three days of reaction, analysis of the 

1H NMR spectrum indicated that only 51% of nitrogen sites had been quaternised. The 

reaction time was extended to see what effect this would have on the quaternisation extent 

and the results are shown in Table 2.3. 

Table 2.3. Calculated extent of quaternisation for different reaction times. 

Reaction 

time / d 

∫ at 8.85 

ppm 

∫ at 4.09 

ppm 

Extent of 

quaternisation 

3 1.00 1.54 51% 

7 1.00 1.83 61% 

14 1.00 2.20 73% 

These data show that extent of quaternisation increases with reaction time, but with 

diminishing returns. These long reaction times indicate that reaching 100% quaternisation 

may be impracticable via this method. Lengthening the reaction time also seems to have 

an adverse effect on the crystallinity of the samples, as the powder patterns show a 

decrease in the intensity of the reflections on increasing the reaction time (Figure 2.15). 
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Figure 2.15. X-ray powder patterns of UiO-67-bp/ppy after varying lengths of 

reaction; starting material (blue); 3 days’ (red); 7 days’ (green); and after 14 days’ 

reaction (purple). 

2.3.2.2. Microwave method with methyl iodide 

Microwave heating has been used previously to achieve high levels of quaternisation in 

a fraction of the time required by conventional heating methods.24 Neutral UiO-67-bp/ppy 

was placed in a microwave tube and dry MeCN and MeI were added. This was heated in 

a microwave reactor at 120 °C for one hour, generating a pressure of 6 bar during reaction. 

The product was digested in a mixture of D3PO4 and (CD3)2SO and analysed via solution-

phase 1H NMR spectroscopy which revealed a quaternisation extent of 60%. This 

highlights the utility of microwave heating for quaternisation reactions, as this extent of 

quaternisation took 7 days to attain via conventional heating (see Section 2.3.2.1). 

The powder X-ray diffraction pattern of the product of this reaction is shown in Figure 

2.16. This pattern suggested loss of crystallinity of the sample during the harsh reaction 

conditions employed. 
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Figure 2.16. X-ray powder patterns of neutral UiO-67-bp/ppy (blue) and product 

of microwave quaternisation reaction (red). 

2.3.2.3. Reflux method using trimethyloxonium tetrafluoroborate 

In an effort to reach a higher extent of quaternisation, a stronger methylating agent was 

employed. In previous attempts, methyl iodide had been used, but this was replaced with 

[Me3O][BF4] for this synthesis. 

The mixture of neutral UiO-67-bp/ppy and [Me3O][BF4] in dry CHCl3 was heated to 

reflux for three days and the product of this reaction was digested in a mixture of D3PO4 

and (CD3)2SO and analysed via 1H NMR spectroscopy. This analysis revealed a 

quaternisation extent of 85%, which compared favourably with the MeI quaternisation 

(51%) over the same period. 

The X-ray powder pattern of the product was recorded and is shown in Figure 2.17. This 

indicated degradation of the crystalline framework, and the new powder pattern more 

closely resembled that of the linker, H2ppydc. 
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Figure 2.17. X-ray powder patterns of neutral UiO-67-bp/ppy (blue) and product 

of reaction with [Me3O][BF4] (red). 

2.3.3. Reaction of UiO-67-bp/ppy-Me samples with [Rh(CO)2I]2 

It was judged that the systems partially quaternised via conventional heating with MeI 

would be good candidates for reaction with [Rh(CO)2I]2 as they did not contain the 

chelating unit present in the bpydc moiety explored in Section 2.2.4. The neutral MOF 

as well as the three quaternised MOFs were reacted with [Rh(CO)2I]2 in dry hexane, 

followed by washing in more dry hexane, and finally drying. The ATR-IR spectra of the 

products were recorded, and the resultant ν(CO) absorptions are reported in Table 2.4. 
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Table 2.4. The ν(CO) absorptions in the ATR-IR spectra of various samples upon 

reaction with [Rh(CO)2I]2, as well as the literature ν(CO) values for 

cis-[Rh(CO)2I2]- in MeOH.15 

Sample 
Asymmetric 
ν(CO) / cm-1 

Symmetric 
ν(CO) / cm-1 

cis-[Rh(CO)2I2]
- 1990 2060 

UiO-67-bp/ppy 2000 2077 

UiO-67-bp/ppy-Me51% 1998 2076 

UiO-67-bp/ppy-Me61% 1994 2070 

UiO-67-bp/ppy-Me73% N/A N/A 

All of the samples investigated indicate formation of cis-dicarbonyl species. The ν(CO) 

bands of the product of the reaction between UiO-67-bp/ppy and [Rh(CO)2I]2 come at 

higher wavenumber than those for cis-[Rh(CO)2I2]
- in solution.15 This could indicate a 

neutral rhodium dicarbonyl species (Figure 2.18). 

 

Figure 2.18. Proposed covalently tethered neutral rhodium dicarbonyl species. 

The reaction of the 51% and 61% quaternised samples produced ν(CO) absorptions that 

came between those for cis-[Rh(CO)2I2]
- in solution and the product of the reaction 

between neutral UiO-67-bp/ppy and [Rh(CO)2I]2. This could be due to a mixture of 

covalently bound and electrostatically incorporated species being present. The ν(CO) 

bands of the product of UiO-67-bp/ppy-Me61% come at lower wavenumber than those for 
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UiO-67-bp/ppy-Me51%, which would be expected if a mixture of species is present in both 

cases. 

The product of the reaction of the 73% quaternised MOF failed to display any discernible 

ν(CO) bands in its ATR-IR spectrum. 
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2.4. UiO-66-b/py 

2.4.1. Synthesis and characterisation of UiO-66-b/py 

A mixed-linker approach was used to synthesise UiO-66-b/py which employed a 1:5 ratio 

of 2,5-pyridinedicarboxylic acid (H2pydc) to terephthalic acid (H2bdc). This ratio would 

lead to one pydc linker per zirconium cluster on average (Scheme 2.14). 

 

Scheme 2.14. Synthesis of mixed-linker UiO-66-b/py. 

Powder X-ray diffraction analysis of the product of this reaction revealed a crystalline 

material which showed good agreement with the simulated diffraction pattern based on 

the crystal structure of UiO-66 (Figure 2.19).25 

The final linker ratios were determined by digesting the MOF sample in a solution of 

NaOD in D2O, followed by recording the solution-phase 1H NMR spectrum. Terephthalic 

acid displays a single proton resonance at 7.75 ppm in this solvent mixture, which 

represents all four of its aromatic protons. The other linker, pydc, generates three 

resonances at 7.82, 8.17 and 8.82 ppm, each representing an aromatic proton. The 

resonance at 7.75 ppm for bdc was overlapping with the resonance at 7.82 for pydc, so 

these were combined together and the relative intensity at 8.82 ppm for pydc was 

subtracted to give the intensity of the resonance for bdc. The calculated relative intensities 
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for the resonances at 8.82 ppm and 7.75 ppm were 1.00 and 20.09 respectively. The 

spectrum also indicated the presence of acetic acid (OAc) in the product due to a 

resonance at 2.10 ppm representing three protons with a relative intensity of 1.50. This 

indicated a final ratio of pydc : bdc : acetic acid in the product of 2 : 10 : 1, giving the 

formula as [Zr6O4(OH)4(bdc)4.6(pydc)0.9(OAc)0.9] (UiO-66-b/py). Elemental analysis of 

the MOF returned values that differed slightly from those expected for the above formula, 

and so the suggested formula of UiO-66-b/py should be treated with caution. 

 

Figure 2.19. X-ray powder patterns of synthesised mixed-linker UiO-66-b/py 

(blue) and the simulated pattern based on the crystal structure of UiO-66 at 298 K 

(black). 

2.4.2. Quaternisation of UiO-66-b/py 

Neutral UiO-66-b/py was quaternised using a mixture of MeI in dry CHCl3 which was 

heated to reflux for three days. The product of this reaction was digested in a mixture of 

D3PO4 in (CD3)2SO and its solution-phase 1H NMR spectrum was recorded. 
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In the 1H NMR spectrum of the digested product, the aromatic resonances of the neutral 

and quaternised linkers were overlapping. Therefore, in order to calculate the extent of 

quaternisation, the combined aromatic resonance at 8.85 ppm was compared with the N-

methyl resonance at 4.34 ppm. This indicated a quaternisation extent of 79%, suggesting 

the shorter linker pydc more readily undergoes quaternisation than its longer analogue, 

ppydc. 

An X-ray powder pattern was recorded for the resultant postsynthetically modified MOF, 

which indicated retention of crystallinity over the course of the reaction (Figure 2.20), 

with a smaller loss of reflection intensity than that shown in Figure 2.15. This suggested 

that the MOF composed of the shorter linker, pydc, was more chemically robust than the 

larger MOF containing ppydc, which is in line with a previous report concerning the 

stability of UiO-66 vs. UiO-67-type MOFs.26 

 

Figure 2.20. X-ray powder patterns of neutral UiO-66-b/py (blue) and after 

reaction with MeI for three days (red). 

0

50

100

150

200

250

300

350

400

450

5 10 15 20

C
o

u
n

ts
 p

e
r 

s
e

c
o

n
d

2θ / °



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

 

72 Chapter 2 

2.4.3. Reaction of UiO-66-b/py-Me79% with [Rh(CO)2I]2 

The quaternised MOF, UiO-66-b/py-Me79%, was reacted with [Rh(CO)2I]2 in a manner 

analogous to that described in Section 2.3.2.1. A sample of neutral UiO-66-b/py was 

similarly reacted with [Rh(CO)2I]2 for comparison, and the ν(CO) bands from the 

ATR-IR spectra of the two products are shown in Table 2.5. 

Table 2.5. The ν(CO) absorptions in the ATR-IR spectra of various samples upon 

reaction with [Rh(CO)2I]2, as well as the literature ν(CO) values for cis-

[Rh(CO)2I2]- in solution.15 

Sample 
Asymmetric 
ν(CO) / cm-1 

Symmetric 
ν(CO) / cm-1 

cis-[Rh(CO)2I2]
- 1990 2060 

UiO-66-b/py 2002 2072 

UiO-66-b/py-Me79% 2002 2075 

Again, the ν(CO) absorptions for the product of the reaction between neutral UiO-66-b/py 

and [Rh(CO)2I]2 come at a higher wavenumber than those for cis-[Rh(CO)2I2]- in 

solution. This suggests a neutrally incorporated complex, potentially of the type 

shown in Figure 2.21. 

 

Figure 2.21. Proposed covalently tethered neutral rhodium dicarbonyl species. 

The ν(CO) absorptions for the product of the reaction between the quaternised MOF, 

UiO-66-b/py-Me79%, and [Rh(CO)2I]2 are at similar frequency to those for the neutral 
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MOF reaction, indicating that the rhodium is bound by the 21% of neutral linkers in the 

MOF, as opposed to the quaternised linkers. This could again be due to increased steric 

hindrance in the pores that contain a quaternised linker.  
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2.5. Summary 

Crystalline UiO-type MOFs incorporating a range of pyridine-containing linkers have 

been synthesised; UiO-67-bpy; UiO-67-bp/ppy; and UiO-66-b/py.  

The literature procedure for the quaternisation of UiO-67-bpy did not produce a 100% 

quaternised MOF as previously reported,4 and increasing reaction time by a factor of five 

still did not achieve conversion to the fully quaternised form. This represented a problem, 

as any remaining neutral linker in the framework is potentially a chelating moiety that 

can bind covalently to rhodium. This was confirmed by reaction of neutral UiO-67-bpy 

with [Rh(CO)2I]2, which seemed to result in a cationic rhodium dicarbonyl chelate 

species, charge balanced by cis-[Rh(CO)2I2]
-. 

The MOFs UiO-67-bp/ppy and UiO-66-b/py were synthesised via a mixed-linker method 

with their respective unsubstituted linkers. Quaternisation of UiO-67-bp/ppy was 

attempted via a range of methods, but ultimately conventional heating with MeI proved 

most effective. Increased reaction time led to higher extents of quaternisation, although 

even after two weeks, this had still not reached 100%, and increasing reaction length had 

an adverse effect on crystallinity. The UiO-66-b/py system was more amenable to 

quaternisation and appeared to be more robust than its extended-linker counterpart. This 

system, however, also failed to reach 100% quaternisation. 

Reaction of these partially-quaternised systems with the rhodium precursor, [Rh(CO)2I]2, 

appeared to show incorporation of a neutral rhodium dicarbonyl species, based on their 

ATR-IR spectra, presumably coordinating to the nitrogen sites on the remaining neutral 

linkers. This preference for covalent binding may be due to increased steric hindrance in 

pores containing linkers that have been quaternised.  
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3.1. Introduction 

Liang et al. recently reported the preparation of a cationic support via postsynthetic 

modification of a UiO-66-type MOF with imidazole groups attached to the bdc linkers 

as shown in Scheme 3.1.1 The neutral MOF, UiO-66-imb, had a reported surface area of 

538 m2 g-1 (compared with 1187 m2 g-1 for unsubstituted UiO-66).2 The lower surface 

area is presumably due to increased pore occupancy from the pendant imidazole groups. 

 

Scheme 3.1. Synthesis of UiO-66-imb. [Zr6(µ3-O)4(µ3-OH)4]12+ SBUs are 

represented using purple spheres. 

The pendant imidazole group was quaternised with methyl iodide (MeI) to generate a 

cationic framework with iodide counter-ions present in the pores (Scheme 3.2). Following 

48 h reflux in MeI and MeCN, the extent of conversion of imidazole groups to N-

methylimidazolium was calculated as 75% from the solution-phase 1H NMR spectrum of 

the sample digested in HF/(CD3)2SO. After the quaternisation reaction, the surface area 

of the postsynthetically modified MOF had dropped to 328 m2 g-1. This is expected to be 

due to increased pore congestion from the N-bound methyl groups and the iodide counter-

ions. 



Sam Ivko 

UiO MOFs with Linkers Containing Imidazole Moieties 79 

 

Scheme 3.2. Postsynthetic modification of UiO-66-imb to generate a cationic 

framework via methylation of its pendant nitrogen sites.1 

This chapter describes the use of this cationic MOF to heterogenise the anionic 

carbonylation catalyst, cis-[Rh(CO)2I2]
-, via ionic encapsulation, and investigations into 

its activity. 

The linkers discussed in this chapter are shown in Figure 3.1 along with their 

abbreviations. 

 

Figure 3.1. Range of dicarboxylic acids used in this chapter, and their 

abbreviations. 
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3.2. UiO-66-imb 

3.2.1. Synthesis and postsynthetic modification of UiO-66-imb 

2-(imidazol-1-yl)terephthalic acid (H2imbdc) was synthesised and purified according to 

a reported procedure (Scheme 3.3).1 This linker was used to synthesise highly crystalline 

[Zr6O4(OH)4(imbdc)6] (UiO-66-imb) in a high yield (63%) according to the reported 

procedure.1 

 

Scheme 3.3. Synthesis of 2-(imidazol-1-yl)terephthalic acid (H2imbdc).1 

Successful synthesis of the crystalline framework was confirmed by powder X-ray 

diffraction, which showed good agreement with the simulated pattern based on the crystal 

structure of UiO-66 (Figure 3.2).2 Elemental analysis of the product of the reaction 

indicated presence of chlorine – this is presumed to be in the form of chloride (originating 

from ZrCl4) which is charge balancing the pendant nitrogen site in imbdc that has been 

protonated in the acidic reaction conditions. The elemental analysis value for chlorine is 

about a third of that calculated for [Zr6O4(OH)4(imbdc•HCl)6], which suggests a mixture 

of anions may be present (including e.g. formate), or that not all nitrogen sites are 

protonated. 

Confirmation of incorporation of imbdc linker into the framework was provided by 

digestion of the MOF in a mixture of D3PO4 in D2O, followed by characterisation via 
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solution-phase 1H NMR spectroscopy. No acetic acid was detected in the 1H NMR 

spectrum of the digested MOF, suggesting a low defect concentration. 

 

Figure 3.2. X-ray powder patterns of synthesised UiO-66-imb (blue) and the 

simulated pattern based on the crystal structure of UiO-66 at 298 K (black).2 

Furthermore, the solid-state CP-MAS 13C{1H} NMR spectrum contains broad signals in 

the expected regions based on the solution-phase 13C{1H} NMR spectrum of H2imbdc in 

(CD3)2SO, as well as weak resonances at 20.4 ppm and 29.9 ppm thought to be due to 

residual acetic acid and silicone grease respectively (Figure 3.3). 

 

Figure 3.3. Solution-phase 13C{1H} NMR spectrum of H2imbdc (blue, in 

(CD3)2SO) and solid-state CP-MAS 13C{1H} NMR spectrum of UiO-66-imb (red). 
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The presence of acetic acid in the solid-state spectrum is thought to be due to residual 

acetic acid in the pores from the solvothermal MOF synthesis arising from incomplete 

activation, as opposed to defects in the MOF. This would explain why acetic acid was not 

observed in the solution-phase 1H NMR spectrum in D3PO4/D2O, as this spectrum was 

recorded following volumetric gas sorption analysis which involved degassing at lower 

pressures and elevated temperatures than the standard post-synthetic activation 

procedure. 

In order to generate a cationic support, the MOF was refluxed in a mixture of MeI and 

MeCN for 72 h, as shown in Scheme 3.2.1 The product was digested in D3PO4/(CD3)2SO 

for analysis by 1H NMR spectroscopy. In the solution-phase 1H NMR spectrum of the 

digested product, the aromatic resonances due to the neutral and quaternised linkers 

overlap one another (Figure 3.4). Therefore, in order to calculate extent of quaternisation, 

the intensity of one of the combined aromatic resonances (at 9.42 ppm) is compared with 

the N-methyl resonance (at 3.92 ppm). The relative integrals of these resonances are 1.00 

and 1.45 respectively. If the reaction had reached 100% conversion, the N-methyl 

resonance would have an integration value of 3.00. The reaction is therefore calculated 

to have reached 48% conversion of imidazole to N-methylimidazolium groups, giving a 

formula of [Zr6O4(OH)4(imbdc)3.1(imbdc-Me)2.9]I2.9 (UiO-66-imb-Me48%). 

 

Figure 3.4. 1H NMR spectrum of UiO-66-imb-Me48% digested in D3PO4/D2O. 

Resonance at ~6.3 ppm is caused by residual H2O. 
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In order to increase this conversion and reduce reaction time a microwave reactor was 

utilised for this procedure (Scheme 3.4). Microwave heating has been used previously to 

achieve high levels of quaternisation in a fraction of the time required by conventional 

heating methods.3 Samples of UiO-66-imb were added to solutions of MeI (3.2 – 8.0 M)  

in MeCN and heated at 120 °C for the periods shown in Table 2.3. The recovered samples 

were washed and digested in a mixture of D3PO4 and (CD3)2SO and their 1H NMR spectra 

analysed to determine their extent of conversion in the manner described previously 

(Table 2.3). 

 

Scheme 3.4. Microwave quaternisation of UiO-66-imb. 

Table 3.1. Calculated extent of quaternisation of UiO-66-imb for different 

incubation times (microwave heating at 120 °C) and MeI concentrations. 

Incubation 

time / h 

[MeI] 

/ mol dm-3 

∫ at 9.42 

ppm 

∫ at 3.92 

ppm 

Extent of 

quaternisation 

1 3.2 1.00 2.34 78% 

1 4.0 1.00 2.56 85% 

1 8.0 1.00 2.17 72% 

2 4.0 1.00 2.54 85% 

The maximum extent of conversion is reached after one hour of incubation at 120 °C in 

a 4 M solution of MeI in MeCN, which results in 85% conversion of imidazole to N-

methylimidazolium groups. This represents a notable improvement on the literature 

procedure, which achieved 75% conversion after three days of reflux in MeI and MeCN. 
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Solid-state CP-MAS 13C{1H} NMR spectroscopy confirmed the successful 

quaternisation of imidazole groups in the MOF, with an extra resonance at 37 ppm 

consistent with that for the N-methyl carbon atom in the solution-phase 13C{1H} NMR 

spectrum of [H2imbdc-Me]I in (CD3)2SO (Figure 3.5). 

 

Figure 3.5. Solution-phase 13C{1H} NMR spectrum of [H2imbdc-Me]I (blue, in 

(CD3)2SO) and solid-state CP-MAS 13C{1H} NMR spectrum of UiO-66-imb-

Me85% (red). 

The powder X-ray diffraction pattern of the product revealed retention of crystallinity, 

albeit with some loss of intensity (Figure 3.6). 

(CD3)2SO 
N+-Me 
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Figure 3.6. X-ray powder patterns of neutral UiO-66-imb (blue) and product of 

microwave quaternisation reaction (red). 

The quaternised product, UiO-66-imb-Me85%, was reacted with [Rh(CO)2I]2 in hexane 

(Scheme 3.5). 

 

Scheme 3.5. Reaction between UiO-66-imb-Me85% and [Rh(CO)2I]2. 

The IR spectrum of the product of this reaction is shown in Figure 3.7. It contains ν(CO) 

absorptions at 2064 cm-1 and 1994 cm-1, indicative of a cis-dicarbonyl species. These 

frequencies are similar to those for [n-Bu4N][Rh(CO)2I2] in MeOH (2060 cm-1 and 

1990 cm-1).4 This suggests generation of cis-[Rh(CO)2I2]
- via cleavage of the dimeric 

precursor by the iodide counter-ions in the framework. There is a degree of asymmetry 

in the bands shown in Figure 3.7, with high-frequency shoulders on both bands. This is 

consistent with the presence of neutral Rh(CO)2 moieties arising from covalent 
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attachment of rhodium complex to the 15% of imidazole sites that remain unquaternised 

(illustrated in Figure 3.8). 

 

Figure 3.7. ATR-IR spectra (ν(CO) region) of UiO-66-imb (blue), UiO-66-imb-

Me85% (red) and the MOF-encapsulated catalyst (green). 

 

Figure 3.8. (a) Ionic and (b) covalent incorporation of rhodium complex. 

3.2.2. Attempted direct synthesis of UiO-66-imb-Me 

The pendant imidazole group in H2imbdc can be methylated to form [H2imbdc-Me]I via 

protection of the carboxylic acid groups according to a literature procedure (Scheme 3.6).5 
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Scheme 3.6. Methylation of H2imbdc to form [H2imbdc-Me]I.5 (a) EtOH and 

DMF, SOCl2 added dropwise, reflux 72 h, (b) MeCN and MeI reflux 24 h, (c) 6 M 

HCl reflux 16 h. 

Several attempts were made to directly incorporate [H2imbdc-Me]I into a UiO-66-type 

MOF via direct solvothermal synthesis (Scheme 3.7). Direct synthesis using both Teflon-

lined stainless-steel autoclaves and glass vials resulted in no precipitate forming. 

Surprisingly, subsequent incubation of the recovered reaction mixture from the glass vials 

in stainless-steel autoclaves did result in formation of a small amount of precipitate 

(~18% yield based on Zr). 

 

Scheme 3.7. Attempted direct synthesis of UiO-66-imb-Me using [H2imbdc-Me]I. 

The solution-phase 1H NMR spectrum of the product digested in D3PO4/(CD3)2SO 

revealed that all (100%) of the imidazolium sites remained quaternised after incubation. 

This analysis also indicated presence of substantial residual MeOH, acetic acid and DMF.  
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Elemental analysis of the product indicated a mixture of iodide and chloride counter-ions 

were present, either due to the HCl used in the linker re-acidification step (Scheme 3.6),  

or the chloride ions present in the zirconium salt used in the MOF synthesis (Scheme 3.7). 

Powder X-ray diffraction analysis of the product (Figure 3.9) showed some agreement 

with the simulated pattern based on the crystal structure of UiO-66,2 although Pawley 

fitting of the powder pattern indicated that the sample was not phase pure (Figure 3.10). 

 

Figure 3.9. X-ray powder patterns of directly synthesised UiO-66-imb-Me (blue) 

and the simulated pattern based on the crystal structure of UiO-66 at 298 K 

(black).2 
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Figure 3.10. Pawley fit of the powder X-ray diffraction pattern for directly 

synthesised UiO-66-imb-Me showing the observed pattern (blue), the fit (red), 

and the difference between the two (green). 

Further work was not pursued with this preparative method as the synthesis was not 

replicable in one step in either glass vials or Teflon-lined stainless-steel autoclaves, and 

it resulted in poor quality product and low yields. 
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3.3. UiO-66-b/imb 

3.3.1. Synthesis and postsynthetic modification of UiO-66-b/imb 

A mixed-linker approach was taken in order to minimise steric hindrance within the pores 

upon quaternisation, thus potentially leading to a higher extent of conversion to the 

cationic form. A 1:5 mixture of H2imbdc and H2bdc was used to synthesise a mixed-

linker MOF with an average of one imbdc linker per SBU (Scheme 3.8). 

 

Scheme 3.8. Synthesis of mixed-linker UiO-66-b/imb. 

Successful synthesis of crystalline UiO-66-type MOF was confirmed via powder X-ray 

diffraction (Figure 3.11), which showed agreement with the simulated pattern of UiO-

66.2 
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Figure 3.11. X-ray powder patterns of synthesised UiO-66-b/imb (blue) and the 

simulated pattern based on the crystal structure of UiO-66 at 298 K (black).2 

UiO-66-b/imb was digested in a solution of NaOD in D2O and a solution-phase 1H NMR 

spectrum was recorded (Figure 3.12), which was used to determine the final linker ratios.  

 

Figure 3.12. 1H NMR spectrum of UiO-66-b/imb digested in NaOD/D2O. 

The linker bdc displays one resonance at 7.80 ppm in this solvent mixture (corresponding 

to four aromatic protons), whereas imbdc displays resonances at 7.09, 7.28, 7.52, 7.77 

and 7.86 ppm (all corresponding to one aromatic proton, apart from the resonance at 7.86 

ppm which corresponds to two). The resonance for bdc overlaps with the resonances at 

7.77 and 7.86 ppm for imbdc in the spectrum of the digested product. These combined 
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resonances give a relative intensity 20.10 times larger than the resonance at 7.09 ppm for 

imbdc. This intensity includes contribution from three protons in imbdc from the 

resonances at 7.77 and 7.86 ppm, meaning that the relative intensity due to bdc is actually 

17.10. Acetic acid (OAc) is also detectable in the spectrum (2.12 ppm) with a relative 

intensity of 0.30. This gives a final ratio for bdc : imbdc : OAc of 4.3:1:0.1, giving the 

final formula of the MOF as [Zr6O4(OH)4(bdc)4.8(imbdc)1.1(OAc)0.1]. Elemental analysis 

of the product found a lower carbon content than expected – this is assumed to be due to 

the presence of a mixture of counter-ions charge-balancing a protonated nitrogen site on 

imbdc. 

As described in Section 3.2.1, microwave heating was employed to maximise the extent 

of quaternisation of imidazole sites in UiO-66-b/imb (Scheme 3.9). 

 

Scheme 3.9. Quaternisation of mixed-linker UiO-66-b/imb using microwave 

heating. 

The product was digested in a solution of D3PO4 in (CD3)2SO and its 1H NMR spectrum 

was recorded to determine the extent of quaternisation of imidazole sites. The resonances 

due to imidazole and N-methylimidazolium overlap in the spectrum, and so the extent of 

quaternisation is determined by comparing the relative intensities of one of these 

combined resonances (at 9.40 ppm) with the N-methyl resonance (at 3.92 ppm). The 

resonance at 3.92 ppm had an intensity 2.90 times larger than the resonance at 9.40 ppm, 

indicating conversion of 97% of imidazole sites to N-methylimidazolium, giving a 

formula of [Zr6O4(OH)4(bdc)4.8(imbdc-Me)1.1(OAc)0.1]I1.1 (UiO-66-b/imb-Me97%). This 
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suggests that the mixed-linker approach was indeed successful at enabling a higher extent 

of quaternisation under these conditions as compared with the single-linker analogue 

(which achieved 85% quaternisation after the same reaction). 

The postsynthetically modified MOF, UiO-66-b/imb-Me97%, was found to have retained 

its crystallinity via PXRD (Figure 3.13), and the loss of intensity of reflections was less 

pronounced than that observed in the single-linker analogue (Figure 3.6). 

 

Figure 3.13. X-ray powder patterns of neutral UiO-66-b/imb (blue) and product 

of microwave quaternisation (red). 

The postsynthetically modified MOF, UiO-66-b/imb-Me97%, was reacted with 

[Rh(CO)2I]2 in hexane. The IR spectrum of the product is shown in Figure 3.14. 
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Figure 3.14. Infrared spectra (KBr disc, ν(CO) region) of UiO-66-b/imb (blue), 

UiO-66-b/imb-Me97% (red) and the MOF-encapsulated catalyst (green). 

The IR spectrum of the product of the reaction between UiO-66-b/imb-Me97% and 

[Rh(CO)2I]2 displays two ν(CO) absorptions at 2060 cm-1 and 1986 cm-1 (Figure 3.14). 

These ν(CO) values are consistent with those for [n-Bu4N][Rh(CO)2I2] in MeOH (2060 

cm-1 and 1990 cm-1),4 which suggests that the iodide counter-ions in the pores of 

UiO-66-b/imb-Me97% cleave the dimeric precursor to generate the catalytic species 

cis-[Rh(CO)2I2]
- in situ (Scheme 3.10). The absorptions are narrower and more 

symmetrical than those found for the single-linker MOF (Figure 3.7), suggesting the 

absence of significant neutral, covalently attached complex (illustrated in Figure 3.8).  

ICP-MS analysis confirmed the presence of rhodium in the product (5% by mass), which 

corresponds to stoichiometric uptake of Rh to [imbdc-Me]+, giving a formula of 

[Zr6O4(OH)4(bdc)4.8(imbdc-Me)1.1(OAc)0.1][Rh(CO)2I2]1.1 (Rh@UiO-66-b/imb-Me97%). 
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Scheme 3.10. Proposed reaction between UiO-66-b/imb-Me97% and [Rh(CO)2I]2. 

Reaction of neutral UiO-66-b/imb with [Rh(CO)2I]2 gave a product with ν(CO) 

absorptions at 2075 cm-1 and 2007 cm-1, indicating presence of a neutral rhodium 

dicarbonyl species, presumably coordinated to the imidazole-functionalised linker. 

The powder X-ray diffraction pattern of the product of this reaction indicated retention 

of the crystalline framework, although the intensities of the reflections were altered 

(Figure 3.15). This is thought to be due to the inclusion of the heavy elements rhodium 

and iodine in the framework. 

 

Figure 3.15. X-ray powder patterns of UiO-66-b/imb-Me97% (red) and product of 

reaction with [Rh(CO)2I]2 (green). 
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Volumetric N2 gas sorption studies at 77 K were performed on unsubstituted UiO-66 

(synthesised via an analogous reaction to UiO-66-b/imb), UiO-66-b/imb, UiO-66-b/imb-

Me97% and the catalyst-incorporated MOF (Figure 3.16). The calculated surface area of 

the synthesised UiO-66 was higher than the literature example (1238 m2 g-1 vs. 1187 m2 

g-1) which is likely a result of the different synthesis method used, potentially altering the 

defect concentration in the resultant MOF.2 In the low relative pressure region (< 0.1 

p/p0), there is uptake of N2 across all samples, with uptake decreasing with increasing 

substitution. The total pore volume of UiO-66 is significantly higher than for UiO-66-

b/imb (Table 3.2), suggesting that the substituted linkers are distributed throughout the 

framework and not solely on the surface. The micropore (pores with diameters < 2 nm) 

volume of UiO-66-b/imb reduces upon methylation to UiO-66-b/imb-Me97%. This 

suggests that the iodide counter-ions occupy the micropores of the MOF, in addition to 

increased steric congestion from the newly-introduced N-bound methyl groups. 

Furthermore, when cis-[Rh(CO)2I2]
- is incorporated into the cationic framework, the 

micropore volume drops further, suggesting micropore occupancy of the catalyst. Given 

that the ratio of micropore volume to total pore volume decreases upon each subsequent 

postsynthetic modification, it appears that substitution (i.e. methylation or catalyst 

encapsulation) is predominantly occurring in the micropores of the MOF. 
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Figure 3.16. Nitrogen adsorption (filled) and desorption (open) isotherms at 77 K 

for UiO-66 (black), UiO-66-b/imb (blue), UiO-66-b/imb-Me97% (red) and the 

MOF-encapsulated catalyst (green). 

Table 3.2. Surface areas and pore volumes of UiO-66-type MOF samples.  

Sample 
SABET

a 

/ m2 g-1 

Vtot
b  

/ cm3 g-1 

V0.1
c  

/ cm3 g-1 
(V0.1/Vtot) 

UiO-66 1238 0.71 0.53 0.75 

UiO-66-b/imb 1139 0.55 0.49 0.89 

UiO-66-b/imb-Me97% 1031 0.50 0.43 0.86 

Rh@UiO-66-b/imb-Me97% 477 0.24 0.20 0.83 

The surface area of synthesised UiO-66-b/imb is much higher than that reported for UiO-

66-imb (1139 m2 g-1 vs. 538 m2 g-1), and the surface area of synthesised UiO-66-b/imb-

Me97% is similarly higher than the literature value for UiO-66-imb-Me75% (1031 m2 g-1 

vs. 328 m2 g-1).1 This is likely due to the presence of fewer imidazole groups occupying 

 
a Calculated over the pressure range 0.01-0.15 p/p0. 
b Calculated at 0.99 p/p0. 
c Calculated at 0.1 p/p0. 
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space in the pores. This suggests further that the mixed-linker approach was indeed 

successful in reducing pore congestion, allowing for a higher extent of quaternisation. 

3.3.2. Reaction of encapsulated cis-[Rh(CO)2I2]- with MeI 

A sample of Rh@UiO-66-b/imb-Me97% was soaked in MeI under N2 overnight and the 

ATR-IR spectrum of the product contained only one terminal ν(CO) band at 2060 cm-1, 

as well as a broad band at around 1735 cm-1 (Figure 3.17). This indicates that oxidative 

addition of MeI takes place, followed by methyl migration to generate an acetyl ligand, 

as observed for the homogeneous analogue (Scheme 3.11). Upon exposure of this product 

to CO gas (1 atm), the IR spectrum gradually converts to a product with absorptions at 

2088 cm-1 and 1694 cm-1 (Figure 3.17), which is consistent with formation of the trans-

dicarbonyl complex trans-[Rh(CO)2(COMe)I3]
- found in solution studies (Scheme 3.11).6 

Thus, the key organometallic steps seen in solution for the Monsanto catalytic cycle also 

occur for the supported complex, as observed previously in polymer supported systems.7 
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Figure 3.17. IR spectra (ATR-IR, ν(CO) region) of Rh@UiO-66-b/imb-Me97% 

(blue), after soaking in MeI overnight (red), and after exposure to CO atmosphere 

for 10 d (green). 

 

Scheme 3.11. Reaction of encapsulated cis-[Rh(CO)2I2]- with MeI and CO. 

3.3.3.  Catalytic carbonylation of MeOH with encapsulated cis-

[Rh(CO)2I2]- 

The carbonylation of methanol catalysed by Rh@UiO-66-b/imb-Me97%was probed by in 

situ high-pressure IR spectroscopy. In a typical experiment, UiO-66-b/imb-Me97% was 

stirred in a solution of [Rh(CO)2I]2 in CHCl3 under CO overnight and then added to the 

cell. A mixture of MeOH and MeI in CHCl3 was added to give final concentrations of 0.8 

M MeI and 2.5 M MeOH in CHCl3. The cell was pressurised with CO (10 bar) and stirred. 

165017501850195020502150

A
b

s
o

rb
a

n
c
e

Wavenumbers / cm-1



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

 

100 Chapter 3 

The IR spectrum of the solution phase at 120 °C was collected every five minutes over 

the course of four hours. 

During the course of the reaction, growth of an absorption at 1741 cm-1 is observed which 

corresponds to the acetyl ν(CO) band of methyl acetate in CHCl3 (Figure 3.18). Methyl 

acetate is formed when the carbonylation product, acetic acid, esterifies in the presence 

of an excess of MeOH (Scheme 3.12). The homogeneous catalytic reaction using an 

equivalent amount of [n-Bu4N][Rh(CO)2I2] was also monitored under identical 

conditions (Figure 3.18). 

 

Figure 3.18. Plot of absorbance vs. time for ν(CO) band of methyl acetate during 

methanol carbonylation catalysed by Rh@UiO-66-b/imb-Me97%(blue) and 

[n-Bu4N][Rh(CO)2I2] (grey) in CHCl3 at 120 °C (10 bar CO, 0.8 M MeI, 2.5 M 

MeOH). 

The TOF values for heterogeneous and homogeneous catalysts are 6.5 h-1 and 21.8 h-1, 

respectively (based on Rh content, Appendix 7.2). The lower TOF value for the MOF-

supported catalyst is consistent with limitations in diffusion in the microporous support. 
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Scheme 3.12. Reaction between methanol and carbon monoxide catalysed by 

MOF-encapsulated cis-[Rh(CO)2I2]- to form acetic acid, followed by esterification 

with excess methanol to form methyl acetate. 

The powder X-ray diffraction pattern of the recovered material following catalysis 

indicated crystallinity and phase purity of the MOF is retained (Figure 3.19). 

 

Figure 3.19. PXRD pattern of recovered MOF-supported catalyst. 

Subsequent testing of the recovered material shows that it retains activity comparable 

with the first experiment (Figure 3.20). 
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Figure 3.20. Absorbance vs. time plots for the ν(CO) band of methyl acetate 

during methanol carbonylation catalysed by Rh@UiO-66-b/imb-Me97% (blue) and 

a subsequent experiment with the recovered material (red) in CHCl3 at 120 °C 

(10 bar CO, 0.8 M MeI, 2.5 M MeOH). 
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3.4. Attempted single crystal growth 

It was attempted to grow crystals of UiO-66-b/imb and UiO-66-b/imb-Me of suitable 

quality for single crystal X-ray diffraction analysis at Diamond Light Source Beamline 

I24. The method used was based on a modified procedure reported by Øien et al. for the 

preparation of single crystals of UiO-66.8 

Two mixed-linker syntheses were attempted; one using a 1:5 mixture of H2imbdc and 

H2bdc and the other a 1:5 mixture of [H2imbdc-Me]I and H2bdc. Scanning electron 

microscope (SEM) imaging of these samples (Figure 3.21) indicated crystals of about 

1 µm and smaller in size. Unfortunately, the minimum size required for single crystal 

X-ray diffraction analysis at Diamond Light Source Beamline I24 is 5 µm. 

  

Figure 3.21. SEM images of samples of UiO-66-b/imb (L) and UiO-66-b/imb-Me 

(R) (from attempted synthesis for single crystal diffraction). 

Furthermore, this method of synthesis appeared to result in unidentifiable phases 

appearing in the powder X-ray diffraction pattern of the product (Figure 3.22). It was 

therefore not possible to collect any single crystal diffraction data for these imidazole-

functionalised systems. 
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Figure 3.22. X-ray powder pattern of UiO-66-b/imb-Me (blue) (from attempted 

synthesis for single crystal diffraction) and the simulated pattern based on the 

crystal structure of UiO-66 at 298 K (black).2 
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3.5. Discussion of pyridine- and imidazole-containing 

MOFs 

Chapter 2 detailed the investigation of a range of pyridine-containing MOFs for the 

heterogenisation of cis-[Rh(CO)2I2]
-. None of the systems investigated could be fully 

quaternised, and this resulted in a mixture of covalently and ionically incorporated 

rhodium dicarbonyl species being present upon reaction with [Rh(CO)2I]2, thus 

complicating the IR spectra. It was also found that UiO-66-py was more stable to the 

harsh quaternisation conditions than the longer linker UiO-67-type MOFs investigated. 

This chapter has described how imidazole-containing UiO-66-type MOFs are both stable 

to harsh quaternisation conditions and undergo quaternisation more readily than their 

pyridine-containing counterparts. A mixed-linker approach was found to maximise 

conversion to cationic form, and the optimised MOF (UiO-66-b/imb) achieved a near 

quantitative (97%) conversion to the desired quaternised system. 

Reaction of this cationic support with [Rh(CO)2I]2 resulted in an IR spectrum with 

narrow, symmetrical ν(CO) absorptions, implying ionically supported cis-[Rh(CO)2I2]
- 

was the major product, as desired. This is in contrast with the pyridine-containing MOFs 

that were studied, all of which gave evidence for a mixture of covalently and ionically 

incorporated rhodium dicarbonyl species. 
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3.6. Summary 

Imidazole-functionalised UiO-66-type MOFs have been synthesised using both single-

linker and mixed-linker synthetic strategies. The MOFs were postsynthetically modified 

by methylation of the pendant imidazole moiety to form N-methylimidazolium cations. 

In the case of the single-linker MOF (UiO-66-imb), this resulted in 85% conversion of 

imidazole to N-methylimidazolium sites, whereas in the mixed-linker MOF (UiO-66-

b/imb) this resulted in 97% conversion, presumably by virtue of the lower steric 

congestion in the pores. 

The postsynthetically modified mixed-linker MOF, UiO-66-b/imb-Me97%, was used to 

immobilise the active catalyst for the Monsanto process for the carbonylation of methanol 

to form acetic acid, cis-[Rh(CO)2I2]
-, via Coulombic interactions. Volumetric N2 gas 

sorption analysis indicated catalyst micropore occupancy. The supported complex was 

found to undergo the same organometallic reaction sequence with MeI and CO as found 

in solution.6 

The MOF-supported catalyst was found to catalyse the carbonylation of methanol, with 

somewhat lower activity than the homogeneous analogue. The recovered supported 

catalyst showed similar activity in a repeat experiment, indicating good recyclability, and 

X-ray powder diffraction indicated that the MOF catalyst had retained its crystallinity. 
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4.1. Introduction 

4.1.1. Polymers as supports for methanol carbonylation 

Ionic attachment of metal complexes to polymeric supports has been employed for a 

range of catalytic processes including hydroformylation,1–9 hydrogenation,9–14 and, 

pertinently, methanol carbonylation.15–23 In 1980 Drago et al. described the effective 

immobilisation of cis-[Rh(CO)2I2]
- on polymer supports based on methylated 

polyvinylpyridines.23 The carbonylation activity was equal to the homogeneous system 

at 120 °C with minimal leaching of the supported catalyst. 

Following this, Chiyoda and UOP developed the Acetica™ process which employs a 

polyvinylpyridine resin capable of tolerating high temperatures and pressures.16 Under 

the reaction conditions, the pyridyl nitrogen sites become positively charged via 

methylation, and the anionic catalyst, cis-[Rh(CO)2I2]
-, is bound electrostatically to the 

support. The supported catalyst showed no deactivation after continuous operation for 

7,000 hours and its activity is competitive with the homogeneous process, with decreased 

by-product formation due to the lower water concentration employed. 

The mechanism of the polymer-supported process was investigated by Haynes et al. using 

thin films of cross-linked poly(4-vinylpyridine-co-styrene-co-divinylbenzene)23 suitable 

for in situ transmission IR spectroscopy. These were postsynthetically N-methylated to 

form a cationic support with iodide counter-ions in the pores. Subsequent reaction with 

[Rh(CO)2I]2 generated the catalyst, cis-[Rh(CO)2I2]
-, in situ. Mechanistic studies of this 

material suggested that it undergoes the same organometallic processes as the catalyst in 

solution, with kinetics of MeI oxidative addition comparable to the solution phase. 
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Use of porous polymers as supports for rhodium-catalysed methanol carbonylation has 

continued in recent years. 

Crosslinked “spherules” were synthesised by Yuan and co-workers by suspension 

polymerisation between 2-vinylpyridine and ethylene glycol diacrylate to give a porous 

material with a surface area of ~75 m2 g-1.24 The authors reported that reaction of this 

material with [Rh(CO)2Cl]2 resulted in a rhodium dicarbonyl species covalently attached 

to the polymer via coordination to a pyridyl nitrogen. The surface area of the material 

dropped to 60 m2 g-1 upon incorporation of the rhodium species. This supported complex 

was found to catalyse the carbonylation of methanol to acetic acid with high selectivity, 

and furthermore, the water-gas shift reaction was barely observed for this system. 

Yuan and co-workers later reported another crosslinked support synthesised via 

suspension polymerisation between 2-vinylpyridine, methyl acrylate, and 1,4-

divinylbenzene.25 In this work, the material was then reacted with MeI, which resulted in 

methylation of an estimated 30% of pyridine groups (from fitting of XPS data). Reaction 

of this cationic support with (NH4)2[RhCl5] and reduction with NaBH4 resulted in 

monodispersed rhodium nanoparticles. The supported catalyst was found to be active in 

MeI-free carbonylation of MeOH to form methyl acetate. The catalyst showed reasonable 

recyclability; over a five-run test, there was a loss of about 25% of activity attributed to 

leaching of iodide promoters which was mitigated by regeneration with HI. After the 

second such regeneration, the catalyst activity was found to be about 80% of the fresh 

catalyst, presumably due to irreversible leaching of rhodium from the support. 

Ding and co-workers reacted a previously reported phosphine-containing polymeric 

support26 with [Rh(CO)2Cl]2 in CH2Cl2 which the authors claimed generated a rhodium 

mono-carbonyl mono-chloride complex stabilised by Lewis basic interactions from 
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phosphorus sites in the support.27 The supported catalyst slightly outperformed the 

homogeneous system for methanol carbonylation with a TOF of 1553 h-1 (as compared 

with 1470 h-1 for the homogeneous system) at 195 °C under 2.5 MPa CO. 

Ding and co-workers later synthesised a similar phosphine-containing crosslinked 

support by pre-treating the monomer with MeI to generate a quaternised phosphine 

monomer with charge-balancing iodide anions.17 This monomer was polymerised via 

solvothermal polymerisation to generate a cationic support, which was treated with 

[Rh(CO)2Cl]2. The authors claimed this resulted in generation of [Rh(CO)I3]
2- in the 

pores, although no spectroscopic evidence was given to support this assignment. 

Nonetheless, the system had a reported TOF for the carbonylation of methanol of 3500 h-1 

at 195 °C under 3.5 MPa of CO. This represented a marked improvement on the 

homogeneous process, which had a TOF of 1474 h-1 under similar conditions (190 °C, 4 

MPa CO). 

A further study by the group of Ding reported a crosslinked polymer synthesised via 

solvothermal polymerisation using 6,6’-divinyl-2,2’-bipyridine which was reacted with 

[Rh(CO)2Cl]2.
28 The IR spectrum of the product of this reaction contained a single ν(CO) 

absorption at 2065 cm-1 which was rather improbably assigned to [Rh(CO)I3]
2- 

coordinated to a bipyridyl moiety. This system achieved a TOF for the carbonylation of 

methanol of 1400 h-1 at 195 °C under 2.5 MPa CO. 

4.1.2. Microporous organic polymers 

Microporous organic polymers (MOPs) are materials of growing interest due to their high 

surface area, good chemical and thermal stability, and their ease of functionalisation.29  
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These attractive properties have led to considerable interest in applications including gas 

storage and separation,30–34 chemosensing35–38 and catalysis.39,40 

One key disadvantage to most MOPs is their complete insolubility in all solvents, arising 

from their highly crosslinked structure. Numerous attempts have been made at making 

these materials processable in solution, such as introduction of solubilising side chains 

on the monomers41,42  and hypercrosslinking at high dilution,43 with mixed success. 

Matyjaszewski et al. found more success with a three-step process involving the synthesis 

of vinylbenzyl chloride particles via emulsion polymerisation, followed by crosslinking 

with stoichiometric quantities of FeCl3.
44 Solubilising polymer chains could be added to 

the unreacted end groups via atom transfer radical polymerisation (ATRP) which resulted 

in a core-shell structure with a high surface area (562 m2 g-1). 

Li et al. reported the synthesis of hypercrosslinked polymers from the widely available 

precursors 1,4-divinylbenzene and fumaronitrile.45 The bifunctionality of the 

1,4-divinylbenzene comonomer led to the crosslinking in the polymer and hence avoided 

the necessity of stoichiometric quantities of FeCl3. The synthesised material was found 

to be microporous with a high surface area (805 m2 g-1), but it was completely insoluble 

in common organic solvents, as with most reported MOPs. 

Recently a new class of MOPs have been reported by the Dawson group in Sheffield, 

which are synthesised using reversible addition-fragmentation chain transfer-mediated 

polymerisation-induced self-assembly (RAFT-mediated PISA).46 The polymerisation of 

1,4-divinylbenzene and fumaronitrile was mediated using a polyethylene glycol (PEG) 

based macro-chain transfer agent (CTA) in an anti-solvent for the growing polymer chain. 

This resulted in the formation of polymer nanoparticles with a core-shell morphology. 

The nanoparticle core is crosslinked due to the bifunctional nature of 1,4-divinylbenzene, 
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and this renders it microporous. The nanoparticles are dispersed in solution due to the 

covalently bound macro-CTA which forms the shell of the nanoparticles (Scheme 4.1, 

Figure 4.1). 

 

Scheme 4.1. Synthetic route towards dispersible microporous polymeric 

nanoparticles highlighting the dispersion-stabilising polyethylene glycol (PEG) 

chains in blue. 

 

Figure 4.1. Schematic of polymer nanoparticles highlighting the core-shell 

morphology. 
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The initial report of these materials demonstrated their utility in sensing applications, but 

the dispersibility of these nanoparticles makes them attractive candidates for a wide range 

of applications due to their efficient mixing with solution but also their trivial recovery 

via centrifugation or addition of antisolvent. 

These materials represent ideal supports for catalysis due to their inexpensive synthesis, 

high surface area, microporosity, dispersibility, and robust chemical and thermal stability. 

Recently, nanoparticles of this type were synthesised which incorporated the 

photocatalytic crosslinker 4,7-bis(4-vinylphenyl)benzo[c][1,2,5]thiadiazole, as well as 

1,4-divinylbenzene and fumaronitrile.47 This material was found to be active for a range 

of photocatalytic reactions and was dispersible in a variety of solvents, enabling selection 

of the ideal solvent for any given reaction. 

In a further demonstration of the versatility of this novel class of materials, James et al. 

synthesised materials of the type illustrated in Scheme 4.1, substituting acrylic acid for 

fumaronitrile.48 Postsynthetic modification of the acrylic acid functionality in this 

material with 9-anthracenemethanol via esterification produced a blue-emitting porous 

polymer. This functionalised porous polymer was used to encapsulate the yellow-emitting 

fluorophore rhodamine B, resulting in a white-light emitting dispersion. 

Dispersible microporous polymer nanoparticles containing 4-vinylpyridine (VP) and 

1,4-divinylbenzene (DVB) monomers and a polyethylene glycol (PEG) based macro-

chain transfer agent (CTA) were synthesised in Sheffield by A. M. James (with whom 

this work was carried out in collaboration, Scheme 4.2). The PEG-based macro-CTA both 

mediated the copolymerisation and facilitated the dispersibility of the resulting 

nanoparticles in a wide range of common organic solvents. The bifunctional nature of 



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

 

116 Chapter 4 

1,4-divinylbenzene led to a hypercrosslinked microporous core, with a BET surface area 

exceeding 350 m2 g-1. 

 

Scheme 4.2. Synthesis of pyridine-containing dispersible microporous polymer 

nanoparticles. 

The use of the 4-vinylpyridine co-monomer in this material presented an opportunity for 

postsynthetic modification via N-methylation using methyl iodide, to form a cationic 

support, as shown in Scheme 4.3. This cationic material could then be used to 

heterogenise the Monsanto catalyst, cis-[Rh(CO)2I2]
- (Scheme 4.4). 

 

Scheme 4.3. Proposed postsynthetic modification of polymer nanoparticles via 

N-methylation of the pyridine moiety. 
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Scheme 4.4. Proposed loading of cis-[Rh(CO)2I2]- on cationic support. 

This chapter describes the synthesis and characterisation of this polymer system, its 

postsynthetic N-quaternisation, and incorporation and behaviour of the supported 

rhodium catalyst. 
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4.2. Synthesis and postsynthetic modification of 

dispersible microporous polymer nanoparticles 

Dispersible microporous polymer nanoparticles were synthesised by James according to 

a modified reported procedure46 using 1,4-divinylbenzene and 4-vinylpyridine monomers 

and a PEG-based macro-CTA as shown in Scheme 4.2. Elemental analysis of the product 

revealed lower nitrogen content than would be expected if all of the reactants been 

incorporated quantitatively. Based on the data, a formula of PEG113-b-DVB300-co-VP63 

(1) was estimated. The low 4-vinylpyridine content is reflected in the low yield calculated 

for the reaction (~30%). 

The material was suspended in CH2Cl2 and the UV-Vis spectrum of the dispersion was 

recorded over 72 h (Figure 4.2). This experiment suggested that over 80% of 1 remained 

in suspension after 72 h. In contrast, the insoluble analogue to this system (synthesised 

via simple radical polymerisation between 1,4-divinylbenzene and 4-vinylpyridine) could 

not be suspended for a single UV-Vis spectrum to be recorded. 

 

Figure 4.2. Series of UV-Vis spectra of a suspension of 1 in CH2Cl2 over 72 h. 
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This result demonstrates the long-term stability of dispersions of 1 by virtue of the 

incorporation of the PEG-based hydrophilic coronae. 

The neutral polymeric material was reacted with MeI as shown in Scheme 4.5. The 

product turned from white to yellow after this treatment, as reported in the reactions of 

analogous crosslinked vinylpyridine copolymers with MeI.23 Elemental analysis of the 

product suggests conversion of ~80% of pyridine sites to N-methylpyridinium as shown 

in Table 4.1. 

 

Scheme 4.5. Generation of cationic support (2) and subsequent incorporation of 

cis-[Rh(CO)2I2]- (3); (a) MeI and CHCl3, 70 °C 72 h; (b) [Rh(CO)2I]2 in CHCl3, RT 

16 h. 

Table 4.1. Calculated elemental analysis values for neutral polymer, fully 

quaternised polymer, and ~80% quaternised polymer, along with measured 

values for 2. 

Composition % C % H % N % I 

PEG113-b-DVB300-co-VP63 86.7 7.8 1.7 0.0 

PEG113-b-DVB300-co-[VP+I-]63 75.1 6.9 1.5 13.3 

PEG113-b-DVB300-co-VP13-co-[VP+I-]50 77.2 7.1 1.5 10.9 

2 (experimental) 76.9 6.9 1.7 10.5 

These data are consistent with the reactivity shown in Scheme 4.5, indicating generation 

of a partially cationic support with iodide counter-ions, PEG113-b-DVB300-co-VP13-co-
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[VP+I-]50 (2). This cationic support was treated with a solution of [Rh(CO)2I]2 in CHCl3 

to form cis-[Rh(CO)2I2]
- in situ as shown in Scheme 4.5. While the initial solution of 

[Rh(CO)2I]2 in CHCl3 was yellow in colour, over the course of the reaction the 

supernatant phase gradually became colourless. 

There are two potential modes of incorporation of rhodium into the material (Figure 4.3). 

These are: (i) ionic attachment, where [Rh(CO)2I]2 is cleaved by iodide counterions to 

generate cis-[Rh(CO)2I2]
- in situ (denoted as [VP+Rh-]); (ii) covalent attachment, where 

a neutral rhodium(I) cis-dicarbonyl species is coordinated to an unquaternised pyridyl 

moiety, [Rh(CO)2I(pyridyl)] (denoted as (VP-Rh)). 

 

Figure 4.3. Modes of incorporation of Rh into polymer support: ionic attachment 

(denoted as [VP+Rh-]) and covalent attachment  (denoted as (VP-Rh)). 

ICP-MS analysis of 3 indicated a rhodium content of 4.5% by mass. The elemental 

analysis data of 3 is presented in Table 4.2. Also shown in Table 4.2 are calculated values 

for quantitative incorporation of rhodium, as well as the values for a composition with 

4.5% incorporation of rhodium (in the generic form [Rh(CO)2I]). 
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Table 4.2. Calculated elemental analysis values for rhodium-incorporated 2, 

along with measured values for 3. 

Composition % C % H % N % I 

PEG113-b-DVB300-co-VP13-co-[VP+I-]50 + 4.5% Rh 68.6 6.2 1.3 15.1 

PEG113-b-DVB300-co-VP13-co-[VP+I-]50 + [Rh(CO)2I]42 65.4 5.9 1.3 16.7 

3 (experimental) 59.0 5.1 1.9 22.0 

The recorded ICP-MS and elemental analysis data are inconsistent with one another. The 

recorded elemental analysis data suggests that [Rh(CO)2I] was incorporated 

quantitatively into the polymer, although even then there is significant deviation from the 

experimental values (Table 4.2). Quantitative incorporation of [Rh(CO)2I] would lead to 

a rhodium content of 6.2% by mass, which is at least in the region of the recorded ICP-

MS value (4.5%). Quantitative incorporation is supported by the observation of loss of 

colour in the supernatant phase over the course of the incorporation reaction. 

It should be noted that elemental analysis values of these systems are notoriously 

imprecise due to a range of factors such as incomplete polymerisation and impurities 

trapped in pores, and so the proposed compositions of samples 1-3 should be treated with 

some caution. 

Successful formation of a majority of cis-[Rh(CO)2I2]
- in 3 was confirmed via IR 

spectroscopy (Figure 4.4) which revealed ν(CO) absorptions at 2059 cm-1 and 1987 cm-1, 

consistent with the same species in MeOH.49 Conversely, reaction of the neutral polymer, 

1, with [Rh(CO)2I]2 produced a product with ν(CO) absorptions at 2080 cm-1 and 

2010 cm-1, indicative of a neutral rhodium(I) cis-dicarbonyl species, coordinated to a 

pyridyl moiety (shown as (VP-Rh) in Figure 4.3). This allows an estimate for the 

composition of 3 as PEG113-b-DVB300-co-VP13-co-[VP+I-]8-co-[VP+Rh-]42. 
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Figure 4.4. Infrared spectra (KBr disc, ν(CO) region) of 1 (blue), 2 (red), and 3 

(green). 

Volumetric gas sorption studies were performed using N2 at 77 K on samples 1-3 (Figure 

4.5). In the low relative pressure region (< 0.1 p/p0), there is uptake of N2 across all 

samples, with uptake decreasing upon further modification from 1-3. In the medium 

relative pressure region (0.1 – 0.8 p/p0) sample 1 adsorbs more gas than samples 2 and 3, 

and hysteresis is observed for 1 between the adsorption and desorption cycles. In the high 

relative pressure region (> 0.8 p/p0), there is large uptake of N2 for all three samples 

indicating surface condensation of N2. 
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Figure 4.5. Nitrogen adsorption (filled) and desorption (open) isotherms at 77 K 

for 1 (blue), 2 (red), and 3 (green). Isotherms are offset successively by 

50 cm3 g-1. Inset shows the low relative pressure region. 

Uptake in the low relative pressure region is caused by filling of micropores (pores with 

diameters < 2 nm), and so the lower uptake in samples 2 and 3 is consistent with 

occupation of these pores by iodide and rhodium complex respectively reducing their 

accessibility. Uptake in the medium relative pressure region is indicative of filling of 

mesopores (2 – 50 nm) due to multilayer adsorption, and this is further evidenced in 

sample 1 with the hysteresis loop observed between adsorption and desorption cycles, 

indicative of capillary condensation within the mesopores. The lack of hysteresis in 

samples 2 and 3 suggests that mesopores present in 1 are being partially occupied by the 

guests introduced through postsynthetic modification. The large gas uptake in the high 

partial pressure region is thought to be due to condensation of N2 between spherical 

particles, and as such is not an artefact of the pores themselves. 

Table 3.2 gives the calculated surface areas, total pore volumes, micropore volumes, and 

micropore ratios of samples 1-3. These data show that the initial porous polymer had a 
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surface area of 366 m2 g-1, but this reduced significantly to 166 m2 g-1 upon quaternisation 

with MeI to 2. This change is ascribed to the newly introduced methyl groups and iodide 

counter-ions occupying the pores of the sample, thereby lowering the available surface 

area. It is also noted that sample 1 possesses a combination of both micro- and mesopores, 

as evidenced by the pore size distribution (Figure 4.6), yet after postsynthetic 

modification the micropore volume is lost and instead the sample contains only 

mesopores. Indeed, the micropore volume drops significantly from 0.15 cm3 g-1 to 

0.04 cm3 g-1 upon incorporation of the rhodium complex in 2 to form 3. This shows that 

the methylation and subsequent rhodium incorporation primarily affects the micropores 

of the sample, though there is also some loss of the smaller mesopores (< 10 nm). That 

there is no observable hysteresis in the isotherms of samples 2 and 3 evidences the filling 

of the mesopores and the lower uptake over the low partial pressure region also suggests 

significant reduction of micropore volume. These observations suggest that methylation 

occurs in the pores of the material causing the reduction in surface area. Incorporation of 

the anionic rhodium complex further lowers the surface area of the material. 

Table 4.3. Surface areas and pore volumes of polymer samples 1-3.  

Sample 
SABET

4 

/ m2 g-1 

Vtot
5  

/ cm3 g-1 

V0.1
6  

/ cm3 g-1 
(V0.1/Vtot) 

1 366 0.53 0.15 0.28 

2 166 0.37 0.06 0.16 

3 114 0.25 0.04 0.16 

 
4 Calculated over the pressure range 0.01-0.15 p/p0. 
5 Calculated at 0.99 p/p0. 
6 Calculated at 0.1 p/p0. 
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Figure 4.6. NL-DFT differential pore size distribution of 1 (blue), 2 (red), and 3 

(green). Area to the left of dashed line represents micropore region. Pore size 

distributions are offset successively by 0.1 cm3 g-1. 

The solid-state CP-MAS 13C{1H} NMR spectra of all three samples show a group of 

resonances at 110-160 ppm for the aromatic carbon atoms, a broad resonance for the alkyl 

backbone at ~40 ppm, and a weak resonance at ~70 ppm characteristic of the suspension-

stabilising PEG groups (Figure 4.7). 

 

Figure 4.7. Solid-state CP-MAS 13C{1H} NMR spectra of 1 (blue), 2 (red), and 3 

(green). 



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

 

126 Chapter 4 

Small angle X-ray scattering (SAXS) studies were performed on a 5% w/w dispersion of 

each sample in MeOH (Figure 4.8). The fitting of this data is detailed in Appendix 7.4. 

Fitting suggests an analogous morphology to the reported example;46 aggregates of 

smaller assemblies linked together (illustrated in Figure 4.9), presumably due to 

crosslinking both within and between the particles as a result of the bifunctionality of  the 

1,4-divinylbezene monomer used. Table 4.4 gives the calculated mean diameter of both 

the primary particles (D1) and the aggregates (D2). 
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Figure 4.8. Small angle X-ray scattering of sample 1 (blue), 2 (red), and 3 (green) 

along with two-population fitting (dashed lines). Datasets are offset successively 

by a factor of 100. 
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Figure 4.9. Schematic of particle aggregate morphology. 

Table 4.4. SAXS particle analysis for samples 1-3 where D1 is the mean diameter 

of the primary particles and D2 is the mean diameter of the aggregates. 

Sample D1 / nm D2 / nm 

1 25.2 ± 27.1 101.3 ± 15.7 

2 31.6 ± 19.8 103.1 ± 20.6 

3 34.2 ± 20.3 104.8 ± 19.2 

Transmission electron microscopy (Figure 4.10) confirmed that each sample consisted of 

aggregates of smaller assemblies, as predicted by SAXS. This result also supported the 

assertion that the N2 uptake at high relative pressure seen in Figure 4.5 is a result of 

condensation between the spherical nanoparticles. 

 

Figure 4.10. From left to right: transmission electron microscopy images of 

samples 1, 2 and 3 respectively. 



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

 

128 Chapter 4 

4.3. Reaction of supported cis-[Rh(CO)2I2]- with MeI 

After soaking a sample of 3 in MeI overnight the IR spectrum of the product displayed 

one terminal metal carbonyl absorption at 2058 cm-1, as well as a broad absorption in the 

acetyl region at around 1700 cm-1 (Figure 4.11). These data indicate that the supported 

complex undergoes oxidative addition of MeI, followed by methyl migration onto an 

adjacent carbonyl (Scheme 4.6), analogous to the solution chemistry. Upon exposure of 

this product to a CO atmosphere, the IR spectrum gradually evolved to resemble that of 

pristine 3 (Figure 4.11). By contrast, exposure of the oxidative addition product to an N2 

atmosphere resulted in no change in the IR spectrum, suggesting CO had associated and 

acetyl iodide was reductively eliminated to reform cis-[Rh(CO)2I2]
-. A shoulder at ~2080 

cm-1 could indicate either the intermediate trans-[Rh(CO)2(COMe)I3]
-
, found in solution 

studies prior to reductive elimination of MeCOI, or a by-product trans-[Rh(CO)2I4]
- from 

reaction of cis-[Rh(CO)2I2]
- with I2, or trans-[Rh(CO)2HI3]

- from reaction with HI. 

 

Figure 4.11. IR spectra (KBr disc, ν(CO) region) of pristine 3 (blue), after soaking 

in MeI (red), and after exposure to CO (green). 
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Scheme 4.6. Reaction of encapsulated cis-[Rh(CO)2I2]- with MeI and CO. 

Due to the stability of suspensions of these nanoparticles, the reaction between 3 and MeI 

could be monitored in situ using IR spectroscopy. The terminal ν(CO) region of the IR 

spectra over the course of one of these experiments is shown in Figure 4.12. 

 

Figure 4.12. Series of IR spectra (ν(CO) region) during reaction of 3 with 1 M MeI 

in CH2Cl2 (298 K). 

The absorbance value of the anti-symmetric ν(CO) band at 1987 cm-1 was recorded over 

time during the reaction. Pseudo first-order conditions were ensured by the use of an 

excess of MeI. If the rate is first order in Rh(I) complex, the intensity of this band would 

be expected to follow an exponential decay that could be fitted using Equation 4.1, where 

𝐴𝑡 is absorbance at a given time (𝑡), 𝐴∞ is the absorbance at infinite time, 𝐴0 is the initial 

absorbance value and 𝑘𝑜𝑏𝑠 is the pseudo first-order rate constant. Figure 4.13 shows a 
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plot of the kinetic data for one of these experiments, with curve fitting using Equation 

4.1. 

𝐴𝑡 = 𝐴∞ + (𝐴0 − 𝐴∞)𝑒−𝑘𝑜𝑏𝑠×𝑡 

Equation 4.1. 
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Figure 4.13. Decay of IR absorption at 1987 cm-1 with exponential curve fit during 

reaction of 3 with 1 M MeI in CH2Cl2 (298 K). 

It is clear that the exponential decay shown in Figure 4.13 does not describe the data 

perfectly. There appears an initial phase which is quicker than that accounted for by the 

fitting, and then a second phase which is slower.  

It was therefore attempted to fit the data using a double exponential decay, Equation 4.2, 

where two separate pseudo first-order rate constants (kobs
1 and kobs

2) contribute to the 

decay. In Equation 4.2, 𝐴1 and 𝐴2 refer to separate starting absorbances for each decay. 

The double exponential decay fitting of one of these experiments is shown in Figure 4.14. 

𝐴𝑡 = 𝐴∞ + 𝐴1𝑒−𝑘𝑜𝑏𝑠
1×𝑡 + 𝐴2𝑒−𝑘𝑜𝑏𝑠

2×𝑡 

Equation 4.2. 

kobs / s-1 0.000445  

R2 0.9791 
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Figure 4.14. Decay of IR absorption at 1987 cm-1 with double exponential curve 

fit during reaction of 3 with 1 M MeI in CH2Cl2 (298 K). 

Figure 4.14 shows that a double exponential decay fits the data much more closely than 

the single exponential fit shown in Figure 4.13, as reflected in its R2 value. Experiments 

of this sort were repeated across a range of MeI concentrations and similar behaviour was 

observed in all cases, with a double exponential decay providing a better fit to the data. 

The derived pseudo first-order rate constants are collected in Table 4.5. All traces are 

given in Appendix 7.5. 

kobs
1 / s-1 0.001130 

kobs
2 / s-1 0.000206 

R2 0.9997 
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Table 4.5. Pseudo first-order rate constants for single exponential decay fit (kobs, 

Equation 4.1) and double exponential decay fit (kobs
1, kobs

2, Equation 4.2) and 

their R2 values at a range of MeI concentrations in CH2Cl2 (298 K). 

[MeI]  
/ mol dm-3 

104 × kobs  
/ s-1 

R2 
104 × kobs

1 
/ s-1 

104 × kobs
2 

/ s-1 
R2 

1.0 4.44 0.9791 11.30 2.06 0.9997 

2.1 6.25 0.9822 13.34 3.44 0.9998 

4.2 10.01 0.9890 17.46 5.15 0.9997 

6.2 13.00 0.9862 29.02 5.05 1.0000 

8.3 16.52 0.9953 28.88 6.09 1.0000 

Figure 4.15 shows the derived kobs
1 and kobs

2 values plotted against the concentration of 

MeI. There is a linear dependence between the variables plotted, and the gradients can be 

equated to second order rate constants for the oxidative addition of MeI to 3 in CH2Cl2, 

k2
1 and k2

2. 

 

Figure 4.15. Plot of kobs
1 (blue) and kobs

2 (red) vs. MeI concentration for oxidative 

addition reaction of 3 in CH2Cl2 (298 K). 
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The k2
1 value for this system was calculated as 27.1 × 10-5 mol-1 dm3 s-1 and the k2

2 value 

was 5.0 × 10-5 mol-1 dm3 s-1 at 298 K in CH2Cl2 (Figure 4.15). The chemical significance 

of these two rate constants is not immediately clear, but it can be speculated that they may 

correlate to rates at different sites within the polymer (for instance, surface vs. bulk rates). 

It is unlikely that these rates correspond to the rates for [VP+Rh-] and (VP-Rh) (Figure 

4.3) as the anionic species has been found to undergo oxidative addition ca. 100 times 

faster than the neutral.50 Interestingly, both of these rates are greater than the k2 value for 

the homogeneous analogue, [n-Bu4N][Rh(CO)2I2] (2.7 × 10-5 mol-1 dm3 s-1 at 298 K in 

CH2Cl2).
49 They are also higher than that reported for the insoluble polymer system 

previously studied by Haynes et al. (2.6 × 10-5 mol-1 dm3 s-1),50 suggesting that the 

dispersibility of the material in the present study contributes to the enhanced rate. 

Surprisingly, the plots shown in Figure 4.15 have non-zero intercepts. The reason for this 

is again uncertain but it may be due to the inhomogeneous nature of these materials, which 

could alter the effective concentration of MeI in the pores of the material versus the bulk 

solution. 

Variable temperature studies were also carried out in CH2Cl2 and an Eyring plot of the 

resulting data is shown in Figure 4.16, along with previously measured values for the 

homogeneous analogue, [n-Bu4N][Rh(CO)2I2].
49 
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Figure 4.16. Eyring plot to determine activation parameters ΔH‡ and ΔS‡ for the 

oxidative addition of MeI to 3 (k2
1, blue; k2

2, red) and [n-Bu4N][Rh(CO)2I2] (green) 

in CH2Cl2.49 

The Eyring plots shown in Figure 4.16 show significant deviation from linearity and 

therefore lead to large uncertainties in the derived activation parameters; for k2
1, ΔH‡ = 

38 ± 13 kJ mol-1 and ΔS‡ = –183 ± 45 J K-1 mol-1; for k2
2, ΔH‡ = 51 ± 14 kJ mol-1 and ΔS‡ 

= –153 ± 47 J K-1 mol-1. It is notable that the data points for 3 at highest temperature (308 

K) are lower than expected by linear extrapolation from the points at lower temperature. 

The activation parameters derived from these plots should therefore be treated with 

caution, and do not allow the rate difference between homogeneous and supported 

systems to be ascribed to an enthalpic or entropic effect. Nonetheless, the kinetic data 

clearly indicate a significant rate increase compared with [n-Bu4N][Rh(CO)2I2] in 

CH2Cl2. 

Similar effects have been observed in the group when using related soluble linear 

polymers.51 That work used a soluble poly(4-vinylpyridine-co-styrene) polymer that had 
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been N-methylated using MeI as the counterion to cis-[Rh(CO)2I2]
-. A k2 value of 19.7 × 

10-5 mol-1 dm3 s-1 (CH2Cl2, 298 K) was measured. 

Other work in the group has investigated the use of ionic liquid media as solvents for this 

process due to their negligible vapour pressure.52,53 Iodide-containing ionic liquids have 

been explored as promising media for this reaction as they have the potential to eliminate 

the necessity of a separate iodide promoter.54–56 The ionic liquids 1-hexyl-3-

methylimidazolium iodide ([C6mim]I)52 and 1-octyl-4-methylpyridinium iodide 

([C84mpy]I)53 (Figure 4.17) were investigated as solvents in the oxidative addition of MeI 

to cis-[Rh(CO)2I2]
- and yielded k2 values of 33.9 × 10-5 mol-1 dm3 s-1 and 18.3 × 10-5 mol-1 

dm3 s-1, respectively (298 K), both notably faster than the rate in CH2Cl2.. 

 

Figure 4.17. The structures of room-temperature ionic liquids [C6mim]I and 

[C84mpy]I. 

The k2 values for these ionic liquid systems suggested a significant cation effect on the 

rate of reaction. It has been suggested that hydrogen bonding of the cation with the free 

iodide anion generated upon the SN2-type oxidative addition step may reduce the energy 

of the transition state, thus increasing the rate (Scheme 4.7). This would be supported by 

the larger k2 value in [C6mim]I compared to [C84mpy]I, as the 4-methylpyridinium cation 

is expected to be a poorer hydrogen-bond donor than imidazolium.57 

Another possibility that has been proposed is an alternative pathway, in which methyl 

migration occurs on the neutral complex formed by SN2 reaction of [Rh(CO)2I2]
-
 with 

MeI, before iodide association to complete the formal oxidative addition.51 Density 
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functional theory (DFT) calculations have indicated a lower activation energy for methyl 

migration in neutral [Rh(Me)(CO)2I2] than in anionic [Rh(Me)(CO)2I3]
-, indicating that 

the migratory insertion could perhaps compete better with the potential reverse SN2 

reaction and increase the net forward rate.58 It is possible that a similar effect could arise 

from ion-pairing interactions of the methylated pyridine moieties in the polymer-

supported system. 

 

Scheme 4.7. Proposed hydrogen-bond stabilisation of neutral intermediate in 

oxidative addition of MeI to cis-[Rh(CO)2I2]- in [C6mim]I. (a) is the typically 

observed SN2-type oxidative addition pathway; (b) is the postulated alternative 

route. 



Sam Ivko 

Dispersible Microporous Polymers with Pyridine Moieties 137 

4.4. Catalytic carbonylation of MeOH with supported 

cis-[Rh(CO)2I2]- 

4.4.1. In MeOH 

The reaction between a suspension of 3, methanol and carbon monoxide was probed by 

in situ high-pressure IR (HPIR) spectroscopy. Briefly, in a typical experiment, 3 was 

suspended in MeOH via sonication and added to the cell. A mixture of MeOH and MeI 

was added to give a final MeI concentration of 0.8 M in MeOH. The cell was pressurised 

with CO (10 bar) and stirred. The IR spectrum of the solution phase at 120 °C was 

collected every ten minutes over the course of twelve hours. 

During the course of the reaction, there is growth of an absorption at 1736 cm-1 (Figure 

4.18) which represents the C=O stretch of methyl acetate in MeOH. Methyl acetate is 

formed when the carbonylation product, acetic acid, esterifies in the presence of an excess 

of MeOH, as shown in Scheme 4.8. The homogeneous process was also probed under 

these conditions, as shown in Figure 4.18. The turnover frequency (TOF) values 

calculated from the slopes of these plots over the first four hours of reaction were 38.9 h-1 

and 15.4 h-1 for the polymer-supported catalyst and the homogeneous system respectively 

(Appendix 7.5). 
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Figure 4.18. Plot of absorbance vs. time for ν(CO) band of methyl acetate during 

methanol carbonylation catalysed by 3 (blue) and [n-Bu4N][Rh(CO)2I2] (grey) in 

MeOH at 120 °C (10 bar CO, 0.8 M MeI). 

 

Scheme 4.8. Reaction between methanol and carbon monoxide in presence of 

3 to form acetic acid, followed by esterification with excess methanol to form 

methyl acetate. 

It is important to note that the derived TOF value for 3 is calculated from the rhodium 

content of the supported catalyst measured by ICP-MS. As mentioned in Section 4.2, the 

rhodium content based on the estimated formula is slightly higher than that measured via 

ICP-MS, which leads to a TOF value of 28.0 h-1. In either case, the TOF value for 

polymer-supported cis-[Rh(CO)2I2]
- is higher than that for the homogeneous system. 
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Although the initial rate of catalysis for 3 is significantly faster than for the homogeneous 

system, after ~4 h the rate of formation begins to decrease (Figure 4.19). After 24 h 

reaction time, the solid was recovered and ICP-MS analysis of the supernatant phase 

revealed that >95% of the rhodium had leached into solution over this period. Another 

catalytic reaction was attempted with the recovered solid, but formation of methyl acetate 

was not observed. 

 

Figure 4.19. Plot of absorbance vs. time for ν(CO) band of methyl acetate during 

methanol carbonylation catalysed by 3 in MeOH at 120 °C (10 bar CO, 0.8 M 

MeI) showing change in gradient over time. 

The leaching of rhodium into solution from 3 may be due to displacement of an iodide 

ligand from cis-[Rh(CO)2I2]
- by MeOH (Scheme 4.9), resulting in a neutral complex 

which is no longer electrostatically attracted to the polymer, as reported for related 

systems.23 
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Scheme 4.9. Leaching of rhodium species by ligand substitution. 

4.4.2. In CHCl3 

In view of the leaching observed in MeOH, CHCl3 was tested as the bulk solvent in the 

reaction. Due to the difficulties in ascertaining the amount of rhodium in the system 

discussed in Section 4.4.1, in a typical experiment, 2 was suspended in a solution of 

[Rh(CO)2I]2 in CHCl3 via sonication and added to the cell. A mixture of MeOH and MeI 

in CHCl3 was added, to give a final mixture of 10% MeOH by volume. The cell was 

pressurised with CO (10 bar) and stirred. The IR spectrum of the solution phase at 120 

°C was collected every five minutes over the course of four hours. 

During the course of the reaction, an absorption grows at 1741 cm-1 (Figure 4.20) which 

represents the C=O stretch of methyl acetate in CHCl3. The homogeneous process was 

also probed under these conditions (Figure 4.20). The TOF values calculated from the 

slopes of these plots for the polymer-supported catalyst and the homogeneous system 

were 11.3 h-1 and 21.8 h-1 respectively (Appendix 7.7). 
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Figure 4.20. Plot of absorbance vs. time for ν(CO) band of methyl acetate during 

methanol carbonylation catalysed by 3 (blue) and [n-Bu4N][Rh(CO)2I2] (grey) in 

CHCl3 at 120 °C (10 bar CO, 0.8 M MeI, 2.5 M MeOH). 

The lower TOF value for 3 was unexpected given the enhancement of the rate-limiting 

step described in Section 4.3. It is possible that under these conditions (120 °C, 10 bar) 

more of the catalyst is converting into its inactive form, trans-[Rh(CO)2I4]
-, leading to a 

lower active catalyst loading. The precise explanation is unclear, however. 

Subsequent testing of the recovered material showed that it retained activity comparable 

with the first experiment (Figure 4.21) and ICP-MS analysis of the supernatant in these 

reactions revealed about 5% leaching of rhodium from the support in each case. 
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Figure 4.21. Plot of absorbance vs. time for ν(CO) band of methyl acetate during 

methanol carbonylation catalysed by 3 (blue) and a subsequent experiment with 

the recovered catalyst (red) in CHCl3 at 120 °C (10 bar CO, 0.8 M MeI, 2.5 M 

MeOH). 
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4.5. Summary 

A novel dispersible microporous polymer material has been postsynthetically modified 

via N-methylation of its 4-vinylpyridine moieties using MeI to generate a cationic support 

containing iodide counter-ions in its pores. Reaction with [Rh(CO)2I]2 generates the 

anionic carbonylation catalyst, cis-[Rh(CO)2I2]
-, which is heterogenised in the micropores 

via electrostatic interactions. The oxidative addition of MeI to the square-planar Rh(I) 

complex (the rate limiting step in the Monsanto process for the catalytic carbonylation of 

methanol) was probed in situ using infrared spectroscopy. Kinetic studies revealed that 

the reaction of cis-[Rh(CO)2I2]
- with MeI required fitting using a double exponential 

decay. Interestingly, both derived k2 values were larger than for the homogeneous 

analogue, [n-Bu4N][Rh(CO)2I2], at 298 K in CH2Cl2.
23 The polymer-supported catalyst 

was shown to be active for catalytic carbonylation of methanol. Initial activity was higher 

than the homogeneous analogue in methanol, but substantial leaching from the support 

was observed. In CHCl3, leaching was much reduced, but the catalytic activity was 

slightly lower than the homogeneous catalyst. 
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5.1. Conclusions 

The use of a range of solid supports to electrostatically incorporate an anionic 

carbonylation catalyst, cis-[Rh(CO)2I2]
-, has been investigated. Postsynthetic N-

methylation of nitrogen-functionalised neutral materials was used to generate cationic 

sites on the supports.  

In the cases of pyridine-containing UiO-type MOFs, N-methylation was investigated 

using a range of linkers, heating methods and methylating agents. It was found that a 

MOF containing the shorter linker (UiO-66-b/py) was more stable to harsh methylation 

conditions than isoreticular analogues with longer linkers (UiO-67-bpy and UiO-67-

bp/ppy). In all of these systems, however, it was not found to be possible to reach 

quantitative conversion of pyridyl to N-methylpyridinium sites. The presence of residual 

neutral nitrogen sites in these frameworks led to incorporation of covalently bound 

rhodium dicarbonyl species as well as the desired ionic encapsulation of cis-[Rh(CO)2I2]
-. 

For the imidazole-containing UiO-type MOFs, microwave heating was employed to 

achieve N-methylation. In the case of the single-linker MOF (UiO-66-imb), the maximum 

extent of conversion of imidazole to N-methylimidazolium sites was 85%. Incorporation 

of rhodium into this MOF yielded a mixture of cis-[Rh(CO)2I2]
- and a neutral rhodium 

dicarbonyl species, presumably coordinated to the remaining 15% of imidazole nitrogen 

sites ([Rh(CO)2I(imidazolyl)]). In pursuit of maximising N-methylation, a mixed-linker 

approach using terephthalic acid was employed as this was expected to reduce pore 

congestion and thus aid conversion. Indeed, the mixed-linker MOF (UiO-66-b/imb) 

achieved near-quantitative conversion of imidazole to N-methylimidazolium (97%). 

Reaction of this MOF with [Rh(CO)2I]2 resulted in incorporation of cis-[Rh(CO)2I2]
-. The 

supported complex was found to undergo the same key organometallic steps as observed 
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in the solution phase under ambient conditions. The material was active for the 

carbonylation of methanol, with slightly lower activity than the soluble analogue 

consistent with diffusion limitations in the framework. The material could be recycled 

without appreciable loss of activity, and the recovered material retained its crystallinity. 

A novel dispersible microporous polymer material was synthesised from the controlled 

polymerisation of 1,4-divinylbenzene and 4-vinylpyridine, mediated via a PEG-based 

chain-transfer agent. The material was postsynthetically modified via N-methylation of 

the pyridine moiety to generate a support with cationic sites, which could be used to 

electrostatically incorporate cis-[Rh(CO)2I2]
-. The supported complex underwent the key 

organometallic steps observed for the solution-phase Monsanto catalytic cycle under 

ambient conditions, although the octahedral trans-[Rh(COMe)(CO)2I3]
- complex formed 

prior to reductive elimination of acetyl iodide was not clearly observed. The oxidative 

addition of MeI to the square planar catalyst (the rate limiting step in the Monsanto 

process for the carbonylation of methanol) could be probed in situ using infrared 

spectroscopy. Kinetic studies revealed the disappearance of the Rh(I) complex to follow 

a double-exponential decay where both derived k2 values were larger than for the 

homogeneous analogue, [n-Bu4N][Rh(CO)2I2], at 25 °C in CH2Cl2.
1 The polymer-

supported catalyst was shown to be active for the catalytic carbonylation of methanol, 

with slightly lower activity than the homogeneous analogue. The supported catalyst 

demonstrated good recyclability in CHCl3. 

The carbonylation catalyst, cis-[Rh(CO)2I2]
-, has hence been successfully encapsulated 

via electrostatic interactions on both MOF and organic polymer supports which have been 

thoroughly characterised and their reactivity extensively investigated. 
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5.2. Future Work 

5.2.1. Different catalysts 

The work presented herein can be viewed as a general approach towards non-covalent 

catalyst encapsulation and, in that sense, any anionic catalyst offers a promising candidate 

for incorporation in this manner. 

The active species in the Cativa catalytic process (fac-[Ir(CO)2I3Me]-) is an obvious 

candidate in parallel with this work, as this complex is also active for the carbonylation 

of methanol to form acetic acid.2 

Another candidate complex is [Co(CO)4]
-. This species has recently been supported in an 

analogous manner on Cr-MIL-101 and has been shown to be active for epoxide 

carbonylation to form β-lactones,3 and also β-lactone carbonylation to form succinic 

anhydrides.4 

More broadly, any phosphine-containing catalyst could be encapsulated in this manner 

by substituting the phosphine ligand for a sulfonated analogue. Previously, a 

hydroformylation catalyst was prepared containing trisulfonated triphenylphoshine 

(TPPTS) ligands, [HRh(CO)(TPPTS)3]
9- in place of the usual triphenylphosphine 

ligands.5,6 This resulted in an anionic catalyst that could be supported via electrostatic 

interactions in an ionic liquid,6 or onto cationic micelle surfaces.5 This anionic 

hydroformylation catalyst could be immobilised onto a solid support as described in this 

thesis, although the support used would presumably need to contain larger pores to 

accommodate the bulky phosphine ligands. Furthermore, the TPPTS ligand could be 

substituted onto other phosphine-containing transition metal catalysts to introduce a 

negative charge and allow for their ionic encapsulation. 
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5.2.2. Different supports 

The pre-quaternised imidazole-containing linker, [H2imbdc-Me]I, can also be 

incorporated into Cr-MIL-101 to generate a cationic framework,7 and this system 

represents an opportunity to encapsulate cis-[Rh(CO)2I2]
- and other anionic catalysts in 

an analogous manner to that explored in this thesis. 

Furthermore, Cr-MIL-101 is cationic in its own right by virtue of its SBUs, and the 

tightly-bound fluoride counter-ions can be exchanged for more mobile chloride anions 

by treatment with AlCl3.
8 This approach has been utilised previously to encapsulate 

[Co(CO)4]
- on Cr-MIL-101,3,4 a strategy that could be extended to immobilise a range of 

anionic catalysts as described in Section 5.2.1. 

Cr-MIL-101 represents an attractive candidate for support in this manner due to its large 

pore sizes. If, as postulated in Chapter 3, diffusion limitations are responsible for the 

lower catalytic activity observed for the UiO-66-b/imb system, this system may 

potentially represent an improvement on the turnover frequency of the supported 

complex. 
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6.1. Solvents and reagents 

Dry solvents (excluding MeOH) were obtained from a Grubbs solvent purification system 

in which the solvents were degassed prior to being passed through activated alumina and 

a supported copper catalyst to remove protic contaminants and trace oxygen 

respectively.1 These solvents were stored under N2. Solvents were used within 24 h of 

collection from the dry solvent system. Other solvents were purchased from either Fisher 

Scientific or Sigma Aldrich (HPLC grade unless otherwise stated) and were used without 

further purification. Standard Schlenk techniques and glassware were used for preparative 

reactions. 

Rhodium trichloride hydrate was purchased from Precious Metals Online, Monash 

University LPO, Melbourne, Australia. Argon and carbon monoxide (99.9% CP grade) 

were supplied by BOC. All other reagents were purchased from either Fisher Scientific 

or Sigma Aldrich and used without further purification. 
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6.2. Instrumentation 

6.2.1. Infra-red spectra 

Infra-red spectra were collected using a Perkin-Elmer 100 FTIR spectrometer with ATR 

accessory. KBr disc samples were prepared by grinding with a 20-fold excess of pure 

KBr dried overnight in a vacuum oven at 80 °C. The samples were pelletized at high 

pressure (10 tons) and analysed as a thin transparent disc. Solution IR spectra were 

recorded using a transmission cell (CaF2 windows, 0.5 mm pathlength). 

6.2.2. Nuclear magnetic resonance spectroscopy 

Solution-phase 1H and 13C{1H} NMR spectra were collected using a Bruker AC400 

spectrometer fitted with an automatic sample changer using the solvent as the internal 

standard. 

To digest in a mixture of NaOD/D2O, samples were added to a capped sample vial to 

which D2O (1 cm3) and NaOD (40% w/w in D2O, 0.05 cm3) were added. The mixture 

was sonicated for 10 minutes and then filtered through cotton wool before analysing. 

To digest in a mixture of D3PO4 with D2O or (CD3)2SO, samples were added to a capped 

sample vial to which D2O or (CD3)2SO (1 cm3) and D3PO4 (85% w/w in D2O, 0.25 cm3) 

were added. The mixture was stirred overnight and then filtered through cotton wool 

before analysing. 

To digest in a mixture of DCl/D2O, samples were added to a capped sample vial to which 

D2O (1 cm3) and DCl (35% w/w in D2O, 0.25 cm3) were added. The mixture was stirred 

overnight and then filtered through cotton wool before analysing. 
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Solid-state NMR samples were packed into 4 mm zirconia rotors and transferred to a 

Bruker Avance III HD spectrometer. 1D 1H-13C cross-polarisation magic angle spinning 

(CP/MAS) NMR experiments were measured at 125.76 MHz (500.13 MHz 1H) at a MAS 

rate of 10.0 kHz. The 1H π/2 pulse was 3.4 μs, and two-pulse phase modulation (TPPM) 

decoupling was used during the acquisition. The Hartmann-Hahn condition was set using 

hexamethylbenzene. The spectra were measured using a contact time of 2.0 ms. The 

relaxation delay, D1, for each sample was individually determined from the proton T1 

measurement (D1 = 5 × T1). Samples were collected until sufficient signal to noise ratio 

was observed, typically greater than 1094 scans. The values of the chemical shifts are 

referenced to that of TMS. 

6.2.3. Powder X-ray diffraction 

For powder X-ray diffraction pattern collection, samples were dried under high vacuum 

before being ground into a fine powder using a pestle and mortar. The microcrystalline 

samples were then analysed using a Bruker D8 Advance X-ray powder diffractometer 

equipped with a LynxEye Detector, a Cu Kα sealed tube source (with wavelength, λ, of 1.5406 

Å) and a variable motorised slit. Patterns were recorded in either Bragg-Brentano geometry 

(in which samples were placed in a zero-background Si sample holder rotated at 15 rpm) or 

Debye-Scherrer geometry (in a capillary stage with samples loaded in either 0.5 mm or 0.7 

mm borosilicate capillaries and rotated at 30 rpm). Data were collected between 5° to 70° 2θ 

with data being recorded at 0.02° increments. Data were collected under ambient conditions. 

Indexing and Pawley refinements were carried out using TOPAS Academic version 4.1 

(Appendix 7.3).2 



Sam Ivko 

Experimental 159 

6.2.4. Small angle X-ray scattering 

SAXS studies were performed by M. J. Derry at Diamond Light Source Beamline I22 

using monochromatic X-ray radiation (X-ray wavelength λ = 0.999 Å, with scattering 

vector q ranging from 0.0027 to 0.25 Å-1, where q = 4π sin θ/λ and θ is one-half of the 

scattering angle) and a 2D Pilatus 2M pixel detector (Dectris, Switzerland). Scattering 

data were reduced and normalized with glassy carbon being used for the absolute intensity 

calibration utilising standard routines available at the beamline3 and further analysed 

(background subtraction and data modelling) using Irena SAS macros for Igor Pro.4  

6.2.5. Volumetric N2 gas sorption 

Nitrogen gas sorption isotherms were collected at 77 K using approximately 100 mg of 

sample on an ASAP 2020 micromeritics volumetric adsorption analyser. Prior to analysis 

all samples except those with encapsulated cis-[Rh(CO)2I2]
- were degassed for at least 16 

h at 120 °C under a vacuum of at least 10-5
 bar. Samples containing rhodium were 

degassed under the same vacuum level but without heating due to issues relating to the 

stability of the complex. BET surface areas were calculated over a relative pressure range 

(p/p0) of between 0.01 – 0.15. Pore size distributions and pore volumes were calculated 

from the adsorption isotherms and modelled using the nonlocal density functional theory 

model (NL-DFT) for N2 on carbon slit pores found within the micromeritics ASAP 

software. 

6.2.6. Elemental analysis 

Carbon, hydrogen, nitrogen and sulfur elemental analysis was performed by the 

Departmental Microanalysis Service by burning a small amount of sample in a stream of 

pure oxygen. The sample was placed in a tin capsule and introduced into the combustion 
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tube of the Elementar Vario MICRO Cube CHN/S analyser via a stream of helium. 

Combustion products were analysed by first passing the sample through a copper tube to 

remove excess oxygen and reduce any NOx to N2. Gases were separated using a Thermal 

Programmed Desorption column and detected using a Thermal Conductivity Detector.  

Iodide analysis was performed using the Schöninger flask combustion method in which 

an amount of sample is combusted in an oxygen-enriched environment, the resultant 

gases are absorbed, and a titration is conducted to determine the iodide concentration. 

6.2.7. Electron microscopy 

Transmission electron microscopy (TEM) images were collected using a Philips CM 100 

instrument operating at 100 kV and equipped with a Gatan 1 k CCD camera. A diluted 

solution of the polymer material (0.10% w/w) was placed on carbon-coated copper grids, 

allowed to dry and then exposed to ruthenium(VIII) oxide vapor for 7 min at 20 °C prior 

to analysis. The ruthenium(VIII) oxide was prepared as follows: Ruthenium(IV) oxide 

(0.30 g) was added to water (50 g) to form a black slurry; addition of sodium periodate 

(2.0 g) with stirring produced a yellow solution of ruthenium(VIII) oxide within 1 min.5 

Scanning electron microscopy (SEM) images were collected as follows: Cu 200 mesh 

TEM grids coated with Quantifoil R 2/2 carbon film were glow discharged before 

application of the sample. A small amount of the dried MOF sample was suspended in 

propan-2-ol (≈ 1 mL) and agitated. A 2 µL aliquot of the MOF suspension was pipetted 

onto the Quantifoil side of the grid and allowed to dry. A custom-made copper shuttle 

was used to hold the TEM grids during these experiments. Grids were imaged using a 

JEOL JSM-IT100 Scanning Electron Microscope. An accelerating voltage of 5.0 kV, a 
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working distance of 12 mm and a probe current of 40 (arbitrary units) were used to image 

the grids.  
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6.3. Synthesis of rhodium precursors 

6.3.1. [Rh(CO)2Cl]2 

 

[Rh(CO)2Cl]2 was synthesised according to an established literature procedure.6 

RhCl3∙xH2O (~5 g) was placed in a glass sintered tube and heated to 100 °C. This was 

purged with a stream of CO gas that was pre-saturated with MeOH. After 1 h MeOH was 

removed. After another hour, the temperature was increased to 150 °C and heated for a 

further 3 h. Product was purified by vacuum sublimation (100 °C) to yield [Rh(CO)2Cl]2 

(1.55 g, 3.9 mmol) as red crystals, ν(CO) / cm-1 (solution cell, n-hexane) 2107 (s), 2092 

(s), 2036 (s), 2001 (w). 

6.3.2. [Rh(CO)2I]2 

 

[Rh(CO)2I]2 was synthesised according to an established literature procedure.7 Briefly, a 

solution of [Rh(CO)2Cl]2 (747 mg, 1.9 mmol) in CO-saturated n-hexane (50 cm3) was 

stirred over dry KI (4.4 g, 26.5 mmol) under CO at RT for 24 h. The solution was filtered 

and the volume reduced in vacuo until precipitation began to form, when the mixture was 

sealed under CO and heated to dissolve the solid. This was left to crystallise at 0 °C before 

isolation by filtration to give [Rh(CO)2I]2 (835 mg, 1.5 mmol, 76%) as red needles, ν(CO) 

/ cm-1 (solution cell, n-hexane) 2091 (s), 2081 (s), 2027 (s). 
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6.4. Synthesis of linkers 

2,5-pyridinedicarboxylic acid (H2pydc) and terephthalic acid (H2bdc) were supplied by 

Sigma-Aldrich Chemicals Ltd and used as supplied. 

6.4.1. 2,2’-bipyridyl-5,5’-dicarboxylic acid (H2bpydc) 

 

In a typical experiment 5,5’-dimethyl-2,2’-bipyridyl (0.97 g, 5.3 mmol) was dissolved in 

sulfuric acid (25 cm3). Potassium dichromate (4.86 g, 16.5 mmol) was added over twenty 

minutes and the reaction mixture was cooled using an ice bath if the temperature exceeded 

80 °C. After completion, the mixture was poured onto a slurry of ice and water (~200 

cm3). The product was isolated by filtration and washed thoroughly with water until it 

lost its green colour. The product was then washed with acetone (20 cm3) and dried under 

vacuum overnight, giving 2,2’-bipyridine-5,5’-dicarboxylic acid (1.1 g, 4.5 mmol, 86%) 

as a white powder, Η (400 ΜΗz; (CD3)2SO) 8.45 (dd, J = 8.5, 2.0 Hz, 2 H), 8.57 (d, J = 

8.5 Hz, 2 H), 9.20 (d, J = 2.0 Hz, 2 H), 13.54 (br s, 2 H); νmax/cm-1 (ATR-IR) 2563 (w, 

O-H), 1679 (s, C=O), 1593 (s, ar. C=C), 1426 (m, C-O-H), 1306 (s, C-O). 
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6.4.2. 2-phenylpyridine-5,4’-dicarboxylic acid (H2ppydc) 

6.4.2.1. Coupling 

 

The synthesis was performed according to a literature procedure.8 2-bromo-5-

methylpyridine (3.440 g, 20 mmol) and p-tolylboronic acid (3.130 g, 23 mmol) were 

dissolved in water (80 cm3) and isopropanol (80 cm3). After stirring to dissolve the solids, 

Pd(OAc)2 (0.112 g, 0.5 mmol) and K3PO4 (8.48 g, 40 mmol) were added, and the mixture 

was heated to reflux for four hours. The resulting mixture was filtered through Celite and 

brine solution (150 cm3) was added to the filtrate. This was extracted with ethyl acetate 

(3 × 150 cm3) and the organic phase was dried over MgSO4 before removing the solvent 

in vacuo to give a yellow oil. This was purified using flash column chromatography (9:1 

n-hexane to ethyl acetate) to give 5-methyl-2-(4-methylphenyl)pyridine (2.910 g, 15.9 

mmol, 53%) as a white powder (Found: C, 84.9; H, 7.1; N, 7.5.  C13H13N expected: C, 

85.2; H, 7.2; N, 7.6%); Η (400 ΜΗz; CDCl3) 2.39 (s, 3 H), 2.43 (s, 3 H), 7.29 (d, J = 8.0 

Hz, 1 H), 7.54 (dd, J = 8.0, 2.0 Hz, 1 H), 7.63 (d, J = 8.0 Hz, 1 H), 7.80 (d, J = 8.0 Hz, 2 

H), 8.53 (d, J = 2.0 Hz, 1 H); m/z 184.1 (100%, M+). 

6.4.2.2. Oxidation 

 

The synthesis was performed according to a literature procedure.8 5-methyl-2-(4-

methylphenyl)pyridine (0.3 g, 1.6 mmol) was dissolved in a mixture of acetic acid (8 cm3) 
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and hydrochloric acid (1 cm3). The solution was cooled to 0 °C, and CrO3 (1.74 g, 17.4 

mmol) was added slowly. Acetic anhydride (1 cm3) was added and the mixture was stirred 

under Ar for one hour at 0 °C, then for 16 h at room temperature. The resulting mixture 

was poured into ice and the green crude product was filtered off. This was dissolved in 

4% aq. KOH, filtered through Celite and then acidified using 6 M HCl to obtain 2-phenyl-

5,4’-dicarboxylic acid (0.26 g, 1.1 mmol, 65%) as a white solid (Found: C, 59.9; Η, 3.7; 

Ν, 5.3. C13Η9ΝΟ4 expected: C, 64.2; Η, 3.7; Ν, 5.8); Η (400 ΜΗz; (CD3)2SO) 8.07 (d, J 

= 8.5 Hz, 2 H), 8.19 (d, J = 8.5 Ηz, 1 Η), 8.29 (d, J = 8.5 Ηz, 2 Η), 8.38 (dd, J = 8.5, 2.0 

Ηz, 1 Η), 9.18 (d, J = 2.0 Hz 1 Η), 13.28 (br. s, 2 H); m/z 242.1 (100%, M+). 

6.4.3. 2-(imidazole-1-yl)terephthalic acid (H2imbdc) 

 

The linker was synthesised according to a modified procedure from the literature.9 

Imidazole (8.500 g, 125 mmol), 2-bromoterephthalic acid (6.125 g, 25 mmol), K2CO3 

(9.674 g, 70 mmol) and CuSO4 (0.250 g, 1 mmol) were ground together and added to a 

125 cm3 solvothermal vessel which had been flushed with Ar. The mixture was sealed 

and incubated at 210 C for 10 h before cooling to room temperature. The crude solid 

product was dissolved in H2O (300 cm3) and filtered. The pH of the filtrate was adjusted 

to between 2 and 3 with 6 M HCl. The grey precipitate was isolated by filtration and 

recrystallised from 6 M HCl. The product was heated at 80 C under vacuum for 16 h to 

yield 2-(imidazol-1-yl)terephthalic acid (3.182 g, 47%) as light brown crystals, (Found: 

C, 49.0; H, 3.4; N, 10.5; Cl, 13.4. C11Η9Ν2Ο4Cl expected: C, 49.2; Η, 3.4; Ν, 10.4; Cl, 

13.2%); Η (400 ΜΗz; D2O and D3PO4) 6.81 (s, 1 H), 6.84 (s, 1 H), 7.35 (s, 1 H), 
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7.45 (br. m, 2 H), 8.13 (s, 1 H); C (400 ΜΗz; D2O and D3PO4) 118.77, 123.00, 128.31, 

129.84, 131.33, 131.82, 133.37, 134.19, 135.11, 165.83, 166.96; m/z 233 (100%, Μ+). 

6.4.4. Quaternisation of H2imbdc 

 

This reaction was performed according to a modified procedure from the literature.10 

2-(imidazol-1-yl)terephthalic acid (5.166 g, 19.2 mmol) was dissolved in EtOH (64 cm3) 

and DMF (3 drops). SOCl2 (7 cm3, 96.4 mmol) was added dropwise. The mixture was 

refluxed at 80 C for 48 h, and then the solvent was removed under reduced pressure. The 

crude product was dissolved in H2O (40 cm3) and the pH was adjusted to above 9 with 

2M aq. KOH. The solution was extracted with EtOAc (4 × 70 cm3) and the organic layers 

were combined and dried over MgSO4. The solvent was removed under reduced pressure. 

The white solid product was dissolved in MeCN (52 cm3) and MeI (13 cm3, 208.8 mmol) 

and refluxed at 80 C for 72 h. Solvent was removed under reduced pressure and the solid 

product was dissolved in 6 M aq. HCl (32 cm3) and refluxed for 16 h. The mixture was 

allowed to cool, at which point the product crashed out of solution. This was collected by 

filtration and dried in a vacuum oven for 16 h to yield 1-(2,5-dicarboxyphenyl)-3-methyl-

1H-imidazol-3-ium iodide (2.171 g, 30%) as a yellow powder, H (400 MHz; D2O and 

D3PO4) 3.20 (s, 3 H), 6.79 (s, 1 H), 6.83 (s, 1 H), 7.35 (s, 1 H), 7.46 (br. m, 2 H), 8.12 (s, 

1 H); C (400 MHz; D2O and D3PO4) 35.45, 122.74, 123.44, 128.31, 129.85, 131.38, 

131.86, 133.31, 134.24, 136.36, 165.85, 167.00; m/z 247 (100%, M+). 
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6.5. Synthesis and postsynthetic modification of MOFs 

6.5.1. UiO-67-bpy 

6.5.1.1. Synthesis 

This MOF was prepared solvothermally using a modified method from the literature.11 In 

a typical experiment ZrCl4 (505 mg, 2.17 mmol), 2,2’-bipyridine-5,5’-dicarboxylic acid 

(530 mg, 2.17 mmol) and benzoic acid (7942 mg, 65.1 mmol) were placed in a round 

bottom flask with anhydrous DMF (85 cm3). The solids were dispersed with stirring for 

15 minutes and then the suspension was placed within a Teflon-lined stainless steel 

autoclave and incubated at 80 °C for 48 hours. The vessel was then cooled at a rate of 

0.1 °C min-1 and the solids were then collected by centrifugation and the solvent decanted. 

The solids were washed with DMF (2 × 100 cm3) and then soaked in methanol for 72 

hours, exchanging for fresh methanol (100 cm3) every 24 hours. The solids were collected 

by centrifugation and dried under vacuum overnight to give [Zr6O4(OH)4(bpydc)6] (485 

mg, 0.228 mmol, 63%) as a white powder, (Found: C, 40.4; H, 2.6; N, 7.7. Expected: C, 

40.6; H, 1.9; N, 7.9%); H (400 MHz; D2O and NaOD) 7.95 (d, J = 8.0 Hz, 2 H), 8.18 

(dd, J = 8.2, 2.1 Hz, 2 H), 8.85 (d, J = 1.6 Hz, 2 H); νmax/cm-1 (ATR-IR) 1593 (m, ar. 

C=C), 1409 (s, C-O), 1365 (m, C-O). The powder pattern was fitted using TOPAS 

Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 26.6062(4) Å (Figure 6.1, 

Appendix 7.3).2 
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Figure 6.1. Pawley fit of UiO-67-bpy showing the observed pattern (blue), the fit 

(red), and the difference (green). 

6.5.1.2. Reactions with MeI 

The quaternisation of UiO-67-bpy was attempted according to a modified literature 

method.12 Dry UiO-67-bpy (200 mg, 0.09 mmol) was added to anhydrous THF (2 cm3) 

in a capped sample vial. MeI (2 cm3, 32 mmol) was added and the mixture was sonicated 

for 15 minutes to ensure full dispersion of the solid. The suspension was placed within a 

Teflon-lined stainless steel autoclave and incubated at 100 °C for 72 h. The vessel was 

cooled at a rate of 0.1 °C min-1 and the solids were collected via centrifugation. The crude 

material was washed with DMF (3 × 10 cm3) and acetone (10 cm3) and dried under 

vacuum overnight to give a yellow powder. Analysis of the product by 1H NMR 

spectroscopy after digesting in NaOD/D2O indicated partial mono-quaternisation of the 

bpydc linkers, as discussed in Chapter 2. The procedure was repeated using incubation 

periods of up to 15 days in an attempt to increase the extent of quaternisation. A maximum 

of 87% mono-methylation was found as discussed in Chapter 2.  

6.5.1.3. Reaction with 1,2-diiodoethane 

Dry UiO-67-bpy (50 mg, 0.02 mmol) was added to anhydrous MeCN (4 cm3) in a Teflon-

lined stainless steel autoclave. 1,2-diiodoethane (419 mg, 1.5 mmol) was added, and the 

vessel was incubated at 100 °C for 60 h. The vessel was cooled naturally and the solids 
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were collected by filtration. The crude material was washed with DMF (3 × 10 cm3) and 

acetone (10 cm3) and dried under vacuum overnight to give a brown powder. The product 

was analysed by 1H NMR spectroscopy after digesting in NaOD/D2O and found to have 

returned starting material. 

6.5.1.4. Reaction of UiO-67-bpy with [Rh(CO)2I]2 

 

[Rh(CO)2I]2 (62 mg, 0.1 mmol) in dry hexane (20 cm3) was added to dry UiO-67-bpy (26 

mg, 0.01 mmol) under Ar via cannula. Immediately upon addition of the dimer solution 

to the solid, the MOF changed colour from white to black. The reaction was monitored 

by measuring the concentration of rhodium dimer in the supernatant via IR spectroscopy 

and was deemed complete after two hours of stirring. The supernatant was removed via 

centrifugation and the solid was washed with dry hexane (2 × 20 cm3) before drying under 

vacuum overnight to give UiO-67-bpy-Rh (12 mg) as a black powder, ν(CO) / cm-1 (ATR-

IR) 2090 (m), 2064 (m), 2038 (m), 1999 (m). 
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6.5.1.5. Reaction of UiO-67-bpy-Me87% with [Rh(CO)2I]2 

   

[Rh(CO)2I]2 (34 mg, 0.06 mmol) in dry hexane (20 cm3) was added to dry UiO-67-bpy-

Me87% (56 mg, 0.02 mmol) under Ar via cannula. Immediately upon addition of the dimer 

solution to the solid, the MOF changed colour from yellow to brown. The mixture was 

stirred under Ar for 24 h. The supernatant was removed via centrifugation and the solid 

was washed with dry hexane (2 × 20 cm3) before drying under vacuum overnight to give 

Rh @ UiO-67-bpy-Me87% (22 mg) as a light brown powder, ν(CO) / cm-1 (ATR-IR) 2066 

(w), 1996 (w). 
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6.5.2. UiO-67-bp/ppy 

6.5.2.1. Synthesis 

 

The mixed-linker MOF was synthesised according to a modified literature procedure.8 

Biphenyl-4,4’-dicarboxylic acid (445 mg, 1.8 mmol), 2-phenylpyridine-5,4’-dicarboxylic 

acid (88 mg, 0.4 mmol), ZrCl4 (513 mg, 2.2 mmol) and benzoic acid (7.950 g, 65 mmol) 

were added into dry DMF (83 cm3) in a Teflon-lined stainless steel autoclave. This was 

incubated at 120 °C for 48 h, followed by slow cooling at 0.1 °C min-1. The product was 

recovered by centrifugation and washed with DMF (2 × 30 cm3) and soaked in MeOH 

for 72 h, exchanging for fresh MeOH every 24 h (3 × 30 cm3). The product was isolated 

via centrifugation and dried under vacuum overnight to give 

[Zr6O4(OH)4(bpdc)4.75(ppydc)1.25] (0.451 g, 59%) as a white powder, (Found: C, 37.4; 

H, 4.3; N, 0.7; Zr, 23.7. Expected: C, 46.8; H, 2.4; N, 0.8; Zr, 25.8%); Η (400 ΜΗz; D2O 

and NaOD) 7.65 (d, J = 8.5 Hz, 11 H), 7.83 (dd, J = 6.0, 4.5 Hz, 15 H), 8.17 (dd, J = 8.0, 

2.0 Hz, 1 H), 8.31 (s, 1 H), 8.86 (d, J = 2.0 Hz, 1 H). The powder pattern was fitted using 

TOPAS Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 26.890(2) Å (Figure 

6.2, Appendix 7.3).2 
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Figure 6.2. Pawley fit of UiO-67-bp/ppy showing the observed pattern (blue), the 

fit (red), and the difference (green). 

6.5.2.2. Reaction with MeI (reflux) 

 

UiO-67-bp/ppy (200 mg, 0.1 mmol), MeI (8 cm3, 129 mmol) and dry CHCl3 (40 cm3) 

were refluxed together for 3 days, 1 week and 2 weeks separately. The solids from these 

reactions were recovered via centrifugation and washed with MeOH (2 × 20 cm3). The 

product was isolated via centrifugation and dried under vacuum to give UiO-67-bp/ppy-

MeX% as a yellow powder (where X = the calculated extent of quaternisation). The 

products were analysed by 1H NMR spectroscopy after digesting in D3PΟ4/(CD3)2SO to 

determine the extent of quaternisation of the ppydc linkers as described in Chapter 2. 

The three-day reaction reached a quaternisation extent of 51% (Found: C, 38.5; H, 3.3; 

N, 0.8. Expected: C, 45.3; H, 2.4; N, 0.8%); Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 4.09 

(s, 1.5 H), 7.71 (d, J = 8.5 Hz, 1 H), 7.80 (d, J = 8.5 Hz, 1 H), 7.86 (d, J = 7.5 Hz, 1 H), 

8.03 (m, 5 H), 8.85 (d, J = 9.5 Hz, 1 H). The powder pattern was fitted using TOPAS 
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Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 26.880(3) Å (Figure 6.3, 

Appendix 7.3).2 

 

Figure 6.3. Pawley fit of the product of the reaction of UiO-67-bp/ppy with MeI 

after 3 days showing the observed pattern (blue), the fit (red), and the difference 

(green). 

The one-week reaction reached a quaternisation extent of 61% (Found: C, 42.6; H, 3.1; 

N, 0.5. Expected: C, 45.0; H, 2.4; N, 0.8%); Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 4.09 

(s, 1.8 H), 7.72 (d, J = 8.5 Hz, 1 H), 7.80 (d, J = 7.0 Hz, 1 H), 7.86 (d, J = 7.5 Hz, 1 H), 

8.03 (m, 5 H), 8.85 (d, J = 9.0 Hz, 1 H). The powder pattern was fitted using TOPAS 

Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 26.931(4) Å (Figure 6.4, 

Appendix 7.3).2 

 

Figure 6.4. Pawley fit of the product of the reaction of UiO-67-bp/ppy with MeI 

after 1 week showing the observed pattern (blue), the fit (red), and the difference 

(green). 
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The two-week reaction reached a quaternisation extent of 73% (Found: C, 41.1; H, 3.3; 

N, 0.6. Expected: C, 44.6; H, 2.4; N, 0.8%); Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 4.09 

(s, 2.2 H), 7.71 (d, J = 7.5 Hz, 1 H), 7.79 (d, J = 8.0 Hz, 1 H), 7.85 (d, J = 7.5 Hz, 1 H), 

8.03 (m, 5 H), 8.85 (d, J = 8.5 Hz, 1 H). The powder pattern was fitted using TOPAS 

Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 26.890(25) Å (Figure 6.5, 

Appendix 7.3).2 

 

Figure 6.5. Pawley fit of the product of the reaction of UiO-67-bp/ppy with MeI 

after 2 w showing the observed pattern (blue), the fit (red), and the difference 

(green). 

6.5.2.3. Reaction with [Rh(CO)2I]2 

 

[Rh(CO)2I]2 (27 mg, 0.06 mmol) in dry hexane (50 cm3) was added to dry UiO-67-

bp/ppy-MeX% (100 mg) samples and stirred overnight under N2. The solids were 

recovered by centrifugation and washed with dry hexane (2 × 20 cm3) before drying under 

vacuum and storing under a CO atmosphere at 5 °C. 
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Product of reaction of UiO-67-bp/ppy-Me51% with [Rh(CO)2I]2 was a grey powder (51 

mg); ν(CO) / cm-1 (ATR-IR) 2076 (m), 1998 (m). 

Product of reaction of UiO-67-bp/ppy-Me61% with [Rh(CO)2I]2 was a grey powder (75 

mg); ν(CO) / cm-1 (ATR-IR) 2070 (m), 1994 (m). 

Product of reaction of UiO-67-bp/ppy-Me73% with [Rh(CO)2I]2 was a grey powder (67 

mg) and contained no discernible terminal metal carbonyl absorptions.  

6.5.2.4. Reaction with MeI (microwave) 

 

UiO-67-bp/ppy (100 mg, 0.05 mmol) was added to a 10 cm3 microwave tube with dry 

MeCN (3 cm3) and MeI (1 cm3, 16 mmol). The tube was heated to 120 °C in a microwave 

for 1 h, reaching a pressure of 6 bar, before drying under vacuum overnight to give the 

product (164 mg) as a yellow powder; Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 4.09 (s, 1.8 

H), 7.22 (d, J = 8.0 Hz, 1 H), 7.80 (d, J = 8.0 Hz, 2 H), 8.00 (m, 3 H), 8.09 (d, J = 8.0 Hz, 

2 H), 8.85 (d, J = 8.0 Hz, 1 H). Powder X-ray diffraction analysis of the product indicated 

loss of crystallinity in the sample. 

6.5.2.5. Reaction with [Me3O][BF4] 

[Me3O][BF4] (148 mg, 1 mmol) was added to UiO-67-bp/ppy (250 mg, 0.1 mmol) under 

N2. Dry CHCl3 was added and the mixture was refluxed under N2 for 3 days. The product 

was washed with MeOH (3 × 20 cm3) and the product was recovered by centrifugation. 
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The product was isolated as a powder (85 mg), Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 3.72 

(s, 2.6 H), 7.36 (s, 1 H), 7.43 (s, 1 H), 7.98 (d, J = 8.0 Hz, 2 H), 8.11 (m, 1 H), 8.65 (s, 

1H). Powder X-ray diffraction analysis of the product indicated loss of crystallinity in the 

sample. 

6.5.3. UiO-66-b/py 

6.5.3.1. Synthesis 

 

ZrCl4 (679 mg, 2.9 mmol), terephthalic acid (398 mg, 2.4 mmol), pyridine-2,5-

dicarboxylic acid (84 mg, 0.4 mmol), acetic acid (17 cm3) and dry DMF (69 cm3) were 

added into a 125 cm3 Teflon-lined stainless steel autoclave. This was incubated at 120 °C 

for 48 h before cooling to room temperature at a rate of 0.1 °C min-1. The solids were 

recovered by centrifugation and washed with DMF (2 × 30 cm3) followed by leaving to 

stand in MeOH for 72 h, exchanging for fresh solvent every 24 h. The product was 

isolated by centrifugation and dried under vacuum overnight to give 

[Zr6O4(OH)4(bdc)4.6(pydc)0.9(OAc)0.9] (737 mg, 90%) as a white powder, (Found: C, 

29.3; H, 3.3; N, 0.9. Expected: C, 32.9; H, 1.7; N, 0.8%); Η (400 ΜΗz; D2O and NaOD) 

7.79 (s, 1 Η), 7.81 (s, 1 Η), 8.15 (dd, J = 8.0, 2.0 Ηz, 1 Η), 8.32 (s, 1 Η), 8.80 (d, J = 2.0 

Ηz, 1 Η). The powder pattern was fitted using TOPAS Academic version 4.1 as an 𝐹𝑚3̅𝑚 

space group where a = 20.7364(4) Å (Figure 6.6, Appendix 7.3).2 
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Figure 6.6. Pawley fit of UiO-66-b/py showing the observed pattern (blue), the fit 

(red), and the difference (green). 

6.5.3.2. Reaction with MeI 

 

UiO-66-b/py (200 mg, 0.1 mmol), MeI (8 cm3, 129 mmol) and dry CHCl3 (40 cm3) were 

heated to reflux for 3 d. The product was isolated via centrifugation and dried under 

vacuum overnight to give UiO-66-b/py-Me79% (211 mg) as a yellow powder (Found: C, 

28.6; H, 3.6; N, 1.7. Expected: C, 31.4; H, 1.7; N, 0.7%); Η (400 ΜΗz; (CD3)2SO and 

D3PΟ4) 4.34 (s, 2.4 H), 7.80 (s, 2 H), 7.96 (s, 31 H), 8.18 (dd, J = 18.0, 8.5 Hz, 2 H), 8.85 

(d, J = 9.5 Hz, 1 H). The powder pattern was fitted using TOPAS Academic version 4.1 

as an 𝐹𝑚3̅𝑚 space group where a = 20.7548(7) Å (Figure 6.7, Appendix 7.3).2 
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Figure 6.7. Pawley fit of the product of the reaction of UiO-66-b/py with MeI after 

3 days showing the observed pattern (blue), the fit (red), and the difference 

(green). 

6.5.3.3. Reaction of UiO-66-b/py-Me79% with [Rh(CO)2I]2 

 

[Rh(CO)2I]2 (21 mg, 0.05 mmol) in dry hexane (50 cm3) was added to UiO-66-b/py-

Me79% (50 mg) under N2 and left to stir overnight. The solids were isolated via 

centrifugation and washed with dry hexane (2 × 20 cm3) to give Rh@UiO-66-b/py-Me79% 

(10 mg) as a grey powder; ν(CO) / cm-1 (ATR-IR) 2075 (m), 2002 (m). 

6.5.4. UiO-66 

 

Unsubstituted UiO-66 was synthesised via an analogous procedure from the literature.9 

Terephthalic acid (483 mg, 2.9 mmol) and ZrCl4 (683 mg, 2.9 mmol) were dissolved in 

dry DMF (70 cm3). To this was added acetic acid (17 cm3). This mixture was left to stir 
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for 1 h before being added into a 125 cm3 Teflon-lined stainless steel autoclave. This was 

incubated at 120 C for 48 h, with a ramping rate of 1 C min-1 and a cooling rate of 0.1 

C min-1. Once cooled to room temperature, the product was collected via centrifugation 

and washed with DMF (2 × 70 cm3), followed by leaving to stand in MeOH for 72 h, 

exchanging for fresh solvent every 24 h. Finally, the product was dried under high 

vacuum for 16 h, to give [Zr6O4(OH)4(bdc)6] (0.594 g, 74% based on zirconium) as a 

white powder. The powder pattern was fitted using TOPAS Academic version 4.1 as an 

𝐹𝑚3̅𝑚 space group where a = 20.8054(5) Å (Figure 6.8, Appendix 7.3).2 

 

Figure 6.8. Pawley fit of UiO-66 showing the observed pattern (blue), the fit (red), 

and the difference (green). 

6.5.5. UiO-66-imb  

6.5.5.1. Synthesis 

 

The MOF was synthesised according to a modified procedure from the literature.9 

2-(imidazol-1-yl)terephthalic acid (2.497 g, 8.7 mmol) and ZrCl4 (2.031 g, 8.7 mmol) 

were dissolved in dry DMF (208 cm3). To this was added acetic acid (50 cm3). This 

mixture was left to stir for 1 h before being separated into 3 equal portions and added into 
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3 × 125 cm3 Teflon-lined stainless steel autoclaves. These were incubated at 120 C for 

48 h, with a ramping rate of 1 C min-1 and a cooling rate of 0.1 C min-1. Once cooled 

to room temperature, the products were combined and collected via centrifugation and 

washed with DMF (2 × 200 cm3), followed by leaving to stand in MeOH for 72 h, 

exchanging for fresh solvent every 24 h. Finally, the product was dried under high 

vacuum for 16 h, to give [Zr6O4(OH)4(imbdc•HCl)6] (2.193 g, 66% based on zirconium) 

as a white powder, (Found: C, 34.1; H, 3.7; N, 7.2; Cl, 3.4. Expected: C, 34.8; H, 2.0; Ν, 

7.4; Cl, 9.3%); Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 6.82 (s, 1 H), 6.86 (s, 1 H), 7.37 (s, 

1 H), 7.47 (br. m, 2 H), 8.14 (s, 1 H); C (400 ΜΗz; (CD3)2SO and D3PΟ4) 118.78, 123.02, 

128.33, 129.87, 131.35, 131.84, 133.39, 134.21, 135.13, 165.86, 169.99. The powder 

pattern was fitted using TOPAS Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where 

a = 20.7881(3) Å (Figure 6.9, Appendix 7.3).2 

 

Figure 6.9. Pawley fit of UiO-66-imb showing the observed pattern (blue), the fit 

(red), and the difference (green). 
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6.5.5.2. Quaternisation 

 

The cationic MOF was synthesised via postsynthetic modification of UiO-66-imb. 

UiO-66-imb (0.400 g, ~0.23 mmol) was added to a 10 cm3 microwave tube with dry 

MeCN (3 cm3) and MeI (1 cm3). The tube was heated to 120 °C in a microwave for 1 h, 

reaching a pressure of 6 bar, before drying under vacuum overnight to give 

[Zr6O4(OH)4(imbdc)0.9(imbdc-Me)5.1]X5.1 (0.369 g) as a yellow powder, (Found: C, 

28.5; H, 2.6; N, 1.2. Expected: C, 29.7; H, 2.0; N, 5.8%, assuming all X- = I-); Η (400 

ΜΗz; (CD3)2SO and D3PΟ4) 3.14 (s, 2.6 H), 6.79 (m, 2 H), 7.40 (m, 3 H), 8.09 (m, 2 H); 

C (400 ΜΗz; D2Ο and D3PΟ4) 35.45, 122.74, 123.47, 128.34, 129.90, 131.41, 131.88, 

133.33, 134.27, 136.39, 165.91, 167.07; m/z (EI, (CD3)2SO and D3PΟ4) 247 (100%, M+), 

233 (6%, M+ - CH3). The powder pattern was fitted using TOPAS Academic version 4.1 

as an 𝐹𝑚3̅𝑚 space group where a = 20.813(1) Å (Figure 6.10, Appendix 7.3).2 

 

Figure 6.10. Pawley fit of the product of the reaction of UiO-66-imb with MeI after 

1 hour in the microwave showing the observed pattern (blue), the fit (red), and 

the difference (green). 
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6.5.5.3. Reaction of UiO-66-imb-Me85% with [Rh(CO)2I]2 

 

Dry n-hexane (20 cm3) was added to a mixture of UiO-66-imb-Me85% (63 mg) and 

[Rh(CO)2I]2 (46 mg, 0.08 mmol) under CO gas. The mixture was stirred at RT for 16 h. 

Solids were collected via centrifugation and washed with dry n-hexane (2 × 20 cm3) 

before drying under high vacuum for 1 h to give the product as a brown powder (38 mg), 

ν(CO) / cm-1 (ATR-IR) 2064 (s), 1994 (s). The product was stored at ca. 5 °C under CO. 

6.5.6. UiO-66-imb-Me (attempted direct synthesis) 

 

The MOF was synthesised according to a modified procedure from the literature.9 1-(2,5-

dicarboxyphenyl)-3-methyl-1H-imidazol-3-ium iodide (3.001 g, 8.0 mmol) and ZrCl4 

(1.866 g, 8.0 mmol) were dissolved in dry DMF (194 cm3). To this was added acetic acid 

(46 cm3). This mixture was left to stir for 1 h before being separated into 24 equal portions 

and added into glass vials. These were incubated at 80 C for 48 h, with a ramping rate 

of 1 C min-1 and a cooling rate of 0.1 C min-1. Upon cooling to room temperature, no 

precipitate had formed, and so the solution was added into 3 × 125 cm3 Teflon-lined 

stainless steel autoclaves. These were incubated at 80 C for 48 h, with a ramping rate of 

1 C min-1 and a cooling rate of 0.1 C min-1. Once cooled to room temperature, the 

products were combined and collected via centrifugation and washed with DMF (2 × 150 
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cm3), followed by leaving to stand in MeOH for 72 h, exchanging for fresh solvent every 

24 h. Finally, the product was dried under high vacuum for 16 h, to give the product (326 

mg, 18% based on zirconium) as a white powder, Η (400 ΜΗz; (CD3)2SO and D3PΟ4) 

3.91 (s, 3 H), 7.74 (d, J = 1.5 Hz, 1 H), 7.88 (d, J = 2.0 Hz, 2 H), 8.11 (d, J = 9.0 Hz, 1 

H), 8.24 (m, 2 H), 9.35 (s, 1 H). The powder pattern was fitted using TOPAS Academic 

version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 20.776(7) Å (Figure 6.11, Appendix 

7.3).2 

 

Figure 6.11. Pawley fit of UiO-66-imb-Me showing the observed pattern (blue), 

the fit (red), and the difference (green). 

6.5.7. UiO-66-b/imb  

6.5.7.1. Synthesis 

 

The MOF was synthesised in an analogous manner to that described in Section 6.5.5.1. 

Briefly, ZrCl4 (2.055 g, 8.8 mmol), terephthalic acid (1.205 g, 7.3 mmol), 
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2-(imidazol-1-yl)terephthalic acid (0.389 g, 1.7 mmol), acetic acid (50 cm3) and dry DMF 

(208 cm3) were added to 3 × 125 cm3 Teflon-lined stainless steel autoclaves. This mixture 

was incubated at 120 °C for 48 h, with a ramping rate of 1 °C min-1 and a cooling rate of 

0.1 °C min-1. Once cooled to room temperature, the products were combined and 

collected via centrifugation and washed with DMF (2 × 200 cm3), and soaked in MeOH 

for 72 h, exchanging for fresh solvent every 24 h. Finally, the product was dried under 

high vacuum for 16 h, to give mixed-linker [Zr6O4(OH)4(bdc)4.8(imbdc)1.1(OAc)0.1] 

(2.477 g, 89% based on zirconium) as a white powder, (Found: C, 32.6; H, 2.6; N, 1.5. 

Expected: C, 35.3; H, 1.8; N, 1.8%); Η (400 ΜΗz; D2Ο and NaOD) 2.1 (s, 3 H), 7.03 (s, 

1 H), 7.22 (s, 1 H), 7.45 (d, J = 8.0 Hz, 1 H), 7.71 (m, 2 H), 7.74 (s, 16 H), 7.80 (dd, J = 

8.0, 1.5 Hz, 1 H). 1H NMR analysis of the digested product (NaOD in D2O) suggested a 

4.3:1:0.1 ratio of bdc : imbdc : OAc in the final product. The powder pattern was fitted 

using TOPAS Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 20.739(2) Å 

(Figure 6.12, Appendix 7.3).2 

 

Figure 6.12. Pawley fit of UiO-66-b/imb showing the observed pattern (blue), the 

fit (red), and the difference (green). 
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6.5.7.2. Quaternisation 

 

A sample of UiO-66-b/imb (200 mg) was added to a microwave reactor with dry MeCN 

(3 cm3) and MeI (1 cm3). This mixture was heated to 120 °C for one hour with stirring, 

reaching a pressure of ca. 6 bar. The product was collected by centrifugation and washed 

with MeOH (2 × 20 cm3) before drying under high vacuum for 16 h to give the product 

(186 mg) as an off-white powder, (Found: C, 28.5; H, 2.6; N, 1.2. Expected for 

[Zr6O4(OH)4(bdc)4.8(imbdc-Me)1.1(OAc)0.1]I1.1: C, 33.1; H, 1.8; N, 1.6%); Η (400 ΜΗz; 

(CD3)2SO and D3PO4) 3.84 (s, 2.9 H), 7.52 (s, 1 H), 7.60 (s, 1 H), 7.96 (s, 16 H), 8.00 (s, 

1 H), 8.16 (m, 2 H), 8.97 (s, 1 H). 1H NMR analysis of the digested product (D2O and 

D3PO4) indicated near quantitative (97%) conversion of imidazole to N-

methylimidazolium. The powder pattern was fitted using TOPAS Academic version 4.1 

as an 𝐹𝑚3̅𝑚 space group where a = 20.750(1) Å (Figure 6.13, Appendix 7.3).2 

 

Figure 6.13. Pawley fit of the product of the reaction of UiO-66-b/imb with MeI 

after 1 hour in the microwave showing the observed pattern (blue), the fit (red), 

and the difference (green). 
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6.5.7.3. Reaction of UiO-66-b/imb-Me97% with [Rh(CO)2I]2 

 

Dry n-hexane (20 cm3) was added to a mixture of UiO-66-b/imb-Me97% (150 mg) and 

[Rh(CO)2I]2 (27 mg, 0.04 mmol) under CO gas. The mixture was stirred at RT for 16 h. 

Solids were collected via centrifugation and washed with dry n-hexane (2 × 20 cm3) 

before drying under high vacuum for 1 h to give the product as a brown powder (145 mg), 

ν(CO) / cm-1 (KBr disc) 2060 (s), 1986 (s). The product was stored at ca. 5 °C under CO. 

The powder pattern was fitted using TOPAS Academic version 4.1 as an 𝐹𝑚3̅𝑚 space 

group where a = 20.760(1) Å (Figure 6.14, Appendix 7.3).2 

 

Figure 6.14. Pawley fit of the product of the reaction of UiO-66-b/imb-Me97% with 

[Rh(CO)2I]2 showing the observed pattern (blue), the fit (red), and the difference 

(green). 

6.5.7.4. Catalysis 

Following the catalysis experiment using UiO-66-b/imb-Me97% and [Rh(CO)2I]2 

described in Section 6.8 the solid was recovered by centrifugation and powder X-ray 

diffraction analysis indicated retention of crystallinity. The powder pattern was fitted 
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using TOPAS Academic version 4.1 as an 𝐹𝑚3̅𝑚 space group where a = 20.769(3) Å 

(Figure 6.15, Appendix 7.3).2 

 

Figure 6.15. Pawley fit of the recovered product of the catalysis reaction showing 

the observed pattern (blue), the fit (red), and the difference (green). 

6.5.8. UiO-66-b/imb (attempted single crystal synthesis) 

 

Single crystal synthesis was attempted according to a modified literature procedure.13 

ZrCl4 (304 mg, 1.3 mmol), terephthalic acid (181 mg, 1.1 mmol), 

2-(imidazol-1-yl)terephthalic acid (58 mg, 0.2 mmol) and benzoic acid (38.5 mmol) were 

dissolved in dry DMF (10 cm3). The clear solution was added to a 25 cm3 Erlenmeyer 

flask which had been pre-treated with 2 M aq. KOH overnight. A loose cap was placed 

on the flask to allow evaporation of volatile by-products and the solution was heated 

without stirring at 130 °C for 48 h, during which colourless microscopic crystals were 

observed to form. After cooling to room temperature the remaining solvent was decanted 
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and the crystals washed with dry DMF (5 × 10 cm3). The product was imaged via SEM 

and found to be unsuitable for single crystal X-ray diffraction analysis. 

6.5.9. UiO-66-b/imb-Me (attempted single crystal synthesis) 

 

Single crystal synthesis was attempted according to a modified literature procedure.13 

ZrCl4 (303 mg, 1.3 mmol), terephthalic acid (181 mg, 1.1 mmol), 1-(2,5-

dicarboxyphenyl)-3-methyl-1H-imidazol-3-ium iodide (83 mg, 0.2 mmol) and benzoic 

acid (38.5 mmol) were dissolved in dry DMF (10 cm3). The clear solution was added to 

a 25 cm3 Erlenmeyer flask which had been pre-treated with 2 M aq. KOH overnight. A 

loose cap was placed on the flask to allow evaporation of volatile by-products and the 

solution was heated without stirring at 130 °C for 48 h, during which colourless 

microscopic crystals were observed to form. After cooling to room temperature the 

remaining solvent was decanted and the crystals washed with dry DMF (5 × 10 cm3). The 

product was imaged via SEM and found to be unsuitable for single crystal X-ray 

diffraction analysis. 
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6.6. Synthesis of dispersible microporous polymer 

nanoparticles 

Syntheses in Sections 6.6.1-6.6.3 were performed by A. M. James. 

6.6.1. Synthesis of PEG113-Br 

 

PEG113-Br was prepared in a method similar to that reported previously.14  Poly(ethylene 

glycol) monomethyl ether (8 g, 1.6 mmol, 1 eq.) was dissolved in anhydrous toluene 

(100 cm3) in a two-neck round bottom flask. Triethylamine (0.32 cm3, 2.3 mmol, 1.4 eq.) 

was added and the solution was cooled to 0 °C. 2-bromoisobutyryl bromide (0.26 cm3, 

2.1 mmol, 1.3 eq.) was added dropwise over the course of 1 h before being left to stir 

overnight at room temperature. The solvent was reduced before being precipitated into 

an excess of cold diethyl ether (200 mL). The crude product was dried under vacuum, 

dissolved in water before being extracted with CH2Cl2. The organic layers were collected, 

combined and dried over MgSO4 before the solvent was removed under reduced pressure 

to afford the PEG113-Br product, which was stored in a 5 °C fridge (87%), (Found: C, 

53.8; H, 9.1. Expected C, 54.0; H, 9.0%). 

6.6.2. Synthesis of PEG-based macro-chain transfer agent (CTA) 

 

The PEG-based macro-CTA was synthesised in an identical procedure to that previously 

reported.15 Dodecane thiol (0.60 cm3, 2.5 mmol, 1 eq.) was added to a stirred suspension 
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of K3PO4 (0.53 g, 2.5 mmol, 1 eq.) in acetone (50 mL) and stirred for 10 minutes. Carbon 

disulphide (0.36 cm3, 6 mmol, 2.5 eq.) was added to the suspension and left to stir for a 

further 10 minutes. PEG113-Br (10 g, 2 mmol, 0.8 eq.) in acetone (30 cm3) was added to 

the suspension, which was left to stir overnight at room temperature. The solvent was 

removed by rotary evaporation precipitated into an excess of n-hexane twice and once 

into diethyl ether to further purify. The sample was dried in vacuo at 40 °C for 16 h to 

afford the RAFT macro-CTA (88%), (Found: C, 54.5; H, 9.1; S, 1.8. Expected: C, 54.5; 

H, 9.1; S, 1.8%). 

6.6.3. Synthesis of PEG113-b-DVB300-co-VP63 (1) 

 

The PEG-based macro CTA (0.26 g, 0.05 mmol, 1 eq.) was added to a 2-necked round 

bottom flask and evacuated and back-filled with nitrogen 3 times. Water and ethanol in a 

60:40 ratio along with 1,4-divinylbenzene (DVB) (1.70 cm3, 12 mmol, 240 eq.) and 4-

vinylpyridine (VP) (1.32 cm3, 12 mmol, 240 eq.) were added to the flask to create a 1 % 

wt. solution. The solution was bubbled with nitrogen gas to remove any oxygen before 

heating to 70 °C. Polymerisation was initiated through the addition of potassium 

persulfate (KPS, 2.7 mg, 0.01 mmol, 0.2 eq.) and held at 70 °C for 24 h. The product was 

collected by centrifugation at 4500 rpm for 1 hour before being stirred with diethyl ether 

to remove any unreacted monomer. Finally, the white solid was isolated through vacuum 

filtration and dried in vacuo at 40 °C for 16 h (0.914 g, 30 %), (Found: C, 87.1; H, 7.7; 

N, 1.7. Expected: C, 86.7; H, 7.8; N, 1.7%). 
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6.6.4. N-methylation of 1 to give PEG113-b-DVB300-co-VP13-co-

[VP+I-]50 (2) 

 

PEG113-b-DVB300-co-VP63 (596 mg) was sonicated in a mixture of dry CHCl3 (60 cm3) 

and MeI (6 cm3) for 30 minutes to suspend the material. This was then stirred at 75 °C 

under reflux for 72 h. The resulting yellow suspension was centrifuged at 4500 rpm for 

1 h before decanting the supernatant and washing the solid in Et2O (20 cm3 × 2). The 

product was dried under dynamic vacuum at 80 °C for 16 h to give 2 as a yellow powder 

(564 mg), (Found: C, 76.9; H, 6.9; N, 1.7; I, 10.5. Expected: C, 77.2; H, 7.1; N, 1.5; I 

10.9%). 

6.6.5. Reaction of 2 with [Rh(CO)2I]2 to give 3 

 

Dry CHCl3 (40 cm3) was added to a mixture of 2 (487 mg) and [Rh(CO)2I]2 (100 mg, 

0.17 mmol) under N2 gas. The mixture was sonicated for 30 minutes to suspend the 

nanoparticles and then stirred at RT for 16 h. The solvent was removed in vacuo and the 

solid residue was stirred in dry n-hexane (50 cm3) for 30 minutes. The solid was collected 

by filtration and washed with dry n-hexane (25 cm3 × 2). The product was dried under 

high vacuum for 16 h and then stored at 4 °C under CO. 3 was synthesised as a brown 
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powder (440 mg) (Found: C, 59.0; H, 5.1; N, 1.9; I, 22.0; Rh, 4.5. Expected: C, 65.4; H, 

5.9; N, 1.3; I 16.7; Rh, 6.2%); ν(CO) / cm-1 (KBr disc) 2059 (s), 1987 (s). 
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6.7. Kinetic measurements 

Dry CH2Cl2 (3 cm3) was added to a sample of the product of Section 6.6.5 (~10 mg) and 

the mixture was sonicated for 30 minutes. Varying amounts of MeI were added to a 2 cm3 

volumetric flask and this was made up to the mark with the suspension. The mixture was 

injected into a solution cell (CaF2 windows, 0.5 mm path length) fitted with a 

thermostatted jacket (illustrated in Figure 6.16). A background spectrum was recorded 

using the appropriate solvent mixture and the reaction was monitored using Fourier 

transform infrared (FTIR) spectroscopy in the region 2200-1500 cm-1. 

 

Figure 6.16. Schematic of kinetic cell. 

Pseudo first-order rate constants, kobs, were obtained by fitting exponential or double 

exponential decay curves to the experimental data using Origin software. 
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6.8. Catalytic reaction procedure 

Methanol carbonylation reactions using supported or homogeneous cis-[Rh(CO)2I2]
- 

catalysts were monitored in situ by high-pressure IR spectroscopy using a cylindrical 

internal reflectance (CIR) cell comprising an autoclave (Parr) modified to accommodate 

a crystalline silicon CIR rod, as described previously (Figure 6.17).16 Spectra were 

recorded using a Perkin-Elmer Spectrum GX FTIR spectrometer fitted with an MCT 

detector. The cell was placed directly in the spectrometer sample compartment and 

aligned to maximize IR energy throughput using a tilt table. A background spectrum was 

recorded using the appropriate solvent mixture at 120 °C. 

 

Figure 6.17. Schematic of HPIR cell. 

For the dispersible polymer nanoparticle catalyst, one reaction was performed as follows; 

catalyst-supported material (3, 101.6 mg) was suspended in dry MeOH (5 cm3) via 

sonication (30 minutes). MeI (0.5 cm3) was added to a 5 cm3 volumetric flask which was 

made up to the mark with dry MeOH. The two mixtures were added to the cell, which 

was flushed five times with CO. It was subsequently pressurised with CO (10 bar) and 
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heated to 120 °C. Four scans were taken for each IR spectrum at ten minute intervals over 

the course of 12 hours in the region 2200-1500 cm-1. 

In all other procedures, dry CHCl3 (5 cm3) was added to a quaternised support (100 mg) 

(either MOF UiO-66-b/imb-Me97% or polymer 2) and [Rh(CO)2I]2 (10 mg, 0.017 mmol) 

under CO gas to generate encapsulated cis-[Rh(CO)2I2]
- in situ. The mixture was 

sonicated for 30 minutes and stirred for 16 h at RT. Meanwhile, MeI (0.5 cm3) and dry 

MeOH (1 cm3) were added to a 5 cm3 volumetric flask which was made up to the mark 

with dry CHCl3. This mixture of solvents and the previously prepared suspension were 

added to the cell. The cell was flushed 5 times with CO. It was subsequently pressurised 

with CO (10 bar) and heated to 120 °C. Four scans were taken for each IR spectrum at 

five minute intervals over the course of four hours in the region of 2200-1500 cm-1. 

For comparison an experiment was carried out under identical conditions but using 

n-Bu4NI (13 mg, 0.035 mmol) in place of a quaternised support to generate homogeneous 

cis-[Rh(CO)2I2]
- from [Rh(CO)2I]2 in situ. 
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7.1. 1H-1H COSY NMR spectrum to distinguish mixture 

of products from reaction of UiO-67-bpy with MeI 

 

Figure 7.1. 1H-1H COSY NMR spectrum of digested product (NaOD/D2O) of the 

reaction between UiO-67-bpy with MeI in THF (100 °C, 96 h). 
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7.2. Determination of TOF value for MOF-supported 

catalyst in CHCl3 

Table 7.3 gives key values for the determination of the rate of formation of methyl acetate, 

where ε is the measured extinction coefficient of methyl acetate in CHCl3 in the cell. 

Table 7.1. Key values for determination of rate of formation of methyl acetate. 

ε / mol-1 dm3 0.193 

Volume / dm3 0.01 

Gradient / h-1 0.0045 

The rate of formation of methyl acetate can be calculated as shown in Equation 7.1, and 

gives a value of 2.33 × 10-4 mol h-1. 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =  𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 ÷
𝜀

𝑉𝑜𝑙𝑢𝑚𝑒
 

Equation 7.1. 

As 10 mg of [Rh(CO)2I]2 was used, this corresponded to 3.53 × 10-5 moles of rhodium in 

total. 

To calculate the TOF, the rate of formation of methyl acetate was divided by the number 

of moles of rhodium in the system in total, to give a value of 6.60 h-1. 
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7.3. Pawley phase fits 

All patterns were fit as cubic 𝐹𝑚3̅𝑚 space groups with nine background terms, one zero-

point term and five peak profile terms. 

Indexing and Pawley refinements were carried out using TOPAS Academic version 4.1.1 

Indices of fit between the calculated and experimental diffraction patterns (𝑅𝑤𝑝 and 𝑅𝑤𝑝′) 

are defined by Equation 7.2 and Equation 7.3 respectively. 

𝑅𝑤𝑝 = √
𝛴[𝑤(𝑌𝑜𝑏𝑠 − 𝑌𝑐𝑎𝑙𝑐)2]

𝛴[𝑤𝑌𝑜𝑏𝑠
2]

 

Equation 7.2. 

𝑅𝑤𝑝′ = √
𝛴[𝑤(𝑌𝑜𝑏𝑠 − 𝑌𝑐𝑎𝑙𝑐)2]

𝛴[𝑤(𝑌𝑜𝑏𝑠 − 𝑏𝑘𝑔𝑟)2]
 

Equation 7.3. 
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Table 7.2. Data from Pawley phase fits of MOF materials. 

Sample a / Å Rwp Rwp’ Reflections 

UiO-67-bpy 26.6062(4) 7.0 9.8 121 

UiO-67-bp/ppy 26.890(2) 25.5 32.3 265 

UiO-67-bp/ppy-Me51% 26.880(3) 13.8 28.0 267 

UiO-67-bp/ppy-Me61% 26.931(4) 16.2 29.8 267 

UiO-67-bp/ppy-Me73% 26.890(25) 14.0 22.6 267 

UiO-66-b/py 20.7364(4) 8.1 13.5 131 

UiO-66-b/py-Me79% 20.7548(7) 8.8 16.8 131 

UiO-66 20.8054(5) 8.2 10.6 131 

UiO-66-imb 20.7881(3) 7.7 13.3 131 

UiO-66-imb-Me85% 20.813(1) 10.4 39.7 131 

UiO-66-imb-Me 

(direct synthesis) 
20.776(7) 14.3 24.1 131 

UiO-66-b/imb 20.739(2) 8.0 13.5 131 

UiO-66-b/imb-Me97% 20.750(1) 14.9 26.1 131 

Rh@UiO-66-b/imb-Me97% 20.760(1) 8.3 11.5 131 

Rh@UiO-66-b/imb-Me97% 

(post-catalysis) 
20.769(3) 32.7 58.3 131 



Ionic Encapsulation of Carbonylation Catalysts using MOF and Polymer Supports 

 

204 Chapter 7 

7.4. SAXS fitting 

The X-ray scattering of homogeneous solid spheroids, represented by the scattering cross-

section per unit sample volume, 
𝑑𝛴

𝑑𝛺
(𝑞)𝑛, can be expressed as: 

𝑑𝛴

𝑑𝛺
(𝑞)𝑛 = 𝑁𝑛𝑆𝑃𝑌(𝑞)𝑛 ∫ 𝑔𝐺𝑎𝑢𝑠𝑠(𝑅𝑛)|𝐹(𝑞𝑅𝑛)|2𝑑𝑅𝑛

∞

0

 

Equation 7.4. 

Where 𝑁𝑛 is the number of scatterers, 𝑆𝑃𝑌(𝑞)𝑛 is the hard-sphere interaction structure 

factor based on the Percus-Yevick approximation,2 𝑔𝐺𝑎𝑢𝑠𝑠(𝑅𝑛) is their Gaussian size 

distribution function and 𝐹(𝑞𝑅𝑛) is the particle form factor. Specifically, 𝑔𝐺𝑎𝑢𝑠𝑠(𝑅𝑛) is 

expressed as: 

𝑔𝐺𝑎𝑢𝑠𝑠(𝑅𝑛) =  
1

𝜎𝑅𝑛
√2𝜋

𝑒
−

(𝑅𝑛−𝑅̅𝑛)2

2𝜎𝑅𝑛
2

 

Equation 7.5. 

Where 𝑅̅𝑛 is the mean radius of the particles and 𝜎𝑅𝑛
 is the standard deviation of the size 

distribution. The particle form factor, 𝐹(𝑞𝑅𝑛), is expressed as: 

𝐹(𝑞𝑅𝑛) =  
4

3
𝜋𝑅𝑛

3∆𝜉 (3
𝑠𝑖𝑛(𝑞𝑅𝑛) − 𝑞𝑅𝑛 𝑐𝑜𝑠(𝑞𝑅𝑛)

(𝑞𝑅𝑛)3
) 

Equation 7.6. 

Where ∆ξ is the X-ray scattering contrast. 

Initial inspection of the background-substracted SAXS pattern for each sample in 

indicated a complex morphology with two populations present, as in an analogous 

system.3 Hence, a two-population approximation could be used to fit the data 

satisfactorily: 

𝐼(𝑞) =
𝑑𝛴

𝑑𝛺
(𝑞)1 +

𝑑𝛴

𝑑𝛺
(𝑞)2 

Equation 7.7. 
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7.5. Decay graphs of IR absorption at 1987 cm-1 with 

double exponential curve fits during reaction of 

polymer-supported catalyst with MeI in CH2Cl2 

(298 K) 
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Figure 7.2. Decay of IR absorption at 1987 cm-1 with double exponential curve fit 

during reaction of 3 with 1 M MeI in CH2Cl2 (298 K). 
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Figure 7.3. Decay of IR absorption at 1987 cm-1 with double exponential curve fit 

during reaction of 3 with 2 M MeI in CH2Cl2 (298 K). 
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Figure 7.4. Decay of IR absorption at 1987 cm-1 with double exponential curve fit 

during reaction of 3 with 4 M MeI in CH2Cl2 (298 K). 
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Figure 7.5. Decay of IR absorption at 1987 cm-1 with double exponential curve fit 

during reaction of 3 with 6 M MeI in CH2Cl2 (298 K). 
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Figure 7.6. Decay of IR absorption at 1987 cm-1 with double exponential curve fit 

during reaction of 3 with 8 M MeI in CH2Cl2 (298 K). 
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7.6. Determination of TOF value for polymer-supported 

catalyst in MeOH 

Table 7.3 gives key values for the determination of the rate of formation of methyl acetate, 

where ε is the measured extinction coefficient of methyl acetate in MeOH in the cell. 

Table 7.3. Key values for determination of rate of formation of methyl acetate. 

ε / mol-1 dm3 0.0652 

Volume / dm3 0.01 

Gradient / h-1 0.0112 

The rate of formation of methyl acetate can be calculated as shown in Equation 7.1, and 

gives a value of 1.72 × 10-3 mol h-1. 

To calculate the number of moles of rhodium in the system, the percentage rhodium by 

mass in the polymer was determined via ICP-MS as 4.48%. As 102 mg of polymer was 

used, this corresponds to 4.57 mg of rhodium, or 4.42 × 10-5 moles of rhodium in total. 

To calculate the TOF, the rate of formation of methyl acetate was divided by the number 

of moles of rhodium in the system in total, to give a value of 38.91 h-1. 
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7.7. Determination of TOF value for polymer-supported 

catalyst in CHCl3 

Table 7.3 gives key values for the determination of the rate of formation of methyl acetate, 

where ε is the measured extinction coefficient of methyl acetate in CHCl3 in the cell. 

Table 7.4. Key values for determination of rate of formation of methyl acetate. 

ε / mol-1 dm3 0.193 

Volume / dm3 0.01 

Gradient / h-1 0.0077 

The rate of formation of methyl acetate can be calculated as shown in Equation 7.1, and 

gives a value of 3.99 × 10-4 mol h-1. 

As 10 mg of [Rh(CO)2I]2 was used, this corresponded to 3.53 × 10-5 moles of rhodium in 

total. 

To calculate the TOF, the rate of formation of methyl acetate was divided by the number 

of moles of rhodium in the system in total, to give a value of 11.30 h-1. 
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