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Abstract 

 
 

The hydrothermal synthesis of a range of MOFs comprised of a variety of redox active metal ions 

was explored to produce a set of potentially redox active materials. These materials were fully 

characterised to determine their phase purities, thermal stabilities and the extent of incorporation 

of redox active metal ions. These MOFs would then be investigated for their catalytic activity 

towards the oxidation of 5-hydroxymethyl furfural to 2,5-furan dicarboxylic acid. Optimisation 

of the analysis and oxidation of HMF to FDCA was then carried out, where it was determined 

that 1H NMR was the most suitable analytical method for the analysis of the reaction products. A 

particular emphasis on the use of environmentally benign conditions throughout this project 

meant that water was used as the solvent for the majority of the reactions carried out in this project. 

 

The catalytic activity of MIL-100(Fe) was then investigated, and it was found that the MOF, in 

combination with the co-catalyst TEMPO, was a highly efficient oxidation catalyst for the 

conversion of HMF to FDCA. Under optimal reaction conditions, MIL-100(Fe) was found to give 

an FDCA molar yield of 57% and an FFCA yields of 27% after 24 hours with a total molar 

selectivity of 84%. Comparisons with reference catalysts Fe2O3, FeCl3 and commercial Basolite 

F300 demonstrated a significant advantage associated with the Fe(III) incorporation into MIL-

100(Fe) over the more conventional materials. This work represents the first case of the use of a 

MOF for the complete oxidation of HMF to FDCA in water. 

 

Finally, an attempt was made to probe a synthetic route to the substrate HMF via fructose over an 

isostructural yttrium version of a known dual acidic ytterbium MOF catalyst (Yb6-MOF) by 

photoluminescence. During the optimisation of the synthesis of this highly water stable yttrium-

based MOF, Y6-MOF, a new phase, Y(BDC)(CH3COO) was isolated, and its structure solved. 

Although the use of photoluminescence to probe the conversion of glucose into HMF proved 

unsuccessful, it was instead discovered that by doping its structure with a precise ratio of Tb(III) 

and Eu(III) ions, its luminescent properties could be tuned. The MOF demonstrated impressive 

temperature dependent luminescent properties, which enabled it to act ratiometric luminescent 

thermometer over the 288 – 573 K temperature range. 
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Chapter 1 

 

Introduction 

1.1. High Value Biomass-derived Chemicals as Replacements 

for Fossil Resources 

 

1.1.1. Biomass as a Sustainable Source of High Value Chemicals 

 

The world depends on fossil resources as the source for around 90% of its chemicals.1-3 The large-

scale production of chemicals and use of these fossil resources have contributed to negatively 

impacting the environment due to the emission of harmful greenhouse gases and toxic materials. 

With a growing world population, the demand for energy and chemicals is increasing 

considerably. Lignocellulosic biomass is considered to be the only sustainable source of high 

value fuels, biochemicals and plastics.4 Chemicals, such as 5-hydroxymethylfurfural (HMF), 

levulinic acid, furfurals, sugar alcohols, lactic acid, succinic acid, and phenols (Figure 1.1), are 

considered platform chemicals.5-8 These platform chemicals can be further processed into a 

variety of important chemicals for a wide range of applications and if they could be derived from 

renewable sources, it could lead to a drastic reduction in the demand for and reliance on fossil 

fuels.  

 

 

Figure 1.1. The structure of a range of platform chemicals 

 

Biomass is defined as any organic matter and can be sourced from living organisms as well as 

from materials like biodegradable waste and food waste. The UK produces nearly 16 million tons 

of biomass waste annually, mainly from green waste.9 Making use of this valuable resource will 

significantly contribute to commitments to reduce carbon dioxide emissions, since biomass fixes 
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CO2 from atmosphere back to the earth through photosynthesis; and abates the concerns on 

security of energy supply. However, current large-scale biomass energy generation is limited to 

burning; that is an inefficient use of this strategically important resource. Burning biomass also 

emits a large amount of pollutants such as nitrogen oxides (NOx), carbon monoxide (CO), sulfur 

dioxide (SO2), lead, mercury, and potentially carcinogenic particulate matter.10-12 The low 

efficiency and considerable toxicity of large scale burning of biomass, coupled with the push 

away from fossil fuels, has driven research into biomass-derived high value chemicals.13 The 

utilisation of biomass, or a derivative of biomass, as the feedstock for fuel and chemical 

production is known as biorefinery, and is considered to be comparative to current petroleum-

based refineries.13 It is thought that in the near future, biorefineries could replace the existing 

petroleum refineries. As a result of this there is currently a great deal of interest into the generation 

of transportation fuel and other chemicals, as well as technologies for upgrading or converting 

petroleum-based refineries into biorefineries.5, 14 

 

The primary difference between a petroleum refinery and a biorefinery is the nature of the raw 

material utilised as feedstock. Crude oil, which is used as the feedstock in petroleum refineries, 

is generally rich in hydrocarbons and has very little oxygen. On the other hand, biomass, which 

is used as a raw material for biorefinery, consists of smaller hydrocarbons with a much higher 

oxygen content when compared to crude oil. The high oxygen content of biomass increases its 

polarity and decreases the heat content of the molecules, which makes blending it with fossil fuels 

difficult.15 In addition, the composition of biomass can vary significantly with its source. These 

differences in composition are of low concern when burning biomass but become problematic 

when using biomass as the feedstock for the formation of a range of chemical products. This is 

especially apparent when comparing biomass-derived feedstocks to those derived from fossil 

fuels which are generally of much higher purity.16 Moreover, novel processing technologies will 

be essential before a biorefinery could become viable. Biorefineries must be well equipped to 

cope with the necessary technology for such severe variations in the feedstock composition. The 

major differences between biomass and crude oil as feedstocks are highlighted in Table 1.1, 

below. 

 
Table 1.1. Comparison between biomass and petroleum feedstocks. 

Biomass Crude oil 

Varying composition Relatively constant composition 

High oxygen content (>10%) Low oxygen content hydrocarbons (<2%) 

Low sulfur content (<1%) Moderate sulfur content (~1-4%) 

Low density (high volume) High density 

Low cost Expensive 



Chapter 1.  Introduction 

3 
 

1.1.2. Furan 2,5-dicarboxylic Acid as a Bio-derived Alternative 

Platform 

 

Since the early 1990’s, there has been a great deal of research into the conversion of biomass-

derived sugars, such as glucose and fructose into a wide variety of platform chemicals like HMF17-

20 and high valuable chemicals such as furan-2,5-dicarboxylic acid (FDCA).6, 21, 22 FDCA is 

considered to be a highly important renewable product, with an array of applications including 

the synthesis of green chemicals and biopolymers such as FDCA-ester or succinic acid.23, 24 The 

most promising potential application for FDCA, and by far the most heavily researched, is as a 

substitute for a variety of petrochemicals, such as 1,4-benzene dicarboxylic acid (terephthalic 

acid).4 The structures of FDCA and terephthalic acid are shown below in Figure1.2. 

 

 

Figure 1.2. The structures of FDCA and terephthalic acid. 

 

Terephthalic acid is one of the building blocks for the widely used polyester polyethylene 

terephthalate (PET). In 2016, it was estimated that 56 million tonnes of PET were produced 

globally, with the annual demand for terephthalic acid at over 30 million tonnes.25 Industrially, 

terephthalic acid is produced exclusively by oxidation of p-xylene, which is in turn produced as 

a by-product of the catalytic reforming of petroleum.26   

 

FDCA has been very well studied for its potential as a monomer in the polymer polyethylene 2,5-

furandicarboxylate (PEF) and in 2004, the US department of energy designated FDCA as a 

potential bio-based replacement for purified terephthalic acid.27, 28 One life-cycle assessment 

showed that replacing terephthalic acid with bio-based FDCA in the production of PET has the 

potential to significantly reduce greenhouse gas emissions and non-renewable energy usage.27 In 

addition to this, it has been shown that PEF exhibits an intrinsically higher diffusion barrier for 

oxygen,29 carbon dioxide30 and water vapor31 than PET making it an attractive alternative for 
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packaging applications such as bottles, films and food trays. PEF also has improved mechanical 

properties such as a higher glass transition temperature over traditional PET, which could prove 

highly advantageous in applications such as packaging.32 These potentially advantageous 

properties may also make PEF a useful alternative for PET in the textile sector, which is one of 

the major applications of PET industrially.25 

 

1.1.3. Synthesis of 5-Hydroxymethylfurfural from Glucose 

 

The current preferred method of synthesis of FDCA is by oxidation of HMF.33 HMF can be 

obtained by the dehydration of simple sugars such as fructose and glucose. The relatively low 

cost and abundant supply of glucose makes it the ideal precursor for HMF production.8, 34 

Fructose, however, is known to dehydrate much more readily into HMF than glucose is.35 Glucose 

is known to undergo isomerisation into fructose via both basic and acidic catalysis, however the 

instability of monosaccharides to alkaline conditions means that a low fructose yield is usually 

achieved.36, 37 For this reason, a combination of acidic sites appear to be the most promising for 

catalysing the isomerisation of glucose into fructose in water, Figure 1.3.8, 38 

 

 

 

Figure 1.3. Schematic of 2-step conversion of glucose to HMF via fructose. A combination of Lewis and Brønsted acids 

are required to catalyse the conversion steps. 

 

This realisation led to the search for catalysts capable of isomerising glucose into fructose and 

subsequently dehydrating the fructose into HMF. A 2009 study showed that an 81% HMF yield 

could be achieved from glucose substrate using a CrCl2 catalyst in an imidazolium based solvent.7 

However, this had the disadvantage of requiring an expensive and environmentally hazardous 

chromium catalyst, and an expensive solvent. Heterogeneous acid catalysis by Sn-Beta zeolite is 

one of the most attractive methods of production of HMF from glucose.39, 40 The zeolite contains 

Sn ions which act as isolated Lewis acidic sites. Easy separation of the solid catalyst allows for 

quick and efficient recycling and makes this approach advantageous for industrial purposes. Sn-

Beta zeolite achieved glucose conversion of 79 mol% with HMF selectivity of 72 mol%.38 The 

need for tetrahydrofuran (THF) as the solvent, however, combined with the extremely long 

synthesis time of Sn-Beta zeolite using hydrofluoric acid as a reagent,41 represent two significant 
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disadvantages holding back this method. A recent study showed that the Zr(IV) based MOF, UiO-

66, functionalised with mixed Lewis-Brønsted acidic sites is an effective heterogeneous catalyst 

for the conversion of glucose to HMF, giving a moderate yield in water as the solvent.42 A higher 

HMF yield was also achieved using the organic solvent dimethyl sulfoxide, and modifications to 

the organic linker used in the MOF’s synthesis was found to significantly improve its activity.43 

It is important to note that the conversion of glucose to fructose is in equilibrium and indeed 

complete conversion can only be achieved by elevating the reaction temperature, which is done 

at the expense of selectivity.7 

 

1.1.4. Synthesis of Furan 2,5-dicarboxylic Acid  

 

To date, there are currently no known synthesis routes for the production of FDCA on an industrial 

scale and a great deal of research into the development of novel catalytic routes is being carried 

out.44 Up to now, all synthesis routes for the production of FDCA can be divided into three main 

categories;23 

 

1. Dehydration of hexose or hexose-based derivatives 

2. Biological conversion of 5-hydroxymethylfurfural 

3. Oxidation of 2,5-disubstituted furans 

The first category, dehydration of hexose-based derivatives revolves around the acid catalysed 

triple dehydration of mucic acid. This reaction only proceeds under high acid concentration and 

temperatures exceeding 120 °C and give less than 50% selectivity towards the desired product.45 

These harsh conditions are not suited to large-scale synthesis and have therefore received 

significantly less interest in the literature over recent years.  

 

The second category stems from a study carried out at the University of Colorado in 1973, which 

discovered traces of FDCA in human urine.46, 47 In 2010, Koopman and co-workers isolated the 

enzyme HMF oxidoreductase from the bacterium Cupriavidus basilensis HMF14.48 They 

genetically engineered the gene responsible for encoding the oxidoreductase into the bacteria 

strain Pseudomonas putida S12. Employing this biocatalyst for the production of FDCA from 

HMF in batch-fed experiments yielded 97% FDCA, in water and under mild conditions.49 This 

method of production, although environmentally benign and high yielding, lacked the scalability 

that would be required for industrial production of FDCA due to the laborious and time consuming 

growth of the genetically modified bacteria. 
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By far the most promising method of FDCA production to date is the oxidation of 2,5-

disubstituted furans, and in particular HMF.50 The general reaction scheme for the production of 

FDCA from HMF is shown in Figure 1.4 along with the general synthesis route of HMF and 

possible degradation pathways. The reaction proceeds via three consecutive oxidations, either 

through diformylfuran (DFF) or 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), depending 

on whether the alcohol or aldehyde group is oxidised first.51 Degradation of both fructose and 

HMF into polymeric humins at elevated temperatures is an important concern and often prevents 

the use of common separation techniques such as distillation.52, 53  

 

 

Figure 1.4. Reaction scheme for the production of FDCA from fructose with the oxidation of HMF shown over a generic 

precious metal catalyst. Possible side-products are highlighted. 

 

The presence of trace amounts of HMFCA and FFCA caused by incomplete oxidation of HMF 

can cause serious issues for the use of FDCA as a monomer. These impurities terminate chain 

growth during polymerisation leading to poor quality polymers.54 The oxidation of HMF under 

aqueous conditions also runs the risk of precipitating the products out of solution. HMF is highly 

soluble in water55 whereas the products and intermediates (5-formyl-2-furancarboxylic acid 

(FFCA) and FDCA in particular) are practically insoluble in the majority of solvents.56 This can 

make separation and quantification of the products difficult especially when using heterogeneous 

catalysts. One common technique to increase the solubility of these products is to carry out the 

reaction under basic aqueous conditions.57 Basic conditions lead to the deprotonation of the acid 

group, which allows for the formation of much stronger hydrogen bonds with water and greatly 

increasing solubility. One to twenty equivalents of bases such as NaOH or Na2CO3 are commonly 

used in the literature.51, 58 This technique has obvious disadvantages however as many potential 

catalysts cannot survive these basic conditions, such as the majority of MOFs in which the metal-

ligand bonds collapse under basic conditions. 

 

Avantium developed an effective method for the homogeneous synthesis of FDCA from HMF. 

The process used acetic acid as the solvent and Co(OAc)2, Mn(OAc)2, and HBr as homogeneous 
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catalysts and yielded up to 97% FDCA.59 Homogeneous catalysts are generally disfavoured over 

heterogeneous systems, however, due to more costly separation of the product and the difficulty 

of catalyst recovery and recycling.60, 61 This report will focus heavily on heterogeneous catalysts 

for this reason. Precious metals are renowned for being highly efficient and recyclable oxidation 

catalysts.62-64 HMF oxidation is no exception, with oxidation of HMF over precious metals under 

strongly alkaline conditions yielding almost quantitative formation of FDCA. Oxidation of HMF 

over precious metal catalysts is by far the most well studied in the literature to date, with a wide 

range of metals and supports having been tested under different conditions.65 A detailed overview 

of precious metal catalysts for HMF oxidation is provided in Table 1.2. Aerobic respiration under 

a high pressure of oxygen is the preferred method for HMF oxidation and yields up to 99% FDCA 

with Au based catalysts. Higher temperatures (T > 65 °C) generally lead to a higher yield of 

FDCA (> 75%), with lower temperatures and shorter reaction times usually resulting in 

incomplete oxidation and the presence of intermediates. There also appears to be a preference for 

metal oxide-supported precious metals over carbon-supported ones. 
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Table 1.2. Oxidation of HMF to FDCA over precious metal catalysts. All catalysts are used in water, with Au and Pt 

catalysts the most promising in terms of both HMF conversion and FDCA yield. Higher temperatures are generally 

advantageous over higher pressures, with the latter seen to increase the formation of side products. 

Entry Catalyst Solvent Oxidant Base 
Temp 

(°C) 

Time 

(hrs) 

HMF 

conv (%) 

FDCA 

yield (%) 
Ref 

1 Au-TiO2 Water 3 bar O2 
NaOH     

5 equiv 
60 6 >99 85 66 

3 Au-TiO2 Water 10 bar O2 
NaOH     

4 equiv 
65 8 100 >99 67 

4 Au-TiO2 Water 20 bar O2 

NaOH     

20 equiv 
30 18 100 71 68 

5 Au-CeO2 Water 10 bar O2 
NaOH     

4 equiv 
65 8 100 >99 67 

6 Au-CeO2 Water 3 bar O2 
NaOH     

5 equiv 
60 6 >99 73 66 

7 Pd/C Water 
6.9 bar 

O2 

NaOH     

2 equiv 
22 6 100 71 21 

8 
Pd/C@ 

Fe3O4 
Water 

30 

ml/min 

O2 

K2CO3    

0.5 equiv 
80 6 100 87.8 69 

9 Pt/C Water 10 bar O2 
NaOH     

20 equiv 
50 4 100 72.81 70 

10 Pt/C Water 40 bar air 
Na2CO3     

2 equiv 
100 6 >99 69 71 

11 
Pt/         

γ-Al2O3 
Water 10 bar O2 

Na2CO3     

1 equiv 
75 12 96 96 72 

12 Pt/TiO2 Water 40 bar air 
Na2CO3     

2 equiv 
100 6 90 84 73 

13 Ru/C Water 10 bar O2 
NaOH    

20 equiv 
50 4 98.05 6.48 70 

14 Ru/C Water 5 bar O2 - 120 10 100 88 74 

15 Rh/C Water 10 bar O2 
NaOH    

20 equiv 
50 4 81.26 12.62 70 

16 Ru/AC Water 
35% 

H2O2 

 Na2CO3  

1 equiv 
75 1 100 64 75 

17 
Ru/C 

microwave 
Water 

H2O2    

6.5 wt% 

Na2CO3   

1 equiv 
95 0.33 100 47 76 
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Using precious metal catalysts for the oxidation of HMF gives a good benchmark for comparison 

with other catalysts. The catalysts all work in water and generally give very high conversion, 

selectivity towards FDCA as seen in Table 1.2 and recyclability due to the high stability of 

precious metal complexes. However, a high FDCA yield requires corrosive conditions, with 

strong bases such as NaOH being employed, as well as a high pressure of oxygen which can be 

extremely dangerous and is unlikely to be used on a large scale. In addition, the use of precious 

metal catalysts for large scale synthesis is always disfavoured because of the cost and low supply, 

and replacement of these costly metals with cheaper and more abundant metals will always be 

preferable. 

 

Although precious metals are the most common catalysts for HMF oxidation in the literature, 

there has also been a great deal of research into first row transition metal-based catalysts for the 

synthesis of FDCA. Table 1.3 provides an overview of the current first row transition metal-based 

catalysts that have been reported for HMF oxidation to FDCA. Generally, first row transition 

metal-based catalysts give a comparable conversion of HMF to precious metal catalysts but with 

considerably lower selectivity towards FDCA. This is due to the less strongly alkaline conditions 

that must be used to ensure the stability of the catalysts. Whereas the precious metal catalysts 

make use of strong bases such as NaOH, first row transition metal-based catalysts require higher 

temperatures and longer reaction times to attain similar conversions. Both sets of catalysts usually 

make use of high pressures of oxygen as the oxidant for the reaction with a small portion using 

peroxides instead. tert-Butyl hydroperoxide (tBuOOH) is often used as a weaker oxidant to 

hydrogen or sodium peroxide to prevent decomposition of the catalyst during the reaction. 

 

 It should be noted that although many of these catalysts look very promising, many show issues 

that would prevent their use on a larger scale. When using nano-Fe3O4-CoOx catalyst FDCA yields 

of 68.6% could be achieved, however this reaction is not economically viable due to the high 

catalyst loading of 140 wt% compared to HMF and the use of the toxic solvent DMSO. Similarly, 

a 71% FDCA yield could be achieved with MnCo2O4 catalyst, however this requires a 400 wt% 

catalyst loading compared to HMF. Co(II)–meso-tetra(4-pyridyl)-porphyrin (Co-Py-resin) could 

achieve an FDCA yield of 90.4% however the catalyst showed poor recyclability, with the second 

catalytic run yielding 60% FDCA. Despite this, some clear trends can be taken from the current 

plethora of research that has already been carried out. Manganese ions appear to be very 

promising catalysts for achieving a high selectivity towards FDCA. It also appears that relatively 

forcing condition as per table 1.3 are required to achieve base free catalysis of HMF into FDCA. 
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Table 1.3. Oxidation of HMF to FDCA over transition metal-based catalysts. Abbreviations: POP - porous organic 

polymer, BmimCl - butylmethylimidazolium chloride. Higher temperatures are advantageous for high HMF conversion 

over most catalysts but also result in a lower selectivity towards FDCA. MnO2 appears to be the most promising 

catalyst with respect to FDCA selectivity with around 90% selectivity after 12 hours.  

Entry Catalyst Solvent Oxidant Base 
Temp 

(°C) 

Time 

(hrs) 

HMF 

conv (%) 

FDCA 

yield (%) 
Ref 

1 
FeIII-

POP-1 
Water 10 bar air - 100 10 100 79 77 

2 
MnOx-

CeO2 
Water 20 bar O2 

KHCO3    

4 equiv 
110 12 98 91 78 

3 MnO2 Water 20 bar O2 
KHCO3    

4 equiv 
110 12 98 91 79 

4 
Na2MoO

4 
Water 6% H2O2 

NaOH     

2 equiv 
70 2 75.4 64.2 80 

5 

Nano-

Fe3O4-

CoOx 

DMSO 

70% 

tBuOOH 

(aq) 

- 80 12 97.2 68.6 81 

6 
Co-Py-

resin 
CH3CN 

70% 

tBuOOH 

(aq) 

- 100 24 95.6 90.4 82 

7 
Fe0.6Zr0.4

O2 

BmimC

l 
20 bar O2 - 160 24 99.7 60.6 83 

8 
Ce0.5Fe0.5

O2 

BmimC

l 
20 bar O2 - 140 24 98.4 13.8 84 

9 
Ce0.5Zr0.5

O2 

BmimC

l 
20 bar O2 - 140 24 96.1 23.2 84 

10 
Ce0.5Fe0.1

5Zr0.35O2 

BmimC

l 
20 bar O2 - 140 24 99.9 44.2 84 

11 
MnCo2O

4 
Water 10 bar O2 

8.34 M 

KHCO3 
100 24 99.5 70.9 85 

 

 

It is clear that the search for an efficient, environmentally benign and industrially scalable 

synthesis for FDCA has come a long way in recent years. FDCA can be synthesised under 

laboratory conditions with almost quantitative yields when using a range of inorganic or 

biological catalysts. However, if FDCA is to be the bio-based replacement for terephthalic acid 

in PET, a catalyst capable of efficiently converting HMF into FDCA on a megaton scale under 

environmentally benign conditions will be required.  
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1.2. Metal-organic Frameworks 

 

1.2.1. Characteristics of Metal-organic Frameworks 

 

The International Union of Pure and Applied Chemistry (IUPAC) recommendations defines a 

metal-organic framework (MOF) as a coordination polymer with an open framework containing 

potential voids.86 In more general terms MOFs can be described as a subclass of porous or 

potentially porous coordination polymers comprising infinite networks of polyatomic metal-oxide 

clusters (nodes) bridged by simple organic linkers by metal-ligand coordinate bonds. The 

Structures of several well studied MOFs with a variety of metals and linkers are shown in Figure 

1.5. 

 

 

Figure 1.5. Four prototypical MOFs: HKUST-1 (Cu3(BTC)2); MIL-53 (Al(BDC)(OH)); UiO-66 (Zr6O4(OH)4(BDC)6); 

and ZIF-8 (Zn(Im)2). The constituent linkers are shown above the MOF, from left to right: (BTC = 1,3,5-

benzenetricarboxylate; BDC = 1,4-benzenedicarboxylate and Im = imidazolate). MIL-53 is shown in both expanded 

and contracted forms. 

 

It is the combination of metal ion and organic linker present within the MOF that help to determine 

its structure. The metal's coordination preference influences the size and shape of the pores by 

dictating how many ligands can bind to the metal and in which orientation. The linker also has a 

large impact on the overall structure of the MOF and the volume of porosity. There is a huge 

variety of organic linkers that have been used to form MOFs with vastly different structures. Large 

linkers, such as biphenyl-4,4-dicarboxylate (BPDC), can be employed to give highly porous and 

flexible structures with large surface areas, commonly in excess of 100 m2/g.87 Contrastingly, 
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smaller linkers, such as acetylene dicarboxylate, have been used to give less open and 

considerably more rigid structures with a much lower internal surface area.88 The metals nodes, 

or secondary building units (SBUs), within MOF frameworks vary drastically from material to 

material. In many MOFs, the metal ions are found in clusters, such as the Zr6(O)4(OH)4 cluster of 

UiO-66,89 or the Fe3(O)(H2O)2(OH) cluster in MIL-100(Fe).90 These clusters are then connected 

by organic linkers to give the material its two- or three-dimensional structure.91 

 

Functionalised organic linkers, such as monosodium 2-sulfoterephthalate (MSBDC), can also be 

exploited to further increase the diversity available to MOFs.92, 93 It is even possible to form a 

series of isoreticular MOFs, such as the UiO series, Figure 1.6. These highly symmetrical MOFs 

can be expanded in three dimensions by systematically increasing the length of the dicarboxylate 

linker used in the synthesis.94 These three MOFs have very similar chemical properties, with the 

only major differences being the increased pore size and surface areas resulting from extending 

the linker. Highly porous MOFs with extended linkers have obvious advantages in applications 

where large molecules need to be adsorbed onto the materials surface such as catalysis. However, 

they often lack the structural stability of denser MOFs, as is evident with the UiO series.95 

 

 

Figure 1.6. Three isoreticular MOF structures: From left to right; UiO-66 with 1,4-terephthalate linkers, UiO-67 with 

biphenyl-4,4’-dicarboxylate linkers and UiO-68 with triphenyl-4,4’-dicarboxylate linkers, respectively. Polyhedra 

represent zirconium oxide clusters. 

 

The high surface area and porosity of MOFs,96, 97 and the tuneable nature of their structures have 

found them uses in a wide range of applications98 from gas storage96, 99 and separation100 to 

catalysis101 and even in supercapacitors.102, 103  
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1.2.2. Metal-organic Frameworks in Catalysts 

 

MOFs have many potential advantages as catalysts over more conventional coordination 

materials such as zeolites. Their highly tuneable surface areas and morphologies combined with 

the ease of functionalisation make them uniquely suited to roles as specialist catalysts or catalyst 

supports.104 The ease of fine tuning of MOF structures, either through linker functionalisation or 

post-synthetic modification, can yield subtle changes to a wide range of properties including 

hydrophobicity, acidity, light absorption, or even a combination of these.105-107 Efforts to introduce 

catalytic activity to MOFs have included the use of functionalised organic linkers,108 post 

synthetic functionalisation109, 110 and the promotion of metal ion deficiencies that provide free 

coordination sites.111 The functionalisation of MOFs can have unpredictable effects on the overall 

crystallinity of the MOF, as well as its thermal and chemical stability however, with some 

examples resulting in more stable materials, and other less stable.108, 110 This is also seen in zeolites 

such as zeolite beta. When the zeolite is doped with Sn, for example, the material’s overall 

stability is relatively unaffected, however the Sn ions are known to leach into water at 

temperatures in excess of 100 °C.38 

 

Despite the clear promise of MOF based catalysts, the topic is still at an early stage compared to 

other applications such as gas adsorption and storage.112, 113 However, this relatively new field has 

been growing rapidly over the past decade. Figure 1.7 illustrates the published articles in the areas 

of ‘MOF’ and ‘catalysis’ from 2004 to 2019 and it clearly demonstrates the exponential growth 

of the field over recent years. The slow transition of MOFs into the field of catalysis is 

predominantly due to their low stability when compared to other framework materials such as 

zeolites.114 Since their discovery, MOFs have been known for being very unstable at higher 

temperatures and especially when exposed to water or hydrothermal conditions.115  
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Figure 1.7. Web of Science records for number of articles published including the topics 'MOF' and 'Catalysis' per 

year from 2004 to 2019. 

 

The impression of MOFs as being relatively unstable materials, has been radically changing over 

recent years. There is now a plethora of MOFs in the literature that have been shown to be stable 

in a variety of solvents and at elevated temperatures. The thermal stability of MOFs in oxygen 

will always be limited by their organic component; however, many materials have been shown to 

have extremely high thermal decomposition temperatures exceeding 400 °C or even 500 °C.116  

 

There are also numerous reports of MOFs being used as photocatalysts, where the often highly 

conjugated organic linker enables efficient absorption of photons.117 MIL-125 (NH2-BDC) is a 

great example of this, and has the additional advantage of NH2 functionalisation of the 

dicarboxylate linker which further increases light absorption.118 The Zr(IV) based UiO-66 and 

Al(III) based MIL-100 are among a number of reported hydrothermally (on heating in water) 

stable MOFs and have been shown to be hydrothermally stable even up to temperatures exceeding 

200 °C.119 UiO-66 in particular has been shown to be an active dual acid catalyst for the two step 

conversion of glucose into HMF.42 The MOF shows no reduction in activity after multiple 

reaction cycles at 140 °C and has even shown promise for use in continuous flow reactors. Other 

MOFs that have been used in catalysis include the Cu(II) based HKUST-1 which when doped 

with Fe(III) ions can act as a magnetic catalyst for easy separation,120, 121 and the Zn(II) based 

ZIF-8 which has been shown to be a highly active heterogeneous catalyst for glucose conversion 

to HMF.122, 123 
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1.2.3. Redox active Metal-organic Frameworks as oxidation catalysts 

 

MOFs are well known for their ability to accommodate structural changes in both the metal oxide 

cluster and organic linker due to their flexibility as well as through linker defects and breathing 

effects.124-126 This ability makes MOFs uniquely suited to applications such as redox active 

catalysts, where partial or complete oxidation of the metal ions is possible since the structure may 

be able to distort to accommodate changes in coordination number and oxidation state of the 

metal. It is also possible to partially substitute a non-redox active metal in a highly stable MOF 

with a redox active metal ion which can enable the material to act as a redox active catalyst while 

the structural distortion is minimised by stopping complete reduction of the metal ions.127-129 This 

can be seen clearly in energy materials, where the ability of MOFs to accommodate changes in 

metal oxidation state is driving a great deal of interest into their use as cathode materials for 

lithium and sodium ion batteries.130-132  

 

The organic linker moiety of MOFs is also capable of acting as redox active catalysts. Derivatives 

of benzene, pyridine and imidazole offer an extensive choice of redox active organic ligands.133-

136 Zhang and co-workers showed that the π-π* interactions and large conjugated regions 

associated with the bridging ligand, in this case 2,7-anthraquinone dicarboxylic acid, supported 

photo-induced charge transitions.39 

 

MOFs can also act as hosts for other redox active species. One example of this is the aerobic 

oxidation of benzylic C-H bonds over Cu-CuFe2O4@HKUST-1.137 Here, CuFe2O4 was post-

synthetically functionalised onto the surface of HKUST-1. The catalyst and fluorine were then 

heated and after 9 hours, a 99% yield of fluorenone was achieved, Figure 1.8. In this case, the 

mixed metal oxide provided the redox activity while the MOF acted as a high surface area host 

on which the catalysis could occur. NHPI has a dual purpose in this mechanism, promoting H-

abstraction from the fluorene as well as acting as a proton carried during the oxidation process. 

NHPI acts through a radical based process which leads to the specific proton abstraction observed 

but can also lead to the formation of unwanted radical termination products. 
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Figure 1.8. Schematic of the aerobic oxidation of fluorene to fluorenone over Cu-CuFe2O4@HKUST-1. NHPI is N-

Hydroxyphthalimide. 

 

The most extensively studied of these three different types of redox active MOF are those 

containing redox active metal ions.138 Férey and co-workers first demonstrated the redox 

properties of a MOF in 2007 with MIL-53 (Fe).139 A reversible redox reaction between 

Fe(III)/Fe(II) was achieved using Li ions. MIL-53 was also the first example of a MOF used as a 

cathode material in Li-ion batteries, the cell was capable of multiple charge/discharge cycles but 

had a poor capacity when compared to common oxide materials such as nickel manganese cobalt 

oxide. UiO-66 doped with a percentage of cerium ions has also been shown to poses promising 

redox activity due to a mixture of Ce(III) and Ce(IV) ions within the structure and the high defect 

tolerance of the material. Stock and co-workers showed that Ce-UiO-66 is an active catalyst for 

the selective conversion of benzyl alcohol to benzaldehyde,140 and benzyl alcohol conversion of 

88% was achieved with 100% selectivity for benzaldehyde.   

 

There have also been several studies into the use of MOFs for the oxidation of HMF, but to date 

these are limited to the first step in the multistep oxidation, with the production of the dialdehyde 

DFF.141-143 The reported MOFs give high yields of DFF, but required the use of DMSO or 

acetonitrile as solvents, as well as the use of pressures of oxygen and a co-catalyst. To date there 

have been no reports of the use of MOF catalysts for the complete oxidation of HMF to FDCA.  

 

The relatively low chemical stability of MOFs still limits their use as heterogeneous catalysts, 

with only a small percentage being stable enough to survive multiple recycle reactions. However, 

there has been a great deal of progress towards the large-scale use of MOFs in catalysis and, given 

the array of promising properties and characteristics of MOFs for catalysis, they are likely to 

receive even greater attention over the years to come.  
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1.3. Photoluminescence 

 

In Chapter 7 of this project, photoluminescence is used initially to explore the interactions 

between Y6(BDC)7(OH)4(H2O)4 MOF catalyst and glucose in the conversion of glucose to HMF. 

The isostructural Yb version of the MOF has previously been shown to be an efficient catalyst 

for the conversion of glucose to HMF, and so photoluminescence was thought to be an ideal 

method to probe the interactions between the substrate and the catalyst. Photoluminescence is 

then used as a method of developing a novel lanthanide-based MOF thermosensor. 

 

1.3.1. Overview of Photoluminescence 

 

Photoluminescence (often abbreviated to PL) is defined as the emission of light from any material 

after the absorption of electromagnetic radiation (photons). PL is initiated by photoexcitation of 

an electron to a higher energy state by absorption of a photon. A characteristic relaxation of the 

electron back to its original energy state follows the absorption, during which time other photons 

are re-emitted.144 PL includes both fluorescence and phosphorescence, which differ in the 

relaxation time of the excited state after irradiation depending on the spin states during the 

relaxation process. Fluorescence is the spin-allowed radiative transition from the lowest singlet 

excited state S1 of the fluorophore to its singlet ground state S0. Phosphorescence, on the other 

hand, refers to the spin-forbidden radiative transition from the triplet state T1 to ground state S0.145, 

146 PL materials can be employed for a wide variety of applications, from lighting,147, 148 sensing,149 

imaging,150 and even optical thermometry.151-154 

 

1.3.2. Photoluminescence for Optical Thermometry 

 

Temperature is a fundamental physical parameter and therefore, it is vital that we are able to 

accurately determine the temperature of a substance at any given time. A wide variety of 

thermometers have been developed for this purpose and are based on a range of temperature 

dependent physical properties, such as volume, electrical potential and electrical conductance.155-

158 These more traditional temperature sensors all rely on heat transfer from the substance to the 

sensor and must reach equilibrium before the temperature can be accurately measured. This makes 

these thermometers unsuitable for measurements on a small scale for example in living cells.159-

162 This intrinsic drawback associated with conventional thermometers has driven research into 

novel thermometric methods that are non-invasive and can work accurately on a small scale 

without the need for direct contact between the temperature sensor and the substrate.  
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One potential solution to this is the use of photoluminescent thermometers, which utilise a 

material’s response to irradiated light in order to determine its precise temperature.163 In 

particular, monitoring the excitation ratio of Eu and Tb ions within a mixed lanthanide material 

has proven to be a reliable technique for measuring the temperature of a substrate.155, 159-162, 164 

 

1.3.3. Photoluminescent Metal-organic Frameworks as Optical 

Thermometers 

 

It is well known that lanthanide ions provide a range of advantageous luminescence properties to 

materials and complexes, such as long excited state lifetimes and narrow emission bandwidths 

resulting from electronic transitions within their 4f orbitals.165-167 Most of the 4f-4f transitions are 

spin forbidden leading to poor light absorption and a very low molar extinction coefficient for 

most materials.168, 169 In MOFs however, the strongly absorbing organic linkers are able to 

indirectly excite the lanthanide ions, known as the antennae effect, leading to much higher molar 

extinction coefficients. Here, light is absorbed by the conjugated organic ligands surrounding the 

lanthanide ions and the energy is then transferred to the lanthanide ions from organic ligands, thus 

enhancing the luminescence of the lanthanide ions.170 Figure 1.9 illustrates the antennae effect in 

a mixed Tb/Eu MOF, where electron migration can occur to either lanthanide ion. 
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Figure 1.9. Schematic representation of the antennae effect in metal-organic frameworks; energy absorption via the 

organic linker, transition to lanthanide metal ions and finally relaxation of the electron to the ground state. 

 

The antennae effect, coupled with the highly tuneable nature of MOF structures and the wide 

range of metal ions available to MOFs, can lead to a wide range of potential PL-based applications 

of MOFs.171 The presence of large, permanent pore systems in MOFs enables the adsorption of 

guest molecules and therefore enhances host–guest interactions. The pore’s size, shape, chemical 

composition, and surface environment can be finely controlled, potentially facilitating the 

selective seizing of certain guest molecules. These properties of MOFs lend themselves towards 

their use as luminescent sensors, a topic which has been well studied over recent years and has 

been summarised in a number of reviews.172-174  

 

Mixed lanthanide-based MOF thermometers have been widely studied over recent years175-177 and, 

although many of these materials show promising thermometric properties, a range of drawbacks 

still hold them back. Properties such as narrow detection ranges limited to around 20-450 K, low 

relative sensitivities (< 5 % K−1) and low chemical stability under irradiation severely limit the 

potential applications of all currently reported materials.178 In this regard, a highly stable 

ratiometric MOF thermometer, with good sensitivity over a wide detection range is of great 

interest. 
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Table 1.4. Composition, working ranges, relative sensitivity values (Sm) and the temperature at which Sm is maximum 

(Tm) of ratiometric metal-organic framework thermometers. The majority of MOF thermometers make use of Eu(III) 

and Tb(III) ions whose photoluminescent emission intensities are inversely affected by temperature. The MOF with the 

highest accessible temperature is Tb0.95Eu0.05(HPIDC)(ox)H2O·3H2O, but this suffers from a relatively low 

maximum sensitivity of 0.6 %K-1. 

Entry MOF Temp range (K)  Sm (% K-1) Tm (K) Ref. 

1 Tb0.99Eu0.01(BDC)1.5(H2O)2 290-320 0.31 318 179 

2 Tb0.9931Eu0.0069DMBDC 50-200 1.15 200 176 

3 Tb0.9989Eu0.0011DMBDC 50-200 0.52 200 176 

4 Tb0.957Eu0.043cpda 40-300 16.0 300 180 

5 Tb0.995Eu0.005@In(OH)(bpydc) 283-333 2.53 333 181 

6 Tb0.999Eu0.001BPDC 150-250 1.27 Const. 182 

7 Zn(TDPAT)(H2O)3 164-276 - - 183 

8 Eu/Dy Y-MIL-78 80-200 0.6404 170 184 

9 Tb0.98/Eu0.02BTC@quartz 298-383 16.14 359 185 

10 Nd0.5Yb0.5TPTC 293-328 12.46 293 186 

11 Tb0.9Eu0.1L 303-423 1.75 423 187 

12 Tb0.95Eu0.05cpna 25-300 2.55 131 188 

13 Tb0.95Eu0.05bpydc 25-300 2.59 179 188 

14 Tb0.8Eu0.2BPDA 298-318 1.19 313 189 

15 Tb0.8Eu0.2L 40-300 0.15 300 190 

16 
[(CH3)2NH2] 

Eu0.036Tb0.964BPTC 
77-377 9.42 310 191 

17 Cd2(TPPE)(IPA)2·2DMF 80-420 - - 192 

18 Tb90Eu10-MIL-68-HL 12-240 9.4 12 193 

19 Tb0.9064Eu0.0936(DCPTP)(NO3)·H2O 150-300 21.5 300 194 

20 Tb0.95Eu0.05FTPTC 25-300 9.1 125 195 

21 Tb0.95Eu0.05(HPIDC)(ox)H2O·3H2O 303-473 0.6 473 196 

22 Sb2(O3PC2H4PO3 157-457 - - 197 

23 
Zn(μ4-p-tr2Ph)(μ2- 

NO3)·NO3 
80-210 - - 198 

24 
Cd2(μ4-1,4-BDC)2(μ4-p-tr2Ph)(μ2-

DMF)-(H2O)2·2H2O 
80-300 - - 198 

25 Gd0.9995Eu0.0005NDC 293-333 5.19 306 199 

26 Tb0.942Eu0.058BPT 20-80 7.22 80 200 
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1.4. Project Aims 

 

The aim of this project is to synthesise a range of potentially redox active MOF catalyst. These 

will then be fully characterised to confirm the purity and determine the crystallinity of the 

materials. The use of these MOF materials as catalysts for the oxidation of HMF to FDCA in 

water will then be explored, and their effectiveness and stability in water and under oxidising 

conditions investigated. Little study into the use of MOFs for the oxidation of HMF to FDCA has 

been reported to date, and the advantageous properties of MOFs such as high surface areas and 

tuneable properties allowing the incorporation of redox active ions presents an opportunity to 

develop a green catalyst for the production of FDCA. 

 

Investigations will be made to study the mechanisms by which the MOF catalysts facilitate the 

oxidation of the substrates. Reactions probing the precise role of each of the reaction constituents 

will therefore be developed, and conclusions drawn. 

 

Finally, the use of photoluminescence as a method of probing the interactions between catalyst 

materials and substrates will be explored. In addition to this, the development of a ratiometric 

MOF thermosensor will be discussed, and its sensitivity over a wide temperature will be 

presented. MOFs provide a unique advantage for measuring the photoluminescence of lanthanide-

based materials since the antennae effect vastly increases the emission intensity of the ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1.  Introduction 

22 
 

1.5. References 

 

1. S. Takkellapati, T. Li and M. A. Gonzalez, Clean Technol. Environ. Policy, 2018, 20, 

1615-1630. 

2. P. G. Levi and J. M. Cullen, Environ. Sci. Technol., 2018, 52, 1725-1734. 

3. V. G. Yadav, G. D. Yadav and S. C. Patankar, Clean Technol. Environ. Policy, 2020, 

22, 1757-1774. 

4. L. E. Manzer, Top. Catal., 2010, 53, 1193-1196. 

5. A. Chatzifragkou, O. Kosik, P. C. Prabhakumari, A. Lovegrove, R. A. Frazier, P. R. 

Shewry and D. Charalampopoulos, Process Biochem., 2015, 50, 2194-2207. 

6. R. A. Sheldon, Green Chem., 2014, 16, 950-963. 

7. J. B. Binder and R. T. Raines, J. Am. Chem. Soc., 2009, 131, 1979-1985. 

8. C. Wang, L. M. Zhang, T. Zhou, J. C. Chen and F. Xu, Sci. Rep., 2017, 7, 9. 

9. NNFCC, Lignocellulosic feedstock in the UK, 2020. 

10. I. C. Yadav, N. L. Devi, J. Li, J. H. Syed, G. Zhang and H. Watanabe, Environ. Pollut., 

2017, 227, 414-427. 

11. J. M. Chen, C. L. Li, Z. Ristovski, A. Milic, Y. T. Gu, M. S. Islam, S. X. Wang, J. M. 

Hao, H. F. Zhang, C. R. He, H. Guo, H. B. Fu, B. Miljevic, L. Morawska, P. Thai, L. 

Fat, G. Pereira, A. J. Ding, X. Huang and U. C. Dumka, Sci. Total Environ., 2017, 579, 

1000-1034. 

12. S. Yin, X. F. Wang, X. R. Zhang, M. Guo, M. Miura and Y. Xiao, Environ. Pollut., 

2019, 254, 11. 

13. N. Brun, P. Hesemann and D. Esposito, Chem. Sci., 2017, 8, 4724-4738. 

14. A. Demirbas, Energ. Source Part A, 2010, 32, 1547-1558. 

15. S. Loganathan and ImechE, Innov. Fuel Econ. Sus., 2011, 97-107. 

16. D. Koruba, J. Z. Piotrowski and J. Latosinska, Energy and Fuels Conference, Cracow, 

POLAND, 2016. 

17. K. Lourvanij and G. L. Rorrer, Ind. Eng. Chem, 1993, 32, 11-19. 

18. J. P. Mannermaa, J. Yliruusi and U. Kanerva, Pharm. Ind., 1992, 54, 729-732. 

19. Y. J. Pagan-Torres, T. F. Wang, J. M. R. Gallo, B. H. Shanks and J. A. Dumesic, ACS 

Catal., 2012, 2, 930-934. 

20. J. N. Chheda, Y. Roman-Leshkov and J. A. Dumesic, Green Chem., 2007, 9, 342-350. 

21. S. E. Davis, L. R. Houk, E. C. Tamargo, A. K. Datye and R. J. Davis, Catal. Today, 

2011, 160, 55-60. 

22. S. P. Teong, G. S. Yi and Y. G. Zhang, Green Chem., 2014, 16, 2015-2026. 

23. J. Lewkowski, Arkivoc, 2001, 2, 38. 

24. A. Gandini and M. N. Belgacem, Prog. Polym. Sci., 1997, 22, 1203-1379. 

25. S. Intratec, Chem. Eng., 2016, 123, 43-43. 

26. Green Chem., 1999, 1, 46-46. 

27. A. Eerhart, A. P. C. Faaij and M. K. Patel, Energy Environ. Sci., 2012, 5, 6407-6422. 

28. R. J. I. Knoop, W. Vogelzang, J. van Haveren and D. S. van Es, J. Polym. Sci. A, 2013, 

51, 4191-4199. 

29. S. K. Burgess, O. Karvan, J. R. Johnson, R. M. Kriegel and W. J. Koros, Poly., 2014, 

55, 4748-4756. 

30. S. K. Burgess, R. M. Kriegel and W. J. Koros, Macromolecules, 2015, 48, 2184-2193. 

31. S. K. Burgess, D. S. Mikkilineni, D. B. Yu, D. J. Kim, C. R. Mubarak, R. M. Kriegel 

and W. J. Koros, Polym., 2014, 55, 6861-6869. 

32. S. K. Burgess, J. E. Leisen, B. E. Kraftschik, C. R. Mubarak, R. M. Kriegel and W. J. 

Koros, Macromolecules, 2014, 47, 1383-1391. 

33. D. Y. Zhao, T. Su, Y. T. Wang, R. S. Varma and C. Len, Mol., 2020, 495. 

34. S. Q. Hu, Z. F. Zhang, J. L. Song, Y. X. Zhou and B. X. Han, Green Chem., 2009, 11, 

1746-1749. 

35. Y. M. Zhang, E. A. Pidko and E. J. M. Hensen, Chem. Eur. J., 2011, 17, 5281-5288. 



Chapter 1.  Introduction 

23 
 

36. V. Choudhary, R. I. Burnett, D. G. Vlachos and S. I. Sandler, J. Phys. Chem. C, 2012, 

116, 5116-5120. 

37. C. Liu, J. M. Carraher, J. L. Swedberg, C. R. Herndon, C. N. Fleitman and J. P. 

Tessonnier, ACS Catal., 2014, 4, 4295-4298. 

38. E. Nikolla, Y. Roman-Leshkov, M. Moliner and M. E. Davis, ACS Catal., 2011, 1, 408-

410. 

39. K. Shimizu, R. Uozumi and A. Satsuma, Catal. Commun., 2009, 10, 1849-1853. 

40. Y. M. Zhang, V. Degirmenci, C. Li and E. J. M. Hensen, Chemsuschem, 2011, 4, 59-64. 

41. M. Moliner, Y. Roman-Leshkov and M. E. Davis, PNAS, 2010, 107, 6164-6168. 

42. R. Oozeerally, D. L. Burnett, T. W. Chamberlain, R. I. Walton and V. Degirmenci, 

Chemcatchem, 2018, 10, 706-709. 

43. R. Oozeerally, D. L. Burnett, T. W. Chamberlain, R. J. Kashtiban, S. Huband, R. I. 

Walton and V. Degirmenci, Chemcatchem, 2021, 13, 2517-2529. 

44. M. G. Davidson, S. Elgie, S. Parsons and T. J. Young, Green Chem., 2021, 23, 3154-

3171. 

45. Y. Taguchi, A. Oishi and H. Iida, Chem. Lett., 2008, 37, 50-51. 

46. T. A. Witten, S. P. Levine, M. T. Killian, P. J. R. Boyle and S. P. Markey, Clin. Chem., 

1973, 19, 963-966. 

47. H. B. Yuan, H. L. Liu, J. K. Du, K. Q. Liu, T. F. Wang and L. Liu, Appl. Microbiol., 

2020, 104, 527-543. 

48. F. Koopman, N. Wierckx, J. H. de Winde and H. J. Ruijssenaars, PNAS, 2010, 107, 

4919-4924. 

49. F. Koopman, N. Wierckx, J. H. de Winde and H. J. Ruijssenaars, Bioresour. Technol., 

2010, 101, 6291-6296. 

50. P. Verdeguer, N. Merat and A. Gaset, J. Mol. Catal., 1993, 85, 327-344. 

51. K. Gupta, R. K. Rai and S. K. Singh, Chemcatchem, 2018, 10, 2326-2349. 

52. T. Brouwer, M. Blahusiak, K. Babic and B. Schuur, Sep. Purif. Technol., 2017, 185, 

186-195. 

53. J. H. Kim, J. G. Na, J. W. Yang and Y. K. Chang, Bioresour. Technol., 2013, 140, 64-

72. 

54. F. Cavani, S. Albonetti, F. Basile and A. Gandini, Chem. Fuel, Wiley-VCH, 2016. 

55. F. Gomes, L. R. Pereira, N. F. P. Ribeiro and M. Souza, Braz. J. Chem. Eng., 2015, 32, 

119-126. 

56. Y. Z. Zhang, X. Guo, P. Tang and J. Xu, J. Chem. Eng. data, 2018, 63, 1316-1324. 

57. S. R. Kubota and K. S. Choi, Chemsuschem, 2018, 11, 2138-2145. 

58. Z. H. Zhang and K. J. Deng, ACS Catal., 2015, 5, 6529-6544. 

59. S. S. Stahl and P. L. Alsters, Liquid Phase Aerobic Ox. Catal., John Wiley & Sons, 

Technology & Engineering, 2016. 

60. J. Pritchard, G. A. Filonenko, R. van Putten, E. J. M. Hensen and E. A. Pidko, Chem. 

Soc. Rev., 2015, 44, 3808-3833. 

61. M. J. Climent, A. Corma and S. Iborra, RSC Adv., 2012, 2, 16-58. 

62. G. C. Bond and D. T. Thompson, Catal. Rev. Sci. Eng., 1999, 41, 319-388. 

63. T. Mallat and A. Baiker, Chem. Rev., 2004, 104, 3037-3058. 

64. S. Wasmus and A. Kuver, J. Electroanal. Chem., 1999, 461, 14-31. 

65. M. Sajid, X. B. Zhao and D. H. Liu, Green Chem., 2018, 20, 5427-5453. 

66. J. Y. Cai, H. Ma, J. J. Zhang, Q. Song, Z. T. Du, Y. Z. Huang and J. Xu, Chem. Eur. J., 

2013, 19, 14215-14223. 

67. O. Casanova, S. Iborra and A. Corma, Chemsuschem, 2009, 2, 1138-1144. 

68. Y. Y. Gorbanev, S. K. Klitgaard, J. M. Woodley, C. H. Christensen and A. Riisager, 

Chemsuschem, 2009, 2, 672-675. 

69. B. Liu, Y. S. Ren and Z. H. Zhang, Green Chem., 2015, 17, 1610-1617. 

70. K. R. Vuyyuru and P. Strasser, Catal. Today, 2012, 195, 144-154. 

71. H. A. Rass, N. Essayem and M. Besson, Green Chem., 2013, 15, 2240-2251. 

72. R. Sahu and P. L. Dhepe, React. Kinet. Mech. Catal., 2014, 112, 173-187. 



Chapter 1.  Introduction 

24 
 

73. H. A. Rass, N. Essayem and M. Besson, Chemsuschem, 2015, 8, 1206-1217. 

74. G. S. Yi, S. P. Teong and Y. G. Zhang, Green Chem., 2016, 18, 979-983. 

75. C. T. Chen, C. V. Nguyen, Z. Y. Wang, Y. Bando, Y. Yamauchi, M. T. S. Bazziz, A. 

Fatehmulla, W. A. Farooq, T. Yoshikawa, T. Masuda and K. C. W. Wu, Chemcatchem, 

2018, 10, 361-365. 

76. D. Y. Zhao, D. Rodriguez-Padron, K. S. Triantafyllidis, Y. T. Wang, R. Luque and C. 

Len, ACS Sus. Chem. Eng., 2020, 8, 3091-3102. 

77. B. Saha, D. Gupta, M. M. Abu-Omar, A. Modak and A. Bhaumik, J. Catal., 2013, 299, 

316-320. 

78. X. W. Han, C. Q. Li, X. H. Liu, Q. N. Xia and Y. Q. Wang, Green Chem., 2017, 19, 

996-1004. 

79. E. Hayashi, T. Komanoya, K. Kamata and M. Hara, Chemsuschem, 2017, 10, 654-658. 

80. S. Li, K. M. Su, Z. H. Li and B. W. Cheng, Green Chem., 2016, 18, 2122-2128. 

81. S. G. Wang, Z. H. Zhang and B. Liu, ACS Sus. Chem. Eng., 2015, 3, 406-412. 

82. L. C. Gao, K. J. Deng, J. D. Zheng, B. Liu and Z. H. Zhang, Chem. Eng. Journal, 2015, 

270, 444-449. 

83. D. X. Yan, J. Y. Xin, Q. Zhao, K. Gao, X. M. Lu, G. Y. Wang and S. J. Zhang, Catal. 

Sci. Technol., 2018, 8, 164-175. 

84. D. X. Yan, J. Y. Xin, C. Y. Shi, X. M. Lu, L. L. Ni, G. Y. Wang and S. J. Zhang, Chem. 

Eng. Journal, 2017, 323, 473-482. 

85. S. Zhang, X. Z. Sun, Z. H. Zheng and L. Zhang, Catal. Commun., 2018, 113, 19-22. 

86. S. R. Batten, N. R. Champness, X. M. Chen, J. Garcia-Martinez, S. Kitagawa, L. 

Ohrstrom, M. O'Keeffe, M. P. Suh and J. Reedijk, Crystengcomm, 2012, 14, 3001-3004. 

87. Y. H. Wang, B. Bredenkotter, B. Rieger and D. Volkmer, Dalton Trans., 2007, 689-

696. 

88. D. J. Tranchemontagne, J. R. Hunt and O. M. Yaghi, Tetrahedron, 2008, 64, 8553-

8557. 

89. J. Winarta, B. H. Shan, S. M. McIntyre, L. Ye, C. Wang, J. C. Liu and B. Mu, Cryst. 

Growth Des., 2020, 20, 1347-1362. 

90. P. Horcajada, S. Surble, C. Serre, D. Y. Hong, Y. K. Seo, J. S. Chang, J. M. Greneche, 

I. Margiolaki and G. Ferey, Chem. Comm., 2007, 2820-2822. 

91. W. G. Lu, Z. W. Wei, Z. Y. Gu, T. F. Liu, J. Park, J. Tian, M. W. Zhang, Q. Zhang, T. 

Gentle, M. Bosch and H. C. Zhou, Chem. Soc. Rev., 2014, 43, 5561-5593. 

92. Y. Kuwahara, H. Kango and H. Yamashita, ACS Sus. Chem. Eng., 2017, 5, 1141-1152. 

93. W. J. Phang, H. Jo, W. R. Lee, J. H. Song, K. Yoo, B. Kim and C. S. Hong, Angew. 

Chem. Int., 2015, 54, 5142-5146. 

94. O. M. Yaghi, M. O'Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi and J. Kim, 

Nature, 2003, 423, 705-714. 

95. H. Wu, T. Yildirim and W. Zhou, J. Phys. Chem. Lett., 2013, 4, 925-930. 

96. K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald, E. D. Bloch, Z. R. Herm, T. 

H. Bae and J. R. Long, Chem. Rev., 2012, 112, 724-781. 

97. B. A. Al-Maythalony, O. Shekhah, R. Swaidan, Y. Belmabkhout, I. Pinnau and M. 

Eddaoudi, J. Am. Chem. Soc., 2015, 137, 1754-1757. 

98. J. An and N. L. Rosi, J. Am. Chem. Soc., 2010, 132, 5578-+. 

99. B. Y. Li, M. Chrzanowski, Y. M. Zhang and S. Q. Ma, Coord. Chem. Rev., 2016, 307, 

106-129. 

100. J. R. Li, R. J. Kuppler and H. C. Zhou, Chem. Soc. Rev., 2009, 38, 1477-1504. 

101. J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and J. T. Hupp, Chem. Soc. 

Rev., 2009, 38, 1450-1459. 

102. B. Liu, H. Shioyama, H. L. Jiang, X. B. Zhang and Q. Xu, Carbon, 2010, 48, 456-463. 

103. R. R. Salunkhe, Y. Kamachi, N. L. Torad, S. M. Hwang, Z. Q. Sun, S. X. Dou, J. H. 

Kim and Y. Yamauchi, J. Mater. Chem. A, 2014, 2, 19848-19854. 



Chapter 1.  Introduction 

25 
 

104. O. K. Farha, I. Eryazici, N. C. Jeong, B. G. Hauser, C. E. Wilmer, A. A. Sarjeant, R. Q. 

Snurr, S. T. Nguyen, A. O. Yazaydin and J. T. Hupp, J. Am. Chem. Soc., 2012, 134, 

15016-15021. 

105. L. D. Ji, J. X. Hao, K. B. Wu and N. J. Yang, J. Phys. Chem. C, 2019, 123, 2248-2255. 

106. A. E. Baumann, D. A. Burns, B. Q. Liu and V. S. Thoi, Commun. Chem., 2019, 2, 14. 

107. Y. H. Fu, L. Xu, H. M. Shen, H. Yang, F. M. Zhang, W. D. Zhu and M. H. Fan, Chem. 

Eng. J., 2016, 299, 135-141. 

108. R. A. Fischer and C. Woll, Angew. Chem. Int., 2008, 47, 8164-8168. 

109. Z. Q. Wang and S. M. Cohen, Chem. Soc. Rev., 2009, 38, 1315-1329. 

110. S. M. Cohen, Chem. Rev., 2012, 112, 970-1000. 

111. F. Vermoortele, M. Vandichel, B. Van de Voorde, R. Ameloot, M. Waroquier, V. Van 

Speybroeck and D. E. De Vos, Angew. Chem. Int., 2012, 51, 4887-4890. 

112. M. L. Ding, X. C. Cai and H. L. Jiang, Chem. Sci., 2019, 10, 10209-10230. 

113. A. Kirchon, L. Feng, H. F. Drake, E. A. Joseph and H. C. Zhou, Chem. Soc. Rev., 2018, 

47, 8611-8638. 

114. G. Kumar and S. K. Das, Inorg. Chem. Front., 2017, 4, 202-233. 

115. N. Li, J. Xu, R. Feng, T. L. Hu and X. H. Bu, Chem. Comm., 2016, 52, 8501-8513. 

116. S. Yuan, L. Feng, K. C. Wang, J. D. Pang, M. Bosch, C. Lollar, Y. J. Sun, J. S. Qin, X. 

Y. Yang, P. Zhang, Q. Wang, L. F. Zou, Y. M. Zhang, L. L. Zhang, Y. Fang, J. L. Li 

and H. C. Zhou, Adv. Mater., 2018, 30, 35. 

117. T. Zhang and W. B. Lin, in Metal-Organic Frameworks for Photonics Applications, 

eds. B. Chen and G. Qian, Springer, New York, Editon edn., 2014, vol. 157, pp. 89-104. 

118. C. H. Hendon, D. Tiana, M. Fontecave, C. Sanchez, L. D'Arras, C. Sassoye, L. Rozes, 

C. Mellot-Draznieks and A. Walsh, J. Am. Chem. Soc., 2013, 135, 10942-10945. 

119. A. M. Chavez, A. Rey, J. Lopez, P. M. Alvarez and F. J. Beltran, Sep. Purif. Technol., 

2021, 255, 14. 

120. S. S. Y. Chui, S. M. F. Lo, J. P. H. Charmant, A. G. Orpen and I. D. Williams, Science, 

1999, 283, 1148-1150. 

121. E. Borfecchia, S. Maurelli, D. Gianolio, E. Groppo, M. Chiesa, F. Bonino and C. 

Lamberti, J. Phys. Chem. C, 2012, 116, 19839-19850. 

122. R. Oozeerally, S. D. K. Ramkhelawan, D. L. Burnett, C. H. L. Tempelman and V. 

Degirmenci, Catalysts, 2019, 9, 14. 

123. K. S. Park, Z. Ni, A. P. Cote, J. Y. Choi, R. D. Huang, F. J. Uribe-Romo, H. K. Chae, 

M. O'Keeffe and O. M. Yaghi, PNAS, 2006, 103, 10186-10191. 

124. S. Jeoung, S. Lee, J. H. Lee, W. Choe, D. Moon and H. R. Moon, Chem. Comm., 2019, 

55, 8832-8835. 

125. T. D. Bennett, A. K. Cheetham, A. H. Fuchs and F. X. Coudert, Nat. Chem., 2017, 9, 

11-16. 

126. T. D. Bennett, A. H. Fuchs, A. K. Cheetham and F. X. Coudert, Dalton Trans., 2016, 

45, 4058-4059. 

127. N. S. Lopa, M. M. Rahman, F. Ahmed, S. C. Sutradhar, T. Ryu and W. Kim, J. 

Electroanal. Chem., 2018, 822, 43-49. 

128. D. Y. Shi, R. Zheng, M. J. Sun, X. R. Cao, C. X. Sun, C. J. Cui, C. S. Liu, J. W. Zhao 

and M. Du, Angew. Chem. Int., 2017, 56, 14637-14641. 

129. Y. Tulchinsky, C. H. Hendon, K. A. Lomachenko, E. Borfecchia, B. C. Melot, M. R. 

Hudson, J. D. Tarver, M. D. Korzynski, A. W. Stubbs, J. J. Kagan, C. Lamberti, C. M. 

Brown and M. Dinca, J. Am. Chem. Soc., 2017, 139, 5992-5997. 

130. Q. Jiang, P. X. Xiong, J. J. Liu, Z. Xie, Q. C. Wang, X. Q. Yang, E. Y. Hu, Y. Cao, J. 

Sun, Y. H. Xu and L. Chen, Angew. Chem. Int., 6. 

131. Z. Y. Zhang, H. Yoshikawa and K. Awaga, J. Am. Chem. Soc., 2014, 136, 16112-

16115. 

132. R. Zhao, Z. B. Liang, R. Q. Zou and Q. Xu, Joule, 2018, 2, 2235-2259. 

133. T. H. Bae, J. S. Lee, W. L. Qiu, W. J. Koros, C. W. Jones and S. Nair, Angew. Chem. 

Int., 2010, 49, 9863-9866. 



Chapter 1.  Introduction 

26 
 

134. J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti, S. Bordiga and K. P. 

Lillerud, J. Am. Chem. Soc., 2008, 130, 13850-13851. 

135. B. Liu, W. P. Wu, L. Hou and Y. Y. Wang, Chem. Comm., 2014, 50, 8731-8734. 

136. M. Eddaoudi, D. B. Moler, H. L. Li, B. L. Chen, T. M. Reineke, M. O'Keeffe and O. M. 

Yaghi, Acc. Chem. Res., 2001, 34, 319-330. 

137. S. Fan, W. J. Dong, X. B. Huang, H. Y. Gao, J. J. Wang, Z. K. Jin, J. Tang and G. 

Wang, ACS Catal., 2017, 7, 243-249. 

138. D. M. D'Alessandro, Chem. Comm., 2016, 52, 8957-8971. 

139. G. Ferey, F. Millange, M. Morcrette, C. Serre, M. L. Doublet, J. M. Greneche and J. M. 

Tarascon, Angew. Chem. Int., 2007, 46, 3259-3263. 

140. M. Lammert, M. T. Wharmby, S. Smolders, B. Bueken, A. Lieb, K. A. Lomachenko, D. 

De Vos and N. Stock, Chem. Comm., 2015, 51, 12578-12581. 

141. A. Rapeyko, K. S. Arias, M. J. Climent, A. Corma and S. Iborra, Catal. Sci. Technol., 

2017, 7, 3008-3016. 

142. J. Y. Lin, B. X. Thanh, E. Kwon and K. Y. A. Lin, Biomass Convers., 8. 

143. J. Y. Lin, M. H. Yuan, K. Y. A. Lin and C. H. Lin, J. Taiwan Inst. Chem. Eng., 2019, 

102, 242-249. 

144. J. C. G. Bunzli and C. Piguet, Chem. Soc. Rev., 2005, 34, 1048-1077. 

145. Z. C. Hu, B. J. Deibert and J. Li, Chem. Soc. Rev., 2014, 43, 5815-5840. 

146. J. Dong, D. Zhao, Y. Lu and W. Y. Sun, J. Mater. Chem. A, 2019, 7, 22744-22767. 

147. C. H. Huang, T. W. Kuo and T. M. Chen, ACS Appl. Mater. Interfaces, 2010, 2, 1395-

1399. 

148. J. S. Chen, F. C. Zhao and D. G. Ma, Mater., 2014, 17, 175-183. 

149. R. Thakar, Y. C. Chen and P. T. Snee, Nano Lett., 2007, 7, 3429-3432. 

150. K. Y. Choi, G. Liu, S. Lee and X. Y. Chen, Nanoscale, 2012, 4, 330-342. 

151. Y. Hasegawa and Y. Kitagawa, J. Mater. Chem. C, 2019, 7, 7494-7511. 

152. M. Ptak, B. Dziuk, D. Stefanska and K. Hermanowicz, PCCP, 2019, 21, 7965-7972. 

153. O. Graydon, Nat. Photon, 2019, 13, 438-438. 

154. Y. Liu, G. X. Bai, E. Pan, Y. J. Hua, L. Chen and S. Q. Xu, J. Alloys compd., 2020, 822, 

7. 

155. P. R. N. Childs, J. R. Greenwood and C. A. Long, Sci. Instrum., 2000, 71, 2959-2978. 

156. N. Inomata, E. Inomata and T. Ono, IEEJ Trans. Electr. Electron. Eng., 2. 

157. R. Wu, H. G. Ge, C. F. Liu, S. H. Zhang, L. Hao, Q. Zhang, J. Song, G. H. Tian and J. 

G. Lv, Talanta, 2019, 196, 191-196. 

158. C. Gota, K. Okabe, T. Funatsu, Y. Harada and S. Uchiyama, J. Am. Chem. Soc., 2009, 

131, 2766-+. 

159. C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millan, V. S. Amaral, F. Palacio and L. D. 

Carlos, NJC, 2011, 35, 1177-1183. 

160. D. Jaque and F. Vetrone, Nanoscale, 2012, 4, 4301-4326. 

161. C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millan, V. S. Amaral, F. Palacio and L. D. 

Carlos, Nanoscale, 2012, 4, 4799-4829. 

162. J. Lee and N. A. Kotov, Nano Today, 2007, 2, 48-51. 

163. X. D. Wang, O. S. Wolfbeis and R. J. Meier, Chem. Soc. Rev., 2013, 42, 7834-7869. 

164. A. Nexha, J. J. Carvajal, M. C. Pujol, F. Diaz and M. Aguilo, Nanoscale, 2021, 13, 

7913-7987. 

165. S. Chorazy, M. Wyczesany and B. Sieklucka, Molecules, 2017, 22, 30. 

166. R. Nagaishi, T. Kimura and S. P. Sinha, Mol. Phys., 2003, 101, 1007-1014. 

167. S. Lis, J. Alloys compd., 2002, 341, 45-50. 

168. G. R. Choppin and D. R. Peterman, Coord. Chem. Rev., 1998, 174, 283-299. 

169. J. V. Beitz, J. Alloys compd., 1994, 207, 41-50. 

170. N. Sabbatini, M. Guardigli and J. M. Lehn, Coord. Chem. Rev., 1993, 123, 201-228. 

171. Y. J. Cui, Y. F. Yue, G. D. Qian and B. L. Chen, Chem. Rev., 2012, 112, 1126-1162. 

172. X. X. Jiang, C. J. Zhao, C. J. Zhong and J. P. Li, Prog. Chem., 2017, 29, 1206-1214. 

173. M. G. Campbell and M. Dinca, Sensors, 2017, 17, 11. 



Chapter 1.  Introduction 

27 
 

174. L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P. Van Duyne and J. T. Hupp, 

Chem. Rev., 2012, 112, 1105-1125. 

175. Y. J. Cui, R. J. Song, J. C. Yu, M. Liu, Z. Q. Wang, C. D. Wu, Y. Yang, Z. Y. Wang, B. 

L. Chen and G. D. Qian, Adv. Mater., 2015, 27, 1420-+. 

176. Y. J. Cui, H. Xu, Y. F. Yue, Z. Y. Guo, J. C. Yu, Z. X. Chen, J. K. Gao, Y. Yang, G. D. 

Qian and B. L. Chen, J. Am. Chem. Soc., 2012, 134, 3979-3982. 

177. H. Z. Wang, D. Zhao, Y. J. Cui, Y. Yang and G. D. Qian, J. Solid State Chem., 2017, 

246, 341-345. 

178. Y. J. Cui, F. L. Zhu, B. L. Chen and G. D. Qian, Chem. Comm., 2015, 51, 7420-7431. 

179. A. Cadiau, C. D. S. Brites, P. Costa, R. A. S. Ferreira, J. Rocha and L. D. Carlos, Acs 

Nano, 2013, 7, 7213-7218. 

180. Y. J. Cui, W. F. Zou, R. J. Song, J. C. Yu, W. Q. Zhang, Y. Yang and G. D. Qian, 

Chem. Comm., 2014, 50, 719-721. 

181. Y. Zhou, B. Yan and F. Lei, Chem. Comm., 2014, 50, 15235-15238. 

182. D. Ananias, C. D. S. Brites, L. D. Carlos and J. Rocha, Eur. J. Inorg. Chem., 2016, 

1967-1971. 

183. D. X. Ma, B. Y. Li, X. J. Zhou, Q. Zhou, K. Liu, G. Zeng, G. H. Li, Z. Shi and S. H. 

Feng, Chem. Comm., 2013, 49, 8964-8966. 

184. J. Q. Liu, L. Pei, Z. G. Xia and Y. Xu, Cryst. Growth Des., 2019, 19, 6586-6591. 

185. X. Q. Yang, H. Zou, X. W. Sun, T. Y. Sun, C. Guo, Y. Q. Fu, C. M. L. Wu, X. S. Qiao 

and F. Wang, Adv. Opt. Mater., 2019, 7, 6. 

186. D. Zhao, X. Han, S. Wang, J. W. Liu, Y. T. Lu and C. X. Li, Chem. Eur. J., 2020, 26, 

3145-3151. 

187. Y. Yang, Y. Z. Wang, Y. Feng, X. R. Song, C. Cao, G. L. Zhang and W. S. Liu, 

Talanta, 2020, 208, 6. 

188. D. Zhao, D. Yue, K. Jiang, L. Zhang, C. X. Li and G. D. Qian, Inorg. Chem., 2019, 58, 

2637-2644. 

189. D. Zhao, X. T. Rao, J. C. Yu, Y. J. Cui, Y. Yang and G. D. Qian, Inorg. Chem., 2015, 

54, 11193-11199. 

190. S. N. Zhao, L. J. Li, X. Z. Song, M. Zhu, Z. M. Hao, X. Meng, L. L. Wu, J. Feng, S. Y. 

Song, C. Wang and H. J. Zhang, Adv. Funct. Mater, 2015, 25, 1463-1469. 

191. Y. Pan, H. Q. Su, E. L. Zhou, H. Z. Yin, K. Z. Shao and Z. M. Su, Dalton Trans., 2019, 

48, 3723-3729. 

192. J. B. Xiong, X. D. Qian, L. L. Zhao and J. L. Xu, Inorg. Chem. Comm., 2019, 105, 20-

25. 

193. R. M. Abdelhameed, D. Ananias, A. M. S. Silva and J. Rocha, Eur. J. Inorg. Chem., 

2019, 1354-1359. 

194. X. W. Peng, Q. Y. Liu, H. H. Wang and Y. L. Wang, Dyes Pigm., 2019, 162, 405-411. 

195. D. A. Zhao, D. Yue, L. Zhang, K. Jiang and G. D. Qian, Inorg. Chem., 2018, 57, 12596-

12602. 

196. Y. Yang, H. P. Huang, Y. Z. Wang, F. Z. Qiu, Y. Feng, X. R. Song, X. L. Tang, G. L. 

Zhang and W. S. Liu, Dalton Trans., 2018, 47, 13384-13390. 

197. J. L. Yin, G. Y. Zhang, C. D. Peng and H. H. Fei, Chem. Comm., 2019, 55, 1702-1705. 

198. Y. J. Qi, Y. J. Wang, X. X. Li, D. Zhao, Y. Q. Sun and S. T. Zheng, Cryst. Growth 

Des., 2018, 18, 7383-7390. 

199. T. F. Xia, J. T. Wang, K. Jiang, Y. J. Cui, Y. Yang and G. D. Qian, Chin. Chem. Lett., 

2018, 29, 861-864. 

200. L. Zhang, Y. D. Xie, T. F. Xia, Y. J. Cui, Y. Yang and G. D. Qian, J. Rare Earths, 

2018, 36, 561-566. 

 



Chapter 2.  Experimental Methods 

28 
 

Chapter 2 

 

Experimental Methods 

 

2.1. Chapter Summary 

 

In this chapter the background and theory which governs each of the experimental techniques 

used throughout this project will be discussed in detail. In addition, the experimental 

procedures used for carrying out each analytical technique will be described fully. The 

software used throughout this project will also be discussed. Finally, the general experimental 

methods used to carry out the material synthesis and catalytic reactions in this thesis will be 

described such that the experiments could be reproduced by a reader. It should be noted that 

the precise details of each reaction can be found in the relevant chapters and will not be 

presented here.   

 

2.2. Characterisation Methods 

 

2.2.1. X-Ray Diffraction 

 

2.2.1.1. Background and Theory 

 

In 1912, Max von Laue reported the first observation of the diffraction of X-rays by crystals. 

This finding conclusively proved that X-rays were waves rather than particles, settling a 17-

year debate, and won him the Nobel prize in Physics in 1912. Father and son, William Henry 

Bragg and William Lawrence Bragg later showed that the repeating planes of atoms within 

crystals were responsible for the diffractions observed by Laue. They also showed that (Bragg) 

diffraction occurs when the spacing between planes of atoms within a crystal lattice is 

comparable to the wavelength of incoming radiation, and found that the resulting diffraction 

patterns could be used to infer the arrangement of the atoms within the crystal.1-3 This finding 
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led to both sharing the Nobel Prize in Physics in 1915, and led to the development of Bragg’s 

law. 

 

Today, X-ray diffraction is a powerful and widely used technique to characterise crystalline 

materials. Bragg’s law underpins the field, describing the way in which incident X-rays of 

comparable magnitude to the spacing between the atomic planes of a crystal constructively 

interfere to give a diffraction pattern. The law considers crystals to be comprised of parallel 

planes of atoms from which X-rays are diffracted. This is illustrated below in Figure 2.1.  

 

 

Figure 2.1. Diffraction of incident X-rays by planes of atoms within a crystal. The angle of incidence is denoted 

as θ and the d-spacing between two planes of atoms is denoted as dhkl where h, k and l are the Miller indices.  

 

The incident X-rays enter the crystal in phase since they are derived from the same source, 

and only constructively interfere to give a diffraction pattern when they are scattered in phase. 

The X-rays can be scattered by any atom within the crystal but will only scatter in phase when 

the distance travelled by two waves differs by an integer number of their wavelengths (nλ). 

This extra distance travelled is demonstrated to be the sum of the distances AB + BC in Figure 

2.1. The distance between the two planes of atoms within a crystal, d-spacing, is denoted as 

dhkl, where h, k and l are the Miller indices which form the lattice planes. Therefore, since the 

angle of incidence (θ) is known, the Bragg equation can be derived by simple Pythagoras as 

in Equation 2.1.  

 

.   𝐴𝐵 + 𝐵𝐶 = 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

 

It is the electrons within the atoms that are responsible for the diffraction of incident X-rays, 

and as such it is often difficult to distinguish between atoms with a similar electron count. It 

can also make it difficult or impossible to determine the precise location of atoms of low 
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atomic number such as hydrogen. This also means that atoms with a high atomic number such 

as the heavier metals and lanthanides scatter X-rays very strongly. Similarly, crystal planes 

which contain a high density of strong scatterers will produce more intense diffractions whilst 

planes with fewer strong scatterers or even no scatterers will have reduced diffraction intensity 

or may not even diffract at all. 

 

In powder X-ray diffraction, the goal is to achieve a complete distribution of random 

orientations of the small crystallites within a finely powdered sample such that every possible 

orientation of the crystals fulfils the Bragg condition. This then produces a cone shaped 

diffraction pattern, which is the average of every possible orientation of the crystallites, when 

irradiated by an incident X-ray beam where 2θ is the angle between the incident X-ray beam 

and the scattered beam. This is illustrated below in Figure 2.2, where the incident X-rays 

approach from the left, are scattered by the finely powdered crystalline sample in the centre, 

and then produce cones of diffraction at angles 2θ emanating from the sample. Insufficiently 

powdered samples can lead to the alignment of crystal planes meaning that an average of all 

possible orientations is not achieved. This results in preferred orientation effects being seen 

within the diffraction pattern, making specific diffractions more or less intense than expected. 

 

 

Figure 2.2. Diffraction of incident X-rays by a powdered crystalline sample. The diffracted beams are shown as 

their three-dimensional cone shaped beams emanating from the sample at angles 2θ. 

 

A powder diffraction pattern is measured by recording the intensity of diffraction through a 

two-dimensional cross section of angles 2θ. Since the intensity of each diffraction will be 

different depending on the strength of scatterers in each crystal plane, a plot of °2θ as a 

function of diffraction intensity is obtained. The diffraction pattern shows reflections at each 

diffraction angle as peaks, and each peak corresponds to an individual lattice plane within the 

crystal. This is illustrated in Figure 2.3, where the width of the diffraction cones indicates the 

intensity of each diffraction, and a representation of the resulting powder diffraction pattern 

is shown in red. 



Chapter 2.  Experimental Methods 

31 
 

 

Figure 2.3. A representation of a powder diffraction pattern resulting from the scattering of incident X-rays by a 

powdered crystalline sample. The width of each diffraction cone represents the intensity of the diffraction, and 

the resulting diffraction pattern is shown in red. 

 

Once a diffraction pattern has been obtained, the Bragg equation enables the determination of 

the d-spacing value for each reflection, since both the angle in 2θ and the wavelength of 

monochromatic X-rays are known. The method of calculating the d-spacing for each reflection 

is known as indexing. Indexing allows each peak within a diffraction pattern to be assigned 

Miller indices which describe the crystal plane in relation to the unit cell. This is illustrated in 

Figure 2.4, which shows the simulated powder diffraction pattern of the cubic CsSnI3 

perovskite with the Miller indices assigned, along with a depiction of the crystal structure of 

cubic CsSnI3. The (100) planes shown along with the (100) d-spacing, which is the distance 

between two (100) planes. The diffraction pattern demonstrates that the relative intensities of 

each diffraction vary, and this depends on the strength of the scatterers present in each lattice 

plane. 
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Figure 2.4. Left: a simulated powder diffraction pattern of the cubic CsSnI3 perovskite with the Miller indices 

assigned. Cu Kα = 1.5408 Å. Right: Two unit cells of cubic CsSnI3, with the octahedral Sn highlighted. Two 

(100) planes are shown in grey and the (100) d-spacing is highlighted. The orange spheres represent Cs, the 

green represent Sn and the purple represent I. 

  

The unit cell of a crystal is the simplest representation of the ordered arrangement of atoms 

within the structure. It contains all of the information of the atom locations within the crystal 

and also describes the translational symmetry of the crystal. Any crystal structure can be 

generated by translation of its unit cell in the x, y and z directions. The positions of atoms 

within the unit cell are described using fractional coordinates, with (0,0,0) being the origin, 

and (1,1,1) being the opposite corner of the unit cell. Each unit cell is assigned a space group 

which describes the symmetry of the whole crystal, and has unit cell dimensions a, b and c as 

well as internal angles of α, β and γ. There are a total of seven different crystal classes which 

vary in their symmetry from the most symmetrical cubic type where a=b=c and α=β=γ=90° to 

the least symmetrical crystal type triclinic where a≠b≠c and α≠β≠γ. In this way, a powder 

diffraction pattern is a ‘fingerprint’, being unique to each crystal structure. It should be noted 

that the symmetry of a crystal can give rise to absences of peaks within the diffraction pattern. 

 

X-ray diffraction is an invaluable method for resolving the unit cell of any crystal and is one 

of the primary techniques used in materials science and crystallography. Powder X-ray 

diffraction allows for rapid analysis of a solid sample without the need for excessive sample 

preparation methods. It is also non-destructive, meaning that samples can be recovered and 

retained after analysis, and that more sensitive samples such as organic crystals and some 

biological samples can also be analysed.  

 

In this work, powder diffraction is used as the primary method of phase identification for 

synthesised MOF materials. As made powders are analysed by powder diffraction and their 
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powder patterns are compared to those of the simulated patterns of the desired MOF. This 

provides fast and reliable identification of the sample and allows for comparisons to potential 

side products to analyse for impurities. In addition to this, some powder patterns were fitted 

using Pawley refinements in GSAS as a method of proving the sample identity by comparison 

with a simulated pattern. This also provides a method of comparing the lattice parameters of 

an as made material with reference materials. 

 

2.2.1.2. Experimental Details 

 

The powder X-ray diffraction (XRD) data in this thesis were recorded using four different 

laboratory X-ray diffractometers. 

 

Phase identification and preliminary characterisation was carried out using a Siemens D5000 

diffractometer equipped with a Cu Kα radiation tube (Kα1 λ = 1.54056 Å and Kα2 λ = 1.54443 

Å). Typically, data were recorded through diffraction angles from 5 to 30° with a step size of 

0.02°, and a count time of 1 second per step.  

 

High resolution data were recorded using a Panalytical X’Pert Pro MPD equipped with 

monochromatic Cu Kα1 radiation and a PIXcel solid state detector. Typically, data were 

recorded through diffraction angles from 5 to 50° to enable refinement of the powder pattern, 

and the effect of preferred orientation was minimised by spinning the sample at four 

revolutions per second whilst data were recoded. A beam knife was attached to remove low 

angle background noise when scans below 5° were carried out. 

 

Batch powder XRD measurements were made using a 3rd generation Malvern Panalytical 

Empyrean equipped with multicore (iCore/dCore) optics and a Pixcel3D detector operating in 

1D receiving slit mode. A Cu tube was used giving Cu Kα 1/2 radiation (1.5418Å). Grazing 

incidence measurements with an incidence angle of 0.5° were made in the range 3-50 °2θ with 

a step size of 0.04° and a counting time of ~ 1.4s/step 

 

Variable temperature in situ measurements were taken using a Bruker D8 Advance 

diffractometer. It was equipped with a bi-chromatic Cu Kα radiation and a VÅNTEC-1 high-

speed detector. The sample was housed within an Anton Paar XRK 900 reaction chamber 

which was controlled by a TCU 750 temperature unit and heated the sample at 0.2 °C per 

minute from temperatures ranging from 30 up to 900 °C. Samples were held at specified 
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temperatures whilst data were recorded, and an equilibration time of 5 minutes was allowed 

before any data were measured. Air was flowed over the sample for the duration of the scan. 

 

2.2.2. 1H Nuclear Magnetic Resonance 

 

2.2.2.1. Background and Theory 

 

Nuclear magnetic resonance (NMR) was first measured in 1938 by Isidor Rabi, a discovery 

which won him the Nobel Prize in Physics in 1944. This led to the development of the first 

NMR spectrometers in the late 1940s, for which Edward Mills Purcell and Felix Bloch shared 

the Nobel Prize in Physics in 1952. The discovery revolutionised the way in which chemical 

compounds are analysed, enabling fast and precise determination of compounds, even in 

complex mixtures. In the modern day, NMR spectrometers are commonplace around the 

world. Researchers rely on them for the routine analysis of organic chemicals in solution, as 

well as for the characterisation of polymers and biomolecules. NMR spectroscopy has even 

found uses in medical settings, such as magnetic resonance imaging (MRI). 

 

NMR uses a powerful constant magnetic field to align nuclei which, once aligned, precess 

about the magnetic field. The nuclei are then perturbed by a much weaker, oscillating magnetic 

field such as a radio wave. If the frequency of this radio wave is the same as that of the 

precession frequency of the nuclei, the precession is disturbed, and an electromagnetic signal 

is emitted as the nucleus realigns with the external magnetic field, this is known as relaxation.  

 

The precession frequency of a nucleus depends on many factors including the strength of the 

static magnetic field, the chemical environment, and the magnetic properties of the isotope 

involved. The procession of a hydrogen nucleus in response to an external magnetic field is 

illustrated in Figure 2.5. The figure depicts the precession of a hydrogen nucleus in response 

to an external magnetic field and, if the nucleus were to be irradiated with an oscillating 

frequency matching that of its precession frequency, it would emit an electromagnetic signal. 

The NMR signal arises by an adsorption of energy among two different energetic levels which 

are degenerate in the absence of any magnetic field. 
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Figure 2.5. A hydrogen nucleus precessing in response to a strong external magnetic field. 

 

Since the precession frequency is unique not only to the isotope aligned by the magnetic field, 

but also to the local chemical environment of that isotope, the electromagnetic signal emitted 

by the nucleus is also dependent on these factors. This means that the signal given off by the 

nucleus after irradiation by a radio wave is characteristic of both the isotope, and its local 

chemical environment. As a result of this, NMR analysis can provide vital insight into the 

local environment of nuclei within a known or unknown compound or material. 

 

Not all nuclei are active in NMR. To be NMR active, the nucleus in question must possess a 

magnetic moment otherwise it will be unaffected by the external magnetic field. It is the proton 

count versus the electron count within a nucleus that determines whether it will have a 

magnetic moment. Electrons have a spin of ±½, and when a nucleus has an even number of 

protons and electrons, these spins cancel to give an overall spin of 0. On the other hand, when 

a nucleus contains an uneven number of protons and electrons, there is an overall spin of ±½ 

associated with the nucleus meaning that it has a magnetic moment and will be active in NMR. 

As a result of this, many common isotopes, such as 16O and 18O are unable to be detected using 

NMR.  

 

By far the most used and most suited isotope for analysis by NMR is 1H. It is extremely 

abundant, especially in natural and biological systems meaning that 1H NMR can be used to 

probe a huge range of compounds, molecules, and materials. 1H also makes up 99.98% of all 

hydrogen, meaning that almost all hydrogen within any given molecule or material is spin 

active. This means that acquisition times for 1H NMR are much faster than for most other 

isotopes, and that the signal to noise is greatly reduced. As a result of this, 1H is the only 

nucleus used for clinical MRI scans.  
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In this project, 1H NMR is used regularly as the primary method of analysing the composition 

of products in solution after carrying out solution-based catalytic testing. The integration of a 

range of product peaks within a single NMR spectrum is compared to that of a known internal 

standard, and this allows for accurate determination of the concentrations of the products in 

solution.    

 

2.2.2.2. Experimental Details 

 

The 1H NMR spectra in this thesis were measured using two different laboratory-based 

spectrometers. 

 

The majority of spectra were recorded using a Bruker AVIII HD-300 MHz spectrometer and 

higher resolution spectra were obtained using a Bruker AVIII HD-400 MHz spectrometer. 

Both instruments were used to measure one dimensional 1H NMR spectra exclusively. 

 

D2O was used as the NMR reference solvent throughout, and a scan time of 3 minutes was 

used for each measurement. 

 

2.2.2.3. Calculations of Selectivity and Conversions 

 

The conversion of HMF and yields of products were calculated by 1H NMR. An internal 

standard, dioxane is used to calibrate the peak intensities. The equations used for the 

calculation of conversion and FDCA yield are given below. The yields of all products are 

calculated with the same yield equation. 

 

 

Carbon mass balance was then calculated by determining the total amount of carbon remaining 

within the observed products and comparing this to the amount of carbon within the initial 

substrates. The total amount of carbon contained within the reaction was calculated using 

NMR with an internal standard. 
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2.2.3. Thermogravimetric Analysis 

 

2.2.3.1. Background and Theory 

 

Thermogravimetric analysis (TGA) is an extremely useful method for investigating solid 

materials. It is particularly useful for analysing the composition and purity of MOFs, and that 

is the main use of the technique throughout this work. 

 

This is a common method of analysis of MOFs and is especially useful as it allows for each 

component of the MOF to be probed during specific heating stages. At low temperatures of 

50 – 200 °C solvent molecules on the surface and trapped within the pores of the MOF are 

evaporated off to leave the empty pore structure. This solvent loss is seen as a gradual low 

temperature mass loss which ends once the pores of the MOF have been completely evacuated. 

The exact temperature range over which this occurs depends on both the MOF and the solvent 

molecules present. 

 

Some MOFs exhibit a structural rearrangement at temperatures of 200 – 400 °C where 

terminally bound, or even bridging molecules can be removed or oxidised which forces the 

MOF structure to shift slightly to accommodate the change. Finally, at temperatures ranging 

from around 400 – 600 °C, the linkers which hold most MOFs together combust. This is the 

most prominent stage of the TGA in MOFs and is seen as a sudden and substantial mass loss 

ending once all of the linker has been combusted. At this point, all that is remaining are the 

oxides of the metals within the MOF. These oxides typically do not undergo any further 

decomposition before the maximum temperature of 1000 °C is reached, however, some metals 

may further oxidise after decomposition of the MOF, and this is seen as a gradual gain in mass 

after the linker has been completely combusted. By analysing the specific mass losses at each 

stage of the TGA, the mass of the linker can be compared to the mass of metal present within 

the original sample and by comparing this to the expected mass losses, it is possible to get a 

good indication as to the purity of the original sample. In MOFs whose linkers don’t 

decompose during the TGA but instead rearrange, it is possible that no mass loss will be 

detected. This is a rare occurrence, and in this case, the differential scanning calorimetry can 

be used to detect the changes. 

 

Moisture is known to be a concern for TGA measurements, especially when analysing porous 

materials such as MOFs which can contain large quantities of adsorbed solvent molecules. 
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Moisture and trapped solvent is generally removed at temperatures < 150 °C, depending on 

the boiling point, and so this mass loss occurs during the solvent loss step of most MOF’s 

decompositions. This means that it is often difficult to accurately determine the bound solvent 

within a MOF material by TGA. 

 

2.2.3.2. Experimental Details 

 

A Mettler Toledo TGA/DSC 1 instrument was used to carry out simultaneous TGA-DSC 

analysis. ~ 10 mg of sample was weighed out into a 40 µl alumina crucible which was 

automatically placed into the instrument. The sample was then heated from 25-1000 °C at a 

rate of 10 °C/minute before being allowed to cool inside the instrument. Samples were heated 

under air with a flow rate of 50 ml/minute. Continuous sample mass measurements were taken 

during the program and a blank curve subtracted from each measurement. 

 

2.2.4. X-Ray Fluorescence 

 

2.2.4.1. Background and Theory 

 

X-ray fluorescence (XRF) is a non-destructive analytical technique used to analyse the 

elemental composition of materials. XRF was used throughout this project as a method of 

elemental analysis. Industrially, XRF used to analyse precious metals in metal recycling, as 

well as to determine the coating weighting and plating thickness of materials and samples and 

films.  

 

During XRF, the sample is irradiated with X-rays which results in excitation of the core-shell 

electrons within the atoms to their excited states. When these excited electrons relax back to 

their ground states, they emit characteristic fluorescence or secondary x-rays based on the 

atomic species and energy level. Hence, XRF can be used as a spectroscopic fingerprint for 

the identification of the atoms within a sample, providing quantitative elemental analysis as a 

result of the unique fluorescence of each element. The intensity of the XRF signal is directly 

proportional to the number of atoms present within the sample. This means that the technique 

can be used to determine the thickness of layers or films. XRF’s main strength over other 

techniques used to determine elemental composition is its ability to determine film thickness 

without requiring any modelling. However, for accurate thickness analysis, XRF must be 

calibrated using known thickness standards. One of XRF’s main limitations is its lower 
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sensitivity towards lower atomic numbered elements. This is because these elements only emit 

weak fluorescence.  

 

2.2.4.2. Experimental Details 

 

All XRF measurements in this project were carried out using a Rigaku Primus IV Wavelength 

Dispersive X-Ray Fluorescence Spectrometer (WDXRF) equipped with a 4 kW X-ray tube. 

Samples were scanned for about 5 minutes to obtain sufficient counts for quantitative analysis 

to be carried out.  

 

2.2.5. Brunauer, Emmett and Teller Theory 

 

Surface area measurements of the MOF materials in this project were carried out using 

ASAP2020 Gas Adsorption Apparatus. Samples were degassed at 150-200°C for 12 hours 

depending on their stability to remove solvents trapped within the pores. During the BET 

measurements, the degassed sample is placed into a bulbed tube and evacuated. A precise 

known volume of nitrogen is then introduced to the same at cryogenic temperatures whilst 

measuring the change in pressure of the tube. The reduction in pressure within the tube as a 

result of the adsorption of nitrogen onto the surface of the sample is used to determine its 

surface area based on Brunauer, Emmett and Teller (BET) theory.  

 

2.2.6. Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) was used to acquire high resolution images of the MOF 

materials in this project. This was particularly useful in determining approximate particle and 

crystallite sizes and was also used to compare the particles before and after catalytic reactions. 

 

With a scanning electron microscope, a magnification of between 50 – 2,000,000 times and a 

spatial resolution of  ̴ 5 nm can be achieved, and this is performed under high vacuum. The 

electron beam is focused onto the sample by a magnetic lens and images are generated by 

monitoring the interaction of the electron beam with the atoms in the sample. In order for SEM 

to be effective, the sample must be conductive otherwise distortions and charging will occur 

and the sample will be impossible to image. During the SEM imaging, secondary electrons 

are primarily used to collect the images of the samples. These electrons only have relatively 
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low energies (<50 eV) however, and so they are only able to escape the top few nanometres 

of a sample. 

 

In preparation for SEM, 1 – 5 mg of sample was added to approximately 2 ml of isopropyl 

alcohol (IPA). This was then sonicated for a few minutes to create a fine suspension of the 

sample. Two drops of the suspension were then dropped onto a silicon wafer and the IPA was 

evaporated using compressed air to leave the sample scattered on the silicon. This method 

prevented agglomeration of the particles and allowed for imaging of individual particles and 

crystallites.  

 

SEM imaging was carried out using a Zeiss Supra 55-VP FEGSEM.   

 

2.2.7. Infrared Spectroscopy 

 

In infrared spectroscopy, the sample is placed onto the spectrometer where it is irradiated by 

IR radiation. When this radiation is passed through a sample, energy frequencies 

corresponding to vibrational frequencies of chemical bonds within the sample are absorbed as 

the bonds vibrate. Energy that doesn’t match that of any vibrational modes passes straight 

through the sample (is transmitted). The resulting signal at the detector is a spectrum 

representing a molecular ‘fingerprint’ of the sample. Peaks are observed in the final spectrum 

based on the absorption of each frequency of irradiated IR by the sample, and transmittance 

is 100% when none of a particular wavenumber is absorbed. IR spectroscopy is therefore 

extremely useful in determining which chemical bonds are present within any given sample. 

 

IR spectra were recorded on a Bruker ALPHA FTIR ATR spectrometer with measurements 

carried out on solid powder samples in transmission mode. Spectra were collected over 

wavenumbers ranging from 450 to 4000 cm-1 and averages 128 measurements at 

approximately 2 cm-1 resolution. 

 

2.2.8. Photoluminescence 

 

2.2.8.1. Background and Theory 

 

Photoluminescence is the emission of light from any form of matter and is caused by 

irradiation of the matter with a specific wavelength of light. The absorption of the irraditated 
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light leads to photoexcitation of an electron within the material to an excited state. These 

excited photons relax back to their ground states with different relaxation processes. These 

relaxation processes result in the emission of light which is characteristic of the specific atoms 

within the material and their local environments. Photoluminescence measurements can 

therefore be used to probe the local environments of photoactive atoms and ions within 

materials.  

 

Photoluminescence of MOFs can be particularly interesting as the often highly conjugated 

aromatic linkers such as terephthalate are very strong photon absorbers. The excited state can 

then be transferred from the linker to the bound metal ions, which can greatly enhance the 

photoluminescence of the corresponding metals. This is known as the antennae effect. This 

can be extremely useful when looking at the photoluminescence of metals with spin forbidden 

excitations such as many lanthanides, where the antennae effect can greatly enhance the 

intensity of the metals photoluminescence. 

 

2.2.8.2. Experimental Details 

 

Photoluminescence spectra were collected on a Fluorolog 3 (Horiba FL3-22-iHR320) 

spectrofluorometer equipped with double-grating (1200 g mm-1) monochromators blazed at 

330 nm (excitation) and 500 nm (emission). A Hamamatsu R928P photomultiplier tube was 

employed as a detector, and a 450 W xenon arc lamp was used as a radiation source. Variable 

temperature spectra were obtained between 77 and 573 K using a Linkam Scientific 

temperature-controlled stage (THMS600). Excitation and emission signals were collected by 

optical fibers (Wavelength Electronics LFI-3751). Spectra of water suspensions were 

measured in quartz cuvettes (1 cm optical path, PTFE stopper, 3 mL) placed on a F3004 

Peltier-controlled sample holder (Horiba), with temperatures set from 288 to 343 K.  
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2.3. Software 

 

2.3.1. Mercury 

 

Mercury (The Cambridge Crystallographic Data Centre) was used for the visualisation of 

crystal structures, as well as for the simulated of powder patterns from CIFs.  

 

2.3.2. Diamond and POV-Ray 

 

Diamond 3.2 (CrystalImpact) was used to make all of the crystal images depicted in this thesis, 

and POV-Ray was used to generate high quality images of those crystals.  

 

2.3.3. ChemDraw 20.1.1 

 

ChemDraw 3D (PerkinElmer) was used to create all of the reaction schemes depicted in this 

thesis. 

 

2.3.4. TopSpin 4.0.7 

 

TopSpin (Bruker) was used to analyse all of the 1H NMR spectra reported in this thesis. The 

software was also used to generate all of the proton spectra depicted in this thesis. 
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2.4. Synthetic Methods 

 

2.4.1. Hydrothermal Synthesis 

 

All MOF materials synthesised as part of this project were made under solvothermal 

conditions. Generally, a 20 ml PTFE lined stainless steel autoclave (Figure 2.6) was used, but 

for larger scale reactions, 100 ml and 200 ml vessels were also used. Reagents and solvents 

were added to the PTFE liner along with a magnetic flea to allow for mixing prior to heating. 

The liner was then placed into the autoclave along with the PTFE lid, corrosion disc, bursting 

disc and top plate and the stainless-steel lid was screwed on. The lid was tightened to prevent 

leakage due to increased pressure caused by heating the sealed solvent.  

 

Heating of the autoclaves was carried out in fan ovens equipped with Eurotherm 3216 

controllers which allowed for programming of the ovens with up to 8 heating and cooling 

cycles for precise times up to 100 hours.  

 

 

Figure 2.6. Schematic of a stainless-steel autoclave with a PTFE liner. In preparing a sample in an autoclave, the 

solids along with solvent is added to the PTFE liner. The PTFE lid is then fitted, and the PTFE liner is sealed 

inside the stainless-steel case. A bursting disc acts as a pressure regulator and will burst should the pressure within 

the autoclave exceed safe limits. This prevents possibility of the stainless-steel vessel exploding. A corrosion plate 

is used to prevent excessive corrosion of either the bursting disc or the stainless-steel outer vessel. A spring is then 

sandwiched between two pressure plates to evenly apply pressure to the PTFE vessel. 
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2.4.2. Catalytic Oxidation of Hydroxymethyl Furfural 

 

The catalytic oxidation of HMF to FDCA was carried in 7 ml Duran® borosilicate reaction 

tubes. The solid reagents were first loaded into the tube, followed by 3 ml of deionised water 

and the required amount of tBuOOH peroxide which was sourced in aqueous solution. A 

magnetic stirrer was then added, and the solutions were heated in an oil bath for the desired 

reaction time before being cooled in ice water. Reaction times ranging from 30 mins up to 5 

days were carried out throughout this work. 
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Chapter 3 

 

Synthesis and Characterisation of Metal-organic 

Frameworks 

 

3.1. Chapter Summary 

 

In this chapter, the synthesis and characterisation of all of the MOF materials that will be used 

throughout this project will be discussed. A wide range of redox active MOFs containing 

different metal ions are synthesised, and in addition to that, a number of previously reported 

and highly stable MOFs are doped with redox active metals. These synthesised materials are 

fully characterised by a variety of techniques including powder XRD, TGA, SEM, IR, XRF 

and UV-vis to confirm successful syntheses and to attempt to determine the level of doping of 

redox active ions into the relevant materials.  

 

3.2. Introduction 

 

MOFs are a highly crystalline class of solid coordination polymers characterised by their high 

surface areas, of up to around 10,000 m2/g, and porosities and are considered to be one of the 

most promising family of materials of recent decades due to their unmatched tuneability. It is 

well known that small changes to a MOF’s synthesis can lead to drastic changes in the product 

formed, whilst still maintaining the overall MOF structure. By tuning the synthesis 

temperature, materials with varying degrees of crystallinity can be produced which can lead 

to significant differences in properties such as surface area and catalytic activity. It is also 

possible to create extensive linker and metal site deficiencies within some materials by tuning 

the ratio of metal source and linker used, or functionalised materials by substitution of metal 

ions or the addition of functionalised linkers. 

 

It is this ease of manipulation of MOF structures that makes them so desirable for applications 

such as catalysis, but this can also make their synthesis particularly challenging. Their ease of 
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modification can make it difficult to precisely synthesise or characterise any particular MOF 

product, or even to replicate an existing synthesis to produce an identical batch of an existing 

sample. During this project, a careful effort has been made to develop reproducible and 

scalable MOF syntheses and to fully characterise the materials using a variety of analytical 

techniques. This was done with the aim of producing MOF materials which could act as redox 

active catalysts for the oxidation of HMF. Therefore, materials with large surface areas would 

be advantageous to access high reaction rates, whilst pores large enough to allow the 

movement of the substrate through the material would be required to allow the internal surface 

area to be accessed. 
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3.3. Results and Discussion 

 

3.3.1. Synthesis and Characterisation of MIL-100(Fe) 

 

3.3.1.1. Introduction to MIL-100(Fe) 

 

MIL-100 is a well-known MOF with the chemical formula Fe3O(H2O)2(OH)(BTC)2, where 

BTC is the organic linker trimesate, whose structure is shown below in Figure 3.1. It consists 

of trimers of M(III) (M = Cr, Fe, Sc, Al, V) ions connected by trimesate linkers to form an 

infinite 3-dimensional lattice with zeolite MTN topology containing two distinct pores, with 

internal diameters of 25 Å and 29 Å.1-3 MIL-100 is an ideal catalyst candidate since it consists 

of a commercially available linker and is also relatively simple to synthesise. The large internal 

pore diameters will also make it more likely that substrate will be able to enter the pores of 

the MOF and access the internal surface area and catalytic sites. This could drastically increase 

the reaction rates compared to if the external surface area alone was utilised. 

 

 

Figure 3.1. Structure of MIL-100(Fe). (A) Trimer of iron octahedra and large pore structure that make up MIL-

100 MOF. (B) Structure of the small pore of MIL-100(Fe). (C) Structure of the large pore of MIL-100(Fe). 

 

MIL-100(Fe) is a highly stable MOF and can be heated to above 100°C in water without any 

notable loss in crystallinity. The Fe(III) ions provide the material with redox activity which 

makes it promising as a catalyst for the oxidation of HMF. It is also a highly stable MOF, and 

one of the most stable Fe(III) based MOFs to date,4 and can be heated to above 100°C in water 

without any notable loss in crystallinity. Although a crystalline material is not essential for 

catalysis, loss of crystallinity during the reaction would indicate that the material is breaking 

down and therefore would not strictly be considered a catalyst. Recyclability would also be 
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strongly affected by decomposition or loss in crystallinity of a catalyst since the active sites 

may be less accessible in an amorphous material. 

 

3.3.1.2. Optimisation of the Synthesis of MIL-100(Fe) 

 

The first reported synthesis of MIL-100 was the chromium version by Férey and co-workers 

in 2004.2 The synthesis required heating under hydrothermal conditions with the addition of 

metallic chromium to hydrofluoric acid as the first step. Since then, there have been a wide 

range of synthesis routes for MIL-100, using a range of metals, that have been reported in the 

literature. Férey’s group was also the first to report the synthesis of MIL-100(Fe), in 2007, 

where again the metal was initially dissolved in hydrofluoric acid in its metallic form.5 This 

synthesis was the first step for synthesising the MIL-100(Fe) catalyst. Therefore, the synthesis 

as laid out by Férey and co-workers was repeated exactly.  

 

Initially, powder XRD was carried out to confirm the material’s structure, and the powder 

XRD pattern of the resulting sample, TWC587, is shown below in Figure 3.2. As can be seen, 

the powder XRD pattern of the resulting MOF matched the simulated pattern well, with 

expected peak positions matching the observed. There was also no evidence of any extra peaks 

that would suggest the presence of side products such as Fe2O3 or unreacted linker. One 

notable feature was the reduction in relative peak intensities of the low angle peaks in the 

sample compared to those of the perfect crystal seen with the simulated pattern. This is fairly 

common with MOFs and suggests that the pores may be blocked either with solvent molecules, 

such as DMF, water, methanol or unreacted linker, that were present when synthesising or 

washing the MOF. DMF in particular is known to ‘stick’ relatively strongly to porous 

materials due to its strongly coordinating oxygen atom and it is difficult to remove because of 

its high boiling point. Alternatively, it is possible that unreacted linker molecules (or the acid 

precursor) from the MOFs synthesis or small particles of Fe2O3 that may have formed 

alongside the MOF are trapped within the pores of the MOF. These may be more difficult to 

remove since they may be too large to exit the pores of the MOF.  
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Figure 3.2. Powder XRD patterns of simulated MIL-100(Fe) along with the powder XRD pattern of TWC587, and 

as made sample synthesised according to the original synthesis using HF as a mineraliser.5 

 

Aside from the slight mismatch in relative peak intensities between the synthesised sample 

and the simulated pattern, it was decided that the patterns matched, and that the literature 

synthesis of MIL-100 worked well. This synthesis however, similarly to that of the chromium 

version, requires the use of hazardous conditions, and as such is not well suited to the large-

scale synthesis of a catalyst for use in environmentally conscious applications. This meant that 

there was a definite need to alter the synthesis of MIL-100(Fe) to avoid using the hazardous 

acids, and HF in particular. 

 

In investigating the literature, the purpose of the acids, HF and HNO3, in the synthesis of MIL-

100(Fe) appeared to simply be to facilitate the dissolution of metallic iron into solution. There 

was no obvious requirement for either of the acids, or even an acidic medium, in synthesising 

MIL-100. Further to this, trimesic acid which is only sparingly soluble in water at room 

temperature, has a greatly increased solubility at higher temperatures. This means that under 

the reaction conditions, the solubility of trimesic acid should be sufficient for it to dissolve. 

This has been shown in more recent studies where MIL-100(Fe) was successfully synthesised 

in water alone by replacement of the metallic iron with Fe(NO3)3·9H2O.6 Given this, the first 

attempt to synthesise MIL-100 without the use of the toxic acids was to carry out a similar 
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synthesis to that reported in the literature, replacing the iron metal with FeCl3·6H2O. This iron 

salt is completely soluble in water as well as many other common solvents and has the added 

advantages of being low-cost and highly abundant. The metal salt would therefore provide the 

Fe(III) ions and the acids could be omitted, whilst the relative amounts of linker and water 

would be kept the same. 

 

In this reaction, 1 mmol (270 mg) FeCl3.6H2O was mixed with 0.66 mmol (139 mg) trimesic 

acid (C6H3(CO2H)3) and added to 280 mmol (5 ml) deionised water. The solution was then 

placed into a 20 ml TeflonTM lined stainless steel autoclave, sealed, and heated to 150°C for 6 

days. Heating to temperatures in excess of 100 °C was vital, not only to push the reaction 

towards MIL-100 and improve the crystallinity of the products, but also to ensure the solubility 

of both trimesic acid and FeCl3.6H2O in water. FeCl3.6H2O for example has a solubility of 

approximately 10 wt% in water at room temperature which is not negligible, but this is 

increased to over 50 wt% at 100%. After filtering, washing and drying the product as per the 

original synthesis, sample TWC317 was obtained, and its powder XRD pattern is shown 

below in Figure 3.3. As can be seen, the powder XRD pattern shows that the as made sample 

is indeed consistent with the simulated pattern of MIL-100(Fe) indicating that the MOF has 

formed even without the use of nitric and hydrofluoric acid. This made the material much 

more promising with regards to its use as a green catalyst, as this proved that it was possible 

to synthesise the MOF in water alone. It appears from the powder XRD pattern however, that 

there is a broad background underneath the relatively crystalline MOF pattern. This indicates 

the presence of an amorphous phase within the sample and is likely to be Fe2O3 which formed 

during the synthesis alongside the MOF. The sample also has a much lower relative intensity 

of its low angle peaks compared to those of the simulated pattern. This indicates a loss of the 

microporosity of the MOF and therefore suggests that the pores of the MOF are blocked. This 

could further point to the presence of small particles of amorphous Fe2O3 trapped within the 

MOF structure. 
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Figure 3.3. Powder XRD patterns of simulated MIL-100(Fe) along with an as made sample TWC317 which was 

synthesised in water alone without the use of HF. 

 

It was hypothesised that Fe2O3 may be forming more slowly than MIL-100(Fe) and therefore 

by reducing either the temperature or the time of the reaction, it may be possible to synthesise 

the MOF while minimising the formation of iron oxide. To test this hypothesis, a reaction was 

set up in which all conditions were kept the same as those of the previous reaction except for 

the temperature which was reduced to 130°C. Again, the product was obtained and washed 

according to the original synthesis and was then dried in air before running a powder XRD 

pattern. The powder XRD pattern of the sample (TWC398) is shown below in Figure 3.4 and 

shows that once again MIL-100(Fe) has successfully been formed, proving that the MOF can 

be made at lower temperatures than those suggested in the literature. Further to that, the 

increase in relative intensity of the low angle peaks suggests that the product formed has a 

much more well defined and open microporous structure with fewer contaminants within the 

pores and is therefore closer to the perfect crystal structure of MIL-100. It is possible that as 

expected, the lower temperature has inhibited the formation of Fe2O3 alongside the MOF, 

meaning that small particles of the oxide are no longer blocking the MOFs pores. This would 

be beneficial in terms of the catalytic activity of the MOF as the pores being blocked would 

drastically decrease the surface area of the MOF available for catalysis. The synthesis of this 
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sample was therefore used as the optimised synthesis of MIL-100(Fe) and was used as the 

basis of future syntheses. 
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Figure 3.4. Powder XRD patterns of simulated MIL-100(Fe) along with an as made sample synthesised by an 

optimised method to make MIL-100(Fe). The optimised method lowered the synthesis temperature to minimise the 

formation of Fe2O3.  

 

3.3.1.3. Scale up of the Optimised MIL-100(Fe) Synthesis 

 

A major requirement of an effective catalyst is that it can be synthesised on a large scale. This 

is important not only because it enables large scale catalytic reactions to be carried out, but 

also because it prevents any batch-to-batch discrepancies between catalyst samples when 

running test experiments. This allows for direct comparison of catalytic reaction results 

without any effects from regularly changing the catalyst. It is important when scaling up 

syntheses, that care is taken to ensure that there is no loss of product quality such as impurities 

or changes in crystallinity which could affect the catalytic activity. Therefore, once the 

synthesis of MIL-100(Fe) had been optimised, it was important to scale up the synthesis to 

produce a large amount of the catalyst in one batch. In scaling up the synthesis of MIL-

100(Fe), the ratios of all reaction constituents were kept the same whilst a larger autoclave 

was used to allow all of the reactants to be increased. Given the availability and low cost of 

the reactants in the MOFs synthesis, it was decided that the reaction should be scaled up 10 
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times, from a 20 ml autoclave up to 200 ml. This could provide up to 5 grams of product per 

synthesis.  

The reaction conditions for the synthesis were as follows; 10 mmol (2.7 g) FeCl3.6H2O was 

mixed with 6.6 mmol (1.39 g) trimesic acid and added to 2.80 mol (50 ml) deionised water. 

The solution was then placed into a 200 ml TeflonTM lined stainless steel autoclave, sealed, 

and heated to 130°C for 6 days. Filtering, washing and drying were once again carried out 

according to the original literature synthesis, which is the same as was used for the optimised 

synthesis of the MOF, and yielded 3.3 g of pale orange powder. Care was taken to carry out 

each of the procedures in the same way as the optimised synthesis to avoid affecting the quality 

of the MOF produced. Despite this, however, simply upscaling the original synthesis will 

likely have some effect on the product formed since MOF structures can be highly dependent 

on their synthesis conditions. It is also likely that due to the large amount of product formed, 

further washing and drying steps may need to be performed in order to achieve similar results 

to those seen on the smaller scale.  

 

Figure 3.5. shows the powder XRD pattern of the material formed during the scaled-up 

synthesis, TWC572. Note that during the course of this project, a number of powder XRD 

diffractometers were used to carry out the measurements, and so the increase in the 

background at low diffraction angles could not be kept constant. The pattern reveals that the 

material is indeed MIL-100(Fe) since the powder XRD pattern matches that of the simulated 

structure very well. There is also no evidence of any side products having formed which would 

be evidenced by the presence of peaks not resulting from the MOF. The relative intensity of 

the low angle peaks match those of the small-scale reaction, being close to those in the 

simulated pattern. This shows that the pores of the MOF are relatively free and that the 

washing and drying steps employed were sufficient. There is also no sign of any amorphous 

background to the which would indicate the presence of Fe2O3 in the sample, a common side 

product when heating Fe(III) hydrothermally, although this is difficult to prove conclusively. 

All of this evidence suggests that there is no loss in the quality of the MIL-100 sample obtained 

when scaling the reaction up which is extremely promising for its potential as a possible 

industrial scale catalyst. 
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Figure 3.5. Powder XRD patterns of simulated MIL-100(Fe) along with that of the same made by the previously 

optimised method and sample TWC572, which was synthesised according to the same method but scaled up 10 

times. 

 

Since the scaled-up MOF product TWC572 looked extremely promising, it was important to 

further characterise the material to get an idea of the crystallinity and to investigate how the 

material compared to the perfect structure reported in the literature. Initially, the lattice 

parameters of the material were refined using a Pawley fit against the powder XRD pattern in 

order to determine the overall agreement with the reported crystal structure. The Pawley fit of 

sample TWC572 is shown below in Figure 3.6 and it is in good agreement with the expected 

structure, especially for MOFs whose powder XRD patterns can differ significantly from the 

ideal. There is also no evidence of any extra peaks, indicative of impurities within the sample, 

which would become especially apparent when carrying out a fit. Refinement of the lattice 

parameters of the of MOF show a = 73.430 Å (2), V = 395932 Å3, as compared to 73.3402 Å, 

V = 394481 Å3 from the reported single crystal data. This result is in very good agreement 

with the literature value, with the observed volume differing from the theoretical by only 

0.36% which shows that the MIL-100 sample formed during this reaction is highly crystalline. 

It suggests that the formation of any side products is minimal during the synthesis and that all 

unreacted starting materials are successfully removed during the washing stage. Further 

purification of the MOF sample would likely require the removal of tightly bound solvent 
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molecules within the pore structure and could be achieved by heating at high temperatures of 

150 - 200°C under vacuum. 

 

Figure 3.6. Fitted powder XRD pattern of as made, large-scale MIL-100(Fe). The lattice parameter was refined 

against the data in a Pawley fit (space group F d-3m). 

 

The TGA of the scaled-up MIL-100(Fe) product, TWC572, is shown in Figure 3.7 and follows 

the general trend of MOF decomposition outlined in the Experimental Methods 2.2.3. 

Between 30°C and 100°C there is a gradual mass loss of around 9% which is attributed to 

trapped methanol within the pores of the MOF. After this, at between around 200°C and 

450°C, decomposition of the linker takes place. It is likely that below 300°C the surface bound 

linker molecules decompose while the ones deeper within the MOF structure are stabilised. 

At around 350°C, there is then a drastic mass loss down to around 27% of the original mass. 

This is attributed to complete combustion of the linker and decomposition of the MOF into a 

combination of Fe2O3 and FeO, which is then completely oxidised to Fe2O3 by 1000°C.  

 

It is possible to use TGA as a method to further examine the purity of a MOF sample. By 

comparing the mass loss associated with the decomposition of the linker to the final mass of 

the iron from the MOF it is possible to determine the total percentage of the original MOF that 

the linker accounts for. This can then be compared to the expected percentage of linker in the 

perfect structure to determine the purity of the original MOF sample. The calculated 

percentage mass loss due to the linker in sample TWC572 was calculated to be 61.1% and the 
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expected mass from the linker is 63.0% based on the molecular formula 

Fe3O(H2O)2(OH)(BTC)2. This is in very good agreement with the expected value and indicates 

that there are almost no impurities within the synthesised sample. There are a number of 

possible explanations that could account for the 1.4% discrepancy. It is likely that the error 

associated with measuring the TGA, which can be as high as 5%, is largely responsible for the  

error associated with the TGA. In addition to this, the way in which the percentages were taken 

from the TGA plot, since they were just determined by eye as can be seen from the lines on 

the plot, could have a significant impact. It is also possible however that there is a small 

amount of Fe2O3 mixed in with the MOF. This oxide will not change during the heating cycle 

of the TGA and will therefore reduce the overall mass loss observed compared to heating a 

pure sample of the MOF. This would therefore cause the calculated linker mass loss to be 

lower than expected, but this was found to be insignificant with respect to experimental errors. 
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Figure 3.7. TGA curve measured in air showing the two-step thermal decomposition of an as made sample of MIL-

100(Fe). The composition of the sample is shown along with the percentage of mass remaining at each stage of the 

TGA.   

 

Both refinement of the unit cell parameters and TGA suggested that TWC572, the large-scale 

synthesis of MIL-100(Fe), was a pure sample with evidence of only trace amounts of 

impurities present within the sample. The synthesis produced 3.3 g of high-quality MIL-100 

which was ready to be used as a catalyst without any further purification or workup. To further 

test the scalability of the synthesis of MIL-100(Fe), it was decided that the reaction should be 
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scaled up even further. In this case, instead of keeping the reaction ratios the same whilst using 

a larger autoclave, the reaction concentration was increased, as well as further increasing the 

volume of solution such that the amount of precursors used were 40 times that of the original 

synthesis.  

 

The synthesis follows the concentrations of reagents as in the literature; 1 FeCl3.6H2O : 0.66 

trimesic acid : 280 deionised water. The reaction was therefore set up as follows; 40 mmol 

(10.8 g) FeCl3.6H2O was mixed with 26.4 mmol (5.56 g) trimesic acid and added to 11.2 mol 

(100 ml) deionised water. The solution was then placed into a 200 ml PTFE lined stainless 

steel autoclave, sealed, and heated to 130°C for 6 days.  

 

The powder pattern of the further scaled up material, Figure 3.8, showed that further rewashing 

was required. After washing by stirring the MOF overnight in DMF and then overnight in 

methanol, the powder pattern became consistent with that of the simulated material, which 

indicated that the scaled-up synthesis had been successful. This was suggested by the good 

agreement of the peak intensities, as well as no sign of any side products or amorphous oxides 

having formed. 
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Figure 3.8. Powder XRD patterns of simulated MIL-100(Fe) along with an as made sample before and after 

washing. The as made sample was synthesised on a 40 times scale compared to the original synthesis. 
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After optimising the large-scale, water-based synthesis of MIL-100(Fe), a total of 

approximately 10 g of solid powder had been produced. This was extremely promising with 

respect to its use in the oxidation of HMF as large amounts of sample are useful to avoid batch-

to-batch discrepancies in reaction results. This synthesis demonstrates the scalability of certain 

MOF syntheses, and the ease at which they form. MIL-100(Fe) is a good example since it 

forms in water alone at relatively low temperatures.  
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3.3.2. Synthesis and Characterisation of UiO-66 

 

3.3.2.1. Introduction to UiO-66  

 

The Zr based MOF, UiO-66, is probably the most well-known and well-studied MOF to date.7 

UiO-66 was first reported in 2008 by Cavka and co-workers.8 and since then, it has been one 

of the most promising MOFs in a huge range of applications largely due to its exceptionally 

high chemical, thermal and hydrothermal stability and ease of synthesis. UiO-66 has the ideal 

formula Zr6O6(OH)4(1,4-BDC)6 and contains Zr6O4(OH)4 octahedra which form an extended 

structure through 12-fold connectivity of 1,4-terephthalate linkers as shown in Figure 3.9. 

UiO-66 has a pore size of 6 Å, and this was thought to be sufficiently large to allow the entry 

of the desired substrate molecule HMF. 

 

 

Figure 3.9. The structure of UiO-66 highlighting the hexagonal arrangement of the metal ion Zr6 clusters which 

are connected in three dimensions by terephthalate linkers. 

  

UiO-66 is made under relatively mild reaction conditions. This is because of the strong 

bonding between the Zr(IV) clusters and the carboxylate of the linker. The synthesis does not 

proceed when water is used as the solvent, due to the insolubility of the organic linker in water, 

and instead requires DMF. Efforts to remove or reduce the amount of acid used in the synthesis 

generally leads to a poorly defined product with low crystallinity and stability compared to 

that prepared by the standard synthesis.9  

The substitution of functionalised organic linkers into the UiO-66 structure has been well 

studied in the literature, as well as at Warwick.10-13 Substitution of functionalised 

terephthalate-based linkers can give rise to MOFs with properties such as hydrophobicity, 

hydrophilicity and Brønsted acidity which has been proven to increase the materials 
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effectiveness in applications such as catalysis. It is even possible to form extended versions of 

the MOF such as UiO-67 and UiO-68 by using extended dicarboxylate-based linkers and this 

gives MOFs with larger pore sizes and internal surface areas. The deliberate formation of both 

metal cluster and linker defect sites within the MOF structure has also been widely studied 

and can be tuned by the addition of modulators to the reaction.13, 14 Modulators, such as acetic 

acid, competitively bind with the metal ions, slowing the crystallisation of the MOF and 

leading to a more crystalline product. Tuning of the modulator/linker ratio can lead to a 

percentage of missing metal ion clusters or organic linkers throughout the structure. This then 

leaves vacant metal sites or uncoordinated carboxylate groups which give the MOF extra 

reactivity and also extra porosity if the ligand defects are ordered. All of this makes UiO-66 

one of the most highly tuneable MOFs currently known and has contributed to its applications 

in fields such as catalysis over recent years.11 

 

3.3.2.2. Optimisation of the Synthesis of UiO-66 

 

The first step in synthesising UiO-66 was to repeat the original synthesis as described by 

Cavka, which was as follows: 

ZrCl4 (350 mg, 1.5 mmol) and terephthalic acid (495 mg, 3 mmol) were dissolved in 5 ml 

DMF. 1 ml of 12 M HCl was added and the solution was stirred for 5 mins. The solution was 

then transferred into a TeflonTM lined steel autoclave which was then sealed and heated to 

120°C for 20 hours. Once the autoclave had cooled to room temperature, the solution was 

filtered by Büchner filtration, washed twice with DMF and then methanol, and then dried at 

70°C overnight in air. 

 

The powder XRD of the as made sample, TWC378, as well as those of simulated UiO-66 and 

the linker, terephthalic acid, can be seen below in Figure 3.10. As can be seen from the powder 

XRD patterns, the synthesis of UiO-66 appears to have been successful as there is a good 

match with the peaks of the simulated pattern. There is, however, also an impurity within the 

sample, evident by the three peaks at 17.5 °, 25.8 ° and 28.0 ° which are not part of the UiO-

66 pattern.  

 

Plotting the powder XRD pattern of the linker alongside that of the as made sample confirmed 

that the impurity was undissolved linker. Notably, there is a small but notable shift in the 

position of the impurity peaks in sample compared to the pure acid and this is likely a result 

of a slight change in sample heights when measuring the two patterns. The same shifting is 
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seen in all three of the peaks and it therefore does not suggest that the impurity is anything 

other than terephthalic acid.  
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Figure 3.10. Powder XRD pattern of simulated UiO-66 alongside those of commercially bought terephthalic acid 

and an as made sample of UiO-66. 

 

The clear presence of terephthalic acid as an impurity within the sample of UiO-66 

demonstrated that a more thorough washing method than that described in the literature was 

needed. To this end, it was determined that centrifugation would be a more appropriate than 

washing during Büchner filtration since the product can be stirred in a desired solvent within 

the centrifuge tube prior to centrifuging the sample. This allowed more time for the solvent to 

dissolve all of the linker which is not possible when carrying out filtration. 

 

The sample was washed thoroughly by stirring for 10 minutes in DMF twice, followed by 

methanol twice. The MOF was collected by centrifugation after each washing and was finally 

dried at 70°C in air. The powder XRD of the rewashed sample, which is shown in Figure 3.11, 

clearly indicated that the more thorough washing had successfully removed any excess 

terephthalic acid that remained within the sample. The three impurity peaks no longer appear 

to be present within the pattern whilst the MOF remains highly crystalline. Additionally, the 

relative intensity of the MOF’s peaks closely matched those of the simulated pattern indicating 



Chapter 3. Synthesis and Characterisation of Metal-organic Frameworks 

62 
 

that the pores of the MOF were free of guest molecules. This is not surprising for UiO-66 as 

the pores of the MOF are much smaller than those of MIL-100 and so there is less concern 

over trapped molecules within the pores.  
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Figure 3.11. Powder XRD pattern of simulated UiO-66 alongside those of an as made sample of UiO-66, and the 

same sample after rewashing thoroughly by centrifugation. 

 

Despite the close resemblance between the simulated pattern of UiO-66 and sample TWC378, 

UiO-66 is prone to a variety of defects within its structure. These defects usually consist of 

missing linkers, which leave vacant metal sites where the linker would have been. The vacant 

sites will then be occupied by other potential ligands such as hydroxide ions or acetate groups, 

depending on the synthesis method of the MOF. Figure 3.12, below, shows the normal 

coordination of terephthalic acid in UiO-66 alongside the proposed coordination of acetate 

and hydroxyl groups when defect sites are present. The high coordination number of the 

Zr(IV) ions within the MOF, as well as the strength of the metal – carboxylate bonds, mean 

that UiO-66 is able to accommodate up to around 30 mol% linker defects whilst still 

maintaining its structure. These linker defects are one of the many reasons that UiO-66 has 

been found to be so useful in such a wide range of applications, since they can greatly increase 

the internal surface area of the MOF as well as provide the material with properties such as 

Lewis acidity. 
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Figure 3.12. Zr oxide cluster linked by 1,4-BDC alongside proposed structure of defective sites where the linker is 

missing. Defective site can be compensated either by acetate ligand or hydroxide ligands. 

 

Due to the high potential for UiO-66 to be defective, powder XRD alone is not enough to fully 

characterise the MOF, and other techniques must be employed to fully understand the material 

that has been synthesised. TGA is particularly useful for characterising the defects within UiO-

66 since the MOF has a very distinct thermal decomposition.8 Defect sites within the MOF in 

which a percentage of the linker is replaced with smaller molecules leads to a reduced mass 

loss associated with the decomposition of the linker due a reduction in the metal:linker 

stoichiometry in a defective material. It is then possible to estimate the percentage of missing 

linkers within the structure by comparing this mass loss to the theoretical loss in a perfect 

crystal of UiO-66. The calculation is an estimate since assumptions must be made about which 

molecules are replacing the linkers based on the synthesis employed, but by controlling the 

synthesis and therefore the available ligands, it is possible to predict the compensating ligands 

with a good degree of accuracy. 

 

In UiO-66, the hydroxyl groups within the metal oxide clusters of the MOF undergo oxidation 

at around 200°C which converts the as made structure Zr6O4(OH)4(1,4-BDC)n(OH)(6-n) into 

Zr6O6(1,4-BDC)n(OH)(6-n) and gives the material a distinctive three step thermal 

decomposition. This second step is unique to UiO-66 and gives the MOF a distinct three step 

mass loss, compared to the usual two-step decomposition in MOFs.  
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The TGA of the as made UiO-66 sample is shown below in Figure 3.13, and it shows very 

clearly the unique three step mass loss that is characteristic of UiO-66. The expected mass loss 

from decomposition of the linker in a perfect sample of UiO-66 is 54.6% from Zr6O6(1,4-

BDC)n(OH)(6-n). This is the mass loss that would be expected when there are no linker 

deficiencies within the material. The observed mass loss in sample TWC378 is 43.7%, which 

is around 20% less mass loss than expected, much higher than the potential errors associated 

with the measurements. This indicates that there is approximately 20% of the linker missing 

from the sample giving n = 4.8. This number will be higher than originally calculated, 

however, since there must be substituted ligands coordinating to the metal ions in place of the 

missing linkers in order to charge balance the material, but this gives an idea as to the linker 

deficiencies. This value is also in good agreement with reports from literature which generally 

show similar defect levels.11, 13, 15 
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Figure 3.13. TGA trace carried out in air of an as made sample of UiO-66. The composition of the sample is shown 

along with the percentage of mass remaining at each stage of the TGA.   

 

Optimisation of the MOF’s synthesis was then carried out in order to scale up the synthesis to 

produce a more useful amount of the sample since to be used as a potential catalyst, at least 

one gram of sample would be needed. Therefore, to prepare a larger batch of UiO-66, the 

synthesis was scaled up 10 times. The synthesis produced a large amount of product which 

was washed and dried in the same way as previously described. The powder XRD pattern of 
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the scaled-up sample was compared to that of simulated UiO-66 and is shown in Figure 3.14. 

The powder XRD pattern of the sample matched that of the simulated pattern well. Any peaks 

present within the pattern of the as made sample that were not allowed within the simulated 

pattern would indicate the presence of impurities. In this case, no such peaks are seen, and 

there does not appear to be any broadening of the background which might explain the 

presence of an amorphous phase such as metal oxides. 
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Figure 3.14. Powder XRD pattern of simulated UiO-66 alongside that of the scaled-up sample of UiO-66. 

 

TGA of the sample was carried out, and the result compared to the TGA of the previous small-

scale sample in Figure 3.15. The most striking feature of the TGA of the scaled-up sample is 

the large total mass loss, ending with 31.7% total mass compared to 51.9% in the small-scale 

version. Further investigation into the steps within the TGA show that the extra mass loss in 

the large-scale sample is seen within the solvent loss and oxidation steps at between 30 and 

300°C. In particular, it appears that there is a very large amount of solvent, likely DMF, 

trapped within the pores of the MOF. It appears that the evacuation of DMF from the MOF 

has obscured the oxidation step which occurs at around 220°C. On the other hand, the mass 

loss associated with linker’s decomposition appears to be very similar to that of the small-

scale sample. By comparing the percentage mass loss from decomposition of the linker with 

the mass of the remaining ZrO2 at the end of the TGA, the linker decomposition is found to 

account for 55.6% of the observed mass loss of the MOF. This is compared to 54.6% in the 

perfect crystal and therefore matches the ideal linker loss very closely, within the margin of 
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error of TGA. This indicates a highly crystalline MOF structure since the data suggests that 

the metal:linker stoichiometry is in line with that of the perfect crystal. 
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Figure 3.15. TGA curves of a small-scale batch of UiO-66 alongside a large-scale batch. 

 

In order to fully wash away the DMF solvent from the pores of the MOF, the large-scale 

sample was rewashed a further two times overnight with methanol and dried at 150°C for 48 

hours. This removed all evidence of trapped solvent from the TGA of the sample and gave 2 

g of MOF sample which was used as made for further catalytic testing.  
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3.3.3. Synthesis and Characterisation of UiO-66 Doped with Redox 

Active Metal Ions 

 

3.3.3.1. Introduction 

 

Once the synthesis of 100% Zr - UiO-66 had been optimised, the next step was to dope the 

material with a percentage of redox active metal ions. Zirconium itself is not redox active 

which means that it is unable to facilitate or catalyse oxidation reactions. It would therefore 

be necessary to add redox active metal ions into the UiO-66 structure for it to be able to act as 

a catalyst for the oxidation of HMF. Redox active metals are able to switch oxidation state 

which allows them to facilitate oxidations and reductions of other species. This means that 

during catalysis, the redox active metal ions within UiO-66 will change oxidation state. This 

change in oxidation state often destabilises materials and leads to gradual decomposition after 

repetitive use.  

 

Doping UiO-66 with a percentage of redox active Fe(III) ions has been reported before in the 

literature, and the consensus is that the metal ions sit on the Zr6 clusters of UiO-66 through 

the formation of a Zr-O-Fe bridge.16-19 It was found that more defective materials led to a 

higher uptake of Fe(III) ions since they sit in place of missing linker molecules as shown in 

Figure 3.16, which highlights the proposed location of the Fe(III) ion on the Zr6 cluster.16 By 

doping into the MOF’s structure in this way, the destabilisation of the material brought about 

by the changing oxidation state of the redox active ion should be minimised since they do not 

make up part of the MOF’s framework. It may also make it more likely that the redox active 

ions may be leached into solution during the reactions however, since they are not strongly 

bound to the material.  
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Figure 3.16. Structure of a Zr6 cluster within UiO-66. The cluster has 11 organic linkers illustrated by the black 

spheres, with one linker drawn in full for reference. One linker is depicted as missing, and is replaced by an Fe(III) 

ion. The Fe(III) ion is depicted without its own coordination sphere for simplicity. This binding of the Fe(III) ion 

to the metal cluster has been previously suggested, although to date this has not been proven.16-19 

 

UiO-66 is ideally suited to the doping of metals of lower oxidation states as defects within the 

MOF’s structure may be able to enable the incorporation of metals without a 4+ charge. Ions 

such as Fe(III) could be charge balanced by loss of a small percentage of the BDC linkers 

within the structure without significant loss in the stability of the material since the dopant 

ions do not actually replace the Zr(IV) within the clusters. To the best of our knowledge, there 

have been no reports of the synthesis of UiO-66 where a M(III) ion was doped directly into 

the Zr(IV) site within a Zr6 cluster. Despite a number of papers discussing the doping of metal 

ions into the UiO-66 structure, it remains a relatively new topic and further studies are required 

before the chemistry is fully understood. With that in mind, the materials synthesised in this 

section will be characterised as thoroughly as possible in an effort to understand their 

properties.  

 

One interesting case is Ce-UiO-66 which is already known and can be synthesised purely with 

cerium.20, 21 In contrast to the doping of M(III) ions onto the UiO-66 structure, Ce(IV) can be 

substituted for the Zr(IV) ions directly into the metal cluster, and substitution of the zirconium 
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for cerium is possible up to 100% cerium. Ce-UiO-66 is much less stable than the zirconium 

version however and must be synthesised with very short reaction times (<15 mins) to avoid 

the collapse of the MOF and formation of CeO2. Ce-UiO-66 has the additional issue with 

stability in that the redox active ions make up the actual MOF structure. This means that when 

the ions facilitate the oxidation of a substrate, and consequently are reduced, this will have a 

destabilising effect on the overall framework. It was not known therefore whether the purely 

Ce UiO-66 material would be stable under the reaction conditions. Of particular interest, 

however, is the synthesis of a set of mixed Zr/Ce-UiO-66 materials which may be able to 

provide the redox activity of the Ce ions along with the stability afforded by the Zr based 

material. The mixed-metal MOF may also result in a more defect rich material which may 

further improve its catalytic activity. 

 

3.3.3.2. Synthesis and Characterisation of Iron Doped UiO-66 

 

Synthesis of iron doped UiO-66 was carried out by Masters student Luyang Jiang, as part of 

her MEng research project which was supervised by Dr Volkan Degirmenci. She was also co-

supervised and assisted in the lab by myself. It should be noted that at the time of synthesising 

the Fe doped materials, it was not known whether or not the Fe could be doped directly into 

the metal clusters in place of the Zr. It was therefore assumed that the Fe added to the reaction 

synthesis should replace the Zr precursor such that the ratio of precursors was that of the 

intended ratio of Fe/Zr in the final MOF product. The iron doped UiO-66 samples were 

prepared in the same way as the pure zirconium samples, but with replacement of the desired 

percentage of Zr with Fe in the synthesis by substitution of ZrCl4 with FeCl3.6H2O.  

 

A set of syntheses were carried out with the aim of producing a set of six UiO-66 materials 

with Fe(III) dopant concentrations ranging from 0-25 mol%. The products were synthesised, 

washed and dried according to the large-scale procedure whose optimisation was previously 

discussed. Each of the six reactions yielded powders that became increasingly orange as the 

percentage of Fe in the synthesis increased. 

 

The powder XRD patterns of each of the samples are shown in Figure 3.17 below, along with 

the simulated pattern of UiO-66. Note that the Fe percentages shown are those added to the 

synthesis, not the final Fe percentage within the MOFs. From the plots, it is clear that UiO-66 

has successfully formed in each case since the patterns matched that of the simulated pattern 

well. There is also no evidence of any side products having formed, even at 25 mol% Fe, and 

particularly no sign of Fe2O3 having formed alongside the MOF.  
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Figure 3.17. Powder XRD pattern of simulated UiO-66 alongside those of a set of UiO-66 materials synthesised 

with an increasing percentage of Fe(III) relative to Zr(IV). 

 

Evidence of the successful incorporation of Fe(III) ions into the UiO-66 was provided by XRF 

analysis. The analysis of the 25% and 10% Fe doped materials, and the data showed that the 

incorporation of iron into the MOF was much less than intended. The results showed that the 

10 mol% Fe doped sample actually contained around 2.6 mol% Fe compared to Zr whilst the 

25 mol% Fe doped sample contained around 3.7 mol% Fe. This meant that the Fe: Zr ratios 

within the two materials were 1:38 and 1:27 respectively. 

 

This incorporation of iron into UiO-66 was much lower than originally expected, since at first 

it was thought that the Fe(III) ions would dope directly into the Zr6 cluster and replace Zr(IV). 

It is now known that this is not the case, and our value of around 4% Fe gives a Zr/Fe ratio of 

25:1 and roughly one Fe(III) ion per four Zr6 clusters. This is in good agreement with literature 

values for standard UiO-66, where a Zr:Fe ratio of 30:1 was reported.16 Despite the 

concentrations of Fe doped into the UiO-66 materials being considerably lower than expected, 

the materials were taken forward to be used as catalysts to determine both their catalytic 

activity, as well as their stability under the reaction conditions. 
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3.3.3.3. Synthesis and Characterisation of Iron Doped UiO-66 With a Range of 

Functionalised Linkers 

 

3.3.3.3.1. Introduction 

 

The terephthalic acid linker which is used to make UiO-66 can be replaced by a wide range of 

functionalised linkers up to 100 % incorporation and this can have drastic effects on the 

properties and crystallinity of the MOFs formed. Linkers such as monosodium 2-

sulfoterephthalate and 2,5-dihydroxyterephthalate can provide the material with Brønsted 

acidic functionality, whilst others such as 1,4-naphthalenedicarboxylic acid provide 

hydrophobicity. These can have significant implications for the functionalised materials, with 

the sulfonate functionalised version of the MOF having previously found use as a dual acid 

catalyst for the conversion of glucose into HMF.10 Each of these linkers strongly effects the 

functionality within the pores and at the surface of the MOF, and this can lead to drastically 

different catalytic performances compared to standard UiO-66. It was hypothesised that by 

synthesising a set of Fe doped UiO-66 type MOFs containing a range of functionalised 

terephthalate-based linkers, the oxidation of HMF into FDCA could be optimised and 

potentially tuned.   

 

3.3.3.3.2. Synthesis and Characterisation of Fe Doped UiO-66 Materials with 

Functionalised Linkers 

 

The first step in synthesising the set of functionalised Fe doped UiO-66 materials was to decide 

upon the linkers that would be incorporated into the material. A wide range of functionalised 

terephthalate based dicarboxylic acids are available commercially, and we chose a selection, 

shown in Table 3.1, that exhibited a range of different properties onto the resulting material.  
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Table 3.1. List of the modified terephthalate-based linkers used in the synthesis of a set of modified UiO-66 

materials. Their abbreviation, structures and relevant properties have been added for reference. 

Abbreviation Linker  Structure Properties 

ATP 
2-amino  

terephthalate 

 

Electron 
donating               

Weakly basic 

2,5 - OH 
2,5 - hydroxy 
terephthalate 

 

Relatively Bulky                   
Weakly Brønsted 

acidic    

1,4 - Napth 
1,4 - napthalene 

terephthalate 

 

Bulky linker                             
Hydrophobic 

BTEC 
1,2,4,5-Benzene 
tetracarboxylate 

 

Bulky linker                             
Hydrophilic 

Brønsted acidic    

MSBDC 
Monosodium 2-

Sulfoterephthalate 

 

Strongly 
Brønsted acidic      
Relatively bulky 
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The iron doped UiO-66 samples were prepared in the same way as the pure zirconium samples, 

but with replacement of the desired molar percentage of Zr with Fe in the synthesis by 

substitution of ZrCl4 with FeCl3.6H2O. Again, despite the relatively low solubility of 

FeCl3.6H2O in water at room temperature, on heating the solution up to the reaction 

temperature of 120 °C, the solubility significantly increases. This produced a set of 

functionalised materials with Fe doping of 25 mol% which could be compared to the Fe doped 

terephthalate UiO-66 samples for their Fe(III) content, and later their catalytic activity. All of 

the UiO-66 materials were synthesised in the same way except for the BTEC functionalised 

material. The modified UiO-66 materials were synthesised according to the 10 times scaled-

up synthesis of standard UiO-66 but with the complete replacement of the terephthalic acid 

with the same number of moles of the modified linker. Everything else including heating, 

washing and drying was kept the same. The BTEC-UiO-66 material was synthesised in water 

rather than in DMF as per literature.11, 22 The volume of the solution was kept the same, as 

were all other synthesis conditions. 

 

To confirm the successful synthesis of the functionalised materials, powder XRD of each 

sample was carried out and the resulting powder XRD patterns were compared to that of the 

simulated UiO-66 pattern. The powder XRD patterns of the 25 mol% Fe doped functionalised 

UiO-66 samples are shown below in Figure 3.18. As can be seen from the data, the UiO-66 

structure appears to have formed in each case. In the case of the ATP, 2,5-OH and 1,4- 

naphthalene linkers, the powder XRD patterns match those of the simulated pattern well with 

a high degree of crystallinity as evidenced by the sharp and intense Bragg peaks.  

 

In the case of the linkers, BTEC and MSBDC, the Bragg peaks are still in the correct place 

with the most intense, low angle peaks being clearly visible. The powder XRD patterns are 

much noisier and the peaks much broader. This is indicative of the formation of poorly 

crystalline materials with small particle sizes and was seen in work previously carried out at 

Warwick.11 In the previous work, this poor crystallinity and small particle sizes was found to 

increase the catalytic activity of the MOF but, particularly in the case of MSBDC, was found 

to result in materials with lower overall stability and the sulfonyl groups were found to 

decompose after continuous cycling.  

 

The low crystallinity of the BTEC material is normal and is a result of water being used as the 

solvent rather than DMF, which is used for all other syntheses.11 The 25 % Fe doped MSBDC 

UiO-66 sample also appears to contain a number of impurity peaks at low angle. These peaks 

are not seen within simulated powder XRD pattern and do not correspond to allowed peak 
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positions for the material, and as such must be due to at least one other phase in the sample. 

These peaks are also not characteristic of the MSBDC linker, iron oxide or zirconium oxide, 

and could not be washed away post synthesis. Given this, the 25 % Fe doped MSBDC UiO-

66 sample was not considered when carrying out catalytic reactions. 

 

Figure 3.18. Powder XRD patterns of simulated UiO-66 along with a set of UiO-66 materials synthesised with 

modified organic linkers. 

 

Of particular interest with regards to the modified Fe-UiO-66 materials was whether the 

functionalised linkers had any effect on the percentage of iron that was incorporated into the 

structure. In particular, it has been shown in the literature that increasing the defect sites within 

the material using synthesis modulators led to an increased uptake of Fe(III) ions into the 

MOF.19, 23 A maximum uptake of around 23 mol% Fe with respect to Zr was reported when 

using HCl as a modulator to form a more defective material compared to only around 3 mol% 

when acetic acid was used. It was considered that the BTEC and MSBDC samples in particular 

might show significantly increased uptake in dopant ions since the materials appeared to be 

significantly less crystalline and more defective than the other materials from their powder 

XRD patterns.   

 

The precise ratios of Zr:Fe within the modified UiO-66 materials were determined by XRF 

analysis. Despite the impurity peaks within the MSBDC sample, XRF analysis was still 

carried out to determine whether the material followed the trend in Fe(III) uptake based on its 
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defective structure. XRF has a relatively low experimental error (<1%), and so it can provide 

an accurate idea of the metal content within a sample. The results are summarised in the Table 

3.2. The results showed a very poor uptake of Fe(III) ions into the hydroxy-functionalised 

material. The values of iron incorporation were even lower than those of the non-defective 

standard terephthalate materials, suggesting that the linkers had a significant effect on the 

uptake of dopant ions. This effect appeared particularly strong with the hydroxy-

functionalised material which showed approximately 1/8th the Fe(III) uptake of the 25% Fe 

terephthalate-based material.  

 

In contrast, and as expected, the less crystalline BTEC and MSBDC materials showed a much 

higher incorporation of Fe(III) with around 17% in each case, meaning approximately an 

average of one Fe(III) ion directly bound to each Zr6 cluster. This higher uptake is in good 

agreement with literature values where it was found that a more defective material synthesised 

by use of HCl as a modulator, showed an Fe(III) uptake of around 23%, or 1.4 for every Zr6 

cluster.16 Of particular interest however, were the amino- and 1,4-naphthalene-based materials 

which showed a similarly high Fe(III) uptake of 18% and 17.1% despite also showing 

extremely crystalline structures in their powder XRD patterns. This indicated that the linkers 

themselves were responsible for the increased uptake of Fe(III) ions, rather than just an 

increase in defect sites brought about by the linker. 

 

Table 3.2. XRF derived Fe content and Zr:Fe ratios in a set of linker modified UiO-66 materials.  

Abbreviation Linker 
Fe content / 

mol% 

Zr:Fe 

molar 

ratio 

BDC terephthalate 3.7 27 : 1 

ATP 2-amino terephthalate 1.8 55 : 1 

2,5-OH 2,5-hydroxy terephthalate 0.5 200 : 1 

1,4-Naphth 1,4-napthalene terephthalate 17.1 5.8 : 1 

BTEC 1,2,4,5-Benzene tetracarboxylate 17.6 5.7 : 1 

MSBDC Monosodium 2-Sulfoterephthalate 16.4 6.1 : 1 

 

From these results, it was not completely clear whether it was the linker used in each case that 

directly effected the uptake of Fe(III) into the MOF’s structure, or whether the resulting 

crystallinity of the materials was responsible for the varying uptake. Despite this, the range of 

linkers and Fe(III) concentrations provided an extremely interesting set of materials to test for 

their catalytic activity in the oxidation of HMF. The amino- and 1,4-naphthalene materials, 

which showed both high crystallinity and high Fe(III) loading, may be particularly interesting 

as they may show increased stability whilst still providing good catalytic activity. 
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3.3.3.4. Synthesis and Characterisation of Vanadium Doped UiO-66 

 

The second candidate redox active metal that was tested as a dopant into UiO-66 was 

vanadium. Vanadium is the least desirable out of the three dopants chosen since it is known 

to be toxic to humans and to the environment.24 The vanadium MOFs reported to date are also 

extremely unstable, especially under aqueous conditions, with examples such as MIL-53(V) 

and MIL-47(V) both dissolving rapidly in water even at room temperature.25-28 It is possible 

however, that the metal ions may be stabilised once doped into the UiO-66 structure, and 

therefore it was decided that their incorporation into the MOF should be investigated.  

 

Once again, at the time of synthesis of these materials, it was assumed that the vanadium metal 

ions would be doped directly into the metal clusters and replace the Zr(IV) ions. As such, the 

synthesis reflects this with the desired vanadium content in the final MOF product matching 

the ratio of precursors added to the reaction. It is now thought that the metal ions bind directly 

to the metal cluster, and the characterisation of the materials reflects this. 

 

Given the success of doping low concentrations of Fe(III) into UiO-66, vanadium was 

incorporated into the structure simply by modification of the large-scale synthesis such that a 

percentage of the ZrCl4 was replaced by VO(SO4). Three syntheses were carried out with 

vanadium percentages of 10, 20 and 50%. Aside from the substitution of the Zr salt for 

vanadium, the synthesis was kept the same as that of the optimised large-scale synthesis of 

pure Zr UiO-66. In each case, an off-white powder was produced with the colour becoming 

greener as the percentage of vanadium increased as can be seen in Figure 3.19. This gradual 

change in colour of the samples is strong evidence of the presence of increasing percentages 

of vanadium within the samples, however it gives no indication as to whether the vanadium 

has been successfully incorporated into the MOF or whether it is present as a separate phase. 

There is also the possibility that the colour change observed between the samples is due to the 

oxidation states of the vanadium ions within the sample. V(IV) is darker than V(V), and so a 

build-up of V(IV) ions could also be responsible for the darkening of the colour seen. This is 

likely not the case though, since the reaction conditions were kept the same in each case, and 

so it is unlikely that the oxidation state of the vanadium ions varies significantly between the 

samples. 
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Figure 3.19. Image showing the colour change in V(III) doped UiO-66 as the percentage of V(III) within the 

synthesis of the MOFs was increased. 

 

Powder XRD analysis was then carried out and the resulting patterns are shown in Figure 3.20. 

As can be seen from the powder XRD patterns, UiO-66 was successfully formed at each 

dopant concentration. There is also no indication of any impurities being present within the 

sample. This, combined with the increase in colour of the samples as the percentage of 

vanadium within the synthesis was increased, is good evidence that the vanadium has been 

successfully doped into the MOF structure. 
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Figure 3.20. Powder XRD pattern of simulated UiO-66 alongside those of three vanadium-doped UiO-66 

materials. 

 

Finally, evidence of successful incorporation of vanadium ions into the UiO-66 structure was 

obtained XRF analysis. The results showed a V content for the 10, 20 and 50% samples of 

2.3%, 4.1% and 7.4% compared to Zr respectively. This means a Zr:V ratio of about 50:1, 

25:1 and 13:1 respectively, which is an average of around one V(III) bound to every other Zr6 

cluster in the case of the most concentrated sample. This incorporation is again less than was 

originally desired, but is similar to the values seen with the Fe(III) doping, and matches 

reported literature values well. These samples were used as made for catalytic testing along 

with the Fe(III) doped samples. 

 

3.3.3.5. Synthesis and Characterisation of Cerium Doped UiO-66 

 

Cerium is a redox active metal and can exist in the +3 and +4 oxidation states. The doping of 

cerium into UiO-66 is very different to the cases of Fe(III) and V(III) because Ce(IV) can be 

doped directly into the metal cluster and replace the Zr(IV). Pure Ce-UiO-66 is already known 

and requires much more precise synthesis conditions than the zirconium version as it is prone 

to oxidation to form CeO2 on extended heating. The Ce-UiO-66 materials used in this project 
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were not synthesised by me but were instead provided by Baiwen Zhao who has studied the 

materials in detail within the Walton Group. A set of three materials were synthesised with 

cerium contents of 20%, 80% and 100% (mol %) so that the stability towards oxidising 

conditions, as well as their catalytic activity could be compared. 

 

Confirmation of the successful synthesis of the Ce-UiO-66 materials was obtained by powder 

XRD, Figure 3.21. The data shows clearly that UiO-66 had formed in each case as the 

characteristic low angle peaks were present in all of the as made samples and the smaller, 

higher angle peaks are also present. The samples appear to be pure, with no extra peaks 

present, and no sign of any terephthalic acid within the sample. The confirmation of successful 

synthesis of UiO-66, as well as the lack of any impurities within the samples meant that they 

were used as provided for the catalytic reactions.  
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Figure 3.21. Powder XRD pattern of simulated UiO-66 and the measured pattern of terephthalic acid for reference 

alongside three as made cerium doped UiO-66 samples.  

  

In addition to being extremely useful for confirming the structure of the as made products, 

powder XRD is also useful for determining whether a dopant, such as cerium, has been 

successfully doped into a material. Replacing the metal ions within a MOF with other metals, 

particularly at high percentages and with metals of significantly different sizes, can lead to 
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slight shrinking or expanding of the unit cell. Since d-spacing is inversely proportional to 

theta, this can be seen in the diffraction pattern as a shift in peak position to lower angles when 

the unit cell expands, and to higher angles if the unit cell shrinks. Cerium is significantly larger 

than zirconium, and so when it replaces the zirconium in UiO-66, the unit cell expands 

slightly. Therefore, as the percentage of cerium within the material is increased, it is expected 

that the peaks will shift slightly to lower angle.  

 

Figure 3.22 shows the powder XRD patterns of the as made cerium UiO-66 materials along 

with the simulated UiO-66 pattern.  The plot focuses on the low angle region between 6 ° and 

10 ° which contains the most intense peaks of the UiO-66 powder XRD pattern. As expected, 

there is a clear shift in the peak positions of the samples moving from the 20% Ce samples at 

around 7.35 ° through to the 100% Ce sample at around 7.1 °. Interestingly, there is no shift 

between the peak positions of the simulated 100% Zr MOF and the as made 20% Ce doped 

sample, and only a slight shift between those and the 80% Ce doped sample. There is then a 

much more dramatic shift moving from the 80% Ce sample to the pure Ce sample. This 

inconsistent shift potentially suggested that the Ce incorporation was quite different to that 

intended. This is because at low angle, sinθ can be approximated to θ, so 2θ would be expected 

to change almost linearly with the change in d-spacing caused by Ce incorporation. 
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Figure 3.22. Powder XRD patterns of three as made Ce doped UiO-66 samples along with simulated UiO-66. The 

low angle region between 6 and 10 ° is highlighted to show the shift in peak positions of the three cerium doped 

materials as a result of the changing lattice parameters. 



Chapter 3. Synthesis and Characterisation of Metal-organic Frameworks 

81 
 

In order to clarify the uptake of cerium ions into the MOF’s structure, XRF was carried out 

on the 20% and 80% cerium doped materials. The XRF analysis showed that the cerium 

content within the MOFs was 24.2% and 68.3% respectively. These ratios match the desired 

dopant concentrations relatively well but indicate a preference for a more evenly mixed Zr/Ce 

material than for more pure material. In each case, the less concentrated ions from the 

synthesis make up a higher percentage of the total ions in the final MOF than what was added 

to the original synthesis.  

 

In this case, since the shift in diffraction angle 2θ would be expected to vary relatively linearly 

with any changes in d-spacing at low angle, it can be inferred that the d-spacing does not 

increase linearly as the larger cerium ions are doped into the MOF. This is since overall, unlike 

the cases of Fe(III) and V(III) doping, the Ce-UiO-66 samples contain roughly the desired 

concentrations of dopant ions. This is because the Ce(IV) ions replace the Zr(IV) within the 

clusters rather than binding directly to the clusters themselves.  

 

The Ce-UiO-66 samples were taken forward to be tested for their catalytic activity in the 

oxidation of HMF to FDCA without any further workup. It was hoped that since the 

concentration of redox active ions within the materials was relatively high, they would 

perform considerably better than the Fe(III)- and V(III)-UiO-66 materials where the 

concentration of redox active ions was much lower. It was also hoped that the cerium doped 

materials would not be considerably less stable than the zirconium versions, but the stability 

of these samples would need to be carefully monitored after each reaction. 
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3.3.4. Synthesis and Characterisation of Vanadium-based MOFs 

 

3.3.4.1. Introduction to Vanadium-based MOFs 

 

Vanadium is a redox active transition metal and there are a variety of vanadium-based MOFs 

known in the literature.28 Compared to other redox active MOFs, vanadium-based MOFs have 

been somewhat understudied in the literature considering the wide range of clusters and 

complexes that vanadium is able to form.29-33 This lower interest in vanadium-based MOFs is 

predominantly due to their relative instability, especially in water, compared with many other 

materials.34 The MIL-53 MOF for example is known to be relatively water stable when 

comprised of Cr(III) or Al(III), but readily dissolves in water at room temperature when 

formed of V(III) clusters.35 There is also the issue of many vanadium complexes and oxides 

being toxic. Many are particularly hazardous to the environment and aquatic life, and so this 

can pose additional risks for its large-scale use in catalysis, especially when the catalysts are 

prone to decomposition and dissolution when exposed to water.24 

 

Despite the relatively high toxicity and general instability of vanadium MOFs in water, the 

V(IV) based MIL-47 has been shown to be a highly active catalyst for the oxidation of 

cyclohexene.36 MIL-47(V) was the first vanadium MOF reported in the literature,25 and is one 

of the most widely studied to date.28 MIL-47(V) also readily dissolves in water at room 

temperature however, and must therefore be used in combination with organic solvents such 

as chloroform or acetonitrile to prevent decomposition. The relative instability of vanadium-

based MOF, particularly in water, limits their overall potential as industrial scale catalysts. 

Despite this, it was decided that they should be synthesised and tested for their catalytic 

activity to determine how they compared to other MOF catalysts and whether they displayed 

interesting or exceptional catalytic activity. Therefore, this section focuses on the synthesis of 

three well known vanadium-based MOFs, MIL-47, MIL-100, and COMOC-2.  

 

3.3.4.2. Synthesis and Characterisation of Vanadium-based MOFs 

 

The three vanadium-based MOFs synthesised in this section were synthesised with the 

assistance of Nunik Nugrahanti as part of a joint project between Warwick University and 

Indonesia. Nunik was supervised by Dr Volkan Degirmenci whilst at Warwick and assisted 

by me when carrying out the synthesis and characterisation of the MOFs. 
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3.3.4.2.1. Synthesis and Characterisation of MIL-47(V) 

 

MIL-47(V) was synthesised in a two-step reaction via the isostructural MOF MIL-53(V). In 

the first step, MIL-53(V) was synthesised by a conventional hydrothermal method by heating 

VO(SO4) or V(acac)3 along with terephthalic acid in water to 200°C for 48 hours. After this, 

the powder was collected by filtration and washed with DMF and methanol to remove 

unreacted precursors leaving a pure sample of MIL-53(V). MIL-53 contains chains of V(III) 

ions connected by terephthalate linkers in two dimensions to form a three dimensional ‘wine 

rack’ type structure. The material is well known for its breathing properties, where it expands 

and contracts in response to external stimuli such as solvent and pressure.25 The as-made MIL-

53(V) was then calcined in air at 220°C resulting in the oxidation of the V(III) ions into V(IV) 

giving MIL-47(V). MIL-47 is isostructural to the open pore MIL-53 but is locked into this 

open conformation and does not possess breathing properties. The oxidation of the V(III) ions 

into V(IV) is facilitated by the conversion of bridging µ2-OH into µ2-O allowing the chains of 

metal ions to remain largely unchanged after the conversion. The structure of MIL-47(V) is 

shown in Figure 3.23. 

 

 

Figure 3.23. The structure of MIL-47(V). left: Chains of V(IV) extending in one dimension connected in two 

dimensions by terephthalate linkers. Right: Overall structure of MIL-47(V) looking down the V(IV) chains to show 

the ‘wine rack’ type structure. 

 

Confirmation of the successful synthesis of MIL-47(V) was obtained by powder XRD. The 

powder XRD of the as made MIL-47 sample is shown below in Figure 3.24, where it is 

compared to the powder XRD pattern of the simulated material and that of the linker. The 

powder XRD pattern of the as made material matches that of the simulated MIL-47 pattern 

well. There was also no evidence of the linker being present within the sample which indicated 
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that it was thoroughly washed. The as made MIL-47 sample was taken forward to be screened 

for its catalytic activity in the oxidation of HMF without further workup. 

 

Figure 3.24. Powder XRD pattern of simulated MIL-47 and the measured pattern of terephthalic acid for reference 

alongside an as made sample of MIL-47 

 

3.3.4.2.2. Synthesis and Characterisation of COMOC-2 

 

COMOC-2 shares the same structure as MIL-47 but is formed using the extended organic 

linker BPDC and has the simple formula [VO(BPDC)].37 Like MIL-47, COMOC-2 is made 

up of chains of V(IV) ions connected by BPDC in two directions to form a ‘wine rack’ type 

structure, and the material does not possess any breathing properties. Unlike MIL-47, 

COMOC-2 is not synthesised via a V(III) intermediate, and instead crystallises directly out of 

solution with the vanadium in the 4+ oxidation state. Since it contains the extended linker, 

COMOC-2 has a much higher internal surface area than MIL-47 but is consequently less 

robust and more prone to both thermal and solvothermal decomposition. Like other vanadium-

based MOFs, COMOC-2 dissolves rapidly in water at room temperature. Figure 3.25 shows 

the overall structure of COMOC-2. The chains or V(IV) ions connected by BPDC linkers are 

shown along with the overall wine rack type structure. 
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Figure 3.25. The structure of COMOC-2. Left: A view of the chains of V(IV) ions which are connected in two 

dimensions by BPDC linkers. Right: The overall structure of the MOF looking down the V(IV) chains to show the 

‘wine rack’ type structure. 

 

In the synthesis of COMOC-2, the V(IV) salt VO(SO4) is mixed with the linker H2BPDC in 

DMF at room temperature before the mixture is sealed in a PTFE lined autoclave and heated 

to 150°C for 24 hours. DMF is used as the solvent rather than water because of the very poor 

solubility of H2BPDC in water, but it is also only partially soluble in DMF. This means that 

purification of the final product by washing away the linker can be difficult. 

 

To determine whether COMOC-2 had been successfully synthesised, a powder XRD pattern 

was recorded and compared with the patterns of simulated COMOC-2 and H2BPDC. The 

powder XRD patterns can be seen in Figure 3.26 and show that the as made sample is 

COMOC-2. From the powder data, it also appears that the sample contains a small amount of 

the linker which means that the post-synthetic washing of the MOF sample was insufficient. 

This is likely due to the relative insolubility of the extended H2BPDC linker compared to 

others such as H2BDC and means that the sample should be rewashed in hot DMF to remove 

all of the linker.  
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Figure 3.26. Powder XRD patterns of simulated COMOC-2 and H2BPDC along with an as made sample of 

COMOC-2. 

 

After washing the MOF sample again with hot DMF followed by methanol, the sample was 

dried overnight in air to remove any excess solvent. The sample was then analysed again by 

powder XRD the data is compared to the simulated and linker’s powder XRD patterns in 

Figure 3.27. As can be seen, the peaks indicative of H2BPDC within the powder XRD pattern 

of the MOF are no longer present after rewashing of the sample. This means that after 

rewashing in hot DMF, the linker was successfully removed from the MOF sample.   

 

 

5 15 2510 20 30

In
te

n
s
it
y
 /

 a
.u

.

Diffraction angle / °2q

 NN011 - as made COMOC-2

 H2BPDC

 Simulated COMOC-2



Chapter 3. Synthesis and Characterisation of Metal-organic Frameworks 

87 
 

 

Figure 3.27. Powder XRD patterns of simulated COMOC-2 and H2BPDC along with an as made sample of 

COMOC-2 after rewashing the same in DMF and methanol. 

 

In addition to carrying out powder XRD to confirm the successful synthesis of COMOC-2, 

TGA of the sample was also carried out. The TGA trace of the as made COMOC-2 is shown 

in Figure 3.28. The TGA shows a very slight mass loss before around 200°C which is due to 

loss of trapped solvent within the material, followed by a large mass loss starting at around 

350°C which is characteristic of linker decomposition within a MOF. The slight increase in 

mass at around 450°C is due to the oxidation of V(IV) to V(V) and leaves V2O5 as the final 

product at the end of the TGA. The linker decomposition starts with around 98% total mass 

and ends at 27% meaning a total mass loss from the linker 72.5%. This compares to the 

calculated mass loss from the linker based on the decomposition of [V(O)(BPDC)] to V2O5 of 

71%, which means that the experimental data are in very good agreement with the expected 

and indicates that the MOF sample is very pure.  
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Figure 3.28. TGA trace of COMOC-2. The estimated percentage of mass remaining at each stage of the TGA is 

given. 

 

As a result of the powder XRD and TGA results indicating that the as made COMOC-2 sample 

had formed the desired structure and was very pure, it was decided that the sample should be 

taken forward to be screened for its catalytic activity without further workup.  

 

3.3.4.2.3. Synthesis and Characterisation of MIL-100(V) 

 

The final vanadium-based MOF that was chosen to be tested for its catalytic activity was MIL-

100(V). MIL-100 is a well-known MOF archetype, and its structure was discussed in detail in 

Section 3.3.1. of this chapter. The iron-based version is the most commonly reported and this 

is predominantly due to its low toxicity and high thermal and hydrothermal stability.38 In 

comparison, the vanadium-based material contains trimers of V(III) ions which are hazardous 

to the environment and is much less stable than the Fe(III) version, dissolving in water at room 

temperature like other vanadium-based MOFs.27, 28 Despite the downsides associated with the 

vanadium-based material however, it was decided that it was still worth synthesising and 

testing the material for its catalytic activity. The V(III) active sites within the framework 

would likely possess very different redox activity than the Fe(III) sites and may be 

significantly more active or selective for the desired oxidation of HMF.  
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MIL-100(V) is synthesised in a very similar way to the iron-based version. As with the 

synthesis of MIL-100(Fe), the metal salt is dispersed in water along with trimesic acid linker, 

before being sealed and heated in a PTFE lined autoclave. The reaction mixture is heated to 

200°C for 72 hours and then cooled back to room temperature. The product is collected by 

centrifugation because MIL-100 has a tendency to form as small crystallites which often fit 

through the standard 40 µm filter paper. After washing twice with water and twice with 

methanol, the product is then dried in air to leave a dark green powder.  

 

Powder XRD analysis of the as made material was carried out to determine whether MIL-

100(V) had been successfully synthesised. The powder XRD pattern of the as made material 

is compared to those of simulated MIL-100(Fe) and the linker H3BTC in Figure 3.29. As can 

be seen from the results, the powder XRD pattern of the as made material matches that of 

simulated MIL-100 well. There is a slight reduction in the relative intensity of the low angle 

peaks compared to the higher angle ones, but it does not appear as though there is any 

recrystallised linker left in the sample. This was expected because trimesic acid is more soluble 

than terephthalic acid or the extended H2BPDC linker that were used to synthesise the previous 

vanadium-based MOFs.  

 

 

Figure 3.29. Powder XRD patterns of simulated MIL-100, H3BTC and an as made sample of MIL-100(V). 
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After confirmation of the successful synthesis of MIL-100(V) by powder XRD, the material 

was then analysed by TGA to further determine its purity, and the TGA trace is shown below 

in Figure 3.30. The data shown an initial mass loss of around 7% which is attributed to the 

loss of water and methanol solvents from the surface and pores of the MOF. At around 300°C, 

the material then undergoes linker decomposition to leave a total remaining mass of 47.6% by 

1000°C. There is a gradual increase in mass from around 450°C up to 800°C which is the 

result of oxidation of the remaining V(III) and V(V) species up to V2O5. Overall, a percentage 

mass loss of 49% was observed on decomposition of the linker to form the oxide. This is 

compared to the expected mass loss from the linker based on the molecular formula of MIL-

100(V) which is around 47%. This means that the observed mass loss is in good agreement 

with the theoretical mass loss and indicates a high level of purity of the MOF product. The 

slight deviation from the expected value may indicate that there are small amounts of unbound 

linker molecules trapped within the pores of the MOF, which is possible due to the large pore 

volumes of MIL-100(V). It may also simply be a result of the ambiguity in determining the 

start point of the linker decomposition. 

 

Figure 3.30. TGA trace of MIL-100(V). The estimated percentage of mass remaining at each stage of the TGA is 

given. Note that the small increase in mass between 450 and 800°C is due to the oxidation of V(III) to V(V). 

 

Confirmation of the successful synthesis and high purity of the as synthesised MIL-100(V) 

sample was obtained by a combination of powder XRD and TGA. It was then decided that the 
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as synthesised MOF should be taken forward to be screened for its stability and catalytic 

activity in the oxidation of HMF without further workup. 

 

3.4. Conclusions 

 

In this chapter, the synthesis and characterisation of a wide range of redox active MOF 

materials was discussed. The synthesis of MIL-100(Fe) was optimised such that only water 

was required as the solvent and was then scaled up to produce 10 g of product from each 

reaction. The synthesis of the highly stable MOF UiO-66 was then discussed. This led to the 

successful doping of a range of redox active metal ions into its structure to produce a set of 

materials. The synthesis of a set of vanadium-based MOFs was then discussed. These MOFs 

are known to be much less stable in water than those previously mentioned, but they would 

provide an interesting comparison to some of the other materials synthesised. The materials 

reported in this Chapter were taken forward to be tested for their catalytic activity as well as 

stability in the oxidation of HMF to FDCA.  
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Chapter 4 

 

Method Development for the Analysis and Oxidation 

of HMF to FDCA 

 

4.1. Chapter Summary 

 

In this chapter, the use of 1H NMR to fully analyse and quantify the HMF conversion, product 

yields including FDCA, and any side products will be described. The 1H NMR spectra of each 

of the relevant molecules in the project will be fully assigned and compared to those of other 

potential products. This chapter will provide the groundwork upon which the subsequent 

chapters will be based.  

 

4.2. Introduction 

 

Throughout this work, 1H NMR proved to be a good method for analysing the reaction 

solutions. NMR is a versatile analytical technique and allows for the analysis of both strongly 

acidic and basic solutions, which would aid with the dissolution of the less water-soluble 

reactions products. NMR also enables detailed analysis of each reaction solution such as the 

structure of any potential side products.  

 

Initially, either through the use of an NMR prediction software, or preferably by 1H NMR 

analysis of a pure sample of each of the expected molecules, an estimate of the peak positions 

of each proton could be obtained. This provided an idea as to whether NMR was a viable 

analytical method for the reaction. A common problem encountered when analysing a reaction 

by NMR is peak overlap which can make it difficult or potentially impossible to accurately 

integrate a particular peak. This must be taken into account while developing a method for 

analysing a particular system, but if a particular molecule has more than one proton 

environment, only one signal needs to be accurately integrated to provide a concentration for 

the molecule.   
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In order for proton NMR to be quantitative, a precisely known amount of an internal standard 

should be added. This can then be integrated from the spectrum and compared to the integral 

of product peaks to allow for accurate calculations of the number of moles of the particular 

compound within the solution. When choosing an internal standard for a reaction, there are 

many factors that must be considered. The solubility of the internal standard is important 

because if the standard is not completely miscible with the reaction solvent, its integration 

within the NMR spectrum will be underestimated. As well as that, the stability of the standard 

within the reaction solution must be determined. Decomposition of the standard in the reaction 

mixture would lead to an over-estimation of the reaction products and yields. The time 

between the addition of the internal standard and running of the proton spectrum is usually 

low, but the stability must still be considered. Finally, the position of the signal(s) within the 

spectrum must be considered when choosing the standard. The standard must be precisely 

integrated since all other concentrations are measured relative to it. Proximity to very intense 

signals such as those of solvents, or overlap with major product peaks, can severely hinder the 

accuracy of product analysis. A wide range of molecules can be used as internal standards 

depending on the system in question. 
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4.3. Results and Discussion 

 

4.3.1. 1H NMR Analysis of HMF and each Intermediate in its 

Oxidation to FDCA. 

 

4.3.1.1. Analysis of the 1H NMR Peak Positions of HMF, DFF, HMFCA, FFCA 

and FDCA 

 

The complete assignment of each of the peak positions within the 1H NMR in D2O was done 

to determine the precise position of each compound. The oxidation of HMF to FDCA proceeds 

through a number of possible intermediates and can produce a range of potential by-products. 

This means that the 1H NMR has the potential to be somewhat crowded, and as such, knowing 

the expected peak positions would simplify the analysis of a completed reaction. The peak 

positions of the desired products are shown in Table 4.1, and the results indicated that each 

compound had at least one proton environment which should enable its quantification. The 

suitability of each proton environment for analysis was determined simply by proximity to 

other environments within the NMR and those suitable for analysis are labelled in green. 

Proton environments close to the intense water signal were impossible to analyse accurately, 

and this is indicated by the red label. The other peaks may be useful depending on the exact 

product composition and peak positions within each sample. Throughout this work, water was 

used as the reaction solvent unless specifically stated otherwise, and D2O was used as the 

reference solvent when carrying out 1H NMR, again unless specifically stated otherwise. 
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Table 4.1. Complete analysis of the 1H NMR peak positions of each of the desired products of the oxidation of 

HMF in water was carried out, with D2O used as the reference for the NMR. Proton shifts are labelled green where 

they are likely to be useful in quantifying the amount of each compound, and red where quantification is unlikely 

to be possible. 

Compound Peak positions / ppm 

Name Structure 1 2 3 4 

HMF 

  

9.45 7.5 6.65 4.6 

DFF 

  

9.6 8.55 - - 

HMFCA 

  

7.2 6.5 - - 

FFCA 

  

9.55 7.5 7.2 - 

FDCA 

  

7.05 - - - 

H2O -  4.8 - - - 

 

4.3.1.2. Confirmation of Peak Positions within the 1H NMR Spectra 

 

A proton’s chemical environment, and consequently its chemical shift seen by 1H NMR, is 

strongly dependent on the nature of the solution and the interactions with other molecules 

present. It is common for proton signals to shift relative to each other in response to factors 

such as pH or concentration changes, since these can have a large impact on the electron 

density surrounding the protons. These shifts can also occur even relative to other protons 

within the same molecule. Therefore, it was very important to confirm the peak positions of 

each proton within a spectrum of a completed reaction during method development, rather 

than relying on an estimation from either the pure compounds or from predictive NMR 

software. 
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Due to the complex nature of the final reaction product in the oxidation of HMF, it was 

important to identify the precise positions of each proton signal relative to the others within 

an NMR spectrum from a real reaction as a reference for all further reactions. Therefore, to 

confirm the exact chemical shift of each of the key compounds protons within the 1H NMR 

spectra of the reactions, a set of completed reaction solutions were taken and to each was 

deliberately added a small amount of one or two of the expected products (DFF, HMFCA, 

FFCA and FDCA). This resulted in the peak intensities of the corresponding compounds 

increasing slightly relative to the other peaks in the spectra and allowed for simple 

confirmation of the peak positions. The choice of pairing of the key molecules was simply 

based on an estimation of peak proximity, compounds with more distant estimated peak 

positions were preferred in the pairing to avoid any ambiguity. The precise peak positions of 

DFF and HMFCA were determined simultaneously based on their respective 1H NMR spectra 

being unambiguous. To determine their peak positions, a single solution of DFF and HMFCA 

in D2O was prepared and a few drops were added to a completed reaction solution from which 

an NMR spectrum had already obtained. The solution was then reanalysed, and the two spectra 

were overlaid to allow for comparison of the relative peak intensities. The aim of this was to 

observe an increase in the relative intensities of the peaks derived from DFF and HMFCA on 

addition of the new solution. As can be seen in the overlaid spectra in Figures 4.1 and 4.2, the 

peaks for both DFF and HMFCA appeared at roughly the expected chemical shifts and each 

increased in intensity relative to the others within the spectrum on addition of the respective 

compound. 

 

 

Figure 4.1. Overlaid 1H NMR spectra of a completed HMF oxidation reaction before and after the deliberate 

addition of extra DFF and HMFCA. The blue spectrum is before the addition whilst the red spectrum is after. 

Peaks A and B relate to protons 1 and 2 in Scheme 1 respectively. 

DFF peak A 

increases 

DFF peak B 

increases 

HMFCA peak 

A increases 

= Before addition 

= After addition 
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Figure 4.2. Overlaid 1H NMR spectra of a completed HMF oxidation reaction before and after the deliberate 

addition of extra DFF and HMFCA. The blue spectrum is before the addition whilst the red spectrum is after. 

Peaks A, B and C relate to protons 1, 2 and 3 in Scheme 1 respectively. 

 

The precise chemical shifts of each of the molecules was determined in the same way and this 

enabled an 1H NMR spectrum of the oxidation of HMF over MIL-100(Fe) to be completely 

assigned as shown in Figure 4.3.  

 

 

Figure 4.3. Complete analysis of the 1H NMR spectrum showing the reaction products of HMF oxidation over 

MIL-100(Fe) catalyst after 24 hours. 1H NMR spectrum recorded on a Bruker 400 MHz spectrometer; the large 

peak centred at 4.8 ppm is undertreated water. 

 

 

HMFCA peak B 

increases 
HMFCA peak A 

increases 

HMFCA peak C 

increases but is 

strongly influenced 

by the water peak so 

will be ignored. 

= Before addition 

= After addition 



Chapter 4.  Method Development for the Analysis and Oxidation of HMF to FDCA 

100 

 

4.3.2. Optimisation of the Catalytic Oxidation of HMF 

 

4.3.2.1. Introduction 

 

To get a complete picture of the oxidation of HMF under the reaction conditions employed, it 

was necessary to carry out a set of reference reactions. These would probe the effect of each 

of the constituents of the reaction individually and would provide the foundation for which to 

carry out of the detailed catalytic testing with each catalyst. MIL-100(Fe) is highly water stable 

and has a high density of redox active sites. It was therefore expected to be among the most 

stable and active MOFs tested and was consequently chosen as the catalyst to use for these 

reference reactions. 

 

4.3.2.2. Choice of Chemicals and Conditions for the Oxidation of HMF 

 

4.3.2.2.1. Choice of Oxidant for the Catalytic Reactions 

 

The choice of oxidant for the catalytic reactions was largely based upon the stability of the 

MOF catalysts in each. The stability of each of the MOFs was tested under typical reaction 

conditions with a variety of oxidising agents, and the results are summarised in Table 4.2. The 

data showed that none of the MOFs chosen as part of this work were stable in either hydrogen 

peroxide or sodium peroxide. This is likely to be because they are basic in water, and MOFs 

are known to be generally unstable under basic conditions.1-4 The MOF materials were also 

found to be unstable in Na2CO31.5H2O2 for the same reason, although MIL-100(Fe) and some 

of the UiO-66 samples still maintained some crystallinity after the stability test but with clear 

evidence of partial decomposition. 

 

The most promising oxidising agent appeared to be tBuOOH, which is acidic in water. Each 

of the MOFs survived when exposed to realistic oxidising conditions of the peroxide for the 

oxidation of HMF. This was somewhat expected since the peroxide has been used in the 

literature in combination with MIL-47(V) for the oxidation of cyclohexene.5 Vanadium-based 

MOFs are known for their instability,6 and so it was expected that the other MOF catalysts 

would also be stable under these conditions. tBuOOH is also considered to be relatively 

environmentally friendly since its degradation products are water and tert-butanol.7 tBuOOH 

has the ability to act both as a radical based oxidant, as well as an oxygen transfer agent, and 

in the case of this work, it is thought to act exclusively as a radical based oxidant. The MIL-
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100(Fe), and UiO-66 materials were also found to be stable in the presence of Na2S2O8, which 

is also acidic in water. Some catalytic testing was carried out using Na2S2O8, but it was found 

that tBuOOH promoted the production of the oxidation products much more than Na2S2O8. 

Therefore, tBuOOH was chosen as the primary oxidant for this work. 

 

Table 4.2. The stability of each of the catalysts used throughout this project under a range of oxidising conditions. 

The green denotes that the MOF was stable, the yellow that the MOF partially survived and the red that the MOF 

decomposed completely.  

 

30 mg of each of the MOFs was heated for 6 hours at 60 °C in 10 mmol of the oxidant in 3 ml of water. *Note that 

the stability tests of the vanadium-based MOFs were carried out in acetonitrile. 

 

4.3.2.2.2. Choice of Solvent 

 

Water was the obvious choice of solvent for the catalytic reactions carried out during this 

project. An emphasis was put on the use of green conditions for this work, including using 

green synthesis routes and reagents for the synthesis of the MOF catalysts, and using green 

pathways for the production of FDCA. Therefore, where possible, all reactions in this work 

were carried out in water. Where an alternative solvent is used, this will be stated in that 

section. Note that acetonitrile was used for all tests with the vanadium-based MOFs due to 

their instability in water. 

 

4.3.2.2.3. Choice of 1H NMR Internal Standard 

 

Dioxane was chosen as the internal standard because it appeared to be the most suitable and 

satisfied all of the criteria required for a standard. It is fully miscible with water and is stable 

under aqueous and oxidising conditions and has four equivalent protons giving one strong 

signal in proton NMR. The signal from dioxane is at around 3.6 ppm which is away from all 

of the product peaks and is also sufficiently far from the strong H2O signal at 4.8 ppm.  

HOOH NaOOH Na2CO3.1.5H2O2
tBuOOH Na2S2O8

MIL-100(Fe)

UiO-66

Fe-UiO-66

V-UiO-66

Ce-UiO-66

MIL-47*

COMOC-2*

MIL-100(V)*

MOF Stability
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4.3.2.3. Analysis of Reference Reactions  

 

4.3.2.3.1. 1H NMR Analysis after Heating HMF in Water 

 

In this reference reaction, HMF was heated alone in water at 60 °C for 24 hours. This was to 

get an indication of the stability of HMF in water at elevated temperatures and could indicate 

potential non-oxidation-based side products. It was decided that the temperature should be 

kept relatively low to ensure the long-term stability of each of the MOF catalysts. Analysis of 

the 1H NMR spectrum, Figure 4.4, revealed a very low HMF conversion of 3% with no 

obvious peaks indicating the formation of any expected side products. This could be evidence 

of a small amount of HMF conversion to insoluble humins. These humins cannot be detected 

in the NMR due to their insolubility. It could also be an indication that around 3% is just the 

error associated with the instrument. 

 

 

Figure 4.4. 1H NMR spectrum of a reaction in which HMF was heated alone in water at 60 °C for 24 hours. The 

inset table shows the chemical shift and assignment of each peak in the spectrum. 

 

From this result, it was determined that HMF was almost completely stable when heated in 

water at 60 °C for 24 hours. This showed that a catalyst would be necessary in order to achieve 

substantial conversion of the HMF.  

 

4.3.2.3.2. 1H NMR Analysis after Heating MIL-100(Fe) in Water 

 

The catalyst was heated to 60 °C in 3 ml of distilled water for 24 hours. This reference reaction 

allowed for the identification of any side products that may form as a result of heating the 

a 

b c 
d 

Chemical shift / ppm Proton

9.4 HMF (d)

7.45 HMF (c)

6.55 HMF (b)

4.7 (broad) H2O

4.5 HMF (a)

3.65 Dioxane

1.1 tBuOOH
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MOF catalyst. These products could include loosely bound linker molecules from the surface 

of the MOF particles or from within the pores of the MOF, as well as impurities from the MOF 

synthesis such as methanol. Analysis of the 1H NMR of this reference reaction after heating 

for 24 hours, Figure 4.5, revealed that there was very little leaching of impurities from the 

MOF into the solution. Methanol was indeed seen and was almost certainly due to impurities 

from washing the MOF catalyst after its synthesis. No trimesic acid was seen after 24 hours, 

indicating no leaching of the linker from the MOF into solution, or any unreacted linker 

precursor being released. A small amount of acetone was also detected, and this is likely to be 

an impurity used in washing the glassware for example. 

 

 

Figure 4.5. 1H NMR spectrum of reaction solution in which MIL-100(Fe) was heated alone in water at 60 °C for 

24 hours. The inset table assigns the major peaks within the spectrum. 

 

4.3.2.3.3. 1H NMR Analysis after Heating tBuOOH Alone in Water 

 

It was vital to carry out a reference reaction where the tBuOOH oxidant was heated to 60 °C 

for 24 hours in water alone. This reference reaction would give an idea as to the stability of 

the peroxide under the reaction conditions, as well as enabling the identification of any 

decomposition products, which could then be discounted as potential products of the oxidation 

of HMF.  

 

The proton NMR spectrum, Figure 4.6, showed very little evidence of decomposition of the 

peroxide after the 24-hour period, indicating that it was stable under the reaction conditions. 

In agreement with the reference reaction in which only the MOF was heated, both methanol 

Chemical shift / ppm Proton

4.7 (broad) H2O

3.65 Dioxane

3.3 CH3OH



Chapter 4.  Method Development for the Analysis and Oxidation of HMF to FDCA 

104 

 

and acetone could be seen. This indicated that both impurities were likely going to be present 

in any reactions carried out. 

 

 

Figure 4.6. 1H NMR spectrum of reaction solution in which tBuOOH was heated alone in water at 60 °C for 24 

hours. The inset table assigns the major peaks within the spectrum. 

 

4.3.2.3.4. 1H NMR Analysis after Heating HMF together with tBuOOH in Water 

 

This reference reaction was essentially the catalyst-free oxidation of HMF in water. It acted 

as a benchmark against which potential catalysts could be compared. Again, the reaction was 

carried out at 60 °C for 24 hours. The reaction gave an idea as to the stability of HMF under 

oxidising conditions and indicated potential products of its oxidation. 

 

The proton NMR, Figure 4.7, showed a relatively low HMF conversion of 9.7% over the 24-

hour period. There was clear evidence of both DFF and HMFCA having formed, which was 

very promising with regards to oxidation via the desired pathway towards FDCA. There was 

also evidence of the presence of formic acid, a potential product of the decomposition of HMF. 

This decomposition pathway is non-reversible and would therefore compete against the 

oxidation towards FDCA.  

 

Overall, this suggested that HMF was relatively stable under the conditions used and that a 

catalyst would be necessary to achieve significant conversion. There may be a particular 

requirement for a catalyst capable of promoting the oxidation towards FDCA over the 

competitive decomposition pathway to form formic acid.  

 

Chemical shift / ppm Proton

4.7 (broad) H2O

3.65 Dioxane

3.3 CH3OH

2.1 Acetone

1.1 tBuOOH
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Figure 4.7. 1H NMR spectrum of a reaction solution in which HMF and tBuOOH were heated together in water at 

60 °C for 24 hours. The inset table assigns the major peaks within the spectrum. 

 

4.3.2.3.5. 1H NMR Analysis after Heating HMF together with MIL-100(Fe) in Water 

 

Here, HMF and the MIL-100(Fe) catalyst were heated together in distilled water at 60 °C. 

This reference reaction would identify whether HMF was likely to undergo any conversion in 

the presence of the MOF. Significant conversion may indicate that HMF could be readily 

converted into an undesirable product which would suggest that the catalyst employed may 

not be optimal in providing selectivity towards the oxidation products. Alternatively, low 

conversion of HMF may suggest that non-oxidation-based reaction pathways are disfavoured. 

It was also possible that oxidation of the HMF could take place with oxygen from the air acting 

as the oxidant.  

 

The proton NMR spectrum, Figure 4.8, shows that the HMF remained largely unchanged, with 

a conversion of 14%. There were no peaks indicative of any side products having formed 

which indicated that HMF did not undergo any significant non-oxidation-based conversion 

under the reaction conditions employed. It was unclear what the 14% of converted HMF had 

formed but it is possible that due to the large pore size of MIL-100, HMF was able to fit into 

the pores and got trapped. It would then be removed by filtration along with the catalyst prior 

to running the NMR. Another possibility is that the HMF had polymerised to form insoluble 

humins, which again would be filtered off prior to running the NMR. 

 

Chemical shift / ppm Proton

9.6 DFF

9.4 HMF

8.15 CHOOH

7.5 DFF

7.45 HMF

6.55 HMF

4.7 (broad) H2O

4.5 HMF

3.65 Dioxane

3.3 CH3OH

2.1 Acetone

1.1 tBuOOH
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Figure 4.8. 1H NMR spectrum of a reaction solution in which HMF and MIL-100(Fe) were heated together in 

water at 60 °C for 24 hours. The inset table assigns the major peaks within the spectrum. 

 

4.3.2.3.6. 1H NMR Analysis after Heating MIL-100(Fe) together with tBuOOH in Water 

 

The MOF catalyst and tBuOOH oxidant were added to water and heated together to 60 °C for 

24 hours. This tested the stability of both the MOF and the peroxide under the reaction 

conditions used and enabled the identification of any potential side products that could form 

from the reaction between the two.  

 

The NMR spectrum, Figure 4.9, revealed a small peak at high ppm which was due to trimesic 

acid, the linker in MIL-100. This could be a result of partial dissolution of the MOF or, 

unreacted trimesic acid leaching from the pores of the MOF during the reaction. A significant 

peak previously attributed to acetone could also be seen at 2.1 ppm. This was thought to be an 

impurity; however, this result suggested, and later experiments confirmed, that this peak was 

in fact due to tBuOH from the decomposition of the oxidant. 

 

Chemical shift / ppm Proton

9.4 HMF

7.45 HMF

6.55 HMF

4.7 (broad) H2O

4.5 HMF

3.65 Dioxane

3.25 CH3OH
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Figure 4.9. 1H NMR spectrum of a reaction solution in which MIL-100(Fe) and tBuOOH were heated together in 

water at 60 °C for 24 hours. The inset table assigns the major peaks within the spectrum. 

 

Later addition of tert-butyl hydroxide to the reaction resulted in the increase in relative 

intensity of the peaks which had previously been attributed to acetone. This confirmed that 

the peak was due to a combination of acetone and tert-butyl hydroxide, which had formed 

from the partial decomposition of the oxidant in the presence of the catalyst. 

 

4.3.2.3.7. Testing of Mass Transfer Limitations by Varying Stirrer Sizes 

 

A reaction system limited by mass transfer, is one where the movement of substrates to, and 

products from a reaction site is the rate determining step in the reaction. This means that when 

carrying out a reaction which is mass transfer limited, you are measuring the movement of 

molecules within the solution rather than reaction kinetics, and in this case, it is impossible to 

differentiate the effects of changes in reaction conditions. This was particularly important 

since the shapes of the reaction tubes used limits their mass transfer capabilities.  

 

In order to test the mass transfer limitations of the reaction system, a set of reactions using 

stirrer bars of varying sizes was carried out. The reaction results, Figure 4.10, showed that 

when the size of the magnetic stirrer is increased, there was a noticeable increase in product 

yield. This showed that when the smallest stirrer is used, the oxidation of HMF, and product 

formation was limited by mass transfer rather than reaction kinetics. In contrast, increasing 

the magnetic stirrer size from medium to the largest showed no difference in reaction results. 

This indicated that for both cases, the system was limited by the reaction kinetics and not mass 

Chemical shift / ppm Proton

8.1 Trimesic acid

4.7 (broad) H2O

3.65 Dioxane

3.3 CH3OH

2.1 Acetone

1.1 tBuOOH
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transfer limitations. This meant that the results showed the limitations of the catalyst used as 

opposed to the movement of molecules within the solution.  

 

Figure 4.10. Reaction results when using different a variety of different sizes of magnetic stirrer to agitate the 

solution during the oxidation of HMF by MIL-100(Fe) and tBuOOH. Reaction conditions: 30 mg MIL-100(Fe) 

heated with 150 mg HMF and 8 eq tBuOOH in 3 ml of water at 60 °C for 24 hours. 

 

The reaction showed that under the conditions used, it was likely that the reactions would be 

mass transfer limited if the solutions were not sufficiently stirred. Therefore, for every reaction 

from this point, the 2 cm magnetic stirrers were used to provide maximum agitation. 

 

4.3.3. The Development of Standard Reaction Conditions 

 

A set of standard reaction conditions were developed so the testing of the catalytic activity for 

each of the MOFs in this work was done under the same conditions. This would mean that the 

results from each of the catalysts would be comparable. The development of these reaction 

conditions was carried out using MIL-100(Fe) as a model catalyst. 

 

4.3.3.1. Varying the Reaction Temperature 

 

Optimisation of reaction temperature was extremely important as it had a significant effect on 

the rate of reaction, stability of the catalyst and may also affect the selectivity of products. In 

order to determine the optimal reaction temperature, a series of 24 hour reactions were carried 
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out in which the temperature was varied from 40 °C to 70 °C whilst monitoring the conversion 

and product distributions.  

 

As can be seen from the product analysis data shown in Figure 4.11, temperature had a 

significant effect on the distribution of products from the reaction. At 40 °C, a HMF 

conversion of 70 % was achieved, with the selectivity towards the desired products around 30 

%. Of the 30 % product selectivity, however, there was only a low yield of FDCA. This 

indicated that the reaction had not proceeded long enough for all of the products to fully 

oxidise and form FDCA. At 50 °C, the conversion of HMF was significantly higher and the 

reaction had proceeded further, with the desired products being pushed more towards FFCA 

and FDCA. In terms of overall product yield, it appears that 60 °C was the optimal temperature 

for this reaction, with an approximate yield of useful products (DFF, HMFCA, FFCA and 

FDCA) of 40 % of which 10 % was FDCA. The yields of DFF and HMFCA were very similar 

at 40-60 °C which suggested that they reacted quickly once formed.  

 

Increasing the reaction temperature further to 70 °C, on the other hand, appeared to be 

detrimental to overall useful product selectivity with a total yield of 20 % of which 15 % was 

FDCA. This lower overall yield was expected as it appeared from the data that formic acid, 

formed by the ring opening of HMF, was a side product formed from each of the intermediates, 

as well as HMF. This meant that the overall selectivity towards useful products would decrease 

over time and explained the low selectivity seen at 70 °C. Aside from this however, it also 

appeared that higher temperatures promoted the formation of humins, and this was the reason 

for the higher carbon imbalance (~80 % vs ~60 % at 60 °C) seen at 70 °C.  
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Figure 4.11. HMF conversion and product yields with MIL-100(Fe) catalyst at a variety of reaction temperatures. 

Reaction conditions: 3 ml of 5 wt% HMF aqueous solution heated together with 30 mg MIL-100(Fe) catalyst and 

8 eq tBuOOH for 24 hours. 

 

Overall, it appeared from the data that 60 °C was the optimal temperature for the reaction and 

this was carried forward for the remainder of the investigations into the reaction conditions. 

Despite this, the formation of large amounts of formic acid was concerning and demonstrated 

that the selectivity of the reaction may be an issue. 

 

4.3.3.2. Varying the Concentration of the Oxidant 

 

In order to determine whether the concentration of the oxidant in the reaction mixture had an 

effect on the overall selectivity towards the desired reaction products, a set of four reactions 

varying the concentration of the oxidant relative to the rest of the reactants were carried out. 

Oxidant concentrations ranging from 3 equivalents up to 8 equivalents relative to HMF were 

added to each reaction and all other factors were kept constant. Figure 4.12 shows the data 

from each of the four reactions which shows how by increasing the relative concentration of 

oxidant in the reaction, the conversion of HMF and yields of all the desired products were 

increased. The higher concentration of oxidant also appeared to push the oxidation towards 

the final products, FFCA and FDCA. This was expected since when the concentration of 
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oxidant is higher, the rate of oxidation should be higher. This would, however, be expected to 

only be the case up to a certain concentration of peroxide. Since the peroxide acts as a radical 

cased oxidant, at very high concentrations of the oxidant, the rate of termination of the oxidant 

radicals would also increase, causing a decrease in the overall reaction rate observed. For this 

reason, the concentration of oxidant was not increased above 8 equivalents in this work. 

 

The yield of formic acid also increased as the concentration of oxidant was increased, with the 

increases appearing to be proportional to the oxidant concentration. This was surprising since 

the decomposition of HMF into formic acid was thought to occur through the acid catalysed 

ring opening of HMF and should therefore be independent of the oxidant concentration. 
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Figure 4.12: HMF conversion and product yields when varying the amount of tBuOOH used. Reaction conditions: 

3 ml of 5 wt% HMF aqueous solution heated together with 30 mg MIL-100(Fe) catalyst and 8 eq tBuOOH at 60 

°C for 24 hours. 

 

Although it was hoped that altering the concentration of oxidant relative to the other reactants 

may influence the selectivity of the reaction towards the desired oxidation products, this test 

showed that that was not the case. While increasing the concentration of oxidant has a strong 

influence on the rate of oxidation of HMF, it appears not to have any significant effect on the 

selectivity of the reaction. This suggested that an alternative method of increasing the 
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selectivity of the reaction was needed and thus the changing of other reaction parameters was 

investigated. 

 

4.3.3.3. Varying the Reaction Solvent 

 

The solvent used to carry out a reaction can have a significant effect on reaction rates and 

selectivity because they can alter the mechanisms and transition states formed during a 

reaction. Water is by far the most desirable solvent for any reaction, since it is the most 

environmentally benign and cost efficient. Despite this, the use of alternative solvents is often 

advantageous because it can lower activation boundaries for reactions to take place.8-11  

 

The catalytic activity of MIL-100(Fe) in dimethyl sulfoxide (DMSO) and acetonitrile was 

investigated and compared to that of the MOF in water. In each case the reaction conditions 

were kept the same except for changing the solvent, and the HMF conversion and product 

yields are shown in Figure 4.13. In comparison to water as the solvent, DMSO appeared to 

give almost as much conversion with 92% (±3%) in DMSO compared with 96% (±3%) in 

water. The product selectivity was very different however, with the selectivity towards the 

desired oxidation products of 32% (±5%) compared to 43% (±5%) in water. There was also 

very little formic acid seen in the case of DMSO. This indicated that the solvent helped to 

prevent the ring opening and decomposition of HMF into formic acid. 

 

When acetonitrile was used as the solvent, the activity of MIL-100(Fe) was much lower than 

with water or DMSO. A similar selectivity of around 40% was observed, but there was a much 

lower yield of FFCA or FDCA. This may be a result of the organic solvent favouring the 

oxidation of the alcohol to the aldehyde, whilst retarding the subsequent oxidation to the 

carboxylic acid.8, 12      

 

These results were very promising, as water appeared to be by far the best solvent for the 

oxidation of HMF over FDCA. In addition to this, the MOFs synthesised for the catalytic 

testing were chosen largely based upon their stability, especially in water. As a result, all 

catalytic testing in the project was carried out in water, except for where specifically stated 

otherwise. 
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Figure 4.13. Oxidation of HMF and product yields whilst varying the solvent used. Reaction conditions: 5 wt% 

HMF in 3 ml of the desired solvent heated together with 30 mg MIL-100(Fe) catalyst and 8 eq tBuOOH at 60 °C 

for 24 hours. 

 

4.3.3.4. Basification of Reaction Solutions to Ensure Complete Analysis of 

FDCA 

 

One of the major problems encountered during this project was the low solubility of FDCA 

and, to a lesser extent, FFCA. This meant that when the yields of these products were high, 

they would precipitate from solution. Since the solutions are filtered prior to the running of 

each 1H NMR, the precipitated products would be filtered out along with the catalyst 

preventing the complete analysis of the products. 

 

To overcome this, it was decided to basify a set of reaction mixtures where the FFCA and 

FDCA yields were such that precipitation of the products was thought to have occurred. This 

would ensure complete dissolution of the products. The use of even dilute NaOH resulted in 

stronger proton exchange within the reaction molecules which caused extreme broadening of 

the peaks in the 1H NMR to the extent that the products could no longer be distinguished or 

analysed. Therefore, the weaker base Na2CO3
 was used as this did not result in peak 
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broadening. Note that HMF and DFF were slowly decomposed by the added base and so had 

to be analysed separately.  

 

Figure 4.14 shows the results of four identical reactions which were treated with varying 

amounts of Na2CO3 after the reaction was completed. The results showed that after the 

addition of 116 mg of base, the yields of HMFCA, FFCA and FDCA became significantly 

higher, and this trend was also seen after increasing the amount of base up to 350 mg. This 

demonstrated that a considerable amount of the products precipitated out of the solution during 

the reaction. On addition of too much base, it was found that the internal standard, dioxane, 

decomposed which meant that the products could not be properly analysed. 
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Figure 4.14. Catalytic results obtained by 1H NMR analysis of a standard HMF oxidation reaction over MIL-

100(Fe) where the reaction solution was basified with varying amounts of Na2CO3 to ensure all of the reaction 

products had dissolved. 

 

Further analysis showed that the addition of 300 mg of Na2CO3 was sufficient to analyse the 

complete conversion of HMF to FFCA and FDCA.  
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4.3.3.5. Optimised Standard Reaction Conditions 

 

The standard reaction conditions based on the optimised reaction parameters discussed 

throughout this section were as follows: 

30 mg of catalyst was added to 5 wt % (150 mg, 1.2 mmol) HMF and 3 ml of H2O in a 7 ml 

sealable reaction tube. To this, 8 equivalents (1.35 ml, 9.6 mmol) of tertiary butyl 

hydroperoxide (tBuOOH) and a 2 cm magnetic stirrer bar were added. The reaction tube was 

sealed, shaken and then the tube was heated to 60 °C in an oil bath for 24 hours. After cooling, 

in ice water, approximately 100 mg of dioxane (internal standard) was accurately weighed 

into the reaction tube and thoroughly mixed into the solution. A sample of the reaction solution 

was then taken for 1H NMR analysis and filtered into an NMR tube to remove the solid catalyst 

and any solid impurities. 

 

If the addition of base was required in order to fully analyse the products of a reaction, the 

final reaction solution was split in half after the addition of the internal standard to enable 

analysis both with and without the use of base. To one half, approximately 150 mg of Na2CO3 

(~ 1 molar equivalent vs HMF) was added and the reaction was stirred for 5-10 minutes before 

a sample was taken for 1H NMR. The other half of the solution was analysed as normal. 

 

In many cases, the catalyst was recovered after the reaction was completed. This was done by 

placing the glass reaction tube inside of a 50 ml centrifuge tube and centrifuging the tube for 

10 minutes at 2000 rpm. The reaction solution was then poured off. To wash the catalyst, fresh 

water was added back into the tube and the catalyst was stirred in the fresh water for 10 

minutes. This was repeated three times to ensure that the MOF had been properly washed. In 

most cases, the use of alternative solvents was avoided as these would often remain trapped 

within the MOF’s pores and would be released into any recycle reactions that were carried 

out.  

 

These reaction conditions formed the basis for all subsequent reactions reported in the 

following chapters, with all conditions being kept the same unless specifically stated 

otherwise. 
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4.4. Conclusions 

 

By carrying out a complete set of reference reactions, it was discovered that HMF by itself 

was stable in water at 60 °C after 24 hours. Similarly, HMF was found to be stable when 

heated together with either the tBuOOH peroxide or MIL-100(Fe) catalyst individually, with 

only 9 % and 14 % conversion found in each case. This was extremely promising, suggesting 

that non-oxidation-based catalysis is not favoured and therefore suggesting that the oxidation 

products may be the major products seen when both the catalyst and oxidant are used together. 

 

Further to this, by carrying out a range of reference reactions and optimising each of the 

reaction parameters, a standard catalytic reaction setup, with conditions and analytical 

procedures was developed. This would be used throughout the project to ensure the reliability 

and comparability of any results obtained. 

 

The optimal reaction conditions were found to be: Reaction conditions: 3 ml of 5 wt% HMF 

aqueous solution heated together with  30  mg  MIL-100(Fe)  catalyst  and  8  eq tBuOOH  at  

60  °C  for  24 hours. Any variations on these optimised reaction conditions are specifically 

stated in the text in the relevant sections. 
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Chapter 5 

 

The Oxidation of HMF to FDCA over MIL-100(Fe) in Water 

 

5.1. Chapter Summary 

 

In Chapter 4, the optimisation of the analysis of HMF, FDCA and each of the intermediates 

was discussed in detail to ensure that the catalytic reactions were carried out optimally and 

that all products could be accurately analysed. In this chapter, the activity of the Fe(III) based 

MOF MIL-100(Fe) for the oxidation of HMF will be investigated fully. MIL-100(Fe) has a 

relatively high density of active sites since it consists entirely of redox active metal ions, and 

water stability at temperatures in excess of 100 °C, making it an ideal candidate as an oxidation 

catalyst in water. It was found to be very active in the conversion of HMF, and when combined 

with the co-catalyst TEMPO, was very selective for FFCA and FDCA. TEMPO is known for 

the oxidation of alcohols, however, this role can take place by TEMPO being an H-

abstractor or behaving like a redox catalyst via the formation of an N-oxoammonium 

salt. In this work, TEMPO was found to act as an H-abstractor rather than through the 

formation of N-oxoammonium salt. 

 

5.2. Introduction 

 

MIL-100(Fe) has the chemical formula Fe3O(H2O)2(OH)(BTC)2, where BTC is the organic 

linker trimesate. It was first reported in 2007 by Férey and co-workers and is a thermally and 

hydrothermally robust MOF with an open framework and large pore structures.1 MIL-100(Fe) 

was thought to be the most promising material for the oxidation of HMF because it is one of 

the most stable Fe based MOFs to date and also contains a high density of redox active ions.2 
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5.3. Results and Discussion 

 

5.3.1. Analysis of the Oxidation of HMF over MIL-100(Fe) 

 

5.3.1.1. Time Dependent Oxidation of HMF over MIL-100(Fe) 

 

Assessing the progression of products over time during a reaction gives an indication of the 

rate of each step as well as the relative rates of any side reactions taking place. Therefore, a 

set of reactions were carried out where the only variable was the time of reaction. A 

temperature of 60 °C was used for each reaction as this had already been found to be the 

optimal reaction temperature in Chapter 4. The reaction scheme for the oxidation of HMF to 

FDCA is shown below in Scheme 1. 

 

 

Scheme 5.1. Schematic of the three step oxidation of HMF to FDCA via intermediates DFF, HMFCA and FFCA.  

 

Figure 5.1 shows the results, and there was a clear trend in the formation and consumption of 

each product over time. HMF was consumed very quickly initially, with 40% consumption 

after only 30 minutes. The level of consumption then slowed to around 75% after 12 hours 

and 95% after 24 hours. In contrast, the rate of formation of the desired products appeared 

relatively consistent. HMFCA is produced gradually and peaks at around 15% after 12 hours, 

after which the rate of consumption of HMFCA became greater than that of the production, 

and its concentration fell. The concentration of DFF, on the other hand, appeared to remain 

fairly constant throughout the early stages of the reaction. This was likely a result of its low 

stability, meaning that its rate of consumption was higher than formation and therefore it did 

not get a chance to build up in the reaction.  
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The concentration of FFCA over time appeared to be more similar to that of HMFCA, with 

the compound gradually building up over time. FFCA peaked later than HMFCA at around 

20% after 24 hours, which was expected since FFCA is the next product in the oxidation 

mechanism. The final desired product, FDCA, also showed a similar concentration trend and 

appeared as the last product of the reaction, peaking at 25% after 72 hours. This set of data 

clearly showed the conversion of HMF through three intermediates to give FDCA as the final 

product, with the reaction very close to completion after 72 hours of heating. The total 

selectivity towards the oxidation products peaked at 43% after 48 hours. 

 

A further 48% of the converted HMF was found to have formed formic acid, a product of the 

ring opening, rehydration of HMF. The ring opening is likely catalysed by Lewis acid sites, 

which are present within the MIL-100(Fe) structure in the form of coordinatively unsaturated 

Fe(III) sites.3 The level of formation of formic acid appeared to be relatively constant over the 

whole reaction, which strongly suggested that it was produced by the decomposition of 

multiple intermediates, not just HMF. The concentration of formic acid increased gradually to 

around 50% after 24 hours and then remained constant during stages of the reaction in which 

FFCA was being oxidised into FDCA. This suggested that FFCA and FDCA in particular are 

less prone to decomposition into formic acid, and that it was likely the earlier that 

intermediates were responsible for the large amount of formic acid produced. Despite the 

formation of formic acid, the high conversion of HMF demonstrated the good activity of MIL-

100(Fe) under the reaction conditions employed, and the initial yield of FDCA and other 

oxidation products were particularly encouraging. 
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Figure 5.2. The oxidation of HMF over MIL-100(Fe) catalyst. HMF oxidation and product yields are shown over 

time. Reaction conditions: 3 ml of 5 wt% HMF aqueous solution heated together with 30 mg MIL-100(Fe) 

catalyst and 8 eq tBuOOH at 60 °C for 24 hours. 

 

By plotting the normalised concentration of each product against time where the maximum 

concentration of each compound with time is 100%, which can be seen below in Figure 5.2, 

it was possible to get an indication of production and consumption of each component. The 

results showed clearly how the intermediates were formed and subsequently consumed over 

time, such as the first order decay of HMF, and further confirms the conclusions that were 

made previously; DFF formed quickly, appearing after only 30 mins, and subsequently 

seemed to react quickly as there was no build-up of DFF over time. HMFCA formed at roughly 

the same rate as DFF but reacted more slowly, building up and peaking at around 12 hours. 

FFCA was formed more slowly, since it is a later intermediate, and peaked at around 24 hours. 

Finally, the formation of FDCA predominantly occurred at between 12 and 72 hours with the 

concentration peaking at 72 hours at 25%. Formic acid formed quickly early on but slowed 

down after about 10 hours, peaking at around 50% after 24 hours and remaining relatively 

constant after that. This further suggested that it is the earlier reaction intermediates that 

decompose to form formic acid, rather than FFCA and FDCA. 
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Figure 5.3. The time dependent oxidation of HMF over MIL-100(Fe). The concentrations of each of the major 

reaction products is normalised such that it’s maximum concentration during the reaction is 100%. 

 

This finding indicated that increasing the selectivity of the reaction towards FDCA would 

require the stabilisation of HMF, DFF and HMFCA to prevent their decomposition into formic 

acid before they have time to be oxidised further. It may also be possible to increase selectivity 

towards FDCA by changing the reaction conditions so that the rates of oxidation of HMF and 

the intermediates are higher than their rates of decomposition. 

 

In order to determine which of the reaction intermediates was responsible for the large amount 

of formic acid produced, a set of reactions in which each of the intermediates was used as the 

substrate was carried out and the results are shown in Figure 5.3. The results supported the 

previous conclusions in which it was thought that the earlier intermediates, DFF and HMFCA, 

were responsible for the ring opening decomposition leading to the formation of formic acid. 

The results showed that when both DFF and HMFCA were used as substrates, the formation 

of formic acid was consistent with that seen when HMF was used. DFF was found to form 
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slightly more formic acid, and this was thought to be due to its lower stability compared to 

HMFCA. FFCA on the other hand, showed very little decomposition into formic acid, and 

almost all the products seen were FDCA. This indicated that FFCA did not readily undergo 

decomposition into formic acid. The use of FDCA as the substrate was also investigated. This 

showed a very low conversion of 1.5% which suggested that FDCA was extremely stable 

under the reaction conditions, and that there was no issue with the product going on to react 

further during the reaction. 

 

Figure 5.4. Results of the catalytic oxidation of each of the intermediates in the oxidation of HMF to FDCA over 

MIL-100(Fe) in water. Reaction conditions: 1.2 mmol substrate, 30 mg MIL-100(Fe), 3 ml H2O and 8 eq tBuOOH 

were heated to 60 °C for 24 hours. 

 

 

5.3.1.2. A Comparison of MIL-100(Fe) to Reference Catalyst Materials 

 

In order to determine the viability of a potential catalyst towards a specific reaction, it 

important to carry out a comparison with similar and well-known potential catalysts. This can 

give a good indication as to whether the novel material is actually an improvement over 

currently used or more conventional catalyst materials. In the case of MIL-100(Fe), the most 

obvious reference materials to compare to were Fe2O3, FeCl3, and MIL-100(Al).  
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Fe2O3, is a simple redox active metal oxide which is extremely stable both thermally at 

temperatures above 1000 °C, as well as hydrothermally above 240 °C. By comparing the MOF 

to Fe2O3, it would be possible to determine whether there is a significant advantage to having 

the redox active ions present within the MOF structure, compared to having them present in 

any heterogeneous material. In addition to this, Fe2O3 can be bought in large quantities and is 

much cheaper to produce than MIL-100. Therefore, the MOF must show a significant 

improvement in catalytic performance over the oxide in order for it to be considered as a viable 

improvement. 

 

The second reference catalyst chosen, FeCl3, provides a good comparison to heterogeneous 

MIL-100(Fe) since it dissolves completely in water, meaning that it will provide a benchmark 

for the homogenous catalytic activity of Fe(III) ions in water. It would also be important to 

note the activity of homogeneous Fe(III) because if MIL-100(Fe) were to dissolve during the 

reaction, it would likely result in the leeching of Fe(III) ions into the solution which could 

potentially result in catalytic activity similar to that of homogeneous Fe(III).  

 

Finally, MIL-100(Al) was chosen as an ideal reference material since it has the same structure 

as MIL-100(Fe) but with replacement of Fe(III) by Al(III) ions. Aluminium is not redox active 

and should therefore be unable to facilitate the oxidation of HMF into FDCA. This reference 

catalyst would therefore highlight the importance of the redox active metal ions, as well as 

any side reactions that may take place in the presence of the MOF alone. 

 

The results of the reference reactions can be seen below in Figure 5.4. In comparison to MIL-

100(Fe), Fe2O3 showed extremely low catalytic activity, with only 25% conversion of HMF 

and 10% of the desired products having been produced after 24 hours. This was credited to 

the significantly reduced surface area and therefore lower availability of the redox active sites 

within the oxide compared to the MOF, as well as the very different surface chemistry of the 

two solids.  

FeCl3, on the other hand, gave 100% conversion after 24 hours but showed very little 

selectivity towards the desired oxidation products. The homogeneous catalyst appeared to 

promote the polymerisation of HMF over its oxidation because a large amount of dark brown 

humins were filtered off after the reaction. This is further evidence that the Fe(III) ions need 

to be within the MOF structure to get a reasonable level of conversion, since if the MOF 

dissolved and leached metal ions into solution, they would not contribute towards the 

production of the desired oxidation products.  
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MIL-100(Al) showed very poor activity with around 25% conversion and only trace amounts 

of the oxidation products after 24 hours. This demonstrated the need for the redox active metal 

ions, and not just the generic MOF structure within the reaction in order to promote the 

catalysis. It is possible that some of the HMF was polymerised into insoluble humins but this 

is not thought to be substantial since no brown precipitates were seen after the reaction. 

Another possibility is that HMF was able to enter the pores of the MOF and remained adsorbed 

within the structure after the reaction. This could explain the 25% of HMF missing, but less 

than 10% accounted for by products. This theory could be tested possibly by TGA, looking 

for an increase in mass loss as a result to particles trapped in the pores. TGA would give no 

indication as to what molecules were present, or where they were located within the sample, 

however. Using various solvents to try to redissolve the molecules could be a more effective 

method to determine what molecules are trapped, proton NMR could then be measured so that 

the identity of the trapped molecules could be discerned. 

 

Figure 5.5. Results of the catalytic oxidation of HMF to FDCA over reference catalysts and MIL-100(Fe) in 

water. Reaction conditions: 1.2 mmol HMF, 30 mg catalyst, 3 ml H2O and 8 eq tBuOOH were heated to 60 °C 

for 24 hours. 

 

These reference reactions demonstrated a clear advantage of having redox active sites within 

a MOF structure compared to using a more conventional metal oxide, or homogeneous metal 

salt. MIL-100(Fe) clearly promotes the oxidation of HMF into the desired products, but there 

is still a need to improve the selectivity of the catalyst towards FDCA since formic acid makes 

up around 50% of the product.  
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5.3.2. Optimisation of FDCA Selectivity using TEMPO Co-catalyst 

 

5.3.2.1. Introduction 

 

In an effort to push the selectivity of the reaction towards the desired oxidation products, the 

use of the co-catalyst, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), as an additive into 

the reaction was investigated. TEMPO is known to promote the oxidation of alcohols and 

aldehydes, and its use in the oxidation of HMF to DFF alongside other MOF catalysts has 

been reported previously.4-6  

 

5.3.2.2. Optimisation of the Oxidation of HMF to FDCA with TEMPO Co-

catalyst 

 

Initially, the effect of TEMPO on the conversion of HMF and product selectivity was 

investigated by carrying out a set of reactions following the optimised reaction conditions that 

had been determined previously. The amount of TEMPO was varied to determine its effect on 

the product distribution in relation to the previously optimised reaction without the co-catalyst. 

It was found that adding TEMPO to the reaction also increased the solubility of both FFCA 

and FDCA significantly. It therefore was not necessary to carry out a basic workup for each 

of the solutions in order to accurately determine the yield of the reaction products when using 

TEMPO. 

  

The reaction results, Figure 5.5, showed that the addition of TEMPO to the reaction had a 

huge effect on the distribution of products. The ring opening and subsequent decomposition 

of HMF into formic acid was greatly reduced with the addition of only 0.1 equivalents of 

TEMPO. On addition of up to 1 equivalent of TEMPO, the conversion of HMF increased 

significantly, and a push towards FFCA and FDCA as the major products was seen with a 

yield of 16% FFCA and 35% FDCA with 1 equivalent of TEMPO. This indicated that there 

was a direct correlation between the rate of reaction and the amount of TEMPO that was 

added, and this increased rate was seen for all steps in the oxidation. 

 

On addition of 1.5 and 2 equivalents of the co-catalyst, the reaction rate was increased further, 

with much more of the final yield being FDCA (48%) compared to FFCA (4%) after the 

addition of 2 equivalents of TEMPO. At higher equivalents of TEMPO added, formic acid 

was no longer observed as a side product of the reaction which indicated that TEMPO altered 
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the reaction mechanism such that the ring opening decomposition of HMF was significantly 

disfavoured. There was a large amount of the converted HMF unaccounted for in the products, 

and it was not immediately clear what these products were, but despite this, TEMPO appeared 

to be a promising co-catalyst. 

 

Since TEMPO appeared to be an extremely effective co-catalyst for switching the selectivity 

of the reaction towards FDCA and away from formic acid, its activity was also tested without 

the use of MIL-100(Fe) catalyst. This set of reference reactions would determine whether 

TEMPO itself was acting as the reaction catalyst, and therefore whether the MOF was 

required. Without the catalyst present, there was very little conversion of HMF observed and 

less than 5% yield of oxidation products. This confirms that TEMPO was acting as a co-

catalyst in combination with the MIL-100(Fe) and that both work synergistically to efficiently 

produce FDCA. 

 

Figure 5.6. Results of the catalytic oxidation of HMF to FDCA over MIL-100(Fe) in water with the addition of 

varying amounts of TEMPO. Left: A Reaction following the standard reaction conditions without TEMPO. 

Centre: Reactions with the addition of TEMPO but without the catalyst. Right: Reactions with MIL-100(Fe) and 

varying the amount of TEMPO. Reaction conditions: In all cases, 1.2 mmol HMF, 3 ml H2O and 8 eq tBuOOH 

were used and the solutions were heated to 60 °C for 24 hours.  

Further optimisation of the reaction conditions was carried out by varying the reaction 

temperature from 60 °C to 90 °C as well as varying the amount of TEMPO added at each 

temperature. The results, Figure 5.6, showed that on increasing the reaction temperature up to 
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70 °C, the selectivity towards the desired products increased dramatically with 17% FFCA 

yield and 57% FDCA yield after 24 hours with 1 equivalent of TEMPO. Increasing the 

reaction temperature up to 80 °C did not result in improved yields of FFCA or FDCA, and a 

further increase up to 90 °C resulted in a lower selectivity towards the desired products.  

 

It was concluded that the optimal reaction conditions for the oxidation of HMF were 70 °C 

with 1 equivalent of TEMPO as this provided the best selectivity towards the oxidation 

products and the highest yield of FDCA. This increased conversion rate and FDCA selectivity 

when using the TEMPO co-catalyst in combination with MIL-100(Fe) was thought be 

attributed to the synergistic activation of the C-H bond by TEMPO and the O-H by the acidic 

Fe sites within the MOF catalyst. This has previously been proposed for MIL-100 and 

HKUST-1 in the partial oxidation of HMF into DFF4-6, and is also detailed in Figures 5.17 and 

5.18. 

 

 

Figure 5.7. Results of the catalytic oxidation of HMF to FDCA over MIL-100(Fe) in water with the addition of 

varying amounts of TEMPO. The reaction temperature is increased from 60 °C (left) to 90 °C (right), and the 

results without the use of TEMPO are shown for comparison. 

 

Once the optimal reaction conditions had been determined, the oxidation of HMF was 

monitored over time in an effort to understand how the reaction proceeded, the optimised 
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reaction temperature of 70 °C was used in each case. The results, Figure 5.7, showed that the 

conversion of HMF occurred very quickly, with 100% conversion after just 6.5 hours. This is 

compared with 48 hours without TEMPO, however the increased temperature from 60 to 70 

°C will also have contributed to the increased conversion rate. Further to this, the formation 

of FFCA was seen very quickly, with 25% yield after just 6.5 hours, and this went on to 

produce FDCA with an optimal yield of 57% after 24 hours.  

 

Leaving the reaction for longer than 24 hours resulted in a small decrease in the yield of FDCA 

and overall selectivity towards the desired products, potentially indicating that they were not 

completely stable in the reaction mixture. One possibility is that the FDCA went on to 

polymerise, forming insoluble particles which were not seen in the 1H NMR analysis. One 

notable result was the much lower formation of formic acid over time compared with the 

reactions where TEMPO was not used, and this indicated that the mechanism of oxidation 

may have changed. This was further evidenced by the fact that HMFCA was not seen as a 

reaction product when TEMPO is used. TEMPO is known to promote the oxidation of alcohols 

to aldehydes, and this is likely the reason that the oxidation of HMF in the presence of TEMPO 

proceeds through DFF with oxidation of the alcohol substituent rather than HMFCA, despite 

the oxidation of aldehydes generally being easier than for alcohols. The alternative route 

through HMFCA would require oxidation of the aldehyde group prior to that of the alcohol.  
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Figure 5.8. Top: results of the catalytic oxidation of HMF to FDCA over MIL-100(Fe) catalyst and TEMPO co-

catalyst over time. Reaction conditions: 3 ml of 5 wt% HMF aqueous solution, 30 mg MIL-100(Fe), 8 eq tBuOOH 

and 1 eq TEMPO were heated at 70 °C for 24 hours. Bottom: The time dependent oxidation of HMF over MIL-

100(Fe) and TEMPO. The concentrations of each of the major reaction products is normalised such that it’s 

maximum concentration during the reaction is 100%. 
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The appearance and disappearance of each of the intermediates and products in the oxidation 

of HMF was also demonstrated by plotting the 1H NMR spectra taken after each of the 

reactions over time. The plots are shown in Figure 5.8 and illustrate the depletion of HMF 

over the first 6.5 hours, the gradual formation and consumption of DFF and FFCA, and finally 

the formation of FDCA. 

 

 

Figure 5.9. 1H NMR spectra taken after each reaction over time. The positions of all known products have been 

highlighted.  

 

To further investigate the mechanism of the reaction, a set of experiments in which the HMF 

substrate was replaced by each of the reaction intermediates, and FDCA, were again carried 

out. This was done with the aim of determining the selectivity towards FDCA for each 

intermediate, and to see whether any particular intermediate was prone to decomposition. The 

oxidation of FFCA was of particular interest because in the reactions with HMF as the 

substrate, complete oxidation of all of the HMF into FDCA did not occur. Instead, the reaction 

appeared to plateau with around 15% FFCA remaining even after 72 hours.  

 

There are several possibilities for the plateauing of FFCA, such as its oxidation of FFCA to 

FDCA requiring more forcing conditions than for the previous compounds, or it could be that 

either the oxidant, the peroxide or both either run out or decompose before the reaction can 

run to completion. It was also possible that product inhibition of the catalyst as a result of the 

build-up of acid sites within the reaction was occurring. Acid sites bind strongly to metal ions 

and is the reason that the majority of MOFs are formed using carboxylate linkers. It is therefore 

possible that the build-up of FFCA and FDCA led to the deactivation of MIL-100. It was 
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hoped that by running the reaction with FFCA as the substrate, the reason for the halting of 

the oxidation in the latter stages of the reaction could be determined.  

 

The results, Figure 5.9, showed that DFF and HMFCA both appear to be similarly selective 

for FFCA and subsequently FDCA, with HMFCA being only marginally more selective for 

FDCA after 24 hours. Interestingly, although HMFCA is not observed as a reaction product 

when starting from HMF, the reaction is able to proceed from HMFCA to FDCA which is 

likely due to the strong affinity of TEMPO for the oxidation of hydroxyl groups. This could 

also explain the slightly increased selectivity towards the oxidation products when HMFCA 

is used as the substrate compared to DFF, since oxidation of the hydroxyl group occurs more 

quickly leaving less time for side products to form.  

 

The results of the reaction in which FFCA was used as the substrate showed a conversion of 

around 92% after 24 hours. The reaction proceeded with a 90% selectivity towards FDAC 

which demonstrates that the reaction conditions are suitable for the oxidation of FFCA to 

occur. This result suggested that the inhibition of MIL-100(Fe) may be the major cause for the 

incomplete conversion of FFCA to FDCA because the product distribution appeared to plateau 

at the same point whichever substrate was used. 

 

The final reaction in which FDCA was used as the reaction substrate showed that it did not 

undergo any significant decomposition after 24 hours under the reaction conditions of the 

oxidation. This result was very promising as it showed that once formed, the FDCA was stable 

enough not to react further for the remainder of the reaction. FDCA in known to be highly 

stable and can even be used as a linker in the synthesis of MOFs under hydrothermal 

conditions.7 
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Figure 5.10. Results of the catalytic oxidation of each of the intermediates in the oxidation of HMF to FDCA over 

MIL-100(Fe) and TEMPO in water. Reaction conditions: 1.2 mmol substrate, 30 mg MIL-100(Fe), 3 ml H2O, 8 eq 

tBuOOH and 1 eq TEMPO were heated to 70 °C for 24 hours. 

 

5.3.2.3. Product Inhibition of MIL-100(Fe) by the Accumulation of FFCA and 

FDCA 

 

To investigate whether the accumulation of FFCA and FDCA in the reaction was causing the 

deactivation of the catalyst, FDCA was deliberately added from the start of the reaction to 

simulate product inhibition. The results, Figure 5.10, showed that the yield of oxidation 

products was much lower after addition of FDCA. This strongly suggested that the build-up 

of acid sites within the reaction deactivated the MOF and prevented the oxidation of the final 

aldehyde in FFCA. A final investigation into the effect of washing the catalyst was carried out 

by running a repeat reaction without any washing of the MOF catalyst. This was found to have 

no effect on the product distribution of the recycle reaction suggesting that a concentration of 

acid sites within the reaction mixture is required for inhibition of the MOF. This indicated that 

separation of the products from the catalyst would prevent the inhibition and lead to greater 

selectivity towards FDCA. The product inhibition highlights the challenges associated with 

the use of acid-based catalysts for oxidation of alcohols and aldehydes. 

 

HMF
DFF

HMFCA
FFCA

FDCA

0

20

40

60

80

100

0

20

40

60

80

100

Y
ie

ld
 /
 %

C
o
n
v
e
rs

io
n
 /
 %

 Unknown side products

 Formic acid

 FDCA yields

 FFCA yield

 HMFCA yield

 DFF yield

 HMF Conversion



Chapter 5.  The Oxidation of HMF to FDCA over MIL-100(Fe) in Water 

134 
 

 

Figure 5.11. Reference reactions testing the product inhibition of MIL-100(Fe). Left: Single catalytic cycle using 

fresh MIL-100(Fe). Centre: Catalytic reaction with 100 mg of FDCA added from the start to simulate product 

inhibition. Right: Recycle reaction where the catalyst from the first cycle was reused without any washing 

(previous reaction solution was poured off and new solution added directly to catalyst). 

 

5.3.2.4. A Comparison of MIL-100(Fe) to Reference Catalyst Materials in 

Combination with TEMPO 

 

With the catalytic activity of MIL-100(Fe) in combination with TEMPO as a co-catalyst 

looking very promising, the effect of having the redox active ions within the MIL-100 

structure was investigated. To this end, a series of reference reactions were carried out where 

the MIL-100(Fe) was replaced with commercial Fe2O3, homogeneous FeCl3, commercial 

Basolite® F300 and MIL-100(Al), as was seen when without TEMPO. The results are shown 

in Figure 5.11. 

 

FeCl3, which is soluble and therefore forms a homogeneous solution, is highly active, giving 

100% HMF conversion after 24 hours. It was found to be far less selective for FDCA however, 

and this is attributed to the lack of a clearly defined active site selective for FDCA as was seen 

previously. The reaction results using the reference Fe catalyst Fe2O3 showed reasonable 

conversion, but reduced selectivity towards the desired products than when using the MOF. 

This was credited to the significantly reduced surface area and therefore lower availability of 
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the redox active sites within the oxide compared to the MOF. The higher selectivity with the 

MOF is attributed to the synergistic activity of the MOF and TEMPO co-catalyst which is not 

thought to be possible in the denser oxide. 

 

One significant advantage of using MIL-100(Fe) over other materials or MOFs is the fact that 

it is commercially available. MIL-100(Fe) is sold under the name ‘Basolite F300’ and is 

produced by BASF. Although it does have the MIL-100 structure, Basolite® F300 is poorly 

crystalline compared to reported hydrothermally produced samples including ours, Figure 

5.12. In our experience of testing MIL-100 samples with varying degrees of crystallinity, the 

more crystalline samples performed better as catalysts than the less crystalline samples. We 

attribute this to the more perfect and open pore structures of the crystalline sample, which 

increases the internal surface area of the MOF. Basolite F300 followed this trend, with 

considerably lower selectivity (50%) towards the desired reaction products and a yield of only 

27% FDCA.  

 

The final reference catalyst investigated in relation to MIL-100(Fe) was the aluminium version 

of the same MOF, MIL-100(Al), which has an identical structure to the Fe version and differs 

only by the metal ion used. It was thought that since Al(III) is not redox active, this material 

would provide an insight into any side reactions that could be taking place in the presence of 

the MOF which did not involve redox chemistry. MIL-100 contains Lewis acidic sites in the 

form of coordinatively unsaturated metal ions, and these can lead to side reactions taking 

place. It was thought that the Al(III) version of the MOF would also undergo these side 

reactions, without competition from the oxidation of HMF. The results, however, showed a 

very low conversion of HMF over MIL-100(Al) of about 18%, with no obvious signs of any 

side products in the resulting 1H NMR spectrum. This conversion is therefore attributed to the 

polymerisation of HMF into humins, which is known to occur at elevated temperatures in the 

presence of acid sites. These humins are insoluble polymers which therefore do not appear in 

solution NMR. The conversion of HMF which is attributed to polymeric humins over MIL-

100(Al) catalyst is approximately equivalent to that seen in the Fe(III) version of the MOF. 

This indicates that the unknown side products from the MIL-100(Fe) catalysed reaction are 

also due to humins. Overall, comparison of these reference materials to MIL-100(Fe) 

demonstrated the benefit of having an open material with a large internal surface area for the 

product selectivity, especially compared to Fe2O3 and Basolite F300.  
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Figure 5.12. Results of the catalytic oxidation of HMF to FDCA over various catalysts and TEMPO in water. 

Reaction conditions: 1.2 mmol HMF, 30 mg catalyst, 3 ml H2O, 8 eq tBuOOH and 1 eq TEMPO were heated to 70 

°C for 24 hours. 
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Figure 5.13. Powder XRD patterns of simulated MIL-100(Fe) from literature, hydrothermally synthesised MIL-

100(Fe) from this work and commercially bought Basolite F300. The data for the hydrothermal sample and 

Basolite F300 were recorded for the same scan time, demonstrating the lower crystallinity of the commercial 

material. Cu source radiation; kα = 1.5418 Å. 
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5.3.3. Stability and Recyclability of MIL-100(Fe) for the Oxidation of 

HMF 

 

5.3.3.1 Recyclability of MIL-100(Fe) for the Oxidation of HMF in Water 

 

The recyclability of a catalyst is vital if it is to be useful on large and industrial scales. The 

long-term stability of MIL-100(Fe) was investigated by successive recovery and reuse of the 

catalyst five times, comparing its activity and selectivity after each cycle. In each case, 30 mg 

of catalyst was used, the same as with the optimised reactions described above. The catalyst 

was recovered by centrifugation and washed thoroughly before being dried in air.  

 

Due to small amounts of the catalyst being lost at various stages during the reactions, such as 

when filtering the reaction solution ready for 1H NMR analysis, repeats of each of the recycle 

reaction were carried out to ensure that there was enough material to carry forward to each 

subsequent reaction cycle. The repeat experiments for each cycle also gave an indication of 

the error associated with the reaction setup, as well as the method of analysis. The data for the 

recycle reactions is shown in Figure 5.13. 

 

The HMF conversion and product yields were found to remain relatively constant over the 

five reaction cycles. The data showed good recyclability with HMF conversions similarly high 

in each case and only minor differences in the product yields. These variations between cycles 

could be attributed to the washing of the MOF catalyst after each cycle but are relatively small 

and are more likely just a result of minor experimental and analytical based errors.  
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Figure 5.14. HMF conversion and product distribution after each of five consecutive reaction cycles reusing the 

same catalyst. Reaction conditions: 3 ml of 5 wt% HMF aqueous solution heated together with 30 mg MIL-100(Fe) 

catalyst, 1 eq TEMPO and 8 eq tBuOOH at 70 °C for 24 hours each cycle. 

 

5.3.3.2 Long-term Stability of MIL-100(Fe) for the Oxidation of HMF in Water 

 

As well as monitoring the HMF conversion and product yields while running the recycle 

reactions, the MOF catalyst was also recovered, washed, and analysed by powder XRD after 

each cycle to monitor any structural changes or decomposition. When multiple reactions were 

run for each cycle, the recovered catalysts were combined, and a single powder pattern 

obtained. As standard, the recovered catalyst was washed twice for 10 minutes each in water 

and was then centrifuged to leave the solid powder. The powder was then dried in air at 70 °C 

overnight.  

 

Figure 5.14 shows the powder XRD patterns of the recovered catalyst after each of the five 

recycle reactions, as well as those of the as made MIL-100(Fe) sample and simulated MIL-

100(Fe) for reference. From the data, it is clear that the MOF remained intact after the fifth 

cycle, as the characteristic sets of peaks at between 10-12 °, 12-15 ° and 17-20 ° are clearly 

present in the powder pattern. Despite these peaks remaining relatively constant over the 

successive reaction cycles however, the low angle peaks between around 3 ° and 5 ° drastically 

reduced in relative intensity over successive cycles and became greatly reduced by the fourth 

and fifth cycles. This reduction in the relative peak intensity of the low angle peaks, as was 
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previously discussed, is indicative of trapped species within the pore system of the MOF. This 

blocking of the pores appears to accumulate over time, with the low angle peak intensities 

decreasing over successive cycles. It is notable however, that the successive increase of 

adsorbed molecules within the pores of the MOF, seems to have little effect on the conversion 

of HMF and the yield of oxidation products even after the fifth cycle. 
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Figure 5.15. Powder XRD patterns of simulated MIL-100(Fe) along with those of as made MIL-100(Fe) and the 

same MOF sample after each of five recycle reactions where it was used as a catalyst for the oxidation of HMF to 

FDCA in water.  

 

To determine whether MIL-100(Fe) was indeed stable under the reaction conditions, the 

catalyst sample after the fifth reaction cycle was thoroughly washed in an effort to remove the 

trapped compounds within the pores. To do this, the sample was sonicated in water twice at 

70 °C for 30 minutes, followed by methanol for a further 30 minutes at room temperature. The 

powder was then collected and dried in air at 70 °C. The powder pattern of the catalyst sample 

was then obtained and fitted to the simulated pattern so that the unit cell parameters could be 

obtained.   

 

The resulting fitted powder pattern is compared to that of the fitted as made material in Figure 

5.15. The results confirmed that the structure of the MOF was maintained after the fifth 
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consecutive reaction. The reduction in relative intensity of the low angle reflections was still 

evident, but their relative intensities had been increased after the more thorough washing. This 

suggested that some of the materials trapped within the pores of the MOF had been removed 

during the washing, but that some were still present. 

 

 

Figure 5.16. Fitted powder patterns of as made MIL-100(Fe) and the same material after five recycle reactions 

where it was used as a catalyst for the oxidation of HMF to FDCA. The fitted pattern is shown as the red curve, 

the measured data as the black circle, the difference curve is shown in blue, and the allowed peak positions are 

indicated by the pink tick marks.  

 

To further determine the stability of MIL-100(Fe) under the reaction conditions, ICP 

elemental analysis was carried out on the reaction solution after both the first cycle and the 

fifth cycle. In particular, the Fe concentration within the reaction solutions after the two cycles 

was measured to determine how much of the metal had been leached from the MOF into the 

solution. The only source of Fe within the reaction mixture is the MOF catalyst, and so a 
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significant amount of it within the solution would indicate that the MOF is partially dissolving 

under the reaction conditions.  

 

The Fe concentration and the percentage of total Fe from the catalyst found in the solution are 

shown in Table 5.1. The percentage of the total Fe content of the MOF within solution was 

calculated using the molecular formula of MIL-100(Fe) and by assuming that the 30 mg added 

was pure. As can be seen, after the first cycle, a significant portion (15.5 %) of the Fe was 

found in the solution. After the fifth recycle reaction, on the other hand, only 2.3 % of the total 

Fe had leached into solution. The large disparity between the two cycles was surprising since 

the same mass of catalyst was added to the reactions each cycle.  

 

One possibility is that the Fe readily leached from the MOF under the reaction conditions and 

by the fifth cycle, a large portion of the metal had already been leached. This would explain 

why a much smaller percentage is leached in the final cycle, but it is unlikely that the MOF 

would remain intact with such a large portion of the metal removed from the structure. Another 

explanation for the high leaching in the first cycle is that the as synthesised MOF contained a 

percentage of loosely bound Fe species within its pores which were removed during the first 

cycle of the reaction.  

 

The MOF sample used for the majority of the experiments was produced on a large scale in 

order remove any issues relating to differences between batches of catalyst. This meant that it 

was more difficult to thoroughly wash the catalyst samples post synthesis and it is possible 

that some of the reactants, such as soluble Fe species, remain within the pores. These Fe 

species would then be washed into solution during the first cycle, being replaced by organic 

molecules within the MOFs pores. This hypothesis also explains the high percentage of metal 

leached into solution during the first cycle and the lower amount of leaching seen in the fifth 

cycle, and also explains why the MOF remains intact throughout the five recycle reactions 

without any significant loss in catalyst activity.  

 

This would need to be investigated by measuring the concentration of Fe leached into the 

solution after each reaction cycle. This would then show whether the large amount of leached 

Fe was limited to the first cycle and was followed by much lower amounts of leaching, or 

whether the leaching gradually reduced over time as the amount of Fe in the MOF reduced.  
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Table 5.1. ICP analysis showing the Fe content in the reaction solution after carrying out the catalytic oxidation 

of HMF to FDCA over MIL-100(Fe) catalyst. 

 

 

Finally, SEM images of the as made MIL-100(Fe) were compared to images taken after the 

fifth recycle reaction to determine what changes to the crystal structure had occurred. The 

SEM images are shown in Figure 5.16. The images showed that before catalysis the MOF 

sample was very crystalline, with well-defined crystallites of various shapes and sizes. After 

catalysis, the images showed that the MOF remained highly crystalline. The sizes and shapes 

of the individual crystallites appeared to be very similar to those before, although the surfaces 

of many of the crystallites appeared significantly rougher after the catalysis. This roughness 

can be attributed to the accumulation of organic materials from the catalysis on the surface of 

the MOF particles. Overall, SEM imaging indicated that the MOF crystals had survived the 

five reactions without significant changes to their sizes or morphologies. 

 

 

 

Figure 5.17. SEM images of an as made sample of MIL-100(Fe) along with images of the same sample after five 

consecutive recycle reactions being used as the catalyst in the oxidation of HMF to FDCA. Images were taken on 

silicon wafers.  

 

 

 

 

 

 

Fe concentration / ppm Percentage of total Fe

First cycle 223.6 15.5

Fifth cycle 33.5 2.3
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5.3.4. Mechanism of Activity of MIL-100 for the Oxidation of HMF 

to FDCA in Water 

 

To explain the oxidation of HMF over MIL-100, a mechanism for the oxidation of HMF to 

DFF was proposed. The oxidation was shown above to be dependent on both the catalyst and 

co-catalyst for the degree of conversion as well as the product distribution. MIL-100(Fe) has 

the empirical formula Fe3O(H2O)2(OH)(BTC)2 where the water molecules are neutral ligands 

binding directly to the Fe(III) sites. These sites are likely to be the active sites for the oxidation 

of HMF since the Fe(III) is redox active and the site is particularly accessible to the substrates. 

The active site of MIL-100 is illustrated with a coordinated water molecule (1) in the proposed 

mechanism in Figure 5.17. Given that neutral ligands are less strongly bound than the 

negatively charged hydroxide, it is proposed that HMF replaces the bound water, binding to 

the MOF via the alcohol group (2) and (3) to the Lewis acidic Fe(III). 

 

There is then a synergistic activation of the C-H bond by TEMPO and the O-H by the acidic 

Fe(III) site; leading to the radical-based oxidation of the HMF to DFF, reduction of Fe(III) to 

Fe(II) and the formation of TEMPOH (4). The Fe(II) site can then be oxidised back to Fe(III) 

by the reduction of O2, or tBuOOH. Binding of a water molecule then completes the cycle. 

The reduced TEMPOH co-catalyst can be regenerated by the peroxide within the solution. 

This proposed mechanism is consistent with those previously proposed in the literature,4, 6 as 

well as with the general mechanism of oxidation in the presence of TEMPO.8  
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Figure 5.18. An illustration of the proposed mechanism for the oxidation of HMF to DFF over MIL-100(Fe) 

catalyst and TEMPO co-catalyst. The active site of MIL-100(Fe) within a single Fe3 cluster is depicted, with Fe 

ions in green, oxygen in red and the carbons of the BTC linkers in black. 

 

TEMPO is generally not thought to catalyse the oxidation of aldehydes to acids and is instead 

used as a selective co-catalyst for the oxidation of alcohols to aldehydes.9 However, it was 

found during this work that the addition of TEMPO to the reaction significantly increased the 

selectivity towards FFCA and FDCA which are the products of the aldehyde oxidation of DFF 

and FFCA respectively. This strongly suggested that TEMPO was involved in the mechanism 

of the reaction and helped to facilitate the oxidation of the aldehydes. It was therefore thought 

that TEMPO works in a similar way to that of the oxidation of the alcohol, by a radical-based 

mechanism, by activating the CH bond of the aldehyde whilst the MOF activates the C-O bond 

of the aldehyde via backbonding from Fe(II). 
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The mechanism of the subsequent oxidation of DFF to FFCA by MIL-100(Fe) and tBuOOH, 

assisted by TEMPO was then proposed. The MIL-100(Fe) catalyst is shown again with the 

active site in its neutral form with a terminally bound water molecule (1), Figure 5.18. The 

mechanism then proceeds with the replacement of the coordinated water molecule by a DFF 

molecule (2) and (3), whilst decomposition of the tBuOOH generates •OH radicals in solution. 

TEMPO again activates the CH bond of the aldehyde whilst synergistic activation of the CO 

by the MOF enables a •OH radical to react with the reactive aldehyde (4). This leads to the 

formation of the reactive geminal diol intermediate which is stabilised by its coordination to 

the MOF. TEMPO then facilitates the final rearrangement to give FFCA and TEMPOH, and 

FFCA is released to leave the reduced Fe(II) active site of the MOF (5). The Fe(III) active site 

can be regenerated by the reduction of O2 or tBuOOH from the solution, and a water molecule 

is depicted as being bound to the active site to complete the cycle. The reduced TEMPOH can 

be regenerated by the peroxide within the reaction solution as illustrated.    
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Figure 5.19. The proposed mechanism for the oxidation of HMF to DFF over MIL-100(Fe) catalyst and TEMPO 

co-catalyst. The active site of MIL-100(Fe) within a single Fe3 cluster is depicted, with Fe ions in green, oxygen in 

red and the carbons of the BTC linkers in black 

 

The mechanism for the oxidation of FFCA to FDCA is not shown but is proposed to proceed 

in the same way as that of DFF to FFCA as shown in Figure 5.18. These proposed mechanisms 

explain the results observed for the oxidation of HMF over MIL-100(Fe) and give an insight 

into the potential role of each of the species within the reaction mixture. Further investigation 

is required to confirm the role of each within the mechanism.  

 



Chapter 5.  The Oxidation of HMF to FDCA over MIL-100(Fe) in Water 

147 
 

5.4. Conclusions 

 

This work presents the first example of a MOF catalyst for the complete oxidation of HMF to 

FDCA in water. A strong emphasis was placed upon the use of environmentally benign 

conditions, and MIL-100(Fe), which was synthesised in water, was found to be an efficient, 

robust, and recyclable catalyst for the oxidation of HMF in water. In combination with the co-

catalyst TEMPO, the MOF facilitated the complete conversion of HMF in 24 hours and, under 

optimum reaction conditions, a maximum yield of 57% FDCA and 27% FFCA was achieved 

to give 74% selectivity.  

 

A set of five recycle reactions demonstrated the stability of MIL-100(Fe) under the reaction 

conditions, and although evidence of trapped species within the pores of the MOF was seen, 

the catalytic activity of the MOF remained constant over the five cycles. In comparison with 

other proposed catalysts for the oxidation of HMF using TEMPO as a co-catalyst, this work 

is the only example in which water is used as the solvent, demonstrating a significant 

advantage over literature catalysts. 

 

Finally, mechanisms for the oxidation of HMF to DFF and DFF to FFCA over MIL-100(Fe) 

were proposed in an effort to determine the precise role of each of the species within the 

reaction. The mechanisms are yet to be confirmed however the first is in good agreement with 

literature reports,4, 6 and the second is supported by the reaction results obtained.  
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Chapter 6 

 

Catalytic Activity of Redox Active MOFs for the 

Oxidation of HMF 

 

6.1. Chapter Summary 

 

In this chapter, the oxidation of HMF to FDCA over a wide range of different materials will 

be investigated. The synthesis of a number of potentially redox active MOFs, as well as the 

doping of redox active metal ions into highly stable MOFs was discussed in Chapter 3, and in 

this chapter the catalytic activity of those materials will be determined by experimentation. 

The catalytic reactions in this chapter will be carried out according to the procedures that were 

previously optimised in Chapters 4 and 5, with 1H NMR being the primary method of analysis 

used. A particular emphasis on the use of green conditions is placed on this work, and so all 

work is carried out in water except where specifically stated otherwise. 

 

6.2. Introduction 

 

The oxidation of HMF into FDCA, which is the main topic of this thesis, has the potential to 

be a hugely important reaction as the push away from fossil fuels continues and the need for 

renewably sourced chemicals greatens. In Chapter 5, a comprehensive study into the oxidation 

of HMF was carried out using the redox active catalyst, MIL-100(Fe), with an emphasis on 

understanding the mechanism of the reaction. MIL-100(Fe) was found to be a highly active 

and efficient catalyst when used in combination with the co-catalyst TEMPO, and there was 

no loss in activity after five recycle reactions. MIL-100(Fe), and Fe-based MOFs in general,1 

are not the most stable MOFs known however, and the large pore size of MIL-100 of 25 and 

29 Å meant that the pores of the MOF became blocked with organic molecules leading to 

changes in the relative peak intensity in the XRD powder pattern after successive cycles. 

Despite the relatively high stability of MIL-100(Fe) compared to other Fe MOFs, other non-

Fe-based MOFs show much higher overall stability, especially in water.2 The Zr-based UiO-
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66 and Yb6(BDC)7(OH)4(H2O)4 are well known for their high stability amongst MOFs, 

especially in water where they can be heated hydrothermally to temperatures > 200 °C without 

any loss in crystallinity.3, 4 

 

In this section, a wide range of MOF catalysts are screened for their catalytic activity for the 

oxidation of HMF to FDCA. This work follows on from the method development discussed 

in Chapter 4, and optimisation of reaction conditions in Chapter 5. MOFs containing other 

redox active metal ions such as cerium and vanadium are tested and compared to Fe-based 

MOFs for their selectivity towards FDCA and their stability. In addition to other potentially 

redox active MOFs, a number of highly stable MOF materials doped with varying percentages 

of redox active ions are screened for their activity towards FDCA with a particular emphasis 

on their stability over successive cycles. 
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6.3. Results and Discussion 

 

6.3.1. Oxidation of HMF to FDCA over UiO-66-based Materials 

 

6.3.1.1. Introduction 

 

UiO-66 is probably the best-known MOF to date, and this is largely due to its incredibly high 

chemical and thermal stability amongst MOFs.5 At Warwick, modified UiO-66-type MOFs 

have been used for the dual acid catalysed conversion of glucose to HMF, where it remained 

highly crystalline after five cycles at 140 °C. With its smaller pore size than MIL-100(Fe) it 

was also hoped that the accumulation of organic species within the pores of the MOF might 

not be as dramatic with UiO-66 and, although this did not affect the recyclability of MIL-

100(Fe), may result in a material with greater long-term stability. The Zr(IV) ions which 

makes up UiO-66 are not redox active and therefore redox active ions would have to be doped 

into the MOF structure for it to be catalytically active. This meant that the UiO-66 materials 

may not be as active as MIL-100(Fe), since the density of active ions would likely be much 

lower. Despite this, it is also possible that if the redox active ions at the surface of UiO-66 

were particularly accessible and active, the MOFs performance could rival that of MIL-

100(Fe) particularly in terms of activity per Fe(III) site. In addition to this, it was hoped that 

the high stability of the MOF would help to make up for any reduced catalytic activity it may 

show. 

 

The Ce(IV) version of UiO-66, which has the potential to be redox active, is already known, 

but has been found to be much less stable than the Zr(IV) version.6 Pure Ce(IV)-UiO-66 must 

be synthesised using very short reaction times of less than 1 hour as the Ce(IV) species used 

in the synthesis readily reduce and form a complex with the formic acid modulator to form 

Ce(III) formate on extended heating. The MOF can be produced without the use of the 

modulator, and this leads to a synthesis for the material which does not require such high 

precision, but also leads to a less crystalline product. Despite the reduced stability of Ce-UiO-

66, a set of mixed Zr/Ce-UiO-66 were synthesised and it was hoped that the redox activity of 

the Ce version could be combined with the stability of the Zr version. As well as being able 

to replace the Zr(IV) ions with Ce(IV), the inherently defective nature of UiO-66 lends it to 

being doped with redox active metal ions even if there is a charge mismatch. These charge 

imbalances can be accounted for by defects within the MOF structure such as missing linkers 

and this enabled the synthesis of a set of Fe(III) and V(III) ions within the UiO-66 structure. 
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As previously discussed, most literature points to the fact that M(III) dopant ions within the 

UiO-66 MOF bind directly to the Zr6 clusters and do not actually replace the Zr(IV) ions 

within the clusters.7, 8 The precise location of the M(III) ion is yet to be proven, but the 

characterisation of the doped UiO-66 materials in Chapter 3 was consistent with reports form 

the literature and points to the M(III) ions sitting outside of the metal clusters. 

 

Although the standard Zr-UiO-66 is not redox active, three sets of redox active metal doped 

versions were synthesised to be screened for their activity in the oxidation of HMF, as well as 

their stability under the reaction conditions. The MOFs would then be compared to both the 

optimised MIL-100(Fe), and undoped UiO-66 to fully understand the effect of the doped 

metals. The reaction conditions were kept the same as the optimised reaction conditions found 

when using MIL-100(Fe) unless specifically stated otherwise to allow for a full comparison 

between the catalysts to be made. All synthetic details for the UiO-66 samples discussed in 

this section can be found in Chapter 3. 

 

6.3.1.2. HMF Oxidation over Iron Doped UiO-66 

 

A set of five iron doped UiO-66 samples with intended iron content of 1, 2, 5, 10 and 25% 

was synthesised. XRF analysis of the 10% and 25% samples showed that the actual iron 

content of the MOFs was much lower than intended, at 2.6% and 3.7% respectively. XRF of 

the lower iron content materials was not carried out but it is assumed that it is significantly 

lower that found for the 10% and 25% samples and is assumed to decrease linearly with the 

desired percentage. Naming of the doped materials in terms of the desired Fe(III) content was 

maintained for simplicity and continuity. The samples were then tested for their catalytic 

activity in the oxidation of HMF under the same conditions that were employed for MIL-

100(Fe), so that they could be directly compared. Any changes to those reaction conditions 

are specifically stated.  

 

The results of the reactions using the Fe-UiO-66 samples are shown in Figure 6.1, and it can 

be seen that undoped UiO-66 is a very poor catalyst as it provides poor conversion and 

minimal selectivity towards the desired products. Similarly, the 1% and 2% Fe doped samples 

also appear to be very poor catalysts, showing only minor improvements compared to the 

undoped version in terms of HMF conversion and no real improvement in product selectivity. 

This is unsurprising since the Fe(III) content was found to be considerably lower than intended 

and as such the lower iron content materials likely only contain traces of Fe(III) ions. These 
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traces of Fe(III) may be spread throughout the particles rather than just at the surface where 

they would be most accessible.  

At the intended 5% Fe(III) doping, there is a significant improvement in catalytic activity over 

the undoped version, with around 30% conversion and 10% yield of the desired products. This 

further confirms that the Fe doping into the material has been successful and is sufficient to 

enable the MOFs to be active, as the redox active ions are necessary to promote the oxidation 

of HMF. The catalytic activity of the materials continues to increase as the Fe content within 

the material increases up to a maximum of 75% conversion and 30% yield of desired products 

with the 25% Fe-UiO-66 sample. Unfortunately, despite the reasonable conversion and 

product yields, the MOF still appears to be quite selective for formic acid, which is the product 

of the ring opening decomposition of HMF, over its oxidation towards FDCA. The lower 

conversion rates seen with the doped UiO-66 samples can be attributed to the lower density 

of redox active sites, but a maximum selectivity of 40% towards the desired oxidation products 

was found for the 25% Fe-UiO-66 material, which similar to that of MIL-100(Fe). Overall, 

the increase in catalytic activity, particularly of the 5-25% Fe doped materials was very 

promising given that the actual Fe(III) incorporation into the materials was much lower than 

originally intended.  
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Figure 6.1. Oxidation of HMF in water over Fe(III) based UiO-66 MOFs. The HMF conversion and product 

distribution of known products is shown. Note that the % Fe content shown is the percentage of Fe(III) added to 

the syntheses of the MOFs and not that of the final products. Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 

ml H2O, 8 eq tBuOOH heated to 60 °C for 24 hours. 
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Despite the lower HMF conversions and product selectivity seen with the Fe-UiO-66 samples 

compared the MIL-100(Fe) catalysts, these results were still very promising. As such, it was 

important to determine whether the catalyst was stable during the reaction and whether Fe was 

being leached into solution during the reactions. To check whether the materials had survived 

the catalysis, the powders were recovered from the reactions by centrifugation, washed, and 

dried before being analysed by powder XRD. Figure 6.2 shows the powder XRD patterns of 

the Fe doped UiO-66 samples after catalysis, as well as those of simulated UiO-66 and the 

protonated linker, terephthalic acid for comparison. From the patterns, it is clear that the UiO-

66 structure remains intact in all cases as the powder patterns match that of simulated UiO-66 

very well. Comparison of the powder patterns after the reactions with the pattern of 

terephthalic acid indicates that none of the uncoordinated linker was present within the 

samples. This further confirms that stability of the MOFs since the presence of the linker 

within the samples would indicate that the MOFs have partially dissolved during the reactions. 

There is also no evidence of any extra peaks within the powder pattern that would suggest that 

there are side products or impurities present. All of this strongly suggested that the MOF 

samples were stable under the reaction conditions employed, even up to 25% Fe incorporation. 
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Figure 6.2. Powder XRD patterns of simulated UiO-66, terephthalic acid and the set of Fe doped UiO-66 samples 

after catalysis. 

 

After the promising powder XRD results confirming the stability of the Fe doped UiO-66 

samples under the catalytic reaction conditions it was decided that the 25% Fe doped material, 
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which gave the best catalysis results, should be used in combination with the co-catalyst 

TEMPO. TEMPO was seen to drastically increase both the conversion of HMF, and the 

selectivity towards the desired products when used in combination with MIL-100(Fe), and so 

it was hoped that the use of TEMPO would further improve the catalytic performance of Fe 

doped UiO-66. 

 

Since the 25% Fe doped UiO-66 sample was found to be significantly more active than the 1-

10% samples, it was decided that only the 25% sample would be used in combination with 

TEMPO. Two separate reactions were carried out, the first with the same conditions those 

used in the reactions without TEMPO, such that the results would be comparable with those 

previously obtained. In the second, the reaction temperature was increased to 80 °C. This was 

done to increase the overall conversion of HMF and to account for the lower density of redox 

active sites within the material compared to MIL-100(Fe), and also to further test the stability 

of the material, since UiO-66 is known to be highly stable. 

 

The reaction results are shown in Figure 6.3, where the previous results of the reactions 

without the use of TEMPO are compared to the results of the two reactions with TEMPO. As 

can be seen from the results at 60 °C, there is a clear advantage to using TEMPO in 

combination with the catalyst. There is a slight increase in the conversion of HMF from 58% 

to 63% which could be accounted for by experimental error, which is approximately 5%, but 

more significant than this is the increase in selectivity towards the desired products from 

around 50% up to around 70%. This increase in selectivity appears to be largely due to the 

drastic reduction in decomposition of the HMF into formic acid, as was seen MIL-100(Fe). 

Increasing the reaction temperature from 60 °C up to 80 °C resulted in a much higher HMF 

conversion from 63% up to 96%, as well as a push towards FDCA as the reaction product. 

Overall, the selectivity was lower than at 60 °C, but a total furanic yield of 61% was achieved 

with an FDCA yield of 22%.  
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Figure 6.3. Catalytic reaction results using Fe doped UiO-66 samples with and without TEMPO for the oxidation 

of HMF to FDCA in water. The reaction temperatures are illustrated. 

 

Each of the catalysts was also recovered by centrifugation before being washed twice with 

water and methanol. After drying, powder XRD patterns were obtained to determine whether 

the MOF samples had survived the reactions. In previous experiments, TEMPO was not found 

to significantly destabilise the MOF catalysts and so it was expected that the sample heated to 

60 °C would remain unchanged after the reaction. This was particularly important for the 

sample heated to 80 °C however, as the stability of the Fe doped UiO-66 samples at this 

temperature and under oxidising conditions was not yet known. The powder patterns of the 

recovered catalyst samples after the reactions are shown below in Figure 6.4 and are compared 

to the patterns of simulated UiO-66 and the protonated linker, terephthalic acid for reference. 

As can be seen from the data, both of the MOF samples survived under the reaction conditions 

and remained highly crystalline. There is also no evidence of any impurities or terephthalic 

acid present within the sample which strongly suggests that no decomposition of the MOF 

occurred. This high stability of the UiO-66 samples under the reaction conditions was not 

surprising as UiO-66 is well known to be stable in water, but nevertheless it was very 

promising that no changes to the overall crystallinity of the MOFs was seen after the reactions, 

especially under oxidising conditions. 
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Figure 6.4. Powder XRD patterns of simulated UiO-66, terephthalic acid and the 25% Fe UiO-66 sample after 

catalytic reactions in combination with TEMPO at 60 and 80 °C. 

 

The stability of the Fe doped UiO-66 samples was extremely promising, and the MOFs proved 

to be much more active than previously expected, especially at 80 °C with TEMPO. An 

optimum furanic yield of 60% was achieved at 80 °C in combination with the co-catalyst 

TEMPO, along with a 22% yield of FDCA and 33% yield of FFCA.  

One of the key reasons for doping redox active ions into the UiO-66 structure was the hope of 

producing a highly active material which was also highly stable in water. Despite the clear 

stability of the UiO-66 structure after these reactions however, the stability of the doped Fe(III) 

moiety within the structure was yet to be tested. It is likely that the Fe(III) ions within the 

MOF are bound directly to the Zr6 clusters through Zr-O-Fe bridges. It is therefore plausible 

that the bridging bonds could be broken during the reaction, leaching Fe into solution, whilst 

the overall UiO-66 MOF structure remains intact and relatively unchanged during the reaction.  

 

To determine whether any of the Fe(III) ions had been leached from the MOF during the 

reaction, XRF analysis of the doped materials after both the 60 °C and 80 °C reactions with 

TEMPO was carried out. As can be seen from the results, Table 6.1, the Fe content after the 

reaction appears to be much less than that within the MOF before the reaction. This was a 

strong indication that the Fe within the materials was not stable and had indeed been leached 
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into the solution during the reaction. This was somewhat surprising given the high selectivity 

seen during the reactions, which is not generally seen when homogeneous catalysts are used, 

and therefore suggests that the selectivity may have been a result of the combination of MOF 

and leached Fe ions.  

 

Table 6.1. XRF derived Fe content of the 25% doped Fe UiO-66 sample before and after the catalytic oxidation of 

HMF to FDCA with TEMPO co-catalyst. The Fe content is as a percentage of the total metal within the material. 

Note that the 25% Fe refers to the percentage added to the synthesis of the material and does not refer to the actual 

Fe content. 

Abbreviation 
Fe content 

before / mol% 

Fe content after 60 

°C reaction / mol% 

Fe content after 80 

°C reaction / mol% 

25% Fe UiO-66 3.7  1.0 0.4 

 

Overall, the XRF results indicated that the Fe ions within the UiO-66 structure were not stable 

on heating in aqueous oxidising conditions and directed the research towards methods of 

potentially stabilising the Fe(III) ions within the UiO-66 framework. 

 

6.3.1.3. HMF Oxidation over Modified Iron Doped UiO-66 

 

After the promising catalytic results obtained with the Fe-UiO-66 materials, and the evidence 

of Fe(III) leaching from the materials, an investigation into the effect of further modifications 

to the UiO-66 materials was carried out. It was hoped that modifications to the UiO-66 

structure may result in the stabilisation of the Fe(III) ions within the framework, leading to 

highly active and recyclable catalyst materials.  

 

One of the advantages of UiO-66 as a catalyst is the ease of modification of its structure. The 

simple terephthalate linker can be easily functionalised, and many functionalised versions are 

commercially available. The catalytic activity for the conversion of glucose to HMF of a 

number of UiO-66 materials where the terephthalic acid linker was replaced by a variety of 

functionalised terephthalates was previously tested at Warwick.4 It was found that the linker 

present within the material had a strong influence on its performance as a catalyst for the 

conversion of glucose. It was not possible to test the use of modified linkers within the MIL-

100(Fe) framework because the synthesis of modified trimesate-type linker is much more 

difficult and there are currently no suitable commercially available examples. However, with 

the promising catalytic results when using Fe-UiO-66 in combination with TEMPO, it became 

possible to test whether the use of functionalised linkers within the material had any effect on 

its activity, and more importantly, whether it led to more stable redox active materials.  
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The synthesis of a range of Fe doped UiO-66 materials where the terephthalate linker had been 

completely replaced by four functionalised versions was described in full in Chapter 3. In 

brief, terephthalate was replaced by an amine-, a hydroxyl-, a naphthalene-based, a sulfonated 

(MSBDC)- and a tetra carboxylate (BTEC)-functionalised terephthalate linker with an 

intended Fe 25% for each. Powder XRD confirmed the successful synthesis of UiO-66 in each 

case, providing five functionalised materials to test for their catalytic activity towards the 

oxidation of HMF, and to compare against the standard terephthalate-based material. It should 

be noted that as with the terephthalate-based Fe-UiO-66 materials discussed previously, the 

25% Fe content within the materials is the molar percentage that was added to the MOF’s 

syntheses and is not necessarily the amount present in the final materials.  Further to this, the 

different linkers, and the changes to the overall crystallinity of the MOFs produced with each 

linker, led to drastically different Fe(III) incorporations into each material. This was discussed 

in detail in Chapter 3 and is summarised again in Table 6.2.  

 

Table 6.2. XRF derived Fe content of a set of linker modified Fe doped UiO-66 materials. The percentage Fe 

content is a percentage of the total metal within the MOF, and the Zr:Fe ratio is also shown. 

Abbreviation Linker 
Fe content / 

mol% 

Zr:Fe 

ratio 

BDC terephthalate 3.7 27 : 1 

ATP 2-amino terephthalate 18 5.5 : 1 

2,5-OH 2,5-hydroxy terephthalate 0.5 200 : 1 

1,4-Naphth 1,4-napthalene terephthalate 17.1 5.8 : 1 

BTEC 1,2,4,5-Benzene tetracarboxylate 17.6 5.7 : 1 

MSBDC Monosodium 2-Sulfoterephthalate 16.4 6.1 : 1 

 

In the reactions using the modified Fe-UiO-66 materials, all reaction conditions were kept the 

same as those used for the standard material in order for the results to be comparable. Precise 

reaction conditions are described in Chapter 4.4.4 and are described briefly in figure captions 

where appropriate. It was found from the powder XRD data of the as made materials that the 

MSBDC-functionalised sample contained some small impurity peaks. Despite this, the sample 

was still tested for its catalytic activity for comparison with the XRF data showing Fe uptake. 

 

The results of the reactions using the modified 25% Fe UiO-66 samples are shown in Figure 

6.5. From the data, it appeared that the amino- and MSBDC-functionalised materials provided 

around the same conversion as the unmodified version. In addition to this, the naphthalene 

functionalised material appeared to be significantly more active than any of the others with a 

conversion of 85% and a total furanic yield of 33% and appeared to be the best material for 

the production of FDCA.  
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The catalytic results from the set of modified Fe doped UiO-66 materials generally followed 

the trend seen in Fe contents found from the XRF analysis, which is summarised in Table 6.2, 

although there were some major exceptions. The hydroxy-functionalised material was found 

to contained only 0.5% Fe compared to Zr (compared to 3.7% in the standard version) and 

this explains the very low catalytic activity similar to that of 100% Zr UiO-66. The results 

from the MSBDC- and BTEC functionalised materials was somewhat surprising, however. 

XRF showed that the materials contained a much higher Fe content than standard UiO-66 of 

around 17%, but their catalytic activity was worse than that of the unmodified material. The 

reason for this is unclear but may be related to the very poor crystallinity of the materials, 

especially for MSBDC, which may lower the stability of the Fe(III)  within the structures.  

 

Of particular interest in this set of materials were the amino- and naphthalene-functionalised 

material. Literature reports of Fe doping into UiO-66 suggested that the presence of defect 

sites within the material led to increase Fe uptake,8 and this trend was also found with the 

samples produced as part of this project. XRF analysis of the amino and naphthalene materials, 

however, showed that they contained 18% and 17% Fe respectively compared to Zr, which is 

similar to the defective MSBDC and BTEC materials, whilst powder XRD showed that the 

materials were also highly crystalline. This may explain the improvement in catalytic 

performance seen with the naphthalene material compared to the standard Fe doped sample, 

as well as the highest yield of FDCA seen so far from a UiO-66-based material without the 

use of TEMPO. The amino-functionalised material was found to be slightly less active than 

the standard UiO-66 despite the higher Fe content. 

 

Overall, the modifications to the Fe doped UiO-66 material appeared to be very promising. 

Further analysis was definitely required, but the naphthalene material in particular showed the 

most promising results so far for UiO-66.  
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Figure 6.5. Catalytic reaction results for the oxidation of HMF by a range of linker modified Fe doped UiO-66 

materials.   

 

To determine whether the 25% Fe modified UiO-66 materials were stable under the reaction 

conditions, powder XRD was carried out on the samples after catalysis. The used MOF 

samples were recovered by centrifugation, washed twice with water and methanol, and dried 

in air at 70 °C. The powder XRD patterns of the MOF samples before catalysis are compared 

to the patterns of the as made samples below in Figure 6.6. The amino-, hydroxyl- and 

naphthalene-modified materials appeared to be completely stable under the reaction 

conditions, with no loss in crystallinity of the MOFs, and no additional peaks present within 

the powder patterns that might indicate partial decomposition of the materials. This was 

expected since the more crystalline UiO-66 sample tend to be more stable. 

 

The as made BTEC and MSBDC materials were much less crystalline than the rest of the set, 

with much broader peaks in the powder XRD patterns as well as a complete loss of many of 

the higher angle peaks. Despite its relatively amorphous form, the BTEC material appears 

relatively unchanged after the reaction, with the broad low angle peaks still clearly present. 

This indicates that the MOF also survived the reaction.  
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In the case of MSBDC – UiO-66, and as previously stated, there was evidence of impurities 

within the as made sample, and these can be seen as extra low angle peaks within the powder 

pattern. There is more definition in the characteristic low angle peaks compared to those of 

the BTEC material, and some of the higher angle peaks can also be seen. After catalysis, 

significant broadening of the low angle peaks can be seen indicating a loss in the overall 

crystallinity of the MOF. This suggests that although some the UiO-66 has survived the 

reaction, the surviving particles are considerably smaller and less ordered than before. The 

lower stability of the MSBDC based UiO-66 compared to other modified versions, and 

terephthalate based UiO-66 in particular, was not particularly surprising. The MOF has been 

used previously, and it was found to be an efficient catalyst for the conversion of glucose to 

HMF,9 however it was noted that the activity declined significantly on the second cycle, and 

it the sulfonate moieties appeared to have not survived the first reaction. This was also a 

concern with these reactions, and it appeared that the MSBDC based material was not stable 

under these reaction conditions either. This low stability also explains the disappointing 

reaction results considering the relatively high Fe content of 17% found by XRF. 
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Figure 6.6. Powder XRD patterns of each of the modified Fe doped UiO-66 materials before and after being used 

as catalysts for the oxidation of HMF to FDCA. 

 

Despite the poor stability of the MSBDC material, it appeared that the remaining materials all 

remained largely unchanged after the catalytic reactions. As well as this, with the exception 

of the hydroxyl-modified material, each of the MOF catalysts showed reasonable catalytic 
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activity. In particular, the 25% Fe naphthalene UiO-66 sample appeared to be significantly 

more active in converting HMF and provided a significantly higher yield than any of the other 

UiO-66 materials including the standard terephthalate version. As a result of this, it was 

decided that the materials should be tested for their catalytic activity when used in combination 

with the co-catalyst TEMPO. This is because TEMPO was seen to significantly improve the 

catalytic activity of other UiO-66 samples tested, as well as MIL-100(Fe). 

 

The catalytic reactions with TEMPO co-catalyst were carried out at the increased temperature 

of 80 °C as this was found to give significantly improved FFCA and FDCA yields with the 

standard terephthalate material. The MSBDC-functionalised material was not used as a 

catalyst since it contained some impurities and was found to be unstable in previous reactions. 

The HMF conversions and product yields of the reactions with TEMPO are compared to that 

of the standard material in Figure 6.7. The results show much higher HMF conversions and 

product yields compared to the previous reactions, although this is due to a combination of the 

presence of the co-catalyst, as well as the increased reaction temperature. Compared to the 

standard material, the 2,5 – OH-functionalised UiO-66 performed the worst, with only around 

47% conversion and low selectivity towards the desired products. This follows what was seen 

in the previous reactions as well as the XRF results showing a very low uptake of Fe into the 

material.  

 

Of the other materials tested, the standard terephthalate material appears to be the best in terms 

of overall product selectivity, however the amino- and 1,4 – naphthalene materials both 

produce higher yields of FDCA. The naphthalene material in particular gave a total FDCA 

yield of 30%, which is the highest recorded over a UiO-66 type material to date. The BTEC 

material also showed reasonable catalytic activity but was slightly less active than the standard 

material, and without the push towards FDCA as the major product. Despite the promising 

results seen particularly with the amino- and naphthalene functionalised material, the results 

also show that a large amount of the converted HMF goes on to produce unknown side 

products. These products were not evident within the NMR spectra of the reaction media and 

so until now they remain unidentified. It is possible that the carbon imbalance is the result of 

the formation of insoluble humins from the reaction, but this is yet to be confirmed. 
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Figure 6.7. Catalytic activity of a set of linker modified Fe doped UiO-66 materials in the oxidation of HMF to 

FDCA when used in combination with TEMPO co-catalyst. Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 

ml H2O, 8 eq tBuOOH and 188 mg TEMPO. The solutions were heated to 70 °C for 24 hours. 

 

Overall, the results of the reactions using the modified Fe-UiO-66 materials alongside 

TEMPO were extremely promising. The materials have shown some of the highest activity of 

all of the UiO-66 samples tested, and the naphthalene modified material showed the highest 

FDCA yield aside from MIL-100(Fe). As well as their high activity, they also showed good 

stability towards the oxidising reaction conditions, as was expected from such a stable MOF. 

Until this point however, the stability of Fe(III) ions within the materials had not been tested. 

The Fe(III) ions are thought to bind directly to the metal clusters through bridging Zr-O-Fe 

bonds, and so it is possible that these bridging bonds may be broken during the reactions, and 

specifically when the Fe(III) is involved in the redox reaction. This would result in the 

leaching of the ions into solution, but would be unlikely to cause any structural changes or 

damages to the overall UiO-66 structure, since the Fe(III) ions are not integral. It was therefore 

important to determine whether the concentration of Fe within the materials changes after the 

reactions had been completed. 

 

To determine whether the concentration of Fe(III) ions within the modified UiO-66 materials 

had changed after the reactions, XRF analysis was carried out on each of the materials 
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including the standard terephthalate sample. To do this, the used MOF samples were recovered 

from the reactions by centrifugation, washed twice with water and twice with methanol, before 

being dried in air at 70 °C overnight. XRF was used to compare the concentrations of Zr and 

Fe in the materials. Again, the MSBDC material was not measured as it was found to be 

unstable. 

 

The results of the XRF analysis are summarised in Table 6.3, where they are compared to the 

concentrations before the reaction. The XRF results were very disappointing, showing that 

there was a large decrease in the Fe concentration in all of the modified samples except for 

the hydroxy-modified material. This indicates that although the UiO-66 MOFs are stable 

under the reaction conditions and remain relatively unchanged after the reactions, the Fe(III) 

ions bound to the Zr6 clusters are removed during the reaction and are subsequently leached 

into solution. This means that although the frameworks are stable, the catalytic sites are 

removed during the reaction. One exception to this is the hydroxy-functionalised material 

which shows only a minor reduction in the concentration of Fe(III) ions after the reaction. The 

material was found to be no more active than the 100% Zr UiO-66 however, and so it is 

thought that the Fe(III) ions within the material do not undergo any redox during the reaction 

and this is likely the reason that they remain largely intact. A number of the materials still 

retained some of the Fe(III) ions within their structures after the reactions indicating that some 

of the redox activity may remain after the first cycle. It is likely that these Fe(III) ions are 

located deep within the pore systems of the MOFs however, and are unlikely to be accessible 

to act as catalytic sites for the reaction to take place.  

 

Table 6.3. Fe content of a set of linker modified Fe doped UiO-66 materials before and after being used as catalysts 

for the oxidation of HMF to FDCA. The Fe content is described in terms of the percentage of the total metal ions. 

Abbreviation Linker 
Fe content 

before / mol% 

Fe content 

after / mol% 

BDC terephthalate 3.7 0.4 

ATP 2-amino terephthalate 18 8.1 

2,5-OH 2,5-hydroxy terephthalate 0.5 0.45 

1,4-Naphth 1,4-napthalene terephthalate 17.1 3.3 

BTEC 1,2,4,5-Benzene tetracarboxylate 17.6 5.4 

 

Overall, the XRF results showing that the majority of the redox active sites within the UiO-

66 frameworks are leached from the MOFs in the first reaction were very disappointing. It 

meant that these materials were not actually catalysts since they decomposed during the 

reactions. Despite this, the initial Fe uptake into the MOFs, as well as the catalytic activity of 



Chapter 6.  Catalytic Activity of Redox Active MOFs for the Oxidation of HMF 

166 
 

some of the modified materials was promising. More work into the tuning of the structures of 

these materials to find a way of stabilising the Fe(III) sites within the framework would 

potentially lead to some highly active and recyclable MOFs for the formation of FDCA.  

 

6.3.1.4. HMF Oxidation over Cerium Doped UiO-66 

 

One of the most hopeful of the UiO-66 materials to be tested was the cerium doped version. 

The MOF has previously been used in combination with TEMPO for the oxidation of benzyl 

alcohol where it was shown to have good catalytic activity.6 As previously discussed in 

Chapter 3, the zirconium ions within UiO-66 can be completely replaced by cerium to produce 

a purely cerium version of the MOF. In contrast to the iron doped UiO-66 sample, where the 

Fe(III) ions are thought to bind to the Zr6 cluster, the Ce(IV) ions can replace the Zr(IV) within 

the clusters.10 A set of materials ranging from 20-100 mol% cerium was synthesised to be 

tested for their catalytic activity towards HMF oxidation. The catalytic reactions were carried 

out in the same way as those of the Fe doped materials so that the results would be comparable.  

As can be seen in Figure 6.8, the cerium doped UiO-66 materials showed much lower overall 

conversion of HMF than was seen with either MIL-100(Fe) or the iron doped UiO-66 

materials, even at 100 mol% cerium incorporation. In comparison to the undoped UiO-66 

which showed only 16% HMF conversion after 24 hours, doping of cerium into the material 

was seen to increase the HMF conversion, but only up to a maximum of 24% at 100 mol% 

cerium. This low conversion was coupled with relatively low selectivity towards the desired 

oxidation products, and FDCA in particular, and the vast majority of the conversion went to 

producing unknown side products.  
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Figure 6.8. Catalytic activity of a set of cerium doped UiO-66 samples in the oxidation of HMF to FDCA. Reaction 

conditions: 30 mg catalyst, 150 mg HMF, 3 ml H2O and 8 eq tBuOOH. The solutions were heated to 60 °C for 24 

hours. 

 

This initial catalytic testing of cerium doped UiO-66 was disappointing both in terms of HMF 

conversion and selectivity towards FDCA. Despite this, it was hoped that the mixed Ce/Zr 

material would show better catalytic activity in combination with the co-catalyst TEMPO. The 

use of TEMPO in combination with MIL-100(Fe) or iron doped UiO-66 as catalysts was 

shown to significantly improve the conversion of HMF as well as the product selectivity, and 

this suggested that the co-catalyst may also improve the activity of the Ce-UiO-66 samples. 

The reactions carried out in combination with TEMPO followed the same experimental 

method as was used previously, except that 1 equivalent of TEMPO (with respect to HMF) 

was added to each of the reactions. This TEMPO concentration is the same as the optimal 

amount found with MIL-100(Fe) and is the same as was used with the iron doped UiO-66 

materials. All other reaction conditions were kept the same. 

 

The data shown below in Figure 6.9 shows the reactions with TEMPO. As can be seen, the 

HMF conversions are significantly higher when TEMPO is used compared to the previous 

reactions without (30-55% conversion with TEMPO compared to 15-25% without), even for 

the pure Zr-UiO-66 sample. The selectivity towards the desired oxidation products is also 
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significantly higher in combination with TEMPO and this is attributed to the synergistic effect 

of the redox active sites alongside TEMPO, as was seen with the previous catalysts. In addition 

to this, the decomposition of HMF into formic acid appears to have been greatly reduced by 

the addition of TEMPO. Despite the improvement in activity afforded by TEMPO, the overall 

selectivity towards the desired products was very low at around 30% for the 80 mol% cerium 

material, and of this only around a 1% yield of FDCA was achieved.  

 

Surprisingly, the 80 mol% Ce-UiO-66 sample showed considerably better catalysis data than 

the 100 mol% Ce-UiO-66 sample. This was somewhat surprising since the 100 mol% sample 

contains a higher density of redox active sites and should therefore show improved catalytic 

activity. There are several possible reasons for the catalytic activity seen with the pure cerium 

UiO-66 material. It could be that the cerium-based material is considerably less stable than 

the zirconium version and therefore the pure cerium version of the MOF may completely 

dissolve under the reaction conditions. The low catalytic activity of the 100 mol% cerium 

material could therefore be due to the complete decomposition of the MOF before it had time 

to facilitate the oxidation of the HMF. It is also possible that all of the materials are stable 

under the reaction conditions, and instead the higher catalytic activity seen with the 80 mol% 

cerium UiO-66 sample could be a result of increased disorder within the material brought 

about by the mixture of metal ions. Since the Ce-O bond length is longer than Zr-O, the 

mixture of the two gives rise to local distortions in the metal clusters. 
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Figure 6.9. Catalytic activity of a set of cerium doped UiO-66 samples in the oxidation of HMF to FDCA in 

combination with the co-catalyst TEMPO. Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 ml H2O, 8 eq 

tBuOOH and 188 mg TEMPO. The solutions were heated to 70 °C for 24 hours. 

 

Figure 6.10 shows the powder patterns of the recovered samples after the reactions along with 

those of the materials before catalysis and of terephthalic acid for reference. It was clear that 

the doped UiO-66 samples were not completely stable under the reaction conditions. After 

both the reactions with and without TEMPO, the 20% Ce samples still retained the UiO-66 

structure, but the pattern is significantly reduced in intensity compared to the original sample. 

A broadening of the MOF’s peaks and peaks consistent with the recrystallised linker can also 

be seen within the powder pattern, all suggesting that partial decomposition of the MOF 

occurred during the reaction. It is likely that the cerium was leached out of MOF and into the 

solution leaving the more stable zirconium within the MOF. This removal of the cerium ions 

from within the structure would account for the broadening of the MOFs peaks, as well as the 

appearance of terephthalate within the solution as the MOF partially decomposed due to the 

removal of metal ions from within the clusters. UiO-66 is able to accommodate a high 

percentage of both linker and metal cluster-based defects whilst still retaining its overall 

structure and this explains how the MOF can still remain largely intact even with removal of 

20% of the metal ions in the case of all of the cerium version decomposing.  

In the case of the 80% Ce samples, it appeared that even greater decomposition of the MOF 

had occurred, especially after the reaction with TEMPO, in which the MOF appeared to have 
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almost completely decomposed. A new phase was also present within the recovered sample 

and given the absence of any peaks indicative of the recrystallised linker, it is possible that the 

new phase is a Ce-BDC complex, but this is unconfirmed. This would explain the low 

conversion seen with the samples, however, since homogeneous metal ions in solution 

generally result in high levels of HMF conversion coupled with low product selectivity. 

 

Since the 20% Ce-UiO-66 also appeared to be relatively unstable, it was surprising that the 

80% Ce samples remained even partially intact. It is possible that localised regions with higher 

Zr density survived the reaction and are left as small particles, whilst the cerium rich regions 

collapsed completely.  

 

The 100% Ce UiO-66 samples completely decomposed in both cases and appeared to form 

the same extra phase seen in the 80% Ce doped MOF. The complete decomposition of the 

MOF was unsurprising given the results of the lower cerium content materials and the lack of 

any stabilising Zr ions within the materials. 
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Figure 6.10. Powder XRD patterns of terephthalic acid as well as a set of cerium doped UiO-66 samples before 

they had been used as catalysts, and the recovered powders after being used as catalysts for the oxidation of HMF 

with and without the use of TEMPO co-catalyst. 
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The low stability of the Ce doped UiO-66 samples, and the decomposition of the samples with 

higher cerium content, was not completely surprising since the MOF is known to be much less 

stable than the zirconium version. This instability of the MOFs and decomposition over time 

explains the poor catalytic results obtained, especially from the 100% Ce-UiO-66 material. 

The low stability, coupled with the low activity of the materials meant that they were not 

suitable as catalysts for the oxidation of HMF, especially in water, and as such no further 

catalytic testing was carried out using the materials.  

 

6.3.1.5. HMF Oxidation over Vanadium Doped UiO-66 

 

Vanadium based MOFs are generally unstable in water and decompose readily to form 

solvated complexes.11 Therefore, the substitution of vanadium into a much more stable MOF, 

such as UiO-66, seemed to be an ideal way to help stabilise the redox active ion within a MOF 

in order to determine whether it showed any benefits towards HMF oxidation compared to 

other redox active ions. Vanadium is redox active, and its use in vanadium nitrides and 

phosphate oxides for the oxidation of HMF has previously been studied.12, 13 It has never been 

investigated for its effectiveness as a catalyst in the oxidation of HMF as part of a MOF, 

however. As discussed in Chapter 3, set of vanadium doped UiO-66 samples were synthesised 

with vanadium content of 10 mol%, 20 mol% and 50 mol% and these were then tested for 

their catalytic activity for the oxidation of HMF and subsequent product selectivity.  

 

It is important to note that the 10% - 50 mol% V labels represent the percentage of vanadium 

used in the synthesis of the MOFs and not the percentage present in the final MOF products. 

The actual vanadium content within the materials was measured by XRF, and was found to be 

2.3 mol%, 4.1 mol% and 7.4 mol% respectively. The desired vanadium content labels will 

continue to be used throughout for continuity and simplicity. The stability of the MOFs was 

an important consideration in this case as well since the low stability of vanadium-based 

MOFs means that it is possible that the vanadium could leach out of the MOF during the 

reaction. 

 

The reaction conditions for testing the V-UiO-66 samples were kept the same as was used 

previously for MIL-100(Fe) and Ce-UiO-66 so that a fair comparison could be drawn, and the 

results of the reactions can be seen in Figure 6.11 below. From the data, there appeared to be 

no significant advantage to using 10 mol% V-UiO-66 compared to the standard Zr version. 

This could have been because only a small amount of vanadium was actually present within 
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the MOF sample, or because the majority of the vanadium was not close enough to the surface 

of the MOF particles to participate in the catalysis.  

On increasing the vanadium content to 20 mol% however, the HMF conversion increased 

significantly from 17% up to around 35% and then up to around 40% conversion with the 50 

mol% V-UiO-66 sample. This increased conversion indicated that the redox active sites were 

active within the MOF, or that there were more vanadium sites close to the surface, and there 

was a significant advantage to having the vanadium sites within the MOF. By looking at the 

data, it also appeared that the vanadium version of the MOF was very unselective towards the 

desired oxidation products, and in the case of the 20 mol% vanadium samples, the majority of 

the converted HMF produced unknown side products. In the case of the 50 mol% V-UiO-66 

sample, which showed the highest HMF conversion, the selectivity towards the desired 

products was approximately 15%, whilst the selectivity towards formic acid was roughly 42%. 

This low selectivity was somewhat disappointing and may be an indication that the vanadium 

doped MOFs were not completely stable under the reaction conditions. 
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Figure 6.11. Catalytic activity of a set of vanadium doped UiO-66 samples in the oxidation of HMF to FDCA. 

Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 ml H2O and 8 eq tBuOOH. The solutions were heated to 60 

°C for 24 hours. Vanadium percentages refer to mol% of vanadium within the materials. 

 

The low product selectivity of the V-UiO-66 samples was disappointing, and it was noticed 

that the reaction solutions, particularly for the 20% and 50% V-UiO-66 samples, had turned a 
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green colour by the end of the reaction. This strongly indicated that the vanadium within the 

MOF samples was being leached out into the solution during the reaction, which means that 

the catalyst does not remain the same after the reaction. The leaching of vanadium into 

solution may also explain the low product selectivity since redox active ions in solution 

generally lead to high HMF conversion and the formation of side products.  

 

To determine whether the V-UiO-66 samples remained intact after the catalysis, the samples 

were washed and recovered by centrifugation. Powder XRD was then carried out, and the 

results are shown below in Figure 6.12. The XRD data shows that after catalysis, the UiO-66 

structure is preserved in all of the V-UiO-66 samples, and that there is no obvious loss in 

crystallinity. This is not unsurprising since the vanadium ions within the UiO-66 are not 

thought to replace the Zr(IV) ions within the clusters, but are instead thought to bind to the 

Zr6 cluster. This means that the leaching of the vanadium ions into solution is unlikely to have 

a significant effect on the stability of the overall MOF structure. 
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Figure 6.12. Powder XRD pattern of simulated UiO-66 along with a set of vanadium-doped UiO-66 samples after 

they had been used as catalysts for the oxidation of HMF to FDCA. 

 

Given the seemingly high crystallinity of the MOF samples after catalysis, and the apparent 

leaching of vanadium into the reaction solution, it was decided that recycle reactions should 

be carried out using the MOF samples. If vanadium had indeed been leached into the solution 
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on the first cycle, then the recycle reactions should give significantly lower conversions of 

HMF as there should be less vanadium within the sample on the second cycle. The recycle 

reactions were run in the same way as the initial reactions, so that the results would be 

comparable, except for the replacement of the catalyst with the recovered samples from the 

first cycle.  

 

The results of the reactions where the catalyst was recycled can be seen below in Figure 6.13, 

and they appeared to confirm the theory that vanadium leached out of the MOF into solution 

during the reactions. The results from the pure Zr-UiO-66 sample remained practically 

unchanged between the first and second cycles. This was unsurprising since UiO-66 is 

extremely stable in water and was unlikely to have changed significantly after the first cycle. 

The 10% V-UiO-66 also gave very similar results to the first cycle, but again this was 

unsurprising as the 10% sample showed very little improvement over the 0% sample and only 

contained a small amount of vanadium. In contrast however, the 20% and 50% vanadium 

samples, which gave a significant improvement to HMF conversion, became much less active 

on the second cycle. The catalyst efficiency dropping from the first to the second cycle 

strongly indicated the loss of active sites, namely the redox active vanadium sites and this was 

further evidence of vanadium leaching from the MOF into solution during the reactions.  
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Figure 6.13. Catalytic activity of a set of vanadium-based UiO-66 samples in a second cycle being used as catalysts 

for the oxidation of HMF. Catalyst samples were first used once, before being recovered, washed, dried and then 

reused. Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 ml H2O and 8 eq tBuOOH. The solutions were heated 

to 60 °C for 24 hours. 
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Given the poor stability of the vanadium-based UiO-66 samples in water, it was decided that 

their activity should be tested in acetonitrile instead. MOFs are generally much more stable in 

acetonitrile than water, and the vanadium MOF MIL-47 has previously been used along with 

tBuOOH in acetonitrile for the oxidation of cyclohexene.14 In these reactions, all of the 

conditions were kept the same as those of the previous reactions, but simply with the 

replacement of water for acetonitrile. TEMPO was not used as a co-catalyst in these reactions. 

The results of the reactions using the V-UiO-66 samples in acetonitrile are shown in Figure 

6.14. As can be seen, both the 10% and 20% vanadium samples gave very similar results with 

a relatively low HMF conversion of 20% as well as low selectivity towards the desired 

products. Increasing the vanadium content to 50% provided a much higher HMF conversion 

of 55% but again, largely produced unknown side products or formic acid as the reaction 

products. Despite the poor catalytic activity of the vanadium MOFs in acetonitrile, the reaction 

solutions did not appear to contain any vanadium after the reactions had been completed, 

indicating that the MOFs were stable in acetonitrile. 
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Figure 6.14. Catalytic activity of a set of vanadium-doped UiO-66 samples in the oxidation of HMF to FDCA in 

acetonitrile. Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 ml H2O and 8 eq tBuOOH. The solutions were 

heated to 60 °C for 24 hours. 

 

Although the vanadium doped UiO-66 samples were thought to be stable in acetonitrile, their 

poor stability in water, coupled with their very low selectivity towards the desired products in 

both water and acetonitrile meant that they were no longer considered as catalysts for the 

oxidation of HMF. Vanadium based MOFs have additional complications compared to others 
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studied, such as toxic precursors and potentially toxic decomposition products, and all of this 

meant that they did not become a focus of the project. 

 

6.3.2. Oxidation of HMF to FDCA over Vanadium-based MOFs 

 

6.3.2.1. Introduction 

 

The synthesis of a set of three purely vanadium-based MOFs was discussed in Chapter 3. 

These MOFs were MIL-100(V) which is isostructural to MIL-100(Fe), MIL-47 which has 

previously been reported as an oxidation catalyst for the oxidation of cyclohexene,15 and 

COMOC-2 which is an extended version of MIL-47. Vanadium-based MOFs are known to be 

much less stable, particularly in water, than the other frameworks discussed in this chapter.11  

 

6.3.2.2. Catalytic Activity of Vanadium-Based MOFs 

 

When carrying out the catalytic testing of the vanadium-based MOFs, all of the reaction 

conditions were kept the same as for the previous material following the standard reaction 

conditions that were previously optimised in Chapters 3 and 5. The only alteration to this was 

the use of acetonitrile as the solvent for the reaction in the hope of avoiding the decomposition 

of the MOF catalysts. As per the MIL-100(Fe), and UiO-66 catalysts, the reactions using 

TEMPO were carried out at 70 °C whereas the ones without were carried out at 60 °C. 

The results of the reactions using the vanadium-based MOFs are shown in Figure 6.15. 

Without the use of TEMPO, MIL-100(V) and MIL-47 showed reasonable activity, giving 72% 

and 67% conversion of HMF respectively. These conversions were somewhat lower than the 

yields seen with MIL-100(Fe) however, and this was thought to be due to the effect of 

acetonitrile solvent, which was found to negatively impact the activity of MIL-100(Fe) 

compared to using water. Their product distributions were similar to those seen with the 

previous MOFs however, with a relatively large yield of formic acid which indicated the 

decomposition of HMF has occurred.  

 

COMOC-2 gave a very high conversion of HMF but this was coupled with very low selectivity 

towards the oxidation products. The reason for this was obvious from the reaction, as the 

catalyst appeared to have completely dissolved during the reaction, leaching vanadium ions 

into solution. This matched the results seen in previous reactions where homogeneous metal 

ions in solution were found to be extremely active but unselective. This low stability of 



Chapter 6.  Catalytic Activity of Redox Active MOFs for the Oxidation of HMF 

177 
 

COMOC-2 was not completely unsurprising because extended MOFs are known to be less 

stable than their more compact counterparts.16 

 

The results when using the co-catalyst TEMPO are also shown in Figure 6.15. When used in 

combination with other MOF catalysts, TEMPO was found to significantly increase the 

selectivity of the MOFs without negatively effecting their stability. This appeared to also be 

the case for MIL-100(V) and MIL-47, which showed significantly higher total selectivity 

towards the oxidation products, and a much lower selectivity towards the decomposition 

product formic acid. There was also a much larger carbon imbalance seen with MIL-100(V) 

and MIL-47 than with many of Fe(III) based materials, possibly indicating that vanadium itself 

is less selective for the oxidation products and leads to more decomposition of HMF. In 

addition to this, a considerable amount of dark brown solids were found to have formed in the 

presence of both MIL-100(V) and MIL-47, which was strong evidence of the formation of 

polymeric humins. These humins form in the presence of acid sites and this explains the large 

carbon imbalance seen. 

Again, in the case of COMOC-2, the reaction solution was found to have turned a green colour 

after the 24 hours had elapsed, and the solid MOF appeared to have completely dissolved. 

This explains the high conversion and low selectivity seen again over the MOF, although 

TEMPO was found to slightly improve the overall selectivity. It appeared that COMOC-2 was 

too unstable to be used as an oxidation catalyst for HMF conversion even in acetonitrile. 
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Figure 6.15. Catalytic oxidation of HMF over vanadium-based MOFs both with and without the use of TEMPO 

co-catalyst. Reaction conditions: 30 mg catalyst, 150 mg HMF, 3 ml H2O, 8 eq tBuOOH heated to 60 °C for 24 

hours. The TEMPO reactions also included 188 mg of TEMPO and were carried out at 70 °C. 

  

The powder XRD patterns of the MOFs after catalysis was recorded and the pattern of MIL-

47 is compared to that before catalysis and of the simulated pattern in Figure 6.16. The results 

showed that MIL-47 survived the reaction, with no obvious loss in crystallinity after the 

reaction. The powder pattern after catalysis was slightly noisier than before, and this is due to 

the presence of amorphous humins from the reaction mixed in with the MOF. Overall, there 

was no sign of any impurities or linker within the MOF sample which would indicate partial 

decomposition, and it appeared that the MOF was stable. This is in good agreement with the 

literature, where MIL-47 was found to be stable in combination with acetonitrile and TEMPO 

when used as a catalyst for cyclohexene oxidation.15  
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Figure 6.16. Powder patterns of simulated MIL-47 along with those of as made MIL-47 and the same sample after 

being used as a catalyst for the oxidation of HMF in combination with TEMPO. 

 

Powder XRD of MIL-100(V) after the reaction is shown in Figure 6.17. The data showed that 

the MOF had lost a considerable amount of crystallinity over the course of the reaction. After 

catalysis, the MOF peaks were much broader and less well defined which suggested smaller 

and less crystalline particles. In addition to this, the low angle peaks appeared drastically 

reduced in relative intensity compared to the higher angle peaks and this is indicative of 

trapped molecules within the pores of the MOF. This was also seen with MIL-100(Fe) and 

was a result of the extremely large pores sizes within MIL-100, which are sufficient to allow 

the movement of large molecules deep into the pores of the MOF. Note that the low signal to 

noise in the powder pattern was a result of the formation of insoluble humins during the 

reaction which were inseparable from the catalyst. 
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Figure 6.17. Powder patterns of simulated MIL-100(V) along with those of as made MIL-100(V) and the same 

sample after being used as a catalyst for the oxidation of HMF in combination with TEMPO. 

 

Powder XRD data of the COMOC-2 samples could not be obtained after reactions because 

insufficient solid could be obtained due to decomposition of the MOF under the reaction 

conditions. Overall, the catalytic results using the vanadium-based MOFs did not show any 

significant advantage in using the MOFs over the other materials previously discussed in this 

work. The low stability of the MOFs combined with their potentially toxic decomposition 

products meant that they would have to show significantly higher catalytic activity than the 

other MOF catalysts to be considered viable. In addition to this, powder XRD data showed 

that only MIL-47 was completely stable under the reaction conditions, whilst MIL-100(V) 

appeared to have partially decomposed. All of this data strongly suggested that vanadium-

based MOFs were not the best choice for conversion of HMF to FDCA, and that the Fe(III) 

based MOFs discussed previously were more ideal. 
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6.4. Conclusions 

 

In conclusion, a wide range of MOF materials were tested for their catalytic activity for the 

oxidation of HMF to FDCA. A set of Fe doped UiO-66 materials with terephthalate linkers, 

and a variety of modified organic linkers were extremely interesting, with modifications to the 

linker resulting in very different catalytic activities. The standard terephthalate and 

naphthalene-terephthalate-based UiO-66 materials were found to be the most promising, with 

20% FDCA yield and 60% total selectivity, and 30% FDCA yield and 45% total selectivity 

respectively. Despite the UiO-66 remaining intact, the materials suffered with leaching of the 

Fe(III) ions into solution during the reaction. The promising catalytic activities of the MOFs 

however, suggest that if the Fe(III) could be stabilised within the structures, they could provide 

very useful materials for the oxidation of HMF. 

 

Cerium and vanadium doped UiO-66 materials on the other hand, were much less promising 

than the Fe(III) variants. The cerium versions were prone to decomposition leading to very 

poor activity, whilst the vanadium doped UiO-66 samples leached metal ions into solution 

resulting in poor recyclability. 

 

A set of purely vanadium-based MOFs, MIL-100(V), MIL-47 and COMOC-2 were also tested 

for their catalytic activity. These MOFs are known to be unstable in water and therefore had 

to be used in combination with acetonitrile. The MOFs did not provide any significant 

advantage over the others tested, and MIL-100(V) and COMOC-2 especially were prone to 

decomposition during the reaction. It also appeared that the organic solvent had a negative 

effect on the selectivity towards the oxidation products, as was seen with MIL-100(Fe). 
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Chapter 7 

 

Synthesis and Applications of a Highly Stable 

Yttrium-based MOF 

 

7.1. Chapter Summary 

 

In this chapter, the optimisation of the synthesis of Y6(BDC)7(OH)4(H2O)4 is discussed. The 

MOF’s effectiveness as a dual acid catalyst for the conversion of glucose to HMF is then 

investigated, and the results are compared to those of other MOF materials including the 

isostructural material Yb6(BDC)7(OH)4(H2O)4. By doping the Y6(BDC)7(OH)4(H2O)4 

structure with photoactive Eu(III) ions, attempts to study the interactions between the MOFs 

and the substrates in situ are probed by photoluminescence. 

 

This finally leads to the doping of Y6(BDC)7(OH)4(H2O)4 with a precise ratio of Eu(III) and 

Tb(III) ions, leading to a material with thermometric properties. The thermometric response 

of the MOF is then determined and compared to other reported thermometric MOF materials. 

The MOF is found to be an extremely promising example of a MOF thermosensor, showing 

the highest active temperature range of any MOF to date as well as the highest accessible 

temperature. The photoluminescence measurements in this chapter were carried out with the 

assistance of and in collaboration with Rafael Vieira Perrella, a PhD student at the University 

of Campinas in Brazil, who is supervised by Dr Paulo Cesar de Sousa Filho.  

 

7.2. Introduction 

 

The synthesis of an Yb(III) MOF, Yb6(BDC)7(OH)4(H2O)4 (Yb6-MOF) was previously 

reported by Weng and co-workers1 In addition to the synthesis of Yb6 MOF, they also reported 

the synthesis of an yttrium-based material with the same structure, Y6(BDC)7(OH)4(H2O)4. 

Like Yb6-MOF, Y6-MOF contains hexameric clusters of Y(III) ions with µ3-OH groups 

bridging the metal ions, and four terminally bound water molecules per cluster. The clusters 
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are connected by terephthalate linkers to form a dense MOF with the terminally bound water 

molecules sitting in two-dimensional channels within the structure. The structure of Y6-MOF 

is shown in Figure 7.1. The bridging hydroxyl groups provide the material with Brønsted 

acidity whilst heating of the material to remove the terminally bound water molecules provides 

Lewis acidity. This means that after thermal activation, Y6-MOF possesses dual acid 

functionality. Yb6-MOF was found to be extremely water stable, and very active for the dual 

acid catalysed conversion of glucose to HMF via fructose,2 and it is hoped that Y6-MOF would 

show similarly high activity. 

 

 

Figure 7.1. The structure of Y6(BDC)7(OH)4(H2O)4. (A): A single hexanuclear cluster highlighting µ3-OH and 

terminally bound water molecules. Ytterbium is shown in grey, whilst oxygen and hydrogen are shown in red and 

yellow respectively to highlight the acidic functionality of the MOF. (B): The overall structure of 

Yb6(BDC)7(OH)4(H2O)4 MOF, with Yb6(OH)4(H2O)4 clusters depicted as grey polyhedra. 

 

The dehydration of glucose to HMF is a vital step in the conversion of biomass derived 

organics, such as lignocellulose, into valuable organic chemicals3 and fuels.4 Glucose is 

known to undergo isomerisation into fructose under both acidic and basic conditions, however 

the instability of monosaccharides under basic conditions means that a low HMF yield is 

usually achieved.5, 6 As a result, acidic conditions are generally considered to be the most 

promising for the isomerisation of glucose into fructose in water.7, 8 The acid catalysed 

conversion of glucose to HMF requires both Lewis and Brønsted acid sites, and the schematic 

for the conversion is shown in Figure 7.2. 

 

 

 



Chapter 7.  Synthesis and Applications of a Highly Stable Yttrium MOF 

185 
 

 

Figure 7.2. Schematic of 2-step conversion of glucose to HMF via fructose. A combination of Lewis and Brønsted 

acids are required to catalyse the conversion steps. 

 

In addition to being exceptionally water stable and active as a catalyst for the conversion of 

glucose to HMF, it is hoped that Y6-MOF will enable investigation into the conversion of 

glucose and formation of HMF by photoluminescence. Photoluminescence can be extremely 

useful in probing changes to the metal sites within a material such as the binding of organic 

species to the metal centres. It may be possible therefore to use photoluminescence to detect 

the interactions between glucose, fructose or HMF and the metal sites in Y6-MOF. 

 

Y(III) ions themselves are photoinactive due to their inert electronic configuration, [Kr], in 

which the coulombic interactions between the 4p6 electrons and the nucleus is higher than the 

energy of the irradiated light. This means that the Y(III) ions within Y6-MOF will not show 

any photoexcitation or photoemissions when irradiated by light. Y6-MOF should therefore 

make an ideal material into which photoactive ions such as Eu(III), Tb(III) and Er(III) could 

be doped. The photoluminescence of these dopant ions would then be measured to investigate 

the interactions with glucose, fructose and HMF. Having an inert bulk material is important 

as MOFs are known to strongly absorb light, leading to strong excitations and emissions from 

the metal ions. Therefore, a MOF containing solely photoactive ions would likely saturate 

most detectors when carrying out photoluminescence measurements, making it difficult to 

interpret any results. 

 

It is well known that lanthanide ions provide a range of advantageous luminescence properties 

to materials and complexes, such as long excited state lifetimes and narrow emission 

bandwidths resulting from electronic transitions within their 4f orbitals.9-11 However, most of 

the 4f-4f transitions are forbidden resulting in poor light absorption and a very low molar 

extinction coefficient for most materials.12, 13 MOFs are able to overcome this obstacle as the 

strongly absorbing organic linkers are able to greatly enhance the emissions of these metal 

ions by back transfer, known as the antennae effect, leading to much higher molar extinction 

coefficients.14 This means that the photoactive metal ion dopants within the Y6-MOF structure 

should show greatly enhanced emissions and excitations under light irradiation than they 

would were they not incorporated into the MOF.  



Chapter 7.  Synthesis and Applications of a Highly Stable Yttrium MOF 

186 
 

7.3. Results and Discussion 

 

7.3.1. Synthesis and Characterisation of Y6(BDC)7(OH)4(H2O)4 

 

7.3.1.1. Introduction 

 

Previously at Warwick, Yb6-MOF was shown to be a highly efficient dual acid catalyst for the 

conversion of glucose to HMF in water without the need for extra acid.2 Despite the good 

activity and selectivity however, not much is known about the mechanism and interactions 

between the substrates and the catalyst. It was hoped that the yttrium version of the MOF 

would show similar catalytic activity whilst also enabling the use of photoluminescence to 

probe the mechanism over the catalyst. 

 

7.3.1.2. Synthesis and Characterisation of Y(BDC)(CH3OO) 

 

Initial attempts to synthesise Y6-MOF were based on the reported synthesis by Weng and co-

workers.1 They used sodium acetate in order to hydrolyse the YCl3·6H2O prior to the addition 

of the linker to the reaction, and then NaOH to aid in the dissolution of the H2BDC. Replication 

of this method did not prove successful and yielded what appeared to be a mixture of unknown 

yttrium-based solids. Considering the method described by Weng it was decided to use 

yttrium(III) acetate as the precursor, along with Na2BDC which is more soluble in water than 

H2BDC in an attempt to synthesise Y6-MOF. The exact reaction conditions employed were as 

follows: 

 

Y(CH3COO2)3.4H2O (523 mg, 2 mmol) and Na2BDC (265 mg, 1.26 mmol) were added to 10 

ml of deionised water. To this 0.35 g of 2M NaOH solution was added, and the solution was 

stirred for 5 minutes before being added to a PTFE lined autoclave and heated to 190 °C for 

72 hours. Once cooled, the product was collected by filtration and washed twice with water 

and then methanol before being dried in air at 70 °C overnight.  

 

The reaction yielded a highly crystalline sample from which crystals sufficiently large to solve 

the structure were obtained. This revealed that the material was not in fact Y6-MOF, but 

instead was a novel Y(III) MOF. The MOF contained acetate groups directly bound to the 

yttrium ions to give the molecular formula Y(BDC)(CH3OO). The material was orthorhombic, 

with the space group Pbca. It contains chains of seven coordinate Y(III) ions connected by 
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BDC linkers in three dimensions with one terminal acetate group bound directly to each Y(III) 

centre. Each Y(III) ion and BDC molecule within the material were identical. The overall 

structure of the MOF is shown in Figure 7.3. The CIF can be accessed via the CCDC using 

Deposition Number 2112639. 

 

 

Figure 7.3. The structure of the MOF Y(BDC)(CH3COO). (A) A detailed illustration of the bonding around a single 

Y(III) ion, with four BDC linkers, two Y(III) ions and one acetate group directly bound to each. (B and C) two 

views of Y(BDC)(CH3COO) illustrating the yttrium (III) chains and connective BDC linkers. 

 

Despite growing large crystals of the MOF, the purity of the as made sample was yet to be 

determined. This is because single crystal XRD does not give any indication as to the bulk 

purity of a material. By grinding the crystalline sample to produce a powder, a powder XRD 

pattern could be obtained, and this could be compared to the simulated pattern of 

Y(BDC)(CH3COO) to determine whether the bulk sample was pure.  

 

Figure 7.4 compares the powder pattern of the as made sample along with that of simulated 

Y(BDC)(CH3COO). The data shows that the as made sample was very pure, with the vast 

majority of the peaks within the patten being from diffraction of the Y(BDC)(CH3COO) 

phase. There was evidence of a small amount of impurities within the sample, and these could 

only be seen in the plot of log intensity. 
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Figure 7.4. Powder XRD patterns of simulated Y(BDC)(CH3COO) and the as made sample from which the single 

crystal was obtained. Left: Powder patterns plotted with a linear intensity scale. Right: Powder patterns plotted in 

a log scale to enhance the intensity of the less intense high angle peaks. 

 

To further investigate the purity of the as made Y(BDC)(CH3COO) sample, TGA was carried 

out. By comparison of the mass loss of the as made material in the TGA on decomposition of 

the linker to the theoretical value based on the molecular formula, an estimate of the material’s 

purity can be obtained. The TGA of Y(BDC)(CH3COO) is shown in Figure 7.5 and it shows 

the characteristic decomposition of the linker at around 400 °C to leave Y2O3 with a percentage 

mass of 36.9%.  

 

Figure 7.5. TGA curve of as made Y(BDC)(CH3COO) run between 30 and 1000 °C. The estimated percentage 

masses at each stage are shown with the 97.8% point being considered to be pure Y(BDC)(CH3COO) and 36.1% 

being Y2O3.   
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Overall, the TGA is in very good agreement with the powder XRD data, both of which suggest 

that the as made sample is extremely pure. As well as yielding a new and highly crystalline 

MOF material, this synthesis demonstrated that the use of acetate-based precursors in the 

attempted synthesis of Y6-MOF was not ideal because of the tendency of the Y(III) centres to 

bind to the acetate groups in competition with BDC. This led to subsequent synthesis attempts 

making use of other precursors such as the chloride and nitrate salts. 

 

7.3.1.3. Synthesis and Characterisation of Y6(BDC)7(OH)4(H2O)4 

 

A novel approach to the synthesis of Yb6-MOF was developed by Claire Coulthard and me as 

part of her MChem project. This work and was based on the reported synthesis by Weng,1 as 

well as from the novel synthesis of Y(BDC)(CH3COO), which was discussed previously. In 

this new synthesis, YCl3∙6H2O was used as the precursor along with Na2BDC. The MOF was 

synthesised in water alone since alternative solvents have a tendency of coordinating to the 

Y(III) centre therefore commonly form part of the crystal structures.15 A small amount of 2M 

NaOH was then added to adjust the pH of the solution, although precise measurements of the 

pH proved difficult due to the gradual dissolution of the organic linker and hydrolysis of the 

YCl3∙6H2O, and so the mass of NaOH is recorded instead. The synthesis was carried out as 

follows: 

 

YCl3∙6H2O (382 mg, 1.26 mmol) and disodium terephthalate (Na2BDC) (315 mg, 1.5 mmol) 

were mixed with 10 ml of water in a 25 ml Teflon-lined stainless-steel autoclave. 2M NaOH 

ranging from 0.4 – 0.5 g was then added to adjust the pH and the solution was stirred for 5 

minutes. The autoclave was then sealed and heated for 72 h at 190 °C. The product was 

collected by centrifugation and washed with water and methanol. The powder was then dried 

at 70 °C in air. 

 

Three samples were produced with NaOH addition ranging from 0.4 – 0.5 g to test the effect 

of the pH of solution. The resulting white powders were analysed by powder XRD, and the 

results of the three syntheses can be seen in Figure 7.6. The sample codes are written along 

with the mass of NaOH added to each solution, 0.44 g of NaOH was the same as was found 

to be optimal for the synthesis of Yb6-MOF. The results showed clearly that Y6-MOF was 

formed in each case, however the samples were also clearly impure as the presence of extra 

peaks not characteristic of Y6-MOF was evident. The extra peaks at around 9 degrees are 

particularly intense and obvious, but other additional peaks can also be seen at higher angles. 

The extra peaks were found not to be from unwashed linker, and instead indicated that another 
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Y-BDC MOF may have formed alongside Y6-MOF. This is not completely surprising since a 

whole range of ytterbium-based MOFs have been formed with BDC alone simply by slight 

modifications to the synthesis conditions.15 Notable in the powder patterns is the drastic 

changes in relative intensities particularly for the low angle peaks, and this is due to the high 

level of crystallinity of yttrium-based MOFs. Preferred orientation effects due to having a non-

random distribution of the crystal orientations within the powder sample cause the changes in 

relative intensity and result from having a sample which contains many large crystallites. 

 

Figure 7.6. Powder XRD patterns of simulated Y6-MOF (black), an as made sample which was synthesised 

according to the previously optimised one-step method for synthesising Yb6-MOF (red) and two samples 

synthesised by varying the amount of NaOH solution added to the synthesis (green and blue). Aqueous 2M NaOH 

was added to the synthesis to alter the pH of the solution. 

 

After the synthesis of impure samples of Y6-MOF following the optimised synthesis method 

for Yb6-MOF, it was clear that the synthesis method for Y6-MOF would also need to be 

optimised to avoid the formation of the unwanted impurities. After determining that the pH of 

solution had a strong effect on the synthesis of Yb6-MOF, it was decided that the effect of pH 

should be further tested for the synthesis of Y6-MOF. In that regard, a set of experiments in 

which the 2M NaOH addition was varied from 0.3 g up to 0.6 g was carried out. The resulting 

powders were analysed by powder XRD, and the patterns are shown along with the simulated 

pattern of Y6-MOF in Figure 7.7 which highlights the low angle region of the powder patterns 
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for clarity. The powder patterns of the samples produced at a range of pHs show that pure Y6-

MOF was not formed in any case. In addition to this, there does not appear to be any trend in 

the ratio of Y6-MOF vs impurities when varying the pH. It appears that there are large amounts 

of impurities present at both low and high pH, and with the addition of 0.6 g of NaOH, there 

is evidence of a new impurity having formed as well. This suggested that further increasing 

or decreasing the pH beyond the limits that had already been tested was unlikely to result in a 

purer product. 
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Figure 7.7. Powder XRD patterns of simulated Y6-MOF along with a set of samples synthesised with varying 

amounts of 2M NaOH solution added to their synthesis to vary the pH of the reaction solution. 

 

The results of varying the pH of the reaction solution indicated that the optimisation of the pH 

alone would not be sufficient to prevent the formation of the unwanted side products. It was 

decided however, that the addition of 0.5 g of 2M NaOH to the reaction solution gave the best 

Y6-MOF product, and so that product was used for subsequent reactions. 

 

Y6-MOF was particularly desirable since it was hoped to be extremely water stable, as was 

seen with Yb6-MOF. Since the impurity phase within the samples was likely to be a different 

yttrium-based MOF, it was considered that it may be possible to decompose the impurity phase 

and wash it away to leave Y6-MOF. In addition to this, hydrothermal treatment of an impure 

sample such as TWC1431 in Figure 7.8 may result in recrystallisation of the potentially less 
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stable extra phase into Y6-MOF increasing the yield. This was previously reported for the case 

of the ytterbium version of the MOF by Burnett, where hydrothermal treatment of a less stable 

ytterbium-based MOF led to crystals of Yb6-MOF were recovered.2 

 

To test whether the impurity could be removed from the sample to leave pure Y6-MOF, the 

best sample from the pH test experiments, sample TWC1431, was placed back into a PTFE 

lined autoclave along with pure water and heated to 200 °C for 24 hours. The high temperature 

was chosen because Yb6-MOF was known to be stable at least up to 240 °C, and so it was 

thought that Y6-MOF would also survive the harsh conditions. After reheating the sample, the 

powder was recovered by filtration and washed with water and methanol before being 

analysed again by powder XRD. 

 

The powder pattern of the recovered sample is shown below in Figure 7.8, along with the 

simulated pattern of Y6-MOF for comparison. Again, the low angle region of the powder 

pattern is plotted for clarity since the most prominent peaks in both Y6-MOF and the impurity 

appear at below 10 °. The powder pattern of the rewashed sample clearly show that the sample 

is much purer. The peaks corresponding to the impurity are greatly reduced in intensity 

indicating that the impurity has been largely removed from the sample. In addition to this, the 

Y6-MOF phase appears largely unchanged except for some slight changes in the relative 

intensities of the peaks which is caused by recrystallisation of the MOF.  

 

The result showed that by washing the impure sample under hydrothermal conditions, the 

impurity could be removed to leave Y6-MOF. The powder XRD did show evidence of a small 

amount of the impurity remaining however, evidenced by the small peak at approximately 

9.25 °. This indicated that 24 hours was not sufficient to remove all of the impurity and 

suggested that longer washing of the impure sample was required to fully wash away the 

impurity. 
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Figure 7.8. Powder XRD patterns of simulated Y6-MOF (black), an as made sample of impure Y6-MOF synthesised 

with 0.5 g of 2M NaOH added to the synthesis (red), and the same sample after hydrothermally washing at 200 °C 

for 24 hours (blue). 

 

A fresh batch of the as made sample was then reheated in water at 200 °C for 72 hours. The 

results, Figure 7.9, showed that after the washing, the impurity had been completely 

decomposed and washed away. The powder pattern was fitted to give the lattice parameters, 

Table 7.1, which were in good agreement with those from literature. There was no sign of any 

other impurity peaks, and as was seen previously, the Y6-MOF appeared completely 

unchanged except for minor differences in the relative intensity of some peaks. The Pawley 

fit therefore confirmed that the successful synthesis of Y6-MOF had finally been achieved. 

 

Table 7.1. Fitted lattice parameters of as made Y6(BDC)7(OH)4(H2O)4 compared to those of Y6(BDC)7(OH)4(H2O)4 

with the first uncertainty figures shown in brackets.1 All of the values were found to be compatible. 

 
Y6-MOF As made Y6-MOF 

a / Å 11.3918(11) 11.391(2) 

b / Å 12.0698(12) 12.068(1) 

c / Å 12.9957(13) 13.000(3) 

α / ° 86.8980(10) 86.899(2) 

β / ° 67.1760(10) 67.175(5) 

γ / ° 72.2000(10) 72.196(4) 

V / Å3 1563.9(3) 1563.34(21) 
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Figure 7.9. Fitted powder XRD pattern of as made Y6(BDC)7(OH)4(H2O)4 with black circles representing the 

observed data points, red fitted profile, the difference curve in blue and pink tick marks representing allowed peaks. 

 

Further confirmation of the successful synthesis of Y6-MOF was obtained by TGA, and the 

result is shown in Figure 7.10. The thermal decomposition of the as made sample shows a 

mass loss of around 5.7% up to 250 °C which is due to the loss of the terminally bound water 

molecules within MOF. The large mass loss at around 600 °C is then due to decomposition of 

the linker to leave Y2O3 with approximately 37% mass remaining. This thermal decomposition 

is one of the highest for any reported MOF, and matches the previously reported values of 

Burnett and Weng for Yb6-MOF.1, 2 The percentage mass losses are also in very good 

agreement with the theoretical value of 37.2% based on the decomposition of 

Y6(BDC)7(OH)4(H2O)4 to Y2O3. 
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Figure 7.10. The TGA curve of as made Y6-MOF. The approximate percentage mass values are shown at each 

mass loss. 

 

In addition to the synthesis of Y6-MOF, a 1% Eu(III) doped material was also synthesised by 

including an appropriate amount of EuCl3·6H2O into the hydrothermal reaction, in order to 

carry out the photoluminescence experiments to probe the conversion of glucose over the 

MOF.  

 

7.3.2. Conversion of Glucose to HMF over of Y6(BDC)7(OH)4(H2O)4 

 

7.3.2.1. Catalytic Activity of Y6(BDC)7(OH)4(H2O)4 for the Conversion of Glucose 

to HMF 

 

The reaction conditions under which the conversion of glucose to HMF over Yb6-MOF were 

carried out were reported by Burnett and co-workers.2 The activity of Y6-MOF was compared 

to Yb6-MOF reported by Burnett to confirm that it showed comparable activity. As was 

described by Burnett, the Y6(BDC)7(OH)4(H2O)4 was preheated to 200 °C to activate the MOF 

by removal of the terminally bound water molecules, or any other contaminants. This was 

found to drastically increase the catalytic activity of the material. 
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The preactivated Y6(BDC)7(OH)4(H2O)4 (10 mg) was placed in a reaction vial (4 mL) along 

with a magnetic stirring bar and 3 ml 10 wt % aqueous glucose solution. The vial was closed 

and placed in a preheated oil bath at 140 °C for 24 hours where the reaction occurred under 

autogenous pressure. After the reaction, the vial was cooled by placing in ice cold water. The 

product mixture was analysed by Shimadzu HPLC, whilst the catalyst was recovered by 

filtration. 

 

The reaction results, Figure 7.11, indicated that Y6-MOF showed very similar activity to Yb6-

MOF. Both materials showed significant improvement over having no catalyst in the reaction 

which demonstrated that both materials were active in the conversion of glucose to HMF. Y6-

MOF did appear to be slightly less active than Yb6-MOF and this may be because Y(III) ions 

are bigger than Yb(III) ions, meaning that Y(III) is less Lewis acidic. Since the tautomerisation 

of glucose to fructose is catalysed by Lewis acidic sites, it is possible that this step is retarded 

by the use of the larger metal ion.  

 

 

Figure 7.11. Reaction results from the catalytic conversion of glucose through fructose to HMF over Yb6-MOF 

and Y6-MOF catalysts compared to a reaction where no catalyst was used. Reaction conditions: 10 mg catalyst in 

3 ml 10 wt % aqueous glucose solution heated to 140 °C for 24 hours. Yb6-MOF reaction results were obtained 

from reference.2 

 

Given the similar activity of Y6-MOF compared to Yb6-MOF, it was decided that the material 

should be investigated by photoluminescence to determine whether any evidence of the 

interaction between the catalyst and the substrate could be seen. 
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7.3.2.2. In Situ Photoluminescence Study of Glucose Conversion Over 

Y6(BDC)7(OH)4(H2O)4 

 

 Photoluminescence can be used to probe the local environment of photoactive ions. Ions such 

as Eu(III) and Tb(III) are excited by ligand to metal charge transfer after irradiation of light 

of an appropriate wavelength. The ions then give off characteristic emission spectra which is 

dependent on their local environment. In addition to this, the lifetime of the excited state also 

depends on the ion and its local environment and so can give additional information regarding 

any changes. It was hoped that the binding of the substrate molecules directly to the 

photoactive ions would result in measurable changes to the photo response of the active ions. 

 

Initially, the activation of (Y0.99Eu0.01)6(BDC)7(OH)4(H2O)4 at 200 °C was investigated 

because this was found to have a large impact on the activity of the MOFs catalytic activity. 

It was hoped that the photoluminescence of the Eu(III) ions before and after activation would 

give an indication of the effect of activating the MOF. The emission spectrum of the MOF 

was recorded at an excitation wavelength of 325 nm, and the MOF sample was then heated in 

situ at 200 °C for 2 hours to simulate the activation. The emission spectrum was then rerun 

and compared to that of the MOF before activation. The results are shown in Figure 7.12. 

Activation of the MOF showed significant changes in the emission spectrum. A reduction in 

the symmetry of the low energy peaks at around 700 nm indicates the loss of the terminally 

bound water molecules of the metal clusters. This is in good agreement with TGA data which 

indicated the loss of water from the material at between 100 and 200 °C and indicates that 

removal of the water molecules to leave coordinatively unsaturated metal ions is responsible 

for the improvement in catalytic activity. 
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Figure 7.12. Emission spectra of (Y0.99Eu0.01)6(BDC)7(OH)4(H2O)4 before and after in situ activation at 200 °C 

for 2 hours. Excitation wavelength of 325 nm was used. 

 

To determine whether any interaction with glucose could be detected, a suspension of 5 mg 

of the activated MOF in 2 ml of water was prepared. The emission spectrum of this was then 

measured at room temperature before adding glucose and repeating the measurement. After 

this, the suspension with glucose was heated to 60 °C and another emission spectrum was 

recorded, Figure 7.13. The results were somewhat disappointing, with no obvious changes in 

the emission spectrum of the MOF after the addition of glucose, or even after heating to 60 

°C. 

 

There are several potential reasons for the lack of any detectable interaction between the MOF 

and the glucose. It is likely that because of the low porosity of Y6-MOF, the catalyst-substrate 

interactions are limited to the surface of the catalyst meaning that only a very small percentage 

of the metal ions will undergo any changes in the presence of glucose. Eu(III) is also a slightly 

larger cation than Y(III) (0.96 Å vs 1.01 Å) meaning that it is slightly less Lewis acidic. This 

means that the Eu(III) ions interact less strongly with the glucose than the Y(III), and since 

photoluminescence can only probe the interactions with the Eu(III) centres, the interactions 

look greatly reduced. In addition to this, the temperature of 60 °C, which was used for the 

measurements, was much lower than the actual reaction temperature of 140 °C due to 

limitations with the equipment. This meant that the interactions between the glucose and the 

catalyst were much weaker than in the actual reaction. In addition to this, it is likely that the 
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interactions between the metal and glucose were only transient. For the catalyst to be active, 

it must bind to the substrate but also release it afterwards. This means that the accumulation 

of glucose on the metal active sites may not actually occur. 

 

 

Figure 7.13. Overlaid emission spectra of (Y0.99Eu0.01)6(BDC)7(OH)4(H2O)4 in water alone, after the addition of 

glucose, and finally after heating of the solution to 60 °C. The insert shows the region between 685 nm and 710 

nm in more detail. An excitation wavelength of 325 nm was used. 

 

Water is known to quench the luminescence of lanthanide ions, reducing the total excitation 

of the ions.16 It was thought that by using D2O as the solvent rather than H2O, this quenching 

could be minimised and this would enhance the excitation of the Eu(III) ions. Therefore, the 

same set of measurements was recorded, but in D2O, Figure 7.14. Unfortunately, the data 

appeared to be very similar, with no significant differences visible in the three emission 

spectra. It appeared as though the conditions under which the luminescence measurements 

were carried out were not sufficient for allow for significant interactions between the glucose 

and the catalyst.  
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Figure 7.14. Overlaid emission spectra of (Y0.99Eu0.01)6(BDC)7(OH)4(H2O)4 in D2O alone, after the addition of 

glucose, and finally after heating of the solution to 60 °C. An excitation wavelength of 325 nm was used. 

 

With no way to improve the activity of the MOF, either by use of pressure or increased 

temperature, due to limitations with the equipment, it was impossible to further investigate the 

interaction between glucose and the catalyst. It was likely that the primary reason for the lack 

of interactions was the relatively low temperature used. The conversion of glucose to HMF 

requires elevated temperatures to proceed efficiently and it is likely that this is needed to 

increase the interactions between the glucose and the catalyst.  

 

7.3.3. Thermometric Properties of (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 

 

The photoluminescence measurements in this chapter were carried out with the assistance of 

and in collaboration with Rafael Vieira Perrella, a PhD student at the University of Campinas 

in Brazil, who is supervised by Dr Paulo Cesar de Sousa Filho. 

 

7.3.3.1. Introduction 

 

Temperature is a fundamental physical parameter and therefore, it is vital in many situations 

that it can be accurately determined. A wide variety of thermometers have been developed for 
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this purpose and are based on a range of temperature dependent physical properties, such as 

volume, electrical potential and electrical conductance.17-20 These more traditional 

temperature sensors rely on heat transfer from the substance to the sensor and must reach 

equilibrium before the temperature can be accurately measured. This makes these 

thermometers unsuitable for measurements on fast moving objects or on a small scale for 

example in living cells.21-24 This intrinsic drawback associated with conventional 

thermometers has driven research into novel thermometric methods that are non-invasive and 

can work accurately on a small scale without the need for direct contact between the 

temperature sensor and the substrate.  

 

One potential solution to this is the use of photoluminescent thermometers, which utilise a 

materials response to irradiated light in order to determine its precise temperature.25 In 

particular, monitoring the excitation ratio of Eu and Tb ions within a mixed metal lanthanide 

material has proven to be a reliable technique for measuring the temperature of a substrate.26 

Mixed lanthanide-based MOF thermometers have been widely studied over recent years26-28 

and, although many of these materials show promising thermometric properties, a range of 

drawbacks still hold them back. Properties such as narrow detection ranges, low sensitivities 

and low stability under irradiation severely limit the potential applications of all currently 

reported materials.29 In this regard, a highly stable ratiometric MOF thermometer, with good 

sensitivity over a wide detection range is of great interest. 

 

In particular, monitoring the emission ratio of Eu(III) and Tb(III) ions within a mixed metal 

lanthanide material has proven to be a reliable technique for measuring the temperature of a 

substrate.29, 30 This is because of the common observation concerning the Eu(III)/Tb(III) 

couple in lanthanide organic frameworks, where a decrease in Tb(III) luminescence is 

generally followed by simultaneous increase in the Eu(III) luminescence.27, 29, 31, 32 Monitoring 

the ratio of the emission intensities of the Eu(III)/Tb(III) couple can therefore provide a 

reliable means of determining the temperature of the material and thus the material’s medium. 

The use of materials such as these as optical thermometers can enable rapid and non-invasive 

in situ temperature measurements to be taken in a wide range of samples and is the reason for 

the high demand for such materials.21, 33, 34 

 

Y6-MOF has already been shown to be extremely stable, both in air and in water. It was 

theorised therefore, that Y6-MOF doped with a precise ratio of Eu(III) and Tb(III) ions could 

overcome some of the drawbacks in literature materials and provide a ratiometric thermometer 

over a wide temperature range in air and water. A precise ratio of Eu(III) to Tb(III) of 1:10 
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was selected because the approximate emission intensity of Eu(III) is 10 times that of Tb(III). 

The MOF (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 was therefore targeted with the hope that the 

relative Tb(III) and Eu(III) maximum emission intensities would be similar. 

 

7.3.3.2. Synthesis and Characterisation of (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 

 

(Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 ((Y0.89Tb0.10Eu0.01)6-MOF) was synthesised by 

replacement of the desired molar percentage of YCl3.6H2O in the synthesis of the MOF by the 

desired molar percentages of Eu/TbCl3.6H2O precursors. In addition to this, the synthesis was 

scaled up to produce a larger amount of the MOF, but aside from this, the synthesis method 

for (Y0.89Tb0.10Eu0.01)6-MOF was kept the same as for Y6-MOF. The precise synthesis 

conditions were as follows: 

 

YCl3·6H2O (1.70 g, 5.61 mmol), TbCl3·6H2O (235 mg, 0.63 mmol) and EuCl3·6H2O (23.1 

mg, 0.06 mmol) were added to a 100 ml PTFE lined stainless steel autoclave. To this, Na2BDC 

(1.575 g, 7.5 mmol) was added along with 50 ml deionised water. Finally, 2.2 g NaOH solution 

(2 M) was added, and the solution was stirred for 5 mins before the autoclave was sealed and 

heated to 190 °C for 72 hours. After cooling, the product was collected by filtration, washed 

twice with water and twice with methanol, and then dried in air at 70 °C. 

 

After drying, the as made powder was returned to a 100 ml PTFE lined autoclave and 50 ml 

of fresh deionised water was added. The autoclave was then sealed and heated to 200 °C for 

72 hours. After the autoclave had been cooled back to room temperature, a much more 

crystalline powder was collected by filtration and again washed twice with water and twice 

with methanol before being dried in air at 70 °C. 

 

Confirmation of the successful synthesis of (Y0.89Tb0.10Eu0.01)6-MOF was obtained by powder 

XRD analysis of the product. The resulting powder pattern showed that the material formed 

had the Y6-MOF structure, and there was no sign of any impurity peaks. As a result, the 

powder pattern was fitted to the simulated pattern of Y6-MOF, so that the unit cell parameters 

of the as made material could be obtained, and the fitted powder pattern is shown below in 

Figure 7.15. 



Chapter 7.  Synthesis and Applications of a Highly Stable Yttrium MOF 

203 
 

 

Figure 7.15. Fitted powder XRD pattern of as made (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 with black circles 

representing the observed data points, red fitted profile, the difference curve in blue and pink tick marks 

representing allowed peaks. 

 

The refined unit cell parameters of simulated Y6-MOF were then compared to those obtained 

from the fitted powder pattern of the as made (Y0.89Tb0.10Eu0.01)6 MOF, and they are 

summarised below in Table 7.2. The unit cell parameters showed an expansion of the unit cell 

in the case of the doped material which was consistent with the incorporation of the larger Eu 

and Tb cations into the Y-based material.  

 

Table. 7.2. Fitted lattice parameters of as made (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 compared to those of 

Y6(BDC)7(OH)4(H2O)4 with uncertainties shown in brackets.1 All values were found to be compatible. 

 
Y6 (Y0.89Tb0.10Eu0.01)6 

a / Å 11.3918(11) 11.4091(25) 

b / Å 12.0698(12) 12.0906(9) 

c / Å 12.9957(13) 13.0132(26) 

α / ° 86.8980(10) 86.906(5) 

β / ° 67.1760(10) 67.130(5) 

γ / ° 72.2000(10) 72.1862(21) 

V / Å3 1563.9(3) 1570.34(21) 
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Further confirmation of the successful synthesis of (Y0.89Tb0.10Eu0.01)6-MOF was obtained by 

TGA analysis. The thermal decomposition of Y6-MOF is characterised by three steps; solvent 

loss, loss of terminally bound water molecules within the metal clusters, and finally linker 

combustion to leave the solid oxide. The thermal decomposition of the doped material is 

shown in Figure 7.16 along with that of Y6-MOF for comparison. The TGA trace of 

(Y0.89Tb0.10Eu0.01)6-MOF follows that of Y6-MOF, and both traces are consistent with their 

theoretical decompositions to leave Y2O3 and (Y0.89Tb0.10Eu0.01)2O3. The final mass of the 

mixed lanthanide material was found to be slightly higher than that of the undoped material. 

This was expected because the mass of europium and terbium are considerably higher than 

yttrium and therefore the linker makes up a smaller percentage of the total mass of the mixed 

lanthanide material.  

 

Figure 7.16. Thermogravimetric analysis of as made (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 compared to that of 

as made pure Y6(BDC)7(OH)4(H2O)4. The horizontal lines indicate the mass percentages at which the previous 

stage of decomposition occurs and the next begins. 

 

The concentration of lanthanides within the as made (Y0.89Tb0.10Eu0.01)6-MOF was then 

measured by XRF. The results showed good agreement with the intended dopant 

concentrations with an Y:Tb:Eu ratio of 89.2:9.6:1.2. It was therefore concluded that the 

(Y0.89Tb0.10Eu0.01)6-MOF material had been successfully synthesised with direct replacement 
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of the yttrium ions for the dopant ions within the metal clusters, and that the dopant ions had 

been incorporated in the desired ratio. 

The thermal stability of (Y0.89Tb0.10Eu0.01)6-MOF was then investigated to determine what 

temperature range the MOF could be used over as a thermometer. To do this, the MOF sample 

was placed on an in situ heating X-ray diffractometer where the sample was heated from 30 

to 450 °C whilst holding at 10 °C intervals to record a powder pattern. This would give more 

information than the TGA trace because TGA heats the sample rapidly which can lead to 

ambiguity in the decomposition temperature, and structural changes which don’t result in mass 

loss from the MOF are invisible to TGA. The in situ powder data are shown in Figure 7.17, 

and shows that the MOF was stable in air up to around 400 °C. This is in good agreement with 

the start of the linker decomposition step in the TGA data which occurred at around 400 °C. 

Note that a small structural change in the MOF can be seen at around 290 °C, and this is a 

result of the loss of the terminally bound water from the material. 

 

 

Figure 7.17. In situ XRD measured recorded at 10 °C intervals on heating of 

(Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 from 30-450° in air. The MOF sample was held at each temperature while 

XRD data was recorded. * XRD peak due to appearance of the sample holder as the MOF decomposed. Brightness 

of the peaks indicate intensity. 
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The long-term stability was further investigated by cycling the MOF between room 

temperature and 300 °C twice. This was to determine whether the MOF was stable upon 

repeated heating but would also indicate whether any changes in the crystal structure occurred 

during the cycling. The powder patterns of the MOF before and after cycling were then 

compared, and they are shown in Figure 7.18. Comparing powder XRD patterns showed no 

significant changes indicating that the MOF was stable on successive heating to 300 °C, and 

that any distortions or changes to the structure were reversible. This further suggested that the 

structural changes brought about by removal of the water molecules was also reversible. 
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Figure 7.18. Powder XRD patterns of (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 before and after two heating cycles 

to 300 °C. The material was heated directly to 300 °C where it was held for 1 hour, it was then cooled before 

being heated to 300 °C again and held for another 1 hour. The after-heating powder XRD data was recorded 

after the sample had cooled for the second time. 

 

7.3.3.3. Thermometric Behaviour of (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 

 

Before the thermometric behaviour of (Y0.89Tb0.10Eu0.01)6-MOF could be tested, the 

luminescence properties of the dopant ions within the MOF had to be investigated. Despite 

the XRF data showing the desired percentage of dopant ions within the material, it had not yet 

been proven that the dopant ions had successfully replaced the Y(III) within the clusters. In 

order for the emission intensities of Eu(III) and Tb(III) to be sufficiently strong, the antennae 
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effect from directly bound linker molecules would be necessary and this would require the 

substitution of the dopant ions into the Y6 cluster.  

 

Under illumination at 325 nm, (Y0.89Tb0.10Eu0.01)6-MOF displayed the typical peak 

luminescence of Tb3+ and Eu3+ ions at 544 nm and 615 nm respectively, and this is shown in 

Figure 7.19. The figure overlays the excitation spectra of the MOF at emission wavelengths 

of 544 nm and 615 nm respectively, shown in red and green. The emission spectrum at an 

excitation wavelength of 325 nm is then overlaid in black. The excitation spectra demonstrated 

the strong excitation of the organic linker, which occurs at 285 nm and 325 nm in the 544 nm 

and 615 nm plots respectively, and also highlights the relatively weak direct excitations of the 

lanthanide ions which occur at 375 nm and 395 nm for Tb(III) and Eu(III) respectively. 

 

(Y0.89Tb0.10Eu0.01)6-MOF presented emissions at 486, 544, 587, 621, 650, 668, and 680 nm 

which are attributed to the 5D4→7F6-0 transitions of Tb(III), as well as the characteristic set of 

Eu(III) 5D0→7F0-4 signals at 579, 592, 615, 653 and 698 nm. These emissions were extremely 

strong relative to the weak direct excitations, strongly indicating that transfer from the linker 

to the Tb(III) and Eu(III) excited states had occurred. There was no detectable luminescence 

from the terephthalate linker observed, indicating efficient energy transfer from the linker to 

the excited state of the Tb(III) and Eu(III) ions. This sensitisation was further confirmed by 

the overall quantum yield of 17% for (Y0.89Tb0.10Eu0.01)6-MOF. These values were similar to 

those reported for the MOFs [Tb2(BDC)3(H2O)4] and [Eu2(BDC)3(H2O)4],35 which strongly 

suggested that (Y0.89Tb0.10Eu0.01)6-MOF would make a good candidate for luminescent 

sensing.  
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Figure 7.19. Red and green: Normalised excitation spectra collected at an emission wavelength of 544 nm and 615 

nm respectively, and emission (λexc = 325 nm, black line) spectrum collected at 298 K for the as-prepared 

(Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 MOF. 

 

Overall, the initial results were very promising. The as made 

(Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 MOF showed strong transfer of energy from the linker 

to the dopant ions, and strong emissions of both Eu(III) and Tb(III) within the material. In 

addition to this, the maximum emission intensities of both dopant ions were also relatively 

similar, indicating that the target MOF composition was ideal. The data also confirmed that 

the photoactive metal ions were successfully doped into the metal clusters in place of the Y(III) 

ions, since this is the only way for direct energy transfer from the linker to the active metal 

ions to occur. A schematic energy level diagram is depicted in Figure 7.20, showing the energy 

transfer mechanism which results in the high photoluminescent activity of the dopant ions 

within (Y0.89Tb0.10Eu0.01)6-MOF. The light is strongly absorbed by the organic linker before 

being transferred to the lanthanide ions and then emitted.   
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Figure 7.20. Schematic energy levels diagram representing the energy transfer mechanisms involved in the 

luminescence of (Y0.89Tb0.10Eu0.01)6(BDC)7(OH)4(H2O)4 MOF. Solid and dotted lines correspond to radiative and 

non-radiative process, respectively. Abbreviations: S, singlet; T, triplet; h, energy absorption; ET, energy 

transfer.  

 

The temperature dependence of the emission intensities of Eu(III) and Tb(III) ions within the 

(Y0.89Tb0.10Eu0.01)6-MOF was then investigated. Within lanthanide based MOFs, the 

photoluminescence of Eu(III) and Tb(III) ions commonly show an inverse response to 

temperature, with the Eu(III) emission intensity increasing and the Tb(III) decreasing with 

temperature.29 The low temperature dependence of emission intensities between 77 K and 300 

K are shown in Figure 7.21. The results were somewhat disappointing, showing almost no 

temperature dependence in the low temperature photoluminescence of Tb(III) or Eu(III) ions 

within the framework. This is in contrast to the behaviour of the ions usually seen within 

MOFs and suggested that the material may not be suitable as a ratiometric thermometer.  

The reason for the abnormal response of the material was not immediately evident, but could 

be a result of stable and highly efficient ligand-to-Ln(III) energy transfer. This was previously 

proposed for [(Tb,Eu)(bpda)(NO3)(DMF)2](DMF) (bpda = biphenyl-3,5-dicarboxylate), in 

which the Ln(III) emissions also remained practically constant between 10 and 300 K.36 
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Figure 7.21. Temperature dependence of the emission intensities of Eu(III) and Tb(III) ions within the 

(Y0.89Tb0.10Eu0.01)6-MOF. The results are normalised to 77K. 

 

The high temperature dependence of the emission intensities of Eu(III) and Tb(III) ions were 

then investigated to determine whether they followed the general trend at higher temperatures. 

One of the promising properties of (Y0.89Tb0.10Eu0.01)6-MOF was its high thermal stability for 

a MOF material, potentially allowing for its use at temperatures in excess of 500 K. The 

temperature dependence data at high temperature are shown in Figure 7.22, and shows the 

expected responses of both the Eu(III) and Tb(III) ions with the change in temperature. As can 

be seen, the Tb(III) emission intensity decreased by around 70% between 370 K and 573 K 

whilst the Eu(III) increased over 500%. On heating, a new signal arose between 373 and 398 

K at 610 nm. This new phase is attributed to a crystal-field component of the 5D0 →7F2 

transition in Eu(III), and this has previously been seen with [Eu2(BDC)3(H2O)4], where the 

signal was reported to be because of dehydration of [Eu2(BDC)3(H2O)4].35 (Y0.89Tb0.10Eu0.01)6-

MOF also contains channels of weakly bound water molecules and as such, the extra signal at 

610 nm is attributed to the dehydration of (Y0.89Tb0.10Eu0.01)6-MOF at between 373 K and 398 

K. No additional signals were seen after a second heating cycle up to 573 K, which indicated 

that no structural changes to the MOF occurred as a result of two heating cycles. 
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Figure 7.22. Top left: Normalised temperature dependence of Eu(III) and Tb(III) emission intensities between 273 

K and 573 K Top Right: Temperature dependence of the emission intensities of Eu(III) and Tb(III) ions within the 

(Y0.89Tb0.10Eu0.01)6-MOF between 288 K and 573 K. The Tb(III) emissions are labelled in green and the Eu(III) 

emissions in red. Bottom: Heat map of emission intensities of Eu(III) and Tb(III) between 288 and 573 K.  

 

To ensure that the MOF was stable under both the cycling temperature and light irradiation, 

the Tb(III)/Eu(III) emission intensity ratio was measured over five heating cycles between 298 

K and 573 K. Decomposition or structural changes to the material would result in changes to 

the emission intensity ratios, and would therefore be seen over the repeated cycles. The results 

of the five cycles is shown in Figure 7.23, and the data showed no change in the ratio of 

emission intensities over the five heating and cooling cycles. This indicated that the MOF was 

completely stable under both the light irradiation and heating and underwent no structural 

changes during the process. This was extremely promising for its application in thermometry. 
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Figure 7.23. Ratio of Tb(III)/Eu(III) emission intensities of (Y0.89Tb0.10Eu0.01)6-MOF during five heating and 

cooling cycles from 298 K to 573 K. 

 

Finally, to assess the thermometric potential of (Y0.89Tb0.10Eu0.01)6-MOF, the temperature 

dependence of UV excited emissions from 288 to 573 K was measured. The emission 

spectrum showed intensities of 5D4→7F5 (544 nm, Tb(III)) and 5D0→7F2 (610 nm, Eu(III)) 

transitions remained practically unchanged in the 288-373 K temperature range, as was seen 

previously. At the higher temperature range however, the temperature increase intensified the 

emissions of Eu(III), whilst the Tb(III) intensities decreased. The dramatic intensity change 

resulted in a marked shift of the emission colour of the MOF with temperature, which was 

systematically changed from green when the Tb(III) intensity was high (288 K), to orange 

(498 K), and then to red as the Eu(III) intensity peaked (573 K). This is depicted in Figure 

7.24 and meant that the temperature could be qualitatively assessed by the naked eye, implying 

that (Y0.89Tb0.10Eu0.01)6-MOF was acting as a colorimetric thermosensor. 
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Figure 7.24. Chromaticity representation of the evolution of the emission colour of (Y0.89Tb0.10Eu0.01)6-MOF from 

288 K to 573 K. The table insert shows the CIE 1931 (x,y) chromaticity coordinates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7.  Synthesis and Applications of a Highly Stable Yttrium MOF 

214 
 

7.4. Conclusions  

 

In attempting to synthesise Y6-MOF, a new material Y(BDC)(CH3COO) was discovered by 

incorporation of yttrium acetate into the synthesis. The new MOF was highly crystalline and 

was found to be very pure by powder XRD. It also showed that whilst isostructural MOF 

materials are theoretically possible and do exist, their synthesis methods cannot always be 

carried over, and small changes to the synthesis conditions of MOFs can have drastic impacts 

on the materials generated. Finally, the hydrothermal treatment of Y6-MOF to decompose and 

wash away the impurities within the as made sample demonstrate that the material’s stability 

is comparable to that of Yb6-MOF and rivals the most stable MOFs from literature.37, 38 Then, 

the successful synthesis of Y6-MOF meant that the material could then be tested for its 

catalytic activity in the conversion of glucose to HMF. 

 

The catalytic activity of the Y6-MOF for the isomerisation and dehydration of glucose was 

found to be similar but slightly lower than that of Yb6-MOF and this was attributed to the 

larger radius and therefore reduced Lewis acidity of Y(III) ions compared to Yb(III). Despite 

this, the MOF showed considerable activity when compared to the uncatalysed reaction. 

 

Photoluminescence studies into (Y0.99Eu0.01)6-MOF yielded valuable information regarding the 

activation of the material which was found to increase its catalytic activity. Evidence of 

removal of the terminally bound water molecules within the material confirmed results of 

TGA which suggested the same. Attempts to learn more about the interactions between 

glucose and the lewis acidic metal ions, however, proved futile. Through a combination of the 

photoluminescent quenching effect of water, the lower acidity of the doped photoactive 

Eu(III), and the lower temperatures that could be accessed, no significant interactions between 

glucose and the metal ions was seen.  

 

Finally, the thermometric properties of Y6(BDC)7(OH)4(H2O)4 doped with 10% Tb and 1% 

Eu were found to be extremely good. Its exceptionally high thermal stability meant that the 

material could be used as a high temperature thermosensor up to 573 K and showed no 

structural changes after repeated cycling up to that temperature. Despite the low temperature 

sensitivity being very poor, at temperatures above 288 K the MOF showed dramatic inverse 

emission responses in the Eu(III) and Tb(III) ions with temperature. This allowed the 

temperature to be qualitatively assessed by eye and meant that (Y0.89Tb0.10Eu0.01)6-MOF was a 

very good example of a colorimetric thermosensor. (Y0.89Tb0.10Eu0.01)6-MOF stands out in 
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particular, as a result of the wide temperature range over which it can be used (77 K – 573 K), 

which is the greatest accessible range seen for a MOF to date as well as the highest 

temperature. This, combined with the simplicity of the MOFs synthesis and precursors, and 

its particularly high sensitivity at high temperatures makes it an excellent option for a 

ratiometric MOF thermometer.  
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Chapter 8 

 
 

Conclusions and Future Work 

8.1. The Oxidation of HMF to FDCA over MIL-100(Fe) 

 

MIL-100(Fe) in combination with the co-catalyst TEMPO, was found to be an extremely 

promising catalyst for the oxidation of HMF to FDCA in water. Under optimal reaction 

conditions, MIL-100(Fe) gave a maximum FDCA yield of 57% with a further 27% FFCA, which 

was a total selectivity of 84%. The MOF was proved to be stable under the reaction conditions 

after five consecutive reaction cycles, and the activity of the catalyst was shown to be unchanged 

after the fifth cycle. A mechanism was then proposed depicting the interaction between the 

substrates and the active site of the MOF, in combination with the oxidant and the TEMPO co-

catalyst.  

 

Results indicated that product inhibition prevented the reaction from going to completion, and 

around 30% of the final product was FFCA even after a 72-hour reaction. Product inhibition might 

be minimised by flowing a solution of the reactants over the MOF catalyst instead of using a 

batch-type system. This would potentially minimise the effect of product inhibition by removing 

the products from the catalyst and may enable complete conversion to FDCA. This would be an 

important aspect of future research. 

 

In addition to this, results indicated that the MOF may trap a small proportion of the reaction 

products within its pores, preventing them from being analysed at the end of the reaction, and 

clogging the pores of the MOF. This could be partially responsible for the incomplete carbon 

balance seen when using MIL-100(Fe), and further work is required to investigate methods of 

minimising the build-up of material within the MOF’s pores. Despite the build-up however, the 

catalyst proved to be highly recyclable indicating high surface activity. 

 

It is expected that this work will be submitted for publication after the submission of this thesis. 
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8.2. The Oxidation of HMF to FDCA over UiO-66 

 

The use of a range of functionalised UiO-66 materials as catalysts for the oxidation of HMF to 

FDCA was investigated. The results were varied, but doping the MOF with a percentage of Fe(III) 

ions, in combination with modification with functionalised organic linkers, proved promising. 

This work however, was plagued by the instability of the Fe(III) functionality of the MOF, where 

significant leaching of the Fe(III) ions into solution was found in each case. Therefore, further 

work into the use of UiO-66 would require investigation into the nature of the Fe(III) site within 

the MOF, as well as methods of stabilising it in water. Another option could be to try using the 

MOFs in combination with organic solvents such as acetonitrile to disfavour the dissolution of 

the Fe(III) ions. 

 

8.3. Investigations into the Applications of an yttrium MOF 

 

During the optimisation of synthesis of Y6-MOF, a novel material Y(BDC)(CH3COO) was 

synthesised for the first time and its structure solved. The as synthesised material was found to be 

relatively pure, but further work is still needed to optimise its synthesis and to investigate the 

materials stability. The synthesis of Y6-MOF was then optimised, but still required a hydrothermal 

washing step in order to remove impurities from the as prepared sample. Optimising the synthesis 

of Y6-MOF such that the hydrothermal washing step is not required would be a significant 

improvement in the material’s synthesis. 

 

Y6-MOF was shown to possess similar properties for glucose conversion as the previously 

reported Yb6-MOF material. The use of photoluminescence to probe the precise role of Y6-MOF 

as a catalyst for the conversion of glucose to HMF proved unsuccessful, however. This was due 

to a combination of factors including experimental limitations and the nature of the dopant 

lanthanide ions used to probe the luminescence of the material. It is still hoped that further work 

could yield additional information regarding the interaction between glucose and the MOF, 

however. This would likely require the ability to heat the MOF with glucose to 140 °C whilst 

simultaneously measuring the photoluminescence and would therefore require a custom setup.  

 

By doping Y6-MOF with a precise ratio of Tb(III) and Eu(III) ions, the material 

(Y0.89Tb0.10Eu0.01)6-MOF was synthesised. This MOF showed stability comparable to Y6-MOF, 

remaining unchanged after multiple heating cycles up to 300 °C. Through the inverse temperature 

dependence of the Tb(III) and Eu(III) emission intensities, the MOF was found to be a highly 
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sensitive ratiometric thermometer both in water and in air. This is the first report of a Ln-based 

MOF acting as a ratiometric luminescent thermometer over the 288 – 573 K temperature range, 

which opens new perspectives for non-contact thermometry and multifunctional sensing. Future 

work will focus on investigating the MOFs stability under continuous illumination and further 

illumination-heating cycles. 

 

(Y0.89Tb0.10Eu0.01)6-MOF has also been shown to be extremely hydrothermally stable. It is 

therefore hoped that the thermosensing properties of the solid MOF could also be translated to a 

suspension of the MOF in water. Preliminary results were promising and showed a shift in the 

suspension’s emission intensity over the 283 K – 343 K temperature range, Figure 8.1. Despite 

this, experiments at temperatures above 343 K could not be carried out due to experimental 

limitations.  

 

 

Figure 8.1. Chromaticity representation of the evolution of the emission colour of a suspension of (Y0.89Tb0.10Eu0.01)6-

MOF in water from 283 K to 343 K. The table insert shows the CIE 1931 (x,y) chromaticity coordinates 

 

Future work into this would centre around the development of a method of recording the materials 

luminescence at elevated temperatures. Y6-MOF is hydrothermally stable at temperatures in 

excess of 500 K, and this is the temperature region in which solid Y6-MOF was found to be 

particularly sensitive. Therefore, exploring the luminescence of a suspension of Y6-MOF in this 

temperature range may prove to be extremely promising. 
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Appendix 

 
Table 1 Crystal data and structure refinement for Y(BDC)(CH3COO). 

Identification code twc1 

Empirical formula C10H7O6Y 

Formula weight 312.07 

Temperature/K 100(2) 

Crystal system orthorhombic 

Space group Pbca 

a/Å 13.1801(4) 

b/Å 7.9863(3) 

c/Å 20.3257(7) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2139.49(13) 

Z 8 

ρcalcg/cm3 1.938 

μ/mm-1 5.465 

F(000) 1232.0 

Crystal size/mm3 0.14 × 0.08 × 0.02 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.062 to 65.884 

Index ranges -19 ≤ h ≤ 19, -11 ≤ k ≤ 11, -30 ≤ l ≤ 30 

Reflections collected 46869 

Independent reflections 3688 [Rint = 0.0880, Rsigma = 0.0496] 

Data/restraints/parameters 3688/0/155 

Goodness-of-fit on F2 1.103 

Final R indexes [I>=2σ (I)] R1 = 0.0388, wR2 = 0.0643 

Final R indexes [all data] R1 = 0.0600, wR2 = 0.0680 

Largest diff. peak/hole / e Å-3 0.54/-0.86 
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for 
Y(BDC)(CH3COO). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Y001 8198.1(2) 703.6(3) 5316.0(2) 6.92(6) 

O201 8064.0(12) 3538.6(19) 5055.4(8) 9.7(3) 

O109 4660.7(12) 1827(2) 9298.7(8) 10.4(3) 

O110 6029.1(13) 232(2) 9423.5(8) 11.4(3) 

O102 6273.4(13) 3787(2) 6088.6(8) 12.4(3) 

O202 8236.2(13) 6022(2) 4613.2(9) 14.7(3) 

O101 7236.2(14) 1502(2) 6150.4(9) 16.9(4) 

C202 8541.2(17) 4548(3) 4666.6(12) 10.5(4) 

C109 5478.6(17) 1211(3) 9093.2(11) 8.3(4) 

C106 5806.8(17) 1628(3) 8406.5(11) 9.5(4) 

C102 6633.7(17) 2555(3) 6394.4(11) 9.9(4) 

C203 9438(2) 3928(3) 4280.4(13) 17.5(5) 

C107 5204.3(18) 2670(3) 8015.4(12) 13.4(5) 

C105 6682.7(18) 916(3) 8144.1(12) 14.7(5) 

C103 6344.8(18) 2269(3) 7101.1(11) 11.4(4) 

C108 5485.7(19) 3011(3) 7367.4(12) 14.0(5) 

C104 6947.4(19) 1224(3) 7491.1(12) 15.1(5) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for Y(BDC)(CH3COO). The Anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Y001 6.74(9) 7.31(9) 6.71(9) 0.24(8) 0.03(8) 0.15(8) 

O201 8.1(7) 7.8(7) 13.1(8) 1.9(6) 1.0(6) -0.6(6) 

O109 9.4(7) 12.0(8) 9.8(8) 0.6(6) 2.2(6) -1.2(6) 

O110 13.0(8) 10.8(8) 10.3(8) 3.1(6) -2.8(6) 0.0(6) 

O102 11.7(8) 12.1(8) 13.5(8) 3.5(6) 0.4(6) -1.2(6) 

O202 14.1(8) 8.4(7) 21.7(9) 4.2(6) 7.9(7) 1.9(6) 

O101 22.5(9) 15.8(9) 12.5(8) 2.2(7) 7.2(7) 6.8(7) 

C202 9.3(9) 9.9(10) 12.4(10) 0.1(9) -0.1(9) -1.3(8) 

C109 9.1(10) 8.0(9) 7.9(10) -0.4(8) -1.0(8) -3.1(8) 

C106 10.1(10) 8.1(10) 10.1(10) 0.5(8) 1.3(8) -1.3(8) 

C102 9.9(10) 9.7(10) 10.2(10) -0.4(8) 1.7(8) -0.8(8) 

C203 17.6(12) 13.5(12) 21.4(13) 2.8(10) 10.6(10) 4.2(9) 

C107 13.5(11) 14.2(11) 12.7(11) 0.5(9) 2.5(9) 3.7(9) 

C105 14.0(11) 18.8(12) 11.2(10) 3.0(9) 0.6(9) 4.0(10) 

C103 13.7(11) 10.8(11) 9.6(11) -1.0(9) 4.1(8) -1.2(9) 

C108 16.0(12) 14.3(11) 11.6(11) 3.5(9) 0.5(9) 2.9(9) 

C104 13.8(12) 18.6(11) 13.1(11) 1.3(9) 4.0(9) 3.9(9) 
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