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Scope 

This work was a part of the CONFINE project where the main goal was “Unravelling the 

potential of confinement effects in catalysts and adsorbents”. The main objective of my work 

as part of this project was primarily to synthesize metal-organic framework (MOF) materials 

with specific catalytically active sites, and to utilize the flexibility of MOFs to modify the 

immediate surrounding of these sites. As basis of the study, the Zr-biphenyl MOF UiO-67 was 

chosen, due to its demonstrated abilities to harbor a wide range of catalytic sites and its high 

stability at the reaction conditions of interest in this project.  

The scope is also motivated by previous work in the group focusing on fundamental 

understanding of materials and their properties, which includes detailed investigations into the 

structure and properties of UiO-66. However, the related UiO-67 has not been as thoroughly 

studied despite its prominence in the literature. There are many reports describing the synthesis 

of UiO-67 and its use in various applications, but large deviations in the presented 

characterization data points to severe reproducibility issues and lack of deep understanding of 

the effect of the synthesis parameters. In order to have a stable and reliable development of a 

catalyst, it is important to refine, understand the synthesis and its effects, and thus be able to 

obtain the desired material properties. 

Therefore, this work focusses on the following key points: 

1) Optimization of the synthesis of UiO-67 by single-variable studies of synthesis 

parameters. 

2) Using state of the art methodology to understand the defectivity of the MOF and how 

that is determined by the synthesis. 

3) Synthesis of UiO-67-type and UiO-67-mixed linker MOFs using the optimized protocol. 

4) Post-synthetic modification of the MOFs to create new coordination metal sites for 

catalysis. 

The optimized protocols were used to synthesize MOF catalysts for kinetic studies performed 

by other members of the CONFINE project (such as CO2 hydrogenation, ethene 

oligomerization and cyclopropanation). Some of the major contributions have been listed in the 

Papers not included in this thesis section. Thus, this thesis is presented in four chapters: 1) 

Introduction gives the background of MOFs, and in particular UiO-67, 2) Experimental section 
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detailing the motivation behind various experiments and how they were performed, 3) Results 

and Discussion presenting the data and supporting evidence for proposed hypotheses and 4) 

Conclusions, where key points from the work are summarized.   
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 Introduction  

Metal-Organic Frameworks 

1.1. Definition 

A Metal-Organic Framework (MOF) is a coordination network with organic ligands containing 

potential voids, according to IUPAC.1 A coordination network can be defined as a solid 

compound extended through repeating molecules, composed of a central metal atom and a 

group of atoms (called ligand) in two or three dimensions.1 

1.2. Background 

MOFs are emerging as a potent class of material as heterogeneous catalysts, adsorbents and 

sensors due to their structural diversity, tunable porosity and potential to host a wide range of 

active sites.2 Importantly, such active sites can be incorporated into the structures of MOFs in 

well-controlled and verifiable ways. To simplify the definition, it can be said that MOFs are 

porous compounds where metal containing nodes known as secondary building units (SBUs) 

are linked by multidentate organic ligands (linkers) by strong chemical bonds.3 Nevertheless, 

before the concept of SBUs came many open frameworks like Werner complexes, ß-M(4-

Methylpyridyl)4(NCS)2 (M=Ni2+ or Co2+) and Prussian blue compounds, Fe4[Fe(CN)6]3.xH2O 

(x=14-16), existed. These compounds were typically built of individual metal ions linked with 

multiple neutral, mono-dentate ligands like cyanide or pyridine (Figure 1). These inorganic 

compounds had the ability to sorb small molecules but lacked rigidity, hence to introduce 

rigidity and build a framework, organic species like bis- and tris-bidentate carboxylate linkers 

were employed. This concept was later developed into what we now know as MOFs.4  

Omar M. Yaghi and coworkers published some of the early examples of MOFs, the series MOF-

n (n=1 to 5) where some of them were discovered before the existence of naming terminology 

for MOFs. For example Zn(bdc)·(DMF)(H2O) (bdc= 1,4- benzenedicarboxylate and 

DMF=N,N-dimethylformamide),5 reported in 1998 was later named as MOF-2.4 The major 

concerns with MOF type structures were their lack of stability and porosity after the removal 

of solvents. MOF-5 (Zn4O(bdc)3)
6-7 was the benchmark discovery as it is highly stable, porous 
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and showed the ability of reversible adsorption/desorption. During the evolution of MOFs, a 

standard was also marked by the development of HKUST-1 (Cu3(btc)2, btc= 1,3,5,-

benzenetricarboxylate),8 MIL-101 (Cr3O(OH, F, H2O)3(1,4‐bdc)3),
9 and MOF-74 (Zn2(dhbdc), 

dhbdc = 2,5‐dihydroxy‐1,4‐benzenedicarboxylate)10. Figure 1 summarizes these developments 

with respect to time. 

MOFs can be regarded as connected metal clusters, many of which are known and studied in 

the field of inorganic chemistry. For example, the structure of MOF-5 emanates from the zinc 

acetate structure where the acetates are replaced by terephthalic acid.3 Similarly, in 2008 UiO 

(Universitetet i Oslo) MOFs were established which were based on Zr6O4(OH)4(bdc)6.
11 The 

structure of UiO Zr-MOF can be seen to emanate from isolated Zr6O4(OH)4(CO2)12 cluster 

bridged by bidentate terephthalate ligands.12  

 

Figure 1. Illustration of the development on some of the porous metal-organic network structures with 

time. Each structure highlights its structural formula and surface area where bdc is 1,4- 

benzenedicarboxylate, btc is 1,3,5,-benzenetricarboxylate and dhbdc is 2,5‐dihydroxy‐1,4‐

benzenedicarboxylate. 

Moreover, the possibility for the formation of different MOF structures is enormous. By altering 

the SBUs and/or linkers, a myriad of different structures can be obtained.13-14 The networks 

formed by the connectivity of the SBUs can be described by their topology and MOFs with 

identical network topology are called isoreticular MOFs. Hence, if a linker of two MOFs is 

different but has same cluster and connectivity number are called isoreticular MOFs. An 
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example of isoreticular MOFs are the UiO Zr-MOF series with UiO-66, UiO-67 and UiO-68. 

They are all based on 12 connected Zr6O8 clusters with linear ditopic linkers, 1,4-benzene-

dicarboxylate (BDC), 4,4′ biphenyl-dicarboxylate (bpdc) and terphenyl dicarboxylate (TPDC) 

linkers, forming a fcu network topology.11 

1.3. Potential applications 

MOFs depicts characteristics of organic as well as inorganic species and therefore provide 

structural richness along with high thermal and chemical stability. Additionally, they have large 

pores, high surface area and tunable functionality, contrary to other classes of porous materials 

such as zeolites. Zeolites are strictly made up of inorganic components (silicon, aluminum and 

oxygen) forming a 3-D network with cavities and channels. Besides sharing the crystallinity 

and textural properties common to zeolites, MOFs are highly versatile materials as it is possible 

to determine the size, shape and chemical functionality of their cavity by choosing the 

appropriate organic ligands.15 These intrinsic properties of MOFs makes them a potential 

candidate for a variety of applications and some of the most important ones are gas storage, 

adsorption and separation, sensing and catalysis.16-20  

1.3.1. Storage and adsorption 

MOFs with their high surface area, adjustable pore sizes and acceptable thermal stability make 

them suitable as adsorbents.21-22 Gas adsorptive separation by a porous material is usually 

achieved by one of the following mechanism, 1) selective adsorption or separation due to 

restrictive entry of the molecules due to size and/or shape of the accessible pore, 2) due to 

preferential different adsorbate surface or different adsorbate packing interaction and 3) due to 

different diffusion rates.19 MOF have the capability of storing and separating useful gases such 

as potential transportation fuels like hydrogen, methane or greenhouse gases like carbon dioxide 

and even toxic gases.14, 23-24 MOFs are used as adsorbents in storing toxic gases such as arsine, 

phosphine and boron trifluoride to apply as dopants in the manufacture of electronics. This gas 

storage and delivery system was built into a cylinder, which was commercialized as ION-X 

where the gases were stored under one atmosphere of pressure.25 This is a significant 

application of MOF, which allows the storage of toxic gases at such low pressure by providing 

a large surface area, reducing safety risks in case of leakage. Moreover, MOFs are used for the 

storage of 1-methylcyclopropene (1-MCP) which is released in air when in contact with water. 
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This concept is used in the commercialization of the product called TruPick, which is used to 

lengthen the shelf life of fruits and vegetables as the released 1-MCP blocks the effect of 

ethylene which is released during the natural ripening of fruits and vegetables.25 

1.3.2. Catalysis 

The parent MOF itself and its modified version (mixed linker, mixed metal or post synthetically 

modified MOF) are seen to be a promising catalyst.26-27 The term “parent MOFs” refer to the 

classic MOFs that are composed of only one type of linker and secondary building unit. The 

uncoordinated metal sites in the clusters of the MOFs provide Lewis acidity. These sites create 

a more open material which has demonstrated unexpected catalytic activities.28 Moreover, these 

sites can be post-synthetically modified and used to remove water or introduce other moieties 

to serve as a catalyst.29-30  In addition, the MOFs can also be modified by altering their basic 

structure at the organic linker and/or metal centers, where the resultant MOF will have two or 

more type of linker and/or metals in the frameworks (also discussed in section 1.9).31-32 These 

transformed MOFs have given a range of catalyst in the field.33-34 By altering the basic MOF 

structure, functionalities are introduced to the MOFs, hence MOF can also be seen as a support 

for the active site for catalysis.35 Another advantage of MOF as a catalyst is that it is used as a 

heterogeneous catalyst and gives the opportunity to be reused to multiple times, under right 

regeneration conditions.36-37  

1.4. Challenges 

Even though MOFs are gaining a lot of popularity, there are still challenges associated with 

MOFs. These challenges are a barrier for MOFs to be used on a large scale. Apart from the 

synthetic challenges (like proper reaction condition for targeted structure, activation of MOF, 

nucleation and growth of MOF), issues such as cost, upscaling and reproducibility and stability 

are still problematic.  

1.4.1. Stability 

There are 75,600 MOF structures registered in the Cambridge Data Centre (CSD) in 2019,38 

but many of them have limited interest due to  poor thermal, mechanical or chemical stability.39 

Many of the known MOFs are sensitive towards moisture/humid aid and if they can handle 

such exposure, they might degrade upon contact with water. The presence of water can 
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hydrolyze M-O bonds, lead to the formation of oxides or dissolve MOF constituents, leading 

to collapse of framework. However, the study of stability of MOFs is an active research topic. 

Recently, an introduction of hemilabile ‘sacrificial’ bonds in the MOF is seen to increase the 

hydrolytic stability. By deliberate incorporation of such species in HKUST-1, the MOF retains 

its structure for over 1 year in contact of water, unlike the non-modified MOF.40 Moreover, 

thermal stability of MOFs are of great importance for applications like catalysis. But usually 

the thermal stability of MOFs is limited to 250-350 °C.41-43  In this regard, the thermal stability 

of UiO-67 has been investigated in this thesis. Furthermore, for processing or main application 

it will be beneficial that MOFs can resist mechanical strain.44-45 The stability of most MOFs 

towards mechanical strain is limited and often results in partial pore collapse or 

amorphization.46-49 Mechanical strength of MOFs is calculated by determining its Young’s 

modulus, shear modulus, bulk modulus, Poisson’s ratio and linear compressibility. These 

factors helps in determining the elements for practical post-synthetic processes such as 

extrustion or pellet making. MOF-5 exhibits amorphization by the destruction of its carboxylate 

group at the pressure of 3.5 MPa and ambient temperature.50 This is 100 times lower pressure 

than required for the amorphization of other solid materials at that temperature. The sample of 

MOF-5 was placed in a cylindrical sample holder and compressed for 30 min by pressurizing a 

punch rod into the sample. This will considerably affect the sheer and young’s modulus of the 

material. The study of such changes at ambient temperature and pressure is interesting as these 

changes strongly affect the properties of the material. It is worth mentioning that UiO Zr-MOFs 

are among the top performers when it comes to thermal, chemical and mechanical stability.  

1.4.2. Cost 

MOFs contain both organic and inorganic species, as discussed in the previous sections. The 

cost of MOF manufacturing primarily depends on the cost of the starting materials such as the 

metal source, linkers, solvents and additives. The organic linker is generally the most expensive 

part of a MOF (especially the tailored linkers) followed by the solvent (usually N,N’-

dimethylformamide) and metal source. Many research groups are trying to use alternative 

cheaper starting materials to reduce cost without compromising on the quality. This is necessary 

in order to enable the scaling up of MOFs, potentially to an industrial scale. Nevertheless, MOFs 

are already much cheaper than they were 10 years ago. In order to decrease the price of the 

overall MOF: 
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i) Ideally, the MOF should be synthesized in water, which is not only a green solvent but also 

lowers the risk of handling when upscaling MOFs.51 Failing that, then simply reducing the 

amount of solvent without compromising with the quality of MOF would help reduce waste 

and cost (this strategy was employed in the work reported herein). 

ii) Use commonly available linker such as terephthalate: Terephthalate is widely used in the 

PET (polyethylene terephthalate) plastic materials which a huge industry and hence the price 

of terephthalate is much lower because of supply and demand. MOFs synthesized by linkers 

made in multiple steps using expensive or uncommon starting materials will hardly be able 

to find an industrial use, in the author’s opinion. 

1.5. Zirconium (IV)-based MOFs 

The class of zirconium(IV)-based metal organic frameworks (Zr-MOFs) are recognized for 

their exceptional chemical and thermal stability and thus gain significant attention in the field. 

In cluster chemistry, many isolated Zr clusters have been reported containing Zr3, Zr4, Zr5, Zr6, 

Zr8, Zr10, Zr12 and Zr18 units, however the majority of Zr-based MOFs are observed to have 

Zr6O8 clusters).52 This 12-connected node, [Zr6O4(OH)4]
12+ has the triangular face of the Zr6-

octahedron alternatively capped by µ3-O and µ3-OH groups. Therefore, the 12 points of 

connection, which binds with the linkers makes a MOF framework (Figure 2). This also 

determines the topology of the MOF, depending on the occupancy of the point of connections. 

If all the 12 point are linked with ditopic linear linker like BDC (terephthalate), it forms UiO-

66 (fcu) and this is the most stable Zr-MOF because of saturated connectivity of the cluster.  

Zr-MOFs are also possible with 10 or 8 connections where linkers like TDC (2,5-

thiophenedicarboxylate) or TBAPy (1,3,6,8-tetrakis(p-benzoate)pyrene) are utilized yielding 

DUT-69 (bct)53 and NU-1000 (csq)54, respectively. Furthermore, 6-connected framework is 

obtained with tritopic linkers BTC (benzene-1,3,5-tricarboxylate) to obtain MOF-808 (spn).21  
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Figure 2. Illustration of the a) Zr6-cluster common to a majority of Zr(IV)-based MOFs, which together 

with b) different sets of linkers form different MOFs with varying degree of connectivity. 

Another interesting feature of these inorganic building units is that they can undergo structural 

dehydration under the heat treatment at about 250-300 °C.11, 55 During this process cluster loses 

two water molecules and changes from the “hydroxylated” form Zr6(µ3-O)4(µ3-OH)4 to the 

distorted “dehydroxylated” form Zr6(µ3-O)6.
52 It is worth mentioning that this behavior is 

completely reversible and the clusters return to their original hydroxylated form when the MOF 

is exposed to water vapor.  

1.6. UiO-67 

Among the prime MOF candidates for heterogeneous catalysis are the Zr-UiO MOFs. The 

parent UiO-66 (with terephthalate linkers) has been extensively studied.56-58 The methods of 

synthesis and post-synthetic modifications exist to obtain UiO-66 with desired material 

properties (e.g. Lewis acidity, stability, porosity) and types and concentration of defects 

available in UiO-66 are well understood.59-62 However, UiO-67 (isoreticular to UiO-66) is an 

interesting MOF as it maintains most of the advantages of UiO-66 with an additional benefit of 

larger pore size and surface area.63 UiO-67 is highly thermally and chemically stable, and may 

incorporate a wide range of catalytically active ligands as part of its structure.64-66 For example, 

by replacing a fraction of its biphenyl linkers with 2,2'-bipyridine-5,5’-dicarboxylate (or 

similar), it can chelate ligands for coordination complexes on its linkers. UiO-67 or its 

UiO-66
(12-connected)

DUT-69
(10-connected)

MOF-808
(6-connected)

NU-1000
(8-connected)Zr6O4(OH)4 cluster

a) b)
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functionalized versions are therefore viewed as a promising candidate for many applications, 

mainly sensing and catalysis.67-76  

1.6.1. Structure 

As discussed before, UiO-67 is a Zr-MOF composed of Zr6O4(OH)4 inorganic clusters and 

H2bpdc linkers (4,4′-biphenyl-dicarboxylate) (Figure 3).The core of the cluster comprises of six 

Zr4+ atoms arranged in an octahedron whose 8 faces are alternatively capped by oxide and 

hydroxide. Each Zr atom is 8-coordinated with square anti-prismatic geometry.11 An additional 

12 carboxylate groups (from H2bpdc linkers) complete the cluster to form Zr6O4(OH)4(COO)12 

or MOF composition as Zr6O4(OH)4(bpdc)6.  

 

Figure 3. Construction of UiO-67. Carbon, oxygen and zirconium atoms are shown in grey, red and 

cyan, respectively. Hydrogen atoms are omitted for clarity. 

UiO-67 have two kinds of pore windows of tetrahedral and octahedral cages of 12 and 16 Å, 

which is slightly bigger than that of UiO-66 (8 and 11 Å), shown in Figure 4. The tetrahedral 

cages share their faces with octahedral cages and the octahedral cages share their face with one 

another. Therefore, octahedral and tetrahedral cages are in a 1:2 ratio. The langmuir surface 

area of an reported for UiO-67 structure in first report is 3000 m2/g in contrast with UiO-66, 

which has 1187 m2/g.11 As discussed above, the structural dehydration takes place in UiO-67 

as well. The hydroxylated form of UiO-67; Zr6O4(OH)4(bpdc)6 loses two water molecules to 

give the dehydroxylated form; Zr6O6(bpdc)6. This is evidently seen in TGA-DSC curves of 

UiO-67 by a slight weight loss between 200 to 400 °C (in the subsequent sections). 
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Figure 4. The a) octahedral and b) tetrahedral pores of UiO-67. Carbon, oxygen and zirconium atoms 

are shown in grey, red and cyan, respectively. Hydrogen atoms are omitted for clarity. 

1.6.2. Synthetic conditions and reagents 

Most UiO Zr-MOFs are obtained by the reaction of a Zr source with its respective linker (in 

acid form) at elevated temperatures (80 °C to 220 °C), using DMF as solvent.77-78 The following 

subsection will briefly discuss the role of these reagents. 

1.6.2.1. Zr(IV) source and linkers 

The ideal Zr (IV) source should be non-corrosive, easy to handle and soluble in the crystalizing 

solvent to yield a good quality material. UiO-67 is mostly seen to be synthesized using 

zirconium tetrachloride (ZrCl4). ZrCl4 has a polymeric structure of edge-sharing ZrCl6 

octahedra which is solvated in the presence of DMF and water. Also, ZrCl4 hydrolyzes in the 

presence of water to give ZrOCl2 and corrosive HCl. Other problems associated with ZrCl4 is 

that it is highly hygroscopic, corrosive and generates halogenated waste. Alternatively, other 

zirconium (IV) salts used in the literature for the synthesis of UiO-67 are zirconium oxychloride 

octahydrate (ZrOCl2·8H2O),21, 79 zirconium methacrylate oxoclusters Zr6O4(OH)4(OMc)12,  

(OMc = CH2=CH(CH3)COO)80. Other sources like zirconium tetrabromide (ZrBr4),
81 

zirconium isopropoxide (Zr(OC3H7)4)
81-82 and zirconium oxynitrate (ZrO(NO3)2·xH2O),83 have 

been used for the synthesis UiO-66 but have not been observed for UiO-67.  

Furthermore, MOF linkers/ligands are generally organic soluble compounds which has two or 

more points of connections to bind with metal source to result into a three-dimensional 

a) b)
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continuous structure. Some of the common examples are ditopic 2-methylimidazole and 1,4-

benzenedicarboxylic acid (H2bpdc) and tritopic 1,3,5-benzenetricarboxylic acid. Hence, 

biphenyl linkers are suitable for the synthesis of UiO-67 in a equimolar ratio with respect to Zr. 

Similarly, functionalized biphenyl linkers can be used for the formation of MOF to provide 

functionalization in the structure (discussed in section 2.5). 

1.6.2.2. Modulators  

Synthesis of UiO-67 and other Zr-MOFs is often reported with the use of a monocarboxylic 

acid as a growth modulating agent (modulator) in order to obtain larger and individual crystals, 

and higher degree of crystallinity or as a tool to control defectivity.84 A modulator can be any 

monocarboxylic acid, which either deprotonates the linker or competes with the linker to form 

bonds with the metal node, eventually slowing down the rate of nucleation and crystal growth. 

Independent of the specific mechanism, modulation often improves the reproducibility of the 

MOF synthesis and the crystallinity of the product and may be used to control crystal size and 

morphology.85 Kitagawa and coworkers were the first to use monocarboxylic acid as 

modulators in 2009 and later in 2011, Behrens and coworkers published the first report of their 

use in the formation of UiO-67.86 Some of the commonly used modulators are formic acid, 

acetic acid, benzoic acid and related compounds like triflouroacetic acid, 4-nitrobenzoic acid, 

2-phenylacetic acid etc. It was demonstrated that controlling the ratio between Zr and modulator 

enhances the particle size, morphology and the reproducibility of the synthesis.84 On the other 

hand, if the linker fails to replace the modulator in the final product, the result is a defective 

MOF where the modulator occupies the coordination site. This type of defect, when a linker 

site is vacant or occupied by another entity, is known as a linker vacancy defect or “missing-

linker” defect (discussed in section 1.8).   

1.6.2.3. Aqueous additives 

Furthermore, besides modulators the addition of water or aqueous hydrochloric acid (HCl(aq)) 

is seen in the synthesis of UiO-67.79, 87-88 The addition of water or HCl(aq) is referred to as 

aqueous additives in this work. Although modulators facilitate the crystal formation by slowing 

down the rate of formation of particles, additives like strong acids have the tendency to 

protonate the linker which acts as a barrier in particle formation.89  Farha and coworkers 

observes and increase in the rate of formation of product whereas Shafir and coworkers 

observes decrease in porosity, with the use of HCl in the formation of UiO-67.79, 88 The effect 

of HCl versus water is of particular interest since it seems to be in disagreement in several 
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reports and hence, its factual effect of these additives is uncertain.79, 84, 88, 90 It has recently been 

demonstrated that the amount of water also plays a major role in the synthesis of UiO-type 

MOFs. Behrens and coworkers observed that the rate of reaction is strongly correlated with 

increasing water content in the DMF-based modulated synthesis of UiO-66-fumarate.85 It is 

worth highlighting that DMF is a highly hygroscopic solvent, and thus the amount of water may 

vary significantly for different MOF syntheses. Therefore, a detailed study is performed to see 

the effect of the varying amount of water in the synthesis, discussed later in this work. 

 

1.6.2.4. DMF 

Dimethylformamide is a polar aprotic solvent with high boiling point, and is by far the most 

common solvent used in MOF synthesis. Apart from providing a medium to dissolve all the 

MOF components, solvents coordinate or solvate the ions in the MOF synthesis solution to ease 

the assembly of the building units of the MOF. However, at higher temperatures in the presence 

of water and an acid catalyst, DMF hydrolyses into formate and dimethylamine. The hydrolysis 

can also occur in presence of stoichiometric amounts of aqueous base. 

(𝐶𝐻3)2𝑁𝐶𝐻𝑂 + 𝐻2𝑂 
 

↔  𝐻𝐶𝑂2𝐻 + (𝐶𝐻3)𝑁𝐻 

Hence, this side reaction can also affect the synthesis of UiO Zr-MOFs. Moreover, since the 

first report of UiO-66, the Zr:DMF molar ratio in reported methods deviates, from 1:1500 in 

the original report,11 to the more generally reported 1:300-600.66, 79, 91-94 Previous work in our 

group suggested that the linker must be dissolved completely if large crystal growth is desired 

(to avoid MOF crystal nucleation on linker particles). H2bpdc has a solubility of around 1:150-

200 in DMF at the boiling point. Hence, it is interesting to verify the large range of amount of 

DMF and investigate its effect (studied in this work). 

1.7. Stability 

The stability of a complex is based on the metal to ligand bond strength and Zr(IV) in UiO 

MOFs is in high oxidation state. Due to its high charge density and bond polarization, Zr (IV) 

has a high affinity towards the O atoms on the carboxylate ligand. This explains why Zr(IV) 

MOF structures such as UiO-67 are highly stable. However in the presence of a basic aqueous 

solution, Zr (IV) has higher affinity for OH- and therefore the framework tends to collapse.52 

Such collapse also happens in the presence of water. Interestingly, it occurs during the 
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evacuation of water from the MOF which indicated that hydrolysis of Zr-O bond may not be 

the primary pathway of collapse. It has also been observed that the framework collapse due to 

the capillary forces acting on the framework during water removal. Therefore, the structure 

remains intact if the MOF is dried after solvent exchange with less polar solvents (with weaker 

intermolecular interactions).95-96 Moreover, the framework collapse in the presence of aqueous 

base solutions is used for the sample preparation for recording 1H NMR spectra, as the MOF 

dissolves in the base solution. 

Furthermore, UiO-67 is thermally stable up to 450 °C with a ramp rate of 5 °C/min under air. 

However, the true thermal stability of the MOF is addressed when the material is held static at 

elevated temperature for prolonged times (Section 3.1.4). Interestingly, analogue materials such 

as UiO-67-(bpdc-Me) and UiO-67-bndc based on 3,3′-dimethylbiphenyl and 1,1′-binaphthyl 

linkers respectively, have shown higher stability towards water as compared to UiO-67.65 UiO-

67-bndc is discussed in detail, later in this thesis (section 1.9).  

1.8. Defects in MOFs 

An ideal arrangement of atoms and molecules forming a unit cell in a continuous fashion is 

viewed as a perfect crystal. These unit cells should assemble in a three-dimension with no 

distortion. However, crystalline materials tend to deviate from this ideal behavior by having 

imperfections. There may be atoms or molecules misplaced in the crystal which disturbs the 

uniformity, hence known as crystal defects. The defects in a solid-state materials are well 

studied and known. As there is nothing as a defect-free crystalline solid, this also applies to 

MOFs. There are many types of defects observed by different research groups on numerous 

MOFs, summarized in Figure 5.97  
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Figure 5. Some of the common types of defects in MOFs.  

Internal defects are prevalent in MOFs and occurs when either the metal center/metal cluster of 

the MOF is missing (metal cluster defect) or the linkers of the MOF is missing (missing-linkers 

defect). Nevertheless, the absence of these species does not affect the integrity of the MOF 

framework, as they are typically found in low concentration. Although, metal cluster defects 

are observed in high concentrations in UiO-66 but there is no literature report for UiO-67.56, 98 

The presence of missing cluster defects in UiO-66 is observed by the existence of a very broad 

peak in 2θ range of 2°-7° in the PXRD pattern.56 The stoichiometry of the non-defective (ideal) 

UiO-67 MOF dictates a 1:1 molar ratio between Zr and the linker. However, the typical linker 

occupancy coefficient is observed to be less than 1 (determined by TGA-DSC) in our previously 

reported works.65, 99 The predominant type of UiO-67 defects that is reported in the literature is 

linker vacancies (often referred to as missing-linker defects).79 To preserve the charge neutrality 

of the compounds, simultaneous removal or insertion of oppositely charged ions at the new 

lattice position takes place in-situ during the synthesis or post-synthetically. These vacant sites 

are occupied by modulators, additives, products of solvent hydrolysis, inorganic anions (from 

the Zr precursor) or water/hydroxide pairs (from water).58, 100  
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On the other hand, the charge compensation can also be performed by deliberately adding 

similar molecules which also gives a chance to modify the compound after its synthesis; post-

synthetic modification (PSM). The defective MOF is saturated with the dopant in order to 

compensate the charge by new bond formation. These dopants can be the parent linker or any 

other similar linker. This is observed by Shafir and coworkers where they synthesis UiO-67 

with a minimum of missing-linkers defects, where the defective MOF was “healed” post-

synthetically by infusing it with a solution of bpdc.79 Moreover, these defects can occur 

naturally in a MOF crystal or they can be introduced intentionally. The term used for naturally 

occurring defects is inherent defects and the term for deliberately introduced of such defects is 

engineered defects. It is widely seen that defective MOFs are preferred over non-defective 

MOFs because they provide functionalization and irregularities which could be helpful for 

catalysis and adsorption. It is important to detect and quantify defects in order to better 

understanding of the system one is working with, so that it can be employed in the right 

application. The defects can be detected using many different techniques. The external defects 

are often observed by SEM, AFM and confocal florescence microscopy.101-102 It is tricky to 

observe internal defects and combination of techniques are required to observe them, mostly by 

TGA-DSC, TGA-MS, NMR, FTIR, PXRD, gas adsorption (Figure 6). 

Figure 6. Various characterization techniques employed to detect and quantify defects in UiO Zr-MOFs, 

and their advantages and disadvantages. Reused with permission.103 

UiO Zr-MOFs often contains free or bonded i) water molecules, ii) benzoic acid, iii) formic 

acid and/or iv) DMF. If these are in free state, most of them should be removed during the 

work-up unless trapped in the pores. If they are still present in the MOF material after work-

up, then it is likely that they are present as the capping sites at the vacancy created by missing-

linkers. If the amounts of all these species is calculated, they can help to determine the true 

composition of a given MOF. As discussed before, defects in MOFs is a major topic of research. 

To have a deep understanding of the material, it is important to know the true composition of 

Technique Advantage Disadvantage 
TGA Quantify the amount of defect No direct structural evidence; fail to distinguish cluster and linker 

missing defects; accuracy is debatable 
Acid-base titration More accurate: give more details on terminal 

species attached to defect sites 
fail to distinguish cluster and linker missing defects 

Nitrogen 
adsorption 

Roughly provide the evidence of the existence of 
defects 

No linear relation between BET surface area and amount of 
defects 

XRD Characterize the crystallinity of defective UiO-66; 
PXRD is able to characterize cluster missing defects 

Difficult to quantify defect occupancy; insensitive to organic 
linkers; single crystals is only applicable to large crystals (5-100 
µm) 

FTIR and Raman 
spectra 

Offer information of proton transfer and local defect 
structures 

Difficult or quantify the defect occupancy and distinguish cluster 
missing defect 

NMR Provide chemical state of modulator species and 
linkers and information on local defect structures 

Difficult to quantify the defect and distinguish cluster missing 
defect from linker missing defect 

Water sorption Characterize Lewis acid sites and atomic level Difficult to quantify the defect 
HRTEM Direct observation of defects at atomic level Difficult to quantify the defect 
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the MOF and therefore recognize them. The defects in UiO-67 are primarily missing-linker 

defects, leaving charged species. The charge compensation often occurs by the capping of these 

vacancies by other charges species like benzoate, formate, and hydroxide present in the reaction 

mixture. Therefore, if we quantify the presence of these capping agents, we can estimate the 

approximate missing-linker defects in UiO-67.  

1.9. UiO-67 type mixed linker MOFs and metal incorporation 

UiO-67-bndc is synthesized using [1,1'-binaphthalene]-4,4'-dicarboxylic acid (H2bndc) linker 

under similar synthesis condition as UiO-67, instead of H2bpdc. It can be regarded as a UiO-

67-type MOF as its crystal structure is identical as that of UiO-67 (Figure 7). The important 

aspects for using H2bndc as a linker is that it gives higher stability towards water and it has 

reduced pore size. Previous research in the group has shown that UiO-67-bndc depicts 

exceptional stability to aqueous solutions over a wide pH range and to water vapor in repeated 

adsorption/desorption cycles.65 It retains its structure after being dried from water, unlike UiO-

67 as the H2bndc linker partially shields the strongest adsorption sites, as seen by single crystal 

structural determination. The advantage of a material which has the properties of UiO-67 but 

reduced pore size is a great candidate for studying the confinement effect.  

 

Figure 7. Illustration showing the formation of UiO-67-bndc which is composed of Zr6O4(OH)4 clusters 

and H2bndc linker and is isostructural to UiO-67. 

Generally, a MOF catalyst is synthesized using a mixture of inert and functionalized ligands to 

obtain a density of sites in the framework that provides balance between activity and catalyst 



Introduction 

 

25 

 

stability, colloquially called a “mixed-linker MOF”. Mixed-linker MOFs are synthesized with 

the combination of two or more linkers. Some percentage of the linker of a MOF is substituted 

with another suitable linker (called functionalized linker) by ensuring that the node of the MOF 

remains unaffected.75 It is a common way for providing functionalization to an established 

MOF, opening added possibilities of applications.104-106 Mixed-linker MOFs can also offer an 

anchoring site for the introduction of an active metal center in the pores of MOFs. This binding 

site helps to stabilize the metal in the pores of the MOFs. The biphenyl moiety of UiO-67 

provides a more versatile anchoring point for functional groups than the single phenyl ring of 

UiO-66.69, 107 Its higher porosity also allows reactants and products of a catalyzed reaction to 

diffuse more freely, with less steric limitations. There are many factors, which are necessary 

for selecting the linkers which can be used for making mixed linker MOFs: 

a) The length of the linker: The length of the functionalized linker is advisable to be similar to 

that of the original linker of the MOF unless the intent is to introduce changes to the crystal 

structure of the MOF. Hence, for example benzene-1,4-dicarboxylate linkers can be partially 

substituted by 2-aminobenzene-1,4-dicarboxylate. This was done for well-established MOF-5 

where the added NH2 group was beneficial for Pd immobalisation.108 Moreover, UiO-67 is seen 

to be often functionalized by partial substitution of the H2bpdc linker by [2,2'-bipyridine]-5,5'-

dicarboxylic acid (H2bpydc). H2bpydc thus provides two nitrogen atoms, which are used for 

binding metal centers as a bidentate ligand in the pores of the MOF. Literature shows the 

incorporation of metals like Pt, Cu, Fe, Pd, Co, Ce in the bpydc-bpdc UiO-67 system.66, 74, 99, 

109-114 

b) Size of the linker: The size of the functionalized linker has a great impact in the formation 

of MOFs. The steric hindrance of large linkers/complexes may obstruct the crystallization of 

the MOF.72 Therefore, introduction of bulky complexes in the framework of the MOF by direct 

synthesis is difficult. Cohen and coworkers functionalize UiO-67 with (bis(2,2’-

bipyridine)(5,5’-dicarboxy-2,2’-bipyridine)ruthenium(II)) by three different strategies, a) 

direct synthesis, b) post-synthetic exchange (PSE) and c) post-synthetic modification (PSM).75 

With the direct synthesis, the Ru loading was very low. Therefore, for larger molecules it is 

advisable to use PSM as it gave evidently 10 % loading, in this case. 

c) Solubility of the linker: It is important to know the relative solubility of the linkers in the 

reaction conditions. This will ensure the incorporation of both linkers homogeneously. In case, 
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one linker has lower solubility, it is advisable to add the linkers in the sequence of low to high 

solubility to allow them to dissolve and distribute evenly in the solution. 

d) Percentage of mixed linker: Low amounts (up to 20-30 %) of functionalized linkers in the 

framework of the MOFs maintains the crystal structure and does not shows large deviation in 

stability of the MOF. It also helps to bind sufficient amount of metal for catalytic testing. 

Alterations in the MOF by mixed-linker synthesis often decreases its thermal stability as the 

percentage of mixed-linkers is increased (50 % and above).105, 108   

e) Effect of reaction conditions: The reaction conditions should be suitable for maintaining the 

stability of mixed-linker. For instance UiO-67 is crystallized in an acidic reaction mixture as 

HCl is produced by the reaction of DMF and H2bpdc. We tried to introduce 10 % of 3,3'-

diethoxy-[1,1'-biphenyl]-4,4'-dicarboxylic acid (H2bpdc-(OMe)2) in UiO-67 by direct synthesis 

but this functionalized linker showed decomposition in acidic conditions.115 H2bpdc-(OMe)2  

cleaved under acidic condition to yield 3,3'-dihydroxy-[1,1'-biphenyl]-4,4'-dicarboxylic acid 

(H2bpdc-(OH)2) which inhibited the introduction of this linker in the MOF. The decomposition 

of the linker was confirmed by performing reaction directly on H2bpdc-(OMe)2 linker (Figure 

8). This highlights the importance to know the effect of reaction condition to the functionalized 

linker, prior to the synthesis of mixed-linker MOF. 

 

Figure 8. Reaction of H2bpdc-(OMe)2 to H2bpdc-(OH)2 as an effect of reaction condition in the synthesis 

of UiO-67. 

The amount of functionalized linker in the final mixed-linker MOF is lower than the intended 

amount in most of the cases, as observed during the work of this thesis. For example, an 

incorporation of 10 % of the functionalized linker in the MOF framework was intended but the 

NMR reveals that the functionalized linker is between 5-8 % with respect to H2bpdc in case of 

UiO-67 type mixed linker MOF. There can be many reasons for the low incorporation such as, 

i) low selective binding of the functionalized linker towards Zr, ii) low solubility of the 

functionalized linker than H2bpdc or iii) synthesis approach as the author has used only direct 

synthesis approach for the synthesis of mixed linker MOFs in this work. Therefore, it is 

challenging to state the true reason for the lower incorporation.  
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Furthermore, these mixed linker MOFs were used for the metal incorporation. Introduction of 

chemically active metal sites in the MOF pores is of great interest for catalysis as discussed 

above. The choice of the metal depends on the reaction of interest. Ni grafted MFU-4l MOF 

was seen to be used as a catalyst for selective dimerization of ethene to 1-butene. MFU-4l is a 

Zn-based MOF; Zn5Cl4(BTDD)3 where BTDD is bis(1H-1,2,3-triazolo[4,5-b][4′,5′-

i])dibenzo[1,4]dioxin). Ni grafted MFU-4l has shown exceptionally high selectivity of more 

than 90 % towards 1-butene.116 Moreover, Ni grafted H2bpydc linker was introduced on the 

free Zr-OH sites in the NU-1000 and seen to be catalytically active.117 NU-1000 is based on 

Zr6(μ3-O)4(μ3-OH)4(H2O)4(OH)4 nodes and tetratopic 1,3,6,8-(p-benzoate)pyrene (TBAPy4−) 

linkers. On similar grounds, in our group UiO-67 with 10 % of H2bpydc was synthesized and 

Ni was grafted to the free nitrogen sites of the H2bpydc linker and tested for ethene 

dimerisation.118 This catalyst yielded up to 6 % conversion with 99 % selectivity to linear 1- 

and 2-butenes without the use of co-catalyst, unlike other common catalysts. 

Moreover, such metal incorporation also makes the MOF catalyst interesting towards redox 

chemistry. For example, incorporation of Pt in the mixed linker H2bpydc UiO-67 MOF would 

exhibit Pt site which has various stable oxidation state (0, II and IV). Furthermore, for an active 

catalyst, it is interesting to investigate the local environment of the metal site in order to draw 

estimations about the state of metal. This is a challenging tasks and requires combination of 

various techniques using synchrotron facilities. The structural and oxidation state of the metal 

site can be determined using extended X-ray spectroscopy fine structure (EXAFS) and X-ray 

absorption near edge structure (XANES). These techniques can also help in the estimation of 

counter ions attached to the active metal sites which helps to understand its local coordination.  

In case of Pt incorporated H2bpydc UiO-67 MOF, the counter ions were seen to be chloride 

molecules.66 The removal of Cl ions was observed using operando TPR-EXAFS experiments, 

leaving the Pt atom to be coordinative unsaturated open site possible for catalytic application.  

The synthesis of similar metal incorporated various mixed-linker MOFs of this work is 

discussed in detail in section 2.5. These MOF catalysts were used tested for various reaction. 
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2. Experimental methods 

2.1. Characterisation techniques and their use in the thesis 

There were many characterization techniques employed for the investigation of the synthesized 

MOFs in this thesis. Five characterization techniques (PXRD, nitrogen sorption, TGA-DSC, 

SEM-EDX and 1H NMR) are central and are performed for mostly all of the synthesized 

material. Other than these techniques, important information was inferred by extended 

techniques like fourier-transform infrared spectroscopy (FTIR), ultraviolet–visible 

spectroscopy (UV-Vis), x-ray Absorption Spectroscopy (XAS), single crystal X-ray diffraction 

(SC-XRD). These techniques were employed only on selected samples and were performed 

with extended help and collaboration.  

2.1.1. Powder X-ray diffraction (PXRD) 

PXRD was used as a major tool to characterize all the synthesized materials. It was utilized to 

determine, i) crystallinity of MOF (as-synthesized, after modification and stability tests), ii) 

presence of forbidden reflections and iii) the correct phase of the product. Samples were 

prepared using  ~20 mg of the sample on a glass plate XRD sample holder by spreading it 

evenly and covering with transparent plastic film. The plastic film gives a small signal in the 

PXRD patterns observed at 2θ = ~22 ° and 34 ° as broad peaks. PXRD patterns (Cu Kα 

radiation, λ = 1.5418 Å, 2θ range = 2-50 °, time scale = 1, resulting in a d-spacing to 1.82 Å) 

were collected in reflectance Bragg-Brentano geometry with a Bruker D8 Discovery 

diffractometer equipped with a focusing Ge-monochromator and a Bruker LYNXEYE detector. 

The crystallite size was estimated by refining the diffraction pattern by “Rietveld” refinement 

using the software TOPAS against an ideal UiO-67 structure (Table A1 and Figure A1). The 

Rietveld method was used in a very restricted mode, where only the crystallite size parameter 

and sample displacement were allowed to refine freely, and all atomic positions and 

occupancies were restrained. This method was used because it takes the peak intensities into 

account, which would have provided the opportunity to explore e.g. difference maps. For the 

purpose of crystallite size determination, however, a Pawley refinement might as well have 

been used.  
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2.1.2. Thermogravimetric analysis-Differential scanning calorimetry (TGA-DSC) 

The TGA-DSC technique gives a temperature profile where a sample is heated under a 

controlled atmosphere with a specified temperature program. Therefore, weight loss can be seen 

as a function of temperature. For UiO-67, weight losses are observed with the i) loss of water 

or solvent frim the MOF pores, ii) dihydroxylation of cornerstones, iii) removal of modulator 

molecules and iv) MOF framework breakdown via combustion of MOF linkers. Moreover, 

DSC measures the amount of heat released or required during the heating of the sample. A 

positive peak in the DSC is indicative of exothermic process whereas a negative peak shows 

endothermic process. For UiO-67, mostly endothermic peaks were observed due to removal or 

breakdown of framework. TGA-DSC was performed to know the thermal stability of all the 

samples and it was also employed in the static thermal stability tests. Also, TGA plays an 

important role for the calculation of defects as it is possible to calculate the mass of organics in 

the MOF sample using TGA analysis (Section 2.3.2). TGA-DSC analysis was performed on a 

Netzsch STA 449 F3-Jupiter instrument, by flowing a mixture of 5 mL/min O2 and 20 mL/min 

of N2 and using a ramp rate of 5 °C/min. ~20 mg of the sample was weighed and transferred 

into an Al2O3 sample holder and the data was collected for the temperature range of 30 °C to 

800 °C. 

2.1.3. 1H NMR spectroscopy 

1H NMR is basically the dissolution NMR where MOF is digested in a deuterated base solution. 

By treating the MOF with base solution, the organic part of the MOF (linker, modulator, solvent 

etc) dissolves in the solution and this solution is analyzed to quantify the composition of the 

MOF. This is an indirect way to perform solution NMR on MOFs and estimate the organic 

components as it does not confirm the true bond in the MOF (as it is estimated after the MOF 

framework is destroyed). These results are combined with the TGA results to get a quantified 

individual organic components to find out the amount of capping agents and therefore discuss 

the extent of defects in UiO-67 samples (Section 2.3.2). Samples were prepared by weighing 

20 mg of the dry sample in a centrifuging tube and adding 1 mL of 1M NaOH (in D2O). The 

tubes were shaked properly to get a homogeneous suspension and kept overnight for digestion. 

After centrifuging the digested suspension for 15 min, 600 µL solution was pipetted to an NMR 

tube. This hydroxide-based procedure dissolves only the organic portion of the MOF (linker, 

modulator, solvent etc.), while the inorganic content is converted into mixed oxides/hydroxides 
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of Zr that settle at the bottom of the NMR tube and do not influence the spectra. Liquid 1H 

NMR spectra were obtained with a Bruker AVII 400 NMR Spectrometer (400 MHz). The 

relaxation delay (d1) was set to 20 seconds with 64 scans. 

2.1.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS) 

SEM was used to analyse the morphology and size of the crystals in various UIO-67 samples. 

The metal to Zr ratio was calculated using EDS for the samples for the metal incorporated 

samples. SEM and EDS were taken on a Hitachi SU8230 Field Emission Scanning Electron 

Microscope (FE-SEM). EDS was performed using an XFlash 6|10 EDX detector. 

2.1.5. Nitrogen sorption measurements at 77 K 

Nitrogen sorption is employed for measuring the volume of nitrogen adsorbed by the sample as 

a function of pressure. It is used for assessing the porosity of all the MOF samples and calculate 

surface area and pore volume from it. Nitrogen sorption were performed with a BelSorp mini 

II instrument. In each measurement, ~40  mg of the sample was weighed into a 9.001 cm3 glass 

cell and pretreated at 80 °C for 30 min and 200 °C for 60 minutes, under vacuum. 

2.2. General approach to synthesize UiO-67 and UiO-67-type MOFs 

UiO-67 was synthesized via a simple one-pot reaction in DMF at 130 °C, using benzoic acid as 

modulator and water as aqueous additive (section 1.6.2). ZrCl4 was added to the solution of 

water and DMF at room temperature on a stirring plate. This solution was heated and benzoic 

acid was added, waited until completely dissolved and then added the linker/s. The solution 

was transferred to a round bottom flask, fitted with the water condenser and stirred overnight 

at 130 °C. The product was filtered and washed with hot DMF (around 100-120 °C) and acetone 

(room temperature), followed by drying at 150 °C overnight. Details about the precise amounts 

can be found in the following sections, depending on the kind of synthesis. 
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2.3. UiO-67  

In recent years, UiO-66 has been studied thoroughly in many aspects, such as optimization of 

the regular synthesis procedure to a scalable, reproducible and low-cost protocol aiming for 

high quality material with enhanced properties.84, 88-89, 119-120 The relationship between synthesis 

parameters and MOF properties has not been investigated to the same degree for UiO-67 as for 

UiO-66, and reported methods show poor reproducibility in terms of the porosity and stability 

of the product MOF.84, 91-92 Conventional UiO-67 synthesis is carried out by reaction of 

ZrCl4:H2bpdc:DMF in a molar ratio (equiv) of 1:1:300-500 and crystallizing at 120 °C. The 

significance of molar equivalent (denoted by “equiv”) is to highlight the interdependent ratio 

between various reagents used for the synthesis. In other words, in conventional UiO-67 

synthesis, for every mole of ZrCl4, one mole of H2bpdc is used to react in the presence of 300 

to 500 moles of DMF. Under these conditions, the reagents dissolve completely, and upon MOF 

formation, the concentration of reagents in solution, drops. The linker can exist in its solid form, 

dissolved in the mother liquor or as part of the MOF structure (equation 1): 

 𝐇𝟐𝐛𝐩𝐝𝐜(𝐬)  ↔  𝐇𝟐𝐛𝐩𝐝𝐜(𝐬𝐨𝐥)  ↔  𝑯(𝒔𝒐𝒍)
+ + 𝐇𝐛𝐩𝐝𝐜(𝒔𝒐𝒍)

− ↔  𝟐𝐇(𝒔𝒐𝒍)
+ + 𝐛𝐩𝐝𝐜(𝒔𝒐𝒍)

𝟐−  ↔

 𝟐𝑯(𝒔𝒐𝒍)
+ + 𝐛𝐩𝐝𝐜(𝒔𝒐𝒍,   𝑴𝑶𝑭)

𝟐−                                                                                                                   (𝟏)     

 

Addition of a modulator helps forming well-defined crystals of UiO-67. Due to the common 

ion effect (in this case H+), modulator addition further decreases the already limited solubility 

of the H2bpdc linker (Figure 9). Solvent hydrolysis represents a further complication; like the 

modulator, it adds to the H+ content of solution, and the deprotonated formic acid competes 

with the linker for interaction with Zr4+ sites (Figure 9).  
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Figure 9. Reversible interactions (simplified) occurring during the formation of UiO-67. 

Therefore, the effect of interdependence of reagents in the synthesis of UiO-67 and its 

consequences on the defectivity of the MOF is discussed in detail in this thesis (section 2.3). 

Further, the best conditions obtained for the synthesis of UiO-67 are tested by employing it to 

other UiO-67-type MOFs like UiO-67-bndc, where the linker is [1,1'-binaphthalene]-4,4'-

dicarboxylic acid (H2bndc) instead of H2bpdc (section 2.3.5). The results from UiO-67 and 

UiO-67-bndc were further used to make mixed-linker MOFs based on replacing certain fraction 

of linkers (H2bndc and H2bpdc) and substituting it with functionalized biphenyl linkers (section 

2.5). Furthermore, these MOFs are post-synthetically modified and incorporated with metals to 

test their catalytic activity, discussed in section 2.5.2.  

2.3.1. Screening the reaction conditions 

UiO-67 is synthesized using ZrCl4, H2bpdc linker, modulator and additive in DMF at elevated 

temperature. Therefore, it is necessary to understand the effect of various crystallization 

environment and determine the factors to control their degree and correlation to the quality of 

the material. 

2.3.1.1. Preliminary high-throughput synthesis 

An initial high-throughput screening of several parameters of UiO-67 synthesis was performed 

to confirm the effects of the already explored variables in the literature: 
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i) effect of additives  

ii) effect of modulator  

iii) reaction temperature  

iv) amount of modulator  

The precise details are summarized in Table 1. The synthesis of the MOF was performed with 

a Zr:DMF as a ratio of 1:300 (equiv). The thermal stability of the samples were later 

investigated by heating them at 450 °C for 2 hours in air.  

Table 1. Synthesis parameters for the initial high-throughput screen of UiO-67 syntheses. 

Synthesis parameter Parameter value 

Solvent amount (DMF:Zr) (molar equiv w.r.t. to Zr moles) 300, 100, 50, 35, 20 

Modulator type Benzoic acid (BA), acetic acid (Ac) 

Modulator amount (molar equiv w.r.t.to Zr moles) 0, 3, 6, 9, 12, 15, 18 

Additives  HCl (35 %), H2O 

Temperature (°C) 120, 130, 140  

 

503 µL of water (0.0280 mol/ 3.00 equiv) was added to a beaker containing 216 mL of DMF 

(2.79 mol/ 300 equiv) and a magnet. 2.17 g of ZrCl4 (0.00930 mol/ 1.00 equiv) was added at 

room temperature and the solution was heated to 110 °C, under stirring. The solution was 

transferred to twelve beakers (18 mL each) labelled 0 Ac, 3 Ac, 6 Ac, 9 Ac, 12 Ac, 15 Ac, 0 

BA, 3 BA, 6 BA, 9 BA, 12 BA and 15 BA, where Ac and BA stands for acetic acid and benzoic 

acid, respectively (Figure 10).  
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Figure 10. Schematic representation of the formation of 36 samples of set W. Similarly, set H was made 

by adding HCl(aq) instead of water giving rise to another 36 samples. 

Ac and BA was added to the 12 beakers according to Table 2, followed by 0.188 g of H2bpdc 

linker (0.00930 mol/ 1 equiv). The solution of each beaker was divided into three test tubes 

(6.00 mL each) and closed loosely with a Teflon cap. Thus obtained three group of twelve test 

tubes called set W (as it has water), kept at 120 °C, 130 °C and 140 °C overnight (Figure 10). 

The white solid was collected by centrifugation and washed with acetone (5.00 mL*1) and dried 

overnight at 150 °C. The above procedure was repeated to obtain Set H (three sets of twelve 

samples each) by adding 658 µL of hydrochloric acid (3 equiv) instead of water. The PXRD of 

all the samples (72 samples) were recorded. Set W and set H were heated for 2 hours at 450 °C 

and recorded the PXRD to check their thermal stability. 

Table 2. Amount of modulator used to make set W and set H, for preliminary optimization of UiO-67. 
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Sample number 1-12 13-24 25-36

Reaction temperature 120 ᴼC 130 ᴼC 140 ᴼC

Add modulator

Entry Modulator Amount of modulator to be added 

 0 equiv 

(0 mol) 

3 equiv 

(0.030 mol) 

6 equiv 

(0.060 mol) 

9 equiv 

(0.080 mol) 

12 equiv 

(0.120 mol) 

15 equiv 

(0.140 mol) 

1 Ac (µL) - 133 266 399 532 665 

2 BA (g) - 0.284 0.568 0.862 1.14 1.42 
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2.3.1.2. Screening the amount of solvent for UiO-67 synthesis 

This sub-section focuses on the Zr:DMF ratio and attempting to establish the interdependence 

of the amount of solvent and modulator (Zr:DMF:BA). The main goal of this study was to 

optimize the synthesis condition of the UiO-67, obtain a high quality, stable UiO-67 with high 

porosity and high yield by pushing the use of the solvent to the lower limits. A set of five 

reactions were prepared where amount of DMF was screened with 20 equiv (0.170 mol), 35 

equiv (0.300 mol), 50 equiv (0.430 mol), 100 equiv (0.860 mol) and 300 equiv (2.57 mol) and 

other parameters as constant. Zr = 1 equiv (0.00860 mol), H2bpdc = 1 equiv (0.00860 mol), BA 

= 9.00 equiv (9.430 mol); H2O = 3.00 equiv (0.0260 mol); DMF = vary, at 130 °C. UiO-67 was 

synthesized using the procedure described in section 2.2 and washed with hot DMF (30 mL*3) 

and acetone (30 mL*3).  

Table 3. Amount of reagents used in the screening of Zr:DMF for UiO-67 synthesis. 

Entry DMF (equiv) DMF (mL) 

1 20 13.3 

2 35 23.3 

3 50 33.3 

4 100 66.5 

5 150 200 

2.00 g of ZrCl4, 2.08 g of H2bpdc, 9.40 g of BA and 0.460 mL of H2O 

 

2.3.1.3. Screening the amount of modulator for UiO-67 synthesis 

The core results of the study were obtained by two syntheses series in which the Zr:modulator 

ratio was systematically varied with solvent concentration to be 50 equiv or 300 equiv. These 

series of UiO-67 are labeled C-xBA and DxBA, signifying “concentrated” and “dilute”, 

respectively, in which ZrCl4:H2bpdc:H2O:DMF molar ratios of 1:1:3:50 and 1:1:3:300. In the 

respective concentrations, up to 18 molar equiv of BA with respect to reagents were used, and 

each material is labeled with this number (see Table 4). Thus, sample C-3BA refers to UiO-67 

made in a concentrated synthesis with 3 molar equiv of BA, the ratios of 

ZrCl4:H2bpdc:BA:H2O:DMF as 1:1:3:3:50 (see Table 5). Characterization data is discussed in 

section 3.1.1.3.  
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Table 4. Moles of benzoic acid used for the synthesis of C-xBA and DxBA series.  

Entry C-xBA series  D-xBA series BA (molar equiv) BA (mol) 

1 C-0BA  D-0BA 0 0 

2 C-3BA  D-3BA 3 0.0260  

3 C-6BA  D-6BA 6 0.0520 

4 C-9BA  D-9BA 9 0.0770 

5 C-12BA  D-12BA 12 0.103 

6 C-15BA  D-15BA 15 0.129 

7 -  D-18BA 18 0.154 

 

Concentrated synthesis (C-xBA):A set of 6 reactions were performed using the procedure 

described in section 2.2 where benzoic acid was screened using 0 equiv, 3 equiv, 6 equiv, 9 

equiv, 12 equiv and 15 equiv with other parameters as constant. Zr = 1 equiv (0.009 mol), 

H2bpdc = 1 equiv (0.009 mol), BA:vary; H2O = 3 equiv (0.0260 mol); DMF = 50 equiv (0.430 

mol), at 130 °C. They were labelled as C-xBA where x ranges from 0 to 15 equiv depending on 

amount of benzoic acid used in the preparation of the sample and C stands for concentrated 

synthesis.  

Table 5. Amount of reagents used in the screening of amount of BA for 50 equiv DMF (concentrated 

synthesis) for UiO-67. 

Entry Label BA (g) 

1 C-0BA 0 

2 C-3BA 3.14 

3 C-6BA 6.29 

4 C-9BA 9.43 

5 C-12BA 12.08 

6 C-15BA 15.72 

2.00 g ZrCl4, 2.08 g H2bpdc, 0.460 mL H2O and 33.3 mL DMF  

Dilute synthesis (D-xBA):A set of 7 experiments was prepared for the screening of benzoic acid 

for dilute synthesis using the procedure described in section 2.2 where BA was screened using 

0 equiv, 3 equiv, 6 equiv, 9 equiv, 12 equiv, 15 equiv and 18 equiv with other parameters as 

constant. Zr = 1 equiv, H2bpdc = 1 equiv, BA = vary; H2O = 3 equiv; DMF = 300 equiv at 130 

°C. They were labelled as D-xBA where x ranges from 0 to 18 equiv depending on amount of 

benzoic acid used in the preparation of the sample and D stands for dilute synthesis.  
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Table 6. Amount of reagents used in the screening of amount of BA for 300 equiv DMF (diluted 

synthesis). 

Entry Label BA (g) 

1 D-0BA 0 

2 D-3BA 3.14 

3 D-6BA 6.29 

4 D-9BA 9.43 

5 D-12BA 12.08 

6 D-15BA 15.72 

7 D-18BA 18.87 

2.00 g ZrCl4, 2.08 g H2bpdc, 0.460 mL H2O and 33.3 mL DMF  

2.3.2. Calculation of missing-linker defects 

The main organic constituents in UiO-67 are deprotonated analogues of linker (bpdc2-), 

modulator (benzoate) and hydrolyzed solvent (formic acid (FA); an in situ product of the 

hydrolysis of DMF).58, 100 Their presence (after extensive washing) shows that the organic 

constituents are bonded to the framework. Their relative ratio gives an estimate of the true 

composition of the as-synthesized material. The combination of TGA-DSC and 1H NMR data 

gives an estimate of the relative amount of organic constituent in the MOF samples. This has 

been used to calculate missing-linker defects in the samples of UiO-67, based on the previously 

published report for UiO-66.59                                                                              

Assumptions associated with these methods: 

i. The amount of cluster vacancy defects is negligible (checked for signs of forbidden 

low-angle reflections in the PXRD) 

ii. There is no mesoporosity associated with such defects (checked by adsorption 

isotherms). 

iii. The residual species at 800 °C is pure ZrO2 (checked by PXRD).  

TGA-DSC analysis gives a MOF decomposition profile with respect to temperature. 20 mg of 

the sample was weighed in an Al2O3 sample holder and heated up to 800 °C in synthetic air. 

Thus obtained data reveals the removal of water and organics in the MOF by showing weight 

loss by increase in temperature, before the MOF framework collapse (at about 450 °C). With 

the temperature profile of 30 to 800 °C, UiO-67 shows transition from hydroxylated 

(𝑍𝑟6𝑂4(𝑂𝐻)4(𝑏𝑝𝑑𝑐)6) form of UiO-67 to dehydroxylated form (𝑍𝑟6𝑂6(𝑏𝑝𝑑𝑐)6) and at higher 

temperature to zirconium oxide (𝑍𝑟𝑂2).   



Experimental methods 

 

38 

 

𝑍𝑟6𝑂4(𝑂𝐻)4(𝑏𝑝𝑑𝑐)6  →  𝑍𝑟6𝑂6(𝑏𝑝𝑑𝑐)6   →  6𝑍𝑟𝑂2 

Therefore, we can calculate the molar mass of an ideal UiO-67 material. 

Molar mass of dehydroxylated UiO-67 (Zr6O6(bpdc)6) = 2084.57 𝑔/𝑚𝑜𝑙 

Molar mass of hydroxylated UiO-67 (Zr6O4(OH)4(bpdc)6) = 2120.59 𝑔/𝑚𝑜𝑙 

Molar mass of 6 formula units of ZrO2= 739.308 𝑔/𝑚𝑜𝑙 

This implies that in case of dehydroxylated UiO-67, 2084.57 𝑔/𝑚𝑜𝑙 is higher than 6 moles of 

ZrO2 with the factor of 2.819. So, the ideal TGA-DSC plateau should be at 281.9 % =  ~282 %. 

On the other hand, in case of hydroxylated UiO-67, 2120.59 𝑔/𝑚𝑜𝑙 is higher than 6 moles of 

ZrO2 with the factor of 2.868. Therefore, the ideal TGA-DSC plateau should be at 286.8 %. 

The difference between the ideal plateau of hydroxylated UiO-67 and dehydroxylated UiO-67 

can thus be calculated by subtracting both the values i.e. 4.8 %, assuming that only two water 

molecules per cluster are lost and no BA or bpdc2- linkers are affected. 

Hence, if the MOF material is perfectly coordinated to 6 bpdc linkers, its TGA-DSC plateau 

should be at 282 % and 286.8 %. At about 375 °C, the plateau of the material should be at 286.8 

% (called theoretical dehydroxylated ideal mass) of relative molar ratio percent. Indeed, the 

material may deviate from ideality where two cases arises where the plateau is i) above or ii) 

below the theoretical mass loss, depending on the actual mass of the synthesized MOF. The 

excess mass in the TGA would indicate the presence of excess mass corresponding to the 

chemical species in the pores whereas the mass deficient MOF will indicate the missing 

chemical species. Together with results from PXRD and nitrogen adsorption indicates the 

absence of missing clusters defects which implies that the samples in this work should mainly 

contain missing-linker defects.  

The ideal composition of UiO-67 after the dehydration of the cluster is Zr6O6(bpdc)6, but in the 

presence of missing-linkers it is Zr6O6(bpdc)6-x where x is the amount of missing-linkers. 

Assuming all benzoate and formate is decomposed.  

𝑛𝑙𝑖𝑛𝑘𝑒𝑟 =

𝑊𝑡.200 ℃∗ 𝑀𝑚6𝑍𝑟𝑂2

100 − 𝑀𝑚𝑍𝑟6𝑂6(𝑂𝐻)4

𝑀𝑚𝑙𝑖𝑛𝑘𝑒𝑟
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Where 𝑛𝑙𝑖𝑛𝑘𝑒𝑟  gives the estimate of the number of total linkers in the MOF sample coordinated 

to Zr6 cluster, which is six in case of ideal UiO-67. 

The major drawback of calculation of defects based on only TGA-DSC is that it does not give 

the estimate of detailed composition of the MOF to support the claims of the number of linkers 

associated per cluster. The decomposition of the organics of the MOF is also affected by the 

increase in internal temperature of the material due to combustion of other organic species. This 

may delay the decomposition of a particular species, hence giving no distinct peaks in the data. 

Therefore, to quantify the amount of organics more precisely, the results from TGA-DSC are 

combined with 1H NMR which gives deeper understanding and quantifiable results. 20 mg of 

the sample is heated in air at 200 °C for 24 hours to remove residual solvent, digested in NaOD 

and the organic components are quantified with 1H NMR. The composition (a mixture of bpdc2-

, benzoate and formate) is then scaled to the relative ratio of the organic constituents of the 

MOF using the mass value of the sample at 200 °C from TGA-DSC measurements. 

The ideal composition of UiO-67 at 200 °C is Zr6O4(OH)4(bpdc)6, but in the presence of 

missing-linkers it is Zr6O4(OH)4(bpdc)x(BA)y(FA)z, where 𝑥 + 𝑦 + 𝑧 = 6. The ratios of x:y:z 

is determined by 1H NMR , and thus the average molar mass of the organic components 

(Mmorganics) can be found. The total amount of organic species will be the sum of molar masses 

of linker, BA and FA in the MOF sample and can be calculated using equation (2): 

𝑇𝑜𝑡𝑎𝑙 𝑀𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠 = 𝑀𝑚𝑥 𝑙𝑖𝑛𝑘𝑒𝑟 + 𝑀𝑚𝑦 𝑙𝑖𝑛𝑘𝑒𝑟 + 𝑀𝑚𝐵𝐴 + 𝑀𝑚𝐹𝐴 (2) 

Each of the molar mass can be calculated by using the integrals from the NMR,  

𝑀𝑚𝑥 𝑙𝑖𝑛𝑘𝑒𝑟 =
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑥 𝑙𝑖𝑛𝑘𝑒𝑟 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 (𝑥 𝑙𝑖𝑛𝑘𝑒𝑟 + 𝑦 𝑙𝑖𝑛𝑘𝑒𝑟 + 𝐵𝐴 + 𝐹𝐴)
∗ 𝑀𝑚𝑏𝑝𝑑𝑐  

Similarly, other values for equation (2) can be calculated. 

To calculate the total amount of organics per Zr cluster, the 𝑇𝑜𝑡𝑎𝑙 𝑀𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠  should be 

divided by the mass of the cluster of the synthesized sample. This mass of the cluster can be 

found from the TGA-DSC curve, and the data point at 200 °C will be used to find the mass of 

the hydroxylated cluster. 

Hence, total organic per Zr6 cluster, 
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𝑛𝑡𝑜𝑡𝑎𝑙 𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠

𝑍𝑟6 𝑐𝑙𝑢𝑠𝑡𝑒𝑟
=

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝑢𝑠𝑖𝑛𝑔 𝑊𝑡200 °𝐶

𝑇𝑜𝑡𝑎𝑙 𝑀𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠(𝑓𝑟𝑜𝑚 𝑒𝑞 (1))
 

And to find out number of individual constituents per Zr6 cluster,   

  

𝑛𝑥 𝑙𝑖𝑛𝑘𝑒𝑟

𝑍𝑟6 𝑐𝑙𝑢𝑠𝑡𝑒𝑟
=

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑥 𝑙𝑖𝑛𝑘𝑒𝑟 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 (𝑥 𝑙𝑖𝑛𝑘𝑒𝑟 + 𝑦 𝑙𝑖𝑛𝑘𝑒𝑟 + 𝐵𝐴 + 𝐹𝐴)
∗

𝑛𝑡𝑜𝑡𝑎𝑙 𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠

𝑍𝑟6 𝑐𝑙𝑢𝑠𝑡𝑒𝑟
 

Similarly for y linker, BA and FA. These are the values used in results and discussion chapter 

which gives the number of individual organic constituents and therefore an estimation of 

composition of the MOF samples (for example Figure 25). 

2.3.3. Time course synthesis 

The insights to the mechanism of the synthesis of MOFs are still regarded as a challenge. Most 

of the synthesis of such materials are seen to be performed with 24 hours. It is interesting to see 

the formation of the particles with respect to time. Therefore, to monitor the synthesis of UiO-

67 and follow it with respect to time, a time course study was performed. A reaction for the 

synthesis of UiO-67 was set up using the dilute synthesis protocol and samples were extracted 

at various intervals. These samples were characterized with 1H NMR, TGA-DSC and SEM.  

Synthesis of D-9BA was repeated by using 2.00 g of ZrCl4 (0.009 mol/ 1 equiv), 0.460 mL water 

(0.0260 mol/ 3 equiv), 200 mL of DMF (2.56 mol/ 300 equiv), 9.43 g of benzoic acid (0.077 

mol/ 9 equiv) and 2.08 g of H2bpdc linker (0.009 mol/ 1 equiv), using the procedure described 

in section 2.2. After the addition of linker (considered time zero), 20 mL of the reaction mixture 

was drawn out using a pipette at intervals of 4 h after the onset of precipitation i.e. at 0.5 h. 

Thus the samples were collected at 0.5 h, 4.5 h, 8.5 h, 12.5 h, 16.5 h, 20.5 h and after the end 

of reaction at 24 h. Three identical reactions were carried out to obtain sample for 0.5 h from 

reaction 1; 4.5 h, 8.5 h and 12.5 h from reaction 2 and 16.5 h and 20.5 h from reaction 3. These 

samples were filtered and washed with hot DMF (10 mL*3) and acetone (10 mL*3), followed 

by drying at 150 °C overnight. The samples were characterized by SEM, 1H NMR and TGA-

DSC and the results are discussed in section 3.1.2. 

Synthesis of C-3BA was repeated 2.00 g of ZrCl4 (0.009 mol/ 1 equiv), 0.460 mL water (0.0260 

mol/ 3 equiv), 33.3 mL of DMF (0.429 mol/ 50 equiv), 3.14 g of benzoic acid (0.0260 mol/ 3 

equiv) and 2.08 g of H2bpdc linker (0.009 mol/ 1 equiv). After the addition of linker (considered 
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0 minute), 3 mL of the reaction mixtures were collected at an interval of 4 hours after 0.5 h (as 

our previous experiments shows that precipitation starts after 0.5 h). Thus the samples were 

collected at 0.5 h, 4.5 h, 8.5 h, 12.5 h, 16.5 h, 20.5 h and after the end of reaction at 24 h. These 

samples were filtered and washed with hot DMF (2 mL*3) and acetone (2 mL*3), followed by 

drying at 150 °C overnight. Three identical reactions were carried out to obtain sample for 0.5 

h from reaction 1; 4.5 h, 8.5 h and 12.5 h from reaction 2 and 16.5 h and 20.5 h from reaction 

3. The samples were characterized by SEM and PXRD and the results are discussed in section 

3.1.2. 

2.3.4. Screening the amount of water for UiO-67 

Upon some preliminary observations of unknown additional peaks in the X-ray diffraction 

pattern of some of the batches of UiO-67, the amount of water in the synthesis was examined. 

To our surprise the water addition both alters the zirconium cluster and the incorporation of 

benzoic acid into the MOF crystals. The benzoic acid act as “capping” ligands to compensate 

for the charge created from missing ligand defect in the MOF.  

Therefore, a systematic series of samples were prepared to see the effect of water as an additive 

in the synthesis of UiO-67 MOF. For this partially substituted UiO-67 was used where the MOF 

is composed of 0.1 equiv of H2bpydc linker ([2,2'-bipyridine]-5,5'-dicarboxylic acid) and 90 

equiv of H2bpdc ([1,1'-biphenyl]-4,4'-dicarboxylic acid), denoted as UiO-67-bpydc(0.1). The 

effect of varying amount of water in the synthesis of UiO-67-bpydc(0.1) was then studied by five 

samples, synthesized using 3, 4, 5, 6 and 9 molar equiv of water.  

A set of six reactions was prepared using the procedure described in section 2.2, where amount 

of water was varied with 0.3 equiv (0.0026 mol), 3 equiv (0.0260 mol), 4 equiv (0.034 mol), 5 

equiv (0.043 mol), 6 equiv (0.050 mol) and 9 equiv (0.077 mol) for the synthesis of UiO-67-

bpydc0.1 and other parameters as constant. Zr = 1 equiv, linker (H2bpdc (0.9 equiv) + H2bpydc 

(0.1 equiv)) = 1 equiv, BA = 3 equiv; H2O = vary; DMF = 50 equiv, at 130 °C. 
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Table 7. Amount of water screened for the synthesis of UiO-67-bpydc0.1. 

Entry Label H2O (equiv) H2O (mL) 

1 UiO-67-bpydc0.1-0.3H2O 0.3 0.046 

2 UiO-67-bpydc0.1-3H2O 3 0.46 

3 UiO-67-bpydc0.1-4H2O 4 0.62 

4 UiO-67-bpydc0.1-5H2O 5 0.77 

5 UiO-67-bpydc0.1-6H2O 6 0.93 

6 UiO-67-bpydc0.1-9H2O 9 1.39 

2.00 g ZrCl4, 1.87 g H2bpdc, 0.209 g H2bpydc, 3.14 g BA and 33.3 mL DMF  

 

Furthermore, Grey and coworkers show that different phases can be obtained for the Hafnium 

(Hf) analogue of UiO-67 by changing the concentration of water.121 By carefully adjusting the 

amount of modulator (formic acid in this case) and the amount of water, the formation of fcu, 

hcp and hexagonal nanosheets (hns) phases are observed.121 The amount of formic acid (19 to 

152 equiv) and water (0 to 38 equiv) was screened. In the presence of 90 equiv of formic acid 

and 10 equiv or 38 equiv of water, phase-pure hcp or hexagonal nanosheets were observed, 

respectively. Other reaction conditions were kept constant such that HfCl4 (1 equiv), H2bpdc (1 

equiv) and DMF (175 equiv) in an autoclave at 150 °C for 24 hours. The hcp phase of Zr-bpdc 

is very interesting as it has double cluster type inorganic nodes, Zr12O8(µ3-OH)8(µ2-

OH)6(CO2)18 (condensation of 12-coordinate Zr6O4(OH)4(CO2)12), Figure 11. The µ3-OH and 

µ2-OH sites are interesting for functionalization so that the MOF can be used as a metal-based 

catalyst.122 



Experimental methods 

 

43 

 

 

Figure 11. Illustration of the a) Zr12O8(µ3-OH)8 (µ2-OH)6(CO2)18 cluster of hcp phase of Zr-bpdc and b) 

ZrO[O2C-C12H8-CO2] cluster of MIL-160C (right). 

Synthesis of hcp and hexagonal nanosheets phase: 0.100 g of ZrCl4 (0.00043 mol/ 1 equiv) 

and 0.104 g of H2bpdc linker (0.00043 mol/ 1 equiv) was added to a 10 mL teflon liner of an 

autoclave, followed by the addition of 5.814 mL DMF (0.075 mol/ 175 equiv), 0.077 mL of 

water (0.0043 mol/ 10 equiv) and 1.457 mL of formic acid (FA, 0.039 mol/ 90 equiv), at room 

temperature. The mixture was sonicated for 15 min and autoclave was sealed, kept at 150 °C 

for 24 h. The white product was filtered and washed with hot DMF (5 mL*3) and acetone (5 

mL*3) and dried at 150 °C overnight. For the synthesis of hexagonal nanosheets phase, instead 

of 10 equiv of water, 38 equiv of water was used. Therefore, 0.294 mL of water (0.016 mol/ 38 

equiv) was added, keeping all the other things same.  

Table 8. Amount of reagents used for the synthesis of hcp and hexagonal nanosheets phase using H2bpdc 

linker. 

Entry Label H2O (equiv) H2O (mL) 

1 hcp phase 10 0.077 

2 hexagonal nanosheets phase 38 0.294 

0.100 g ZrCl4, 0.104 g H2bpdc, 1.46 mL FA and 5.81 mL DMF  

a) b) 
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2.3.5. Thermal stability 

UiO MOFs are well known for their exceptional stability. Section 1.7 discusses the stability of 

UiO-67 with respect to temperature, time and pH. In order to evaluate the true thermal stability 

of UiO-67 synthesized by concentrated synthesis protocol, C-3BA was calcined at various 

temperatures at 300 °C, 350 °C, 375 °C and 400 °C. The calcination was performed for 24 hours 

in air and the samples were labelled as C-3BA@300 °C, C-3BA@350 °C, C-3BA@375 °C and C-

3BA@400 °C, respectively. After calcination and characterized with XRD and nitrogen 

adsorption isotherm to compare their stability with the parent C-3BA. Furthermore, C-3BA was 

calcined in-situ in the TGA-DSC instrument to obtain the static heat treatment with time results. 

Program with following steps was prepared (under a mixture of 5 mL/min O2 and 20 mL/min 

of N2): 

i) Dynamic heating from 30 to 300 °C at 5 °C/ min  

ii) Static heating for 12 hours at 300 °C 

iii) Dynamic cooling from 300 to 30 °C at 20 °C/min 

iv) Dynamic heating from 30 to 800 °C with the at 5°C/min 

Repeated the procedure for obtaining the samples at 350 °C, 375 °C and 400 °C and the results 

are shown in Figure 40.  

2.4. UiO-67-bndc (bndc = [1,1'-binaphthalene]-4,4'-dicarboxylate)  

As discussed in the introduction, UiO-67-bndc is an important UiO-67-type MOF (section 1.9). 

Hence, a deeper insight on the synthesis parameters is necessary such that these results can be 

used for the synthesis of UiO-67-bndc based catalyst. Therefore, the screening of various 

parameters for the synthesis of UiO-67-bndc was performed, similarly as for UiO-67. The 

results from the best synthetic conditions for the synthesis of UiO-67 was used for the 

optimization of UiO-67-bndc.  

2.4.1. Screening the reaction conditions 

2.4.1.1. Preliminary screening 

A preliminary screening of synthesis of UiO-67-bndc was performed to confirm the effects of 

variables used in the synthesis. Mainly, the effect of varying amount of benzoic acid was studied 
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ranging from 0 to 15 molar equiv (Table 9). The synthesis of UiO-67-bndc was performed at 

Zr:DMF as 1:150 molar equiv as the solubility of H2bndc linker is much higher than of H2bpdc 

linker.  

Table 9. Synthesis parameters for the initial high-throughput synthesis. 

Synthesis parameter Parameter value 

Solvent amount (DMF:Zr) (molar equiv w.r.t.to Zr moles) 150  

Modulator type Benzoic acid (BA) 

Modulator amount (molar equiv w.r.t.to Zr moles) 0, 3, 6, 9, 12, 15 

Additives  H2O 

Temperature (°C) 120/ 130/ 140  

 

503 µL of water (0.028 mol/ 3 equiv) was added to a beaker containing 108 mL of DMF (1.40 

mol/ 150 equiv) and a magnet. 2.17 g of ZrCl4 (0.009 mol/ 1 equiv) was added at room 

temperature and the solution was heated to 110 °C, under stirring. This solution was split to six 

beakers (18 mL each) labelled 0 equiv BA, 3 equiv BA, 6 equiv BA, 9 equiv BA, 12 equiv BA 

and 15 equiv BA, where BA is benzoic acid. BA was added to the 6 beakers according to Table 

10, followed by 0.527 g of H2bndc linker (0.009 mol/ 1 equiv) to each beaker. This solution of 

each beaker was split into three glass vials (6 mL each) and closed loosely with a Teflon cap. 

Thus, obtained three sets of six vials were kept at 120 °C, 130 °C and 140 °C overnight (Figure 

12). The white solid was collected by centrifugation and washed with acetone and dried at 150 

°C overnight.  

 Table 10. Amount of modulator used for optimization of UiO-67-bndc. 

 

 

Entry Modulator Amount of modulator to be added 

 0 equiv 

(0 mol) 

3 equiv 

(0.028 mol) 

6 equiv 

(0.056 mol) 

9 equiv 

(0.084 mol) 

12 equiv 

(0.112 mol) 

15 equiv 

(0.140 mol) 

1 BA (g) - 0.570 1.140 1.703 2.271 2.840 
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Figure 12. Schematic representation of the formation of 18 reactions for the optimization of UiO-67-

bndc. 

These samples were exposed to inspect their stability towards temperature and water. The 

thermal stability tests were performed by heating all the samples at 400 °C for 2 h in air. The 

water stability test, 50 mg of each sample was immersed in 2 mL water for 24 hours. The 

samples were centrifuged and water was removed. PXRD of dried samples were recorded 

(section 3.2.1.1). 

2.4.1.2. Screening the amount of solvent for UiO-67-bndc 

With the results from the preliminary screening of UiO-67-bndc, it was interesting to see the 

synthesis of this material with the use of different amount of DMF, like UiO-67. Hence, the 

amount of DMF was screened using no modulator at 130 °C. This was performed by preparing 

a set of three experiments using the general procedure described in section 2.2, where the 

amount of DMF was screened with 50 equiv (concentrated “C”), 150 equiv (dilute “D”) and 

300 equiv (very dilute “VD”) and other parameters as constant; Zr = 0.009 mol/ 1 equiv, H2bndc 

= 0.009 mol/ 1 equiv, water = 0.0260 mol/ 3 equiv, benzoic acid = 0 equiv at 130 °C (Table 

11). The resultant product was labelled as C-0BA-bndc, D-0BA-bndc and VD-0BA-bndc for 50 

equiv, 150 equiv and 300 equiv of DMF, respectively. These samples were washed with hot 

DMF (30 mL*3) and acetone (30 mL*3) and dried overnight at 150 °C.  

 

 

13 14 15 16 17 18

0
 e

q
B

A

3
e
q

B
A

6
e
q

B
A

9
 e

q
B

A

1
2

 e
q

B
A

1
5

 e
q

B
A

7 8 9 10 11 12

0
 e

q
B

A

3
e
q

B
A

6
e
q

B
A

9
 e

q
B

A

1
2

 e
q

B
A

1
5

 e
q

B
A

DMF,
water
and ZrCl4. 6 eq BA3 eq BA

0 eq Ac 3 eq Ac

0 eq BA 9 eq BA 12 eq BA 15 eq BA

6 eq Ac 9 eq Ac 12 eq Ac 15 eq Ac

Add bpdc
and split into

threeadd modulator

1
5

 e
q

A
c

6

1
2

 e
q

A
c

5

9
e

q
A

c

4

6
 e

q
A

c

3

3
e

q
A

c

2

0
e

q
A

c

1

1
5

 e
q

B
A

12

1
2

 e
q

B
A

11

9
e

q
B

A

10

6
 e

q
B

A

9

3
e

q
B

A

8

0
e

q
B

A

7

1
5

 e
q

A
c

18

1
2

 e
q

A
c

17

9
e

q
A

c

16

6
 e

q
A

c

15

3
e

q
A

c

14

0
e

q
A

c

13

1
5

 e
q

B
A

24

1
2

 e
q

B
A

23

9
e

q
B

A

22

6
 e

q
B

A

21

3
e

q
B

A

20

0
e

q
B

A

19

1
5

 e
q

A
c

30

1
2

 e
q

A
c

29

9
e

q
A

c

28

6
 e

q
A

c

27

3
e

q
A

c

26

0
e

q
A

c

25

1
5

 e
q

B
A

36

1
2

 e
q

B
A

35

9
e

q
B

A

34

6
 e

q
B

A

33

3
e

q
B

A

32

0
e

q
B

A

31

Sample number 1-12 13-24 25-36

Reaction temperature 120 ᴼC 130 ᴼC 140 ᴼC

DMF,
water
and ZrCl4. 6 eq BA3 eq BA

0 eq Ac 3 eq Ac

0 eq BA 9 eq BA 12 eq BA 15 eq BA

6 eq Ac 9 eq Ac 12 eq Ac 15 eq Ac

Add bpdc
and split into

threeadd modulator

1
5

 e
q

A
c

6

1
2

 e
q

A
c

5

9
e

q
A

c

4

6
 e

q
A

c

3

3
e

q
A

c

2

0
e

q
A

c

1

1
5

 e
q

B
A

12

1
2

 e
q

B
A

11

9
e

q
B

A

10

6
 e

q
B

A

9

3
e

q
B

A

8

0
e

q
B

A

7

1
5

 e
q

A
c

18

1
2

 e
q

A
c

17

9
e

q
A

c

16

6
 e

q
A

c

15

3
e

q
A

c

14

0
e

q
A

c

13

1
5

 e
q

B
A

24

1
2

 e
q

B
A

23

9
e

q
B

A

22

6
 e

q
B

A

21

3
e

q
B

A

20

0
e

q
B

A

19

1
5

 e
q

A
c

30

1
2

 e
q

A
c

29

9
e

q
A

c

28

6
 e

q
A

c

27

3
e

q
A

c

26

0
e

q
A

c

25

1
5

 e
q

B
A

36

1
2

 e
q

B
A

35

9
e

q
B

A

34

6
 e

q
B

A

33

3
e

q
B

A

32

0
e

q
B

A

31

Sample number 1-12 13-24 25-36

Reaction temperature 120 ᴼC 130 ᴼC 140 ᴼC

Add H2bndc and 
split into three

1 2 3 4 5 6

0
 e

q
B

A

3
e
q

B
A

6
e
q

B
A

9
 e

q
B

A

1
2

 e
q

B
A

1
5

 e
q

B
A

Sample 1-6 7-12 13-18

Reaction T (° C) 120 130 140



Experimental methods 

 

47 

 

Table 11. Amount of reagents used in the screening of Zr = DMF for UiO-67-bndc. 

Entry Sample DMF (mol) DMF (mL) 

1 C-0BA-bndc 0.429 13.3 

2 D-0BA-bndc 1.287 23.3 

3 VD-0BA-bndc 2.575 33.3 

2.00 g of ZrCl4, 2.96 g of H2bndc, no BA and 0.460 mL of H2O 

 

2.4.1.3. Screening the amount of modulator for UiO-67-bndc 

The previous section of the UiO-67 screening reveals the interdependence of amount of solvent 

and modulator. Hence, for the final protocol modification for the synthesis of UiO-67-bndc will 

be completed by adjusting the amount of BA with respect to 50 equiv of DMF. By previous 

experiments it is known that the 3 equiv gives good quality UiO-67 in the presence of 50 equiv 

of DMF. Therefore, UiO-67-bndc is synthesized with 3 equiv BA using the concentrated 

synthesis. Moreover, C-0BA-bndc is already presented in section 3.2.1.2, so this section shows 

the data for C-3BA-bndc, only. This was performed in order to see the effect of modulator for 

the concentrated synthesis of UiO-67-bndc. Except the benzoic acid concentration, other 

parameters were kept constant, Zr = 1 equiv, H2bndc = 1 equiv, water = 3 equiv, BA = 3 equiv, 

DMF = 50 equiv at 130 °C (Table 12). 

Table 12. Amount of reagents used in the screening of benzoic acid for UiO-67-bndc. 

Entry Sample BA (mol) BA (g) 

1 C-3BA-bndc 3 3.14 

2.00 g of ZrCl4, 2.96 g of H2bndc, 3.14 g BA, 0.460 mL of H2O and 33.3 mL DMF 

 

2.4.1.4. Screening the amount of water for UiO-67-bndc 

0.100 g of ZrCl4 (0.00043 mol/ 1 equiv) and 0.147 g of H2bndc linker (0.00043 mol/ 1 equiv) 

was added to a 10 mL Teflon liner of an autoclave, followed by the addition of 5.814 mL DMF 

(0.075 mol/ 175 equiv) and varying amount of water (3 equiv (0.001 mol), 10 equiv (0.004 mol) 

, 40 equiv (0.017 mol) and 80 equiv (0.034 mol)), at room temperature. The mixture was 

sonicated for 15 min, the autoclave was sealed and kept at 150 °C for 24 h. The white product 

was filtered and washed with hot DMF (5 mL*3) and acetone (5 mL*3) and dried at 150 °C 

overnight. 
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Table 13. Reaction conditions for water screening for UiO-67-bndc. 

Entry Label H2O (equivl) H2O (mL) 

1 UiO-67-bndc-3H2O 3 0.023 

2 UiO-67-bndc-10H2O 10 0.077 

3 UiO-67-bndc-40H2O 40 0.309 

4 UiO-67-bndc-80H2O 80 0.618 

0.100 g ZrCl4, 0.147 g H2bndc and 5.82 mL DMF  

2.5. Mixed linker UiO-67 MOFs 

The previous section has shown how the synthesis procedure for UiO-67 and UiO-67-bndc 

were tuned to assess and their effects on the quality of the final product. By making the right 

choice of synthesis conditions, one can obtain a desired material in terms of phase and 

defectivity. Some of the important approaches for using UiO-67 type MOFs in catalysis are: 

i) immobilization of the active catalytic species such as metal nanoparticles in the pores 

of the material, 

ii) catalysis at coordinatively unsaturated metal centers of the framework, and 

iii) incorporation of catalytically active functional groups/ metals at the organic linker 

molecules. 

The main focus to synthesis UiO-67 type catalyst was to incorporate metals in a mixed linker 

MOF where the framework is composed of H2bpdc or H2bndc together with functionalized 

biphenyl linkers. The following section outlines the synthesis of these mixed linker MOFs and 

how they were modified to host a metal to obtain metal active UiO-67 catalysts.  

2.5.1. Synthesis of mixed linker UiO-67 

Mixed linker MOFs can be synthesized by standard one-pot synthesis or post-synthetic 

exchange (PSE). In the former method all of the linkers are added while the MOF is synthesized 

and in the latter the linkers of the as-synthesized MOF are exchanged with the functionalized 

biphenyl linker to yield mixed linker MOFs. In this work, mixed linker MOFs are synthesized 

using the one-pot synthesis method using 10 % of functionalized biphenyl linker (0.1 equiv). 

Mixed linker MOFs, labelled “UiO-67-x-linker0.9-y-linker0.1” was synthesized in DMF at 130 

°C, using benzoic acid as modulator and water as additive. Here, x-linker is the major linker 

(0.9 equiv which in most of the cases is H2bpdc and in one case H2bndc linker) and y-linker is 
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the minor linker (0.1 equiv- H2bpydc, H2bpdc-(NH2)2, H2bpdc-(NH2), H2bpdc-(OH)2), shown 

in Figure 13. UiO-67-bpdc0.9-y-linker0.1 was written as UiO-67-y-linker0.1 for simplicity. The 

overall molar ration of Zr:linker is maintained as 1:1. Hence, five mixed linker MOFs are 

synthesized UiO-67-bpydc0.1, UiO-67-(bpdc-(NH2)2)0.1, UiO-67-(bpdc-(NH2))0.1 and UiO-67-

(bpdc-(OH)2)0.1 and UiO-67-bndc0.9-bpydc0.1, explained in Table 14. The product was filtered 

and washed with hot DMF (30 mL*3) and acetone (30 mL*3), followed by drying at 150 °C.  

 

Figure 13. Structures of all the linkers used in this work; 1. [1,1'-biphenyl]-4,4'-dicarboxylic acid 

(H2bpdc), 2. [1,1'-binaphthalene]-4,4'-dicarboxylic acid (H2bndc), 3. [2,2'-bipyridine]-5,5'-dicarboxylic 
acid (H2bpydc), 4. 2,2'-diamino-[1,1'-biphenyl]-4,4'-dicarboxylic acid (H2bpdc-(NH2)2), 5. 2-amino-

[1,1'-biphenyl]-4,4'-dicarboxylic acid (H2bpdc-(NH2)) and 6. 2,2'-dihydroxy-[1,1'-biphenyl]-4,4'-

dicarboxylic acid (H2bpdc-(OH)2). 

Mixed linker MOFs were synthesized by the concentrated synthesis using the method described 

in section 2.2. 2.00 g of ZrCl4 (0.009 mol/ 1 equiv) was added to the mixture of 0.460 mL 

distilled water (0.0260 mol/ 3 equiv) and 33.2 mL DMF (0.429 mol/ 50 equiv) at room 

temperature on a stirring plate. This solution was heated and 3.14 g of benzoic acid (0.0260 

mol/ 3 equiv) was added, waited until completely dissolved. This solution was transferred to a 

round bottom flask containing weighed amounts of linkers and a magnet, fitted with a water 

condenser and heated at 130 °C overnight. The product was filtered and washed with hot DMF 

(30 mL*3) and acetone (30 mL*3), followed by drying at 150 °C overnight. All the mixed- 

linker UiO-67 type MOFs were thoroughly characterized using PXRD, TGA-DSC, SEM, 1H 

NMR and nitrogen adsorption. The results are presented in section 3.3.1. 
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Table 14. Names and amounts of linkers used in the synthesis of mixed-linker MOFs. 

Entry MOF name x-linker (90 %) y-linker (10 %) x-linker (g) y-linker (g) 

1 UiO-67-bpydc0.1 H2bpdc H2bpydc 1.87 0.209 

2 UiO-67-(bpdc(NH2)2)0.1 H2bpdc H2bpdc-(NH2)2 1.87 0.233 

3 UiO-67-(bpdc(NH2))0.1 H2bpdc H2bpdc-(NH2) 1.87 0.221 

4 UiO-67-(bpdc(OH)2)0.1 H2bpdc H2bpdc-(OH)2 1.87 0.236 

5 UiO-67-bndc0.9-bpydc0.1 H2bndc  H2bpydc 2.64 0.209 

 

2.5.2. Metal incorporation in UiO-67 type MOFs 

The functional groups present on organic linkers of the mixed linker MOFs serve as anchoring 

sites to bind metals. Therefore, metals can be grafted at -N (in H2bpydc linker), -NH2 (in 

H2bpdc-NH2) and H2bpdc-(NH2)2 linker) or -OH (in H2bpdc-(OH)2 linker). The most common 

procedure for metal incorporation in MOFs is by wet impregnation. Using this method, the 

MOF is dispersed in a solvent and a metal solution is added before the mixture is heated at 

elevated temperatures overnight. The following day the material is extensively washed to 

remove the excess metal source before drying. Mixed linker MOFs are advantageous as they 

provide anchoring sites for immobilization of metal in the pores of established MOFs while 

maintaining similar stability to the parent framework. Therefore, the metal incorporation can 

be performed directly on the as-synthesized mixed linker MOF or the mixed linker MOF can 

be modified and then grafted with the metal on the new obtained coordination site.110, 123-125 The 

choice of metal depends on the available coordination site and the targeted catalytic reaction.  

One of the examples of a MOF catalyst obtained by direct metal incorporation is UiO-67-

bpydc0.1. It was used to graft Pt metal which has been extensively studied in our group. It is an 

interesting catalyst as Pt can be reduced to form nanoparticles under flow of H2 gas in the 600-

700 K range and it is as stable as the parent UiO-67 MOF.66 It has been used for CO2 

hydrogenation and a correlation between the degree of Pt reduction and CO2 conversion was 

observed. CO was seen as a primary product with CH4 as the secondary product where the 

catalyst was stable during 60 h of testing.99 Hence, UiO-67-bpydc0.1 was synthesized using the 

concentrated synthesis method developed in this work and was grafted with Pt to study 

mechanistic aspects in the hydrogenation of CO2 to methanol.126 The author has significantly 

contributed to the synthesis of all the samples for this manuscript (listed in the Papers not 

included in the thesis). Moreover, UiO-67-bpydc0.1 was also used to graft Ni and Pd and further 
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studied in detail for ethene oligomerisation and CO2 hydrogenation, respectively. (Manuscript 

in preparation or submitted). 

Interestingly, another way of metal incorporation in the MOFs is by modifying the as-

synthesized mixed-linker MOF. Thus, sterically separated from the groups that are involved in 

the framework-forming bonds, and instead be directed into the cavities of the MOF.  To 

demonstrate such metal based MOF catalyst, UiO-67-bpdc-(NH2)2)0.1 is used (denoted by 

MOF). 

The H2bpdc-(NH2)2 linker offers two –NH2 functional group in the MOFs which can be 

condensed with salicylaldehyde to yield H2bpdc-(NH2)2-salicylaldehyde (denoted as MOF-

sal), which with its phenol groups and imine bonds forms a tetradentate pocket suitable for 

metal coordination. MOF-sal was treated with metal satls of Pd 

(bis(acetonitrile)dichloropalladium(II)), Cu (copper (II) acetate), Co (cobalt (II) acetate) and Ni 

(Nickle (II) acetate). The treatment with Cu or Co salt, MOF-sal forms a complex where the 

metal is coordinated to nitrogen (from H2bpdc-(NH2)2 linker) and oxygen (from hydroxyl group 

of salicylaldehyde), denoted as MOF-sal-Cu and MOF-sal-Co, respectively (Figure 14). 

However, on treatment with Pd salt, the imine bond cleaves and Pd binds to amine group 

resulting in a complex surrounded by nitrogen from H2bpdc-(NH2)2 linker and chloride from 

the Pd salt, referred as MOF-Pd-(via sal) (Figure 14). Moreover, the isolated complexes were 

successfully synthesized and characterized with 1H NMR and single crystal X-ray diffraction. 
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Figure 14. Schematic of synthesis of metal complexes in mixed linker UiO-67-(bpdc-(NH2)2)0.1 MOF, 

where L may be acetate from the metal acetate salt. 

MOF-sal forms a square planar complex upon treatment with copper(II) acetate or 

cobalt(II) acetate, where Cu or Co is coordinated to nitrogen (from H2bpdc-(NH2)2) and oxygen 

(from the hydroxy group of salicylaldehyde), to form MOF-sal-Cu or MOF-sal-Co (Figure 

14). Attempts to synthesize the analogous Pd(II) complex proved difficult, despite a nearly 

identical complexes being known from the literature.127-129 While the synthesis of isolated Pd 

(II) complex, it was observed that Pd binds to the primary amine groups and retains two chloride 

resulting in a square planar complex. This indicates the most likely state of Pd in the pores of 

the MOFs as well (Scheme 1). Moreover, when MOF-sal was treated with nickel(II) acetate, 

the crystallinity of the MOF was destroyed, confirmed by its diffraction pattern. MOF and its 

derivatives were characterized by powder X-ray diffraction, TGA-DSC, 1H NMR, FT-IR and 

SEM-EDS analysis.  

Control reactions were performed starting with the dimethyl-ester of the diamine linker. The 

intermediates and products of these reactions have been characterized by standard techniques, 

ensuring the efficiency of the reaction conditions. Spectroscopic features and single crystal X-

ray diffraction of verified isolated complexes can then be used to indicate the formation of the 

desired complexes in the MOF.   

2.5.2.1. Synthesis of MOF catalyst 

i) Synthesis of UiO-67-(bpdc-(NH2)2)0.1 (MOF): MOF was synthesized via a simple one-

pot reaction in DMF at 130 °C, using benzoic acid and water as additives using the dilute 

synthesis procedure. 10.0 grams of ZrCl4 (1 equiv) was added to the solution of 997 mL DMF 
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(300 equiv) and 2.32 mL distilled water (3 equiv) at room temperature on a stirring plate. This 

solution was heated and 47.16 grams of benzoic acid (9 equiv) was added, waited until 

completely dissolved and then 9.35 g H2bpdc linker (0.9 equiv) and 1.17 g H2bpdc-(NH2)2  

linker (0.1 equiv) was added, together. The solution was transferred to a round bottom flask, 

fitted with condenser and heated at 130 °C overnight with stirring. A pale yellow colored 

powder was obtained, which was filtered and washed with hot DMF (50 mL*4) and acetone 

(50 mL*4). The MOF was further washed by suspending in 500 mL methanol and stirring it 

overnight at 60 °C, followed by drying of product at 150 °C overnight. 

ii) Synthesis of UiO-67-(bpdc-(NH2)2)0.1-sal (MOF-sal): 6 grams of dried MOF was 

weighed in a 50 ml round bottom flask and dispersed in neat salicylaldehyde was added so that 

the MOF was immersed in salicylaldehyde. A drop of formic acid was added to the flask and 

stirred at 90 °C overnight. The MOF was washed with ethanol (30 mL*3) and the product was 

dried at 100 °C overnight. 

iii) Metal incorporation to form MOF-Pd-(via sal), MOF-sal-Cu, MOF-sal-Co and 

MOF-sal-Ni: 1.00 gram of dried product MOF-sal was suspended in 5.00 mL of ethanol and 

stirred at 70 °C for 15 min. Dissolved 35.0 mg of Bis(acetonitrile)dichloropalladium(II) 

(PdCl2(NCCH3)2)/ copper (II) acetate/ cobalt (II) acetate/ Nickel (II) acetate (1 equiv) in 15 mL 

ethanol to get UiO-67-(bpdc-(NH2)2)0.1-Pd via salicyaldehye (MOF-Pd-(via sal)), UiO-67-

(bpdc-(NH2)2)0.1-sal-Cu (MOF-sal-Cu), UiO-67-(bpdc-(NH2)2)0.1-sal-Co (MOF-sal-Co) and 

UiO-67-(bpdc-(NH2)2)0.1-sal-Ni (MOF-sal-Ni), respectively. This salt solution was added to 

the MOF solution and stirred at 70 °C overnight, under reflux at 250 rpm. The resultant material 

was washed with ethanol (2*50 mL) on filter followed by a prolonged washing for which the 

material was dispersed to ethanol in a centrifugation tube and put to a shaker for 1 hour. The 

ethanol solution was centrifuged and decanted, followed by drying of product at 80 °C 

overnight. 

2.5.2.2. Synthesis of isolated Pd complex 

The dimethyl-ester of the diamine linker (0.05 g, 1 mol) was treated with 

bis(acetonitrile)dichloropalladium(II) (0.026 g, 1 mol) in 5.0 mL of ethanol at 70 °C overnight. 

The precipitated product was isolated by filtration and washed with ethanol. The sample was 

recrystallized in a solution of THF and cyclohexane by vapor diffusion (and solvent 

evaporation) for single crystal X-ray diffraction measurements. The 1H NMR spectra was 
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obtained by dissolving the sample in tetrahydrofuran-d8. The sample was insoluble in most of 

the solvents except DMSO and THF. 

 

Figure 15. Reaction of dimethyl-ester of the diamine linker (1) with 

bis(acetonitrile)dichloropalladium(II) in ethanol to give PdCl2(diaminobiphenyl diester) (2). 
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3. Results and Discussion 

3.1. UiO-67  

3.1.1. Screening the reaction conditions 

3.1.1.1. Preliminary high-throughput synthesis 

In the first part of this study, high-throughput screening synthesis was performed in order to 

define proper starting conditions for the subsequent, detailed investigations. As described in 

section 2.3.1.1, two sets of 36 trial reactions to synthesize UiO-67 were obtained by varying, i) 

Aqueous additives (water or HCl(aq)), ii) Modulator (Acetic acid-“Ac” or Benzoic acid-“BA”), 

iii) Reaction temperature (120 °C /130 °C /140 °C) and iv) Amount of modulator (0 to 18 molar 

equiv, in the interval of 3) (see Table 1). 

PXRD pattern were recorded for set W (use of water as additive) and set H (use of HCl(aq) as 

additive), presented in Figure 16a and Figure 17a, respectively. Further, the effect of elevated 

temperature on all the samples were monitored by recording the PXRD pattern, before and after 

heating them for 2 hours in air at 450 °C (Figure 16b and Figure 17b). The crystallite size was 

estimated by refining the diffraction pattern by Pawley refinement using the software TOPAS 

against an ideal UiO-67 structure (Table A1 and Figure A1).  

Firstly, diffraction pattern of set W shows sharp high intensity peaks as compared to set H, 

which correlates with the estimated particle size (Table A1). High intensity sharp peaks of 

diffraction patterns are attributed to larger particles with high crystallinity. Diffraction pattern 

of Set W has particles in the range of 10 to 370 nm whereas the particles in set H are up to 100 

nm only. Set W and set H were heated for 2 hours at 450 °C and analyzed by the PXRD to 

check their thermal stability (Figure 16b and Figure 17b). The material has been critically 

affected by heating at high temperature and most of the sample lose crystallinity as seen by the 

loss of peaks in the respective diffraction patterns. PXRD pattern refinement was performed for 

the samples which sustained crystallinity and their crystal size regularity decreases (Table A1). 

The set W now have the crystal size in the range of 10 to 270 nm and set H has particles mostly 

up to 20 nm with the exception of two sample having 90 and 100 nm size. 
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Figure 16. PXRD patterns of set W (using water as an additive) of a) as-synthesized samples and b) 

after thermal treatment. There are 36 samples, represented in six rows and six columns. Row 1 to 3 is 
synthesized with BA and row 4 to 6 with Ac as modulator at 120 °C, 130 °C and 140 °C, respectively. 

Each column has different amount of modulator (BA or Ac) from 0 to 15 equiv.  
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Figure 17. PXRD patterns of set H (using HCl(aq) as an additive) of a) as-synthesized samples and b) 
after thermal treatment. There are 36 samples, represented in six rows and six columns. Row 1 to 3 is 

synthesized with BA and row 4 to 6 with Ac as modulator at 120 °C, 130 °C and 140 °C, respectively. 

Each column has different amount of modulator (BA or Ac) from 0 to 15 equiv.  
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In 2013, Farha and coworkers extensively explored the use of (HCl(aq)) in the synthesis of UiO-

66, UiO-67 and UiO-type MOFs.88 They demonstrated that concentrated HCl enhances the 

solubility of ZrCl4 in DMF, and speed up the product formation. It was proposed that HCl 

neutralizes the basic impurities like amines which is formed in the hydrolysis of DMF and/or 

that HCl facilitates the formation of zirconium clusters before the linker is attached.88 Based on 

the assessment shown in Figure 16 and Figure 17, UiO-67 synthesized with added HCl 

consistently shows inferior crystallinity to those synthesized with added water. Furthermore, 

the effect of the thermal treatment is more severe for the HCl samples, indicating lower thermal 

stability. Our screening also corroborates other literature reports that find a correlation between 

crystallite size and modulator concentration.79, 84, 90  

Furthermore, diffraction pattern of the set W synthesized at 130 °C (row 2 and 5 of Figure 16b) 

showed to be most resistant to the thermal treatment suggesting that 130 °C is a suitable reaction 

temperature. It is interesting to note that samples synthesized without modulator are expected 

to be identical in both the sets (column 1 of Figure 16a and Figure 17a). But the diffraction 

pattern are not identical which highlights the fact that without the use of modulators, 

reproducibility of synthesis of UiO-67 MOF is challenging.84  

To sum up, these preliminary results narrows the work and for simplicity, following parameters 

were chosen as the starting criteria, reagents in molar equivalents = Zr:H2bpdc:H2O:BA:DMF 

= 1:1:3:9:300. Reaction temperature was set to 130 °C. 

3.1.1.2. Screening of amount of solvent 

Previous work in our group suggests that the solubility of H2bpdc in DMF is approximately 

1:150-200 at synthesis temperature (120-130 °C), but a systematic study has not been carried 

out. The solubility is dependent on the temperature and the presence of modulator and water. 

In this screening, UiO-67 synthesis was performed using the following Zr:DMF molar ratios; 

1:20, 1:35, 1:50, 1:100 and 1:300. A white solid was obtained in all syntheses, which was 

washed extensively with hot DMF and acetone, and dried overnight at 150 °C. Interestingly, 

diffraction patterns of the sample with molar ratio of 1:50 (and more dilute) resembles with the 

diffraction pattern of UiO-67 (Figure 18). This suggests that it is possible to synthesize UiO-67 

with as low as 1:50 ratio of Zr to DMF, a reaction environment about 6 times concentrated as 

compared to usually published protocol where 1:300 ratio is used. At lower concentrations (1:35 

and below), no MOF formation was observed and the diffraction patterns of the white solid 

obtained from the syntheses matches the pattern of pure H2bpdc linker.  
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Figure 18. PXRD of the UiO-67 to be synthesized with different concentrations of DMF with Zr:DMF 

molar ratio as 1:20, 1:35, 1:50, 1:100 and 1:300. 

3.1.1.3. Screening the amount of modulator for concentrated and dilute synthesis 

The screening studies led to the selection of H2O over HCl(aq) as aqueous additive, benzoic acid 

over acetic acid as modulator, a reaction temperature of 130 °C with the possibility to synthesize 

UiO-67 at Zr:DMF ratio as 1:50. Therefore, the amount of modulator was screened relative to 

Zr:DMF ratio as 1:50 (concentrated) or 1:300 (dilute). Under dilute synthesis conditions, a clear 

solution is obtained at the start of the synthesis whereas in concentrated synthesis conditions, 

however, ZrCl4 and the modulator are fully soluble, while the linker is not. A series of samples 

was prepared with ZrCl4:H2bpdc:H2O:DMF molar ratios of 1:1:3:50 (called concentrated 

synthesis-“C-xBA series”) or 1:1:3:300 (dilute synthesis-“D-xBA series”) as starting conditions. 

Different amounts of BA was then screened for C-xBA series and the results were compared 

with that of the D-xBA series where x is the amount of BA in molar equivalents.  
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PXRD pattern showed that pure UiO-67 is formed only in experiments C-3BA, C-6BA and C-

9BA (Figure 19a). C-0BA contains UiO-67 as well as an unidentified crystalline phase indicated 

by the presence of extra peaks (for example at 2= 12.7°, 13.7°, and 14.3°). In C-12BA and C-

15BA, mainly linker with smaller amounts of UiO-67 is observed in the diffraction pattern, 

presumably because the high concentration of benzoic acid lowers the solubility of H2bpdc. For 

the conventional, dilute syntheses (D-xBA series), the diffraction patterns revealed that an 

increase in BA concentration (x= 0 equiv to 18 equiv) leads to sharper and narrower diffraction 

peaks, indicating larger particle size and/or more ordered crystal structure (Figure 19b). This 

observation is in agreement with the findings of Behrens and coworkers.130  
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Figure 19. PXRD patterns of a) C-xBA (Zr:DMF ratio 1:50) and b) D-xBA (Zr:DMF ratio 1:300) series 

depicting the possibility to synthesize UiO-67 in the presence of various concentration of benzoic acid, 

x (x= 0 to 18 equiv). 

SEM micrographs depict well-defined homogeneous octahedral shaped crystals with particle 

size around 1.5 µm for C-3BA series (Figure 20). As the amount of benzoic acid increases to 6 

equiv and 9 equiv in C-xBA, irregular particles with new facets (particularly [1 0 0] in addition 

to [1 1 1]) are observed, as well as an increase in particle intergrowth and particle size dispersion 

(Figure 20 and Figure A2). Particle sizes for C-0BA, C-12BA and C-15BA were not possible to 

determine (Figure A2). In spite of the well-crystalline UiO-67 phase indicated by the PXRD 

for C-0BA, SEM did not reveal any particles with well-defined crystal morphology. C-12BA and 

C-15BA consist of irregular agglomerates without clear morphology, in line with XRD results.  

For D-xBA, SEM micrographs confirmed the trend of increasing particle size with increasing 

amount of modulator. Furthermore, it revealed that samples D-0BA, D-3BA and D-6BA also 

contains an unidentified phase of small particles. 
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Figure 20. Representative SEM micrographs for the C-xBA (where x = 0, 3, 6, 9 and 15) and D-xBA (x = 

0, 3, 6, 9 and 18) samples. 
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The porosity of the C-xBA and D-xBA series was determined by nitrogen adsorption at 77 K and 

the BET surface areas were calculated from the nitrogen isotherms using established 

consistency criteria.131 The highest porosity is found for C-3BA, with a slight decrease as the 

amount of BA increased (Figure 21). The BET surface area of C-3BA (2734 m2 g-1) is close to 

the originally reported Langmuir surface area of 3000 m2 g-1 (Figure A3 and Table A2).11 In the 

case of the D-xBA series, the porosity increases abruptly with the amount of BA up till D-6BA, 

followed by a minor increase with further increase of BA. 

 

Figure 21. BET Surface area of C- xBA and D-xBA samples, calculated from N2 adsorption isotherms at 

77 K. 

In full agreement with the high specific surface areas, Attenuated total reflectance (ATR) 

analysis made on the pristine materials confirmed the presence of only a small amount of 

unreacted benzoic acid or DMF (broad, complex, and very weak components around 

1700−1730 cm−1, assigned to the peculiar ν(C=O) mode, shown in Figure A5. The same 

analyses suggest that the syntheses performed in the absence of modulators (C-0BA and D-0BA) 

make materials with some impurities (Figure A5 shows the ATR spectra that are characterized 

by some extra peaks). 
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DRIFT analysis was further performed after samples were activated in helium at 300 °C, 

followed by cooling to 70 °C. The samples were monitored by DRIFT before and after CD3CN 

dosing. The results, illustrated in Figure A6 and Figure A7, show that all the residual traces of 

unreacted modulator or DMF have been removed (absence of any band around 1700-1730 cm−1) 

and all the samples are characterized by fully hydroxylated clusters (intense band at 3676 cm−1). 

Upon interaction with CD3CN, the bands associated with the OH groups were eroded and 

shifted to lower frequencies. As counterpart, in the ν(CN) region (see the insets of Figure A6 

and Figure A7) new components around 2276 cm−1are observed, while the absence of relevant 

bands around 2300 cm−1 exclude the abundance of accessible Lewis sites (e.g., uncoordinated 

Zr sites). 

TGA-DSC analysis (30 to 800 °C) was performed to determine the total organic content in the 

synthesized materials. At 800 °C in an oxygen atmosphere we assume that only ZrO2 remains, 

and thus all the TGA curves were normalized to this value (100%). Two main weight losses 

were observed in the samples (Figure 22); near 200 °C, corresponding to the removal of 

physisorbed solvent and modulator, and near 490 °C with the combustion of the organic 

components of the material. The weight of the samples before dehydroxylation of the 

Zr6O4(OH)4
12+ cluster (at 200 °C) and before linker combustion (at 400 °C) were compared with 

the expected weight of the hydroxylated (287 %) and dehydroxylated (282 %) UiO-67, 

respectively, as calculated from the ideal structure (Section 2.3.2). 

At 400 °C, sample C-3BA shows close to ideal relative mass of 282 %, whereas C-0BA, C-6BA 

and C-9BA show 284 %, 283 % and 286 %, respectively (Figure 22a). The corresponding figures 

of the D-xBA samples were all in the range of 233-274 %, indicating a lower relative content of 

linker (Figure 22b). The method relies on the assumption that the modulator content is 

negligible at 400 °C. In case this assumption is incorrect (thus overestimating the linker 

content), the method was further developed to determine the identity of the organic components. 
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Figure 22. TGA-DSC and DSC signals of a) C-xBA (x= 0 to 9) and b) D-xBA (x= 0 to 18). 
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1H NMR spectroscopy of the dissolved/ digested MOF samples can be used to estimate the 

relative molar ratios of the organic species (bpdc2-, benzoate, formate) in the MOF samples. 1H 

NMR spectra of this solution is depicted in Figure 24 and Figure A3 for C-xBA series and D-

xBA series. Strikingly, the D-xBA series has a much lower bpdc2− content, with high contents of 

benzoate (15-20% with respect to bpdc2−) and formate (as high as 10% with respect to bpdc2−) 

throughout the series (Figure 23). The presence of BA in the thoroughly washed MOF implies 

that this BA is coordinated to the MOF framework which indicated that BA could be present as 

capping agents at the missing-linkers sites.  

Figure 23. Relative molar ratio of BA and FA in the sample of concentrated and dilute synthesis in 

percentage with respect to H2bpdc linker (calculated from 1H NMR). 
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Figure 24. 1H NMR spectra for a) C-xBA series and b) D-xBA series. 
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The results from 1H NMR spectroscopy and TGA-DSC were combined to estimate the total 

organic content in the samples (Section 2.3.2), which estimates the amount of total relative 

organics. In the C-xBA series, a near ideal bpdc2− to Zr ratio is observed in all samples (x = 0 to 

9), Figure 25. A small increase of the benzoate content is observed when its concentration in 

the reaction mixture is increased, yielding a total molar organic content that surpasses the Zr 

content. DRIFT studies suggest the absence of physisorbed modulator (Figure A6 and Figure 

A7) and EDX spectroscopy did not show the presence of chlorine in any of the samples, so the 

amount is assumed to be negligible. 

 

Figure 25. Composition of the organic constituents in each sample, determined by 1H NMR and scaled 
to the organic:Zr6 ratio found by TGA (at 200 °C) in the C-xBA and D-xBA series. The total organic 

content in an ideal UiO-67 (Zr6O6(bpdc)6) is 6. 

In the highly crystalline D-xBA (x = 6 to 15) samples with high BET surface area, the benzoate 

to linker ratio is rather high and constant, while for low modulator x = 0 and 3, other constituents 
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benzoate coordinated to Zr sites, and our results suggest that it cannot be readily assumed that 

all of this benzoate is removed once the sample is heated to 400 °C. 

Therefore, this study demonstrates that the amount of missing-linker defects in UiO-67 can be 

controlled by tuning the ratios of reagents, modulator, and solvent. Conventional approaches to 

UiO-67 synthesis yield materials with high concentration of linker vacancy defects, which may 

be desirable for catalytic purposes or as starting material for post-synthetic linker insertion. 

Near defect-free UiO-67 (i.e., negligible amount of missing linker defects, low amount of 

residual species, highly porous and well-defined particle morphology) can be produced by using 

a minimal amount of DMF, in combination with an optimal linker-to-modulator ratio, due to 

thorough balancing of the multiple reversible interactions taking place between the components 

of the synthesis liquor during UiO-67 formation. An added benefit of the concentrated solution 

method is the lowering of toxic waste to a fraction of previously reported methods. 

3.1.2. Time course studies  

Throughout MOF synthesis, the deprotonated analogues of linker bpdc2-, benzoate and formate 

participate in reversible interactions with the growing MOF crystallites, and therefore their 

concentration and affinity for the Zrx sites control the rate of nucleation, the rate of growth, and 

the fraction of defects in the final material (Figure 9). While modulator and solvent are present 

in excess, implying that their concentration changes little during MOF crystal growth, the linker 

is optimally present in stoichiometric ratio to Zr (especially in case of dilute synthesis). Hence, 

its concentration will decrease with MOF crystal growth, thereby increasing the probability of 

modulator or decomposed linker-covered defect formation with time. Ultimately, the linker 

concentration becomes too low to compete with modulator and hydrolyzed solvent (formate) 

for the Zrx sites, and crystal growth stops. This is addressed in time-resolved experiments 

performed by extracting the samples on intervals from the formation of UiO-67 and obtaining 

their composition with 1H NMR. Therefore, a guiding hypothesis is that maintenance of a stable 

linker concentration in the mother liquor until the Zr source is consumed is key to the formation 

of defect-free UiO-67, and may be achieved by tuning the initial Zr:linker:modulator:solvent 

ratios. 

In order to verify the hypothesis that linker concentration in the synthesis liquor is kept constant 

by the presence of its corresponding solid throughout MOF crystal formation, synthesis using 

the C-3BA protocol was performed by sampling the suspension 25 times during the first 12 h of 
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the synthesis (Figure 26). The solid fraction of each sample was isolated by filtration and PXRD 

patterns were acquired. We observed a gradual decrease in the diffraction pattern of H2bpdc(s), 

until it disappeared after around 11 h. It can be assumed that the solution is saturated by H2bpdc 

in this period, due to the continuous agitation of the mixture. Simultaneously, the most intense 

diffraction peaks from UiO-67 ((1 1 1) and (2 0 0)) appeared as well-resolved peaks already 

after 45 min of reaction, and the reaction was mainly complete after 12 h.  

 

Figure 26. Superimposed PXRD patterns (regions of interest) of samples taken at ~20 minute intervals 

from a synthesis of C-3BA. The black line is at the start of the reaction, whereas the red line is the final 
(unwashed) product. Intermediate stages are shown in grey notes (gradually lighter as time progresses). 

(a) shows the growth of the (1 1 1), (2 0 0), (2 2 0) and merged (3 1 1) and (2 2 2) peaks of UiO-67. (b) 

shows the gradual disappearance of the most intense peaks of the linker in its solid, crystalline phase. 

Moreover, another time course study was carried out to monitor the composition of D-9BA over 

the period of 24 hours using three identical reaction sets (called reaction 1, 2 and 3). The 

samples were collected after 0.5 h of onset of the precipitation in the reaction and continued 

every 4 hours. The yield of the reaction at various intervals are presented in Figure 27a. The 

formation of UiO-67 is favored as the time proceeds and 70 % of the product is formed in 8.5 

hours (Figure 27a). After 8.5 h, probably the exchange of modulator and linker takes place with 

the slight increase in the yield. After 24 hours, the reaction reaches maximum with almost 100 

% yield. Discrepancies in this study could result from the errors caused by 1) the uncertainty of 

collection of homogeneous sample from the reaction slurry and 2) these results are obtained 

from three different parallel reactions prepared identically.  
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Figure 27. a) Yield for the samples extracted at various intervals and b) their composition, determined 

by 1H NMR. 

Furthermore, the composition of the samples were observed by digesting the samples and 

collecting 1H NMR spectra. It reveals that the benzoate concentration increases as the reaction 

time proceeds (Figure 27b and Figure A8). This indicates that linker incorporation in the MOF 

follows the waning concentration of linker in the mother liquor. The amount of formate in the 

beginning of the reaction is about 7 % but as the reaction proceeds, formic acid decreases and 

remains constant for about 1 %. Moreover, the SEM images shows the formation of octahedral 

crystals at 4.5 hour and not much change in the topology of the material after 4.5 hour (Figure 

28). Interestingly the TGA-DSC data for these samples do not show major differences (Figure 

A9). At 0.5 hour the MOF is highly defective and as the time proceeds, the mass of the MOF is 

closer to the theoretically expected mass of UiO-67. This supports that while modulator and 

solvent are present in excess (implying that their concentration changes little during MOF 

crystal growth), the linker is optimally present in stoichiometric ratio to Zr. Hence, its 

concentration decreases with MOF crystal growth, leading to increase of modulator-covered 

defect formation with time. 
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Figure 28. SEM images of the samples of D-9BA, collected at various time intervals. The noted time is 

after the addition of linkers to the reaction solution (which is considered time zero). 
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After the insights about the MOF formation with dilute synthesis condition, similar study was 

performed on concentrated synthesis to study composition of C-3BA at various interval during 

its formation. Within 24 hours the yield increases gradually and reaches about 92 % in 24 hours 

(Figure 29). 

 

Figure 29. Yield for the samples of C-3BA extracted at various intervals. 

SEM images shows the formation of typical UiO-67 octahedral crystals at 0.5 hour (Figure 30). 

The crystals looks homogenously monodispersed and similar in size at 4.5 to 12.5 h. 

Surprisingly, after 16.5 h, SEM shows the formation of elongated plate-like crystals together 

with the octahedral crystals in both the reactions (reaction 2 and reaction 3). Further, the PXRD 

for the samples at 24 h shows that there is a presence of forbidden peaks in the diffraction 

pattern suggesting the formation of other type of phases (Figure 31).  This behavior can be 

attributed to a small amount of loss of water during the extraction of samples during the course 

of the experiment, knowing the literature report where water plays an important role in 

determining phase of MOF material.77, 121 In combination, these results led to a systematic 

screening of amount of water for the synthesis of UiO-67 under concentrated synthesis 

conditions. 
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Figure 30. SEM images of the samples of C-3BA, collected at various time intervals. The noted time is 

after the addition of linkers to the reaction solution (which is considered time zero). 
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Figure 31. PXRD patterns for the samples collected at 0.5 h and 24 h from reaction 1, 2 and 3 for the 

synthesis of C-3BA. 

3.1.3. Screening of water 

The effect of varying amount of water in the synthesis of UiO-67-bpydc(0.1) was  studied 

by six samples, synthesized using 0.3, 3, 4, 5, 6 and 9 molar equiv of water. UiO-67-bpydc(0.1) 

is composed of 0.1 equiv of H2bpydc linker ([2,2'-bipyridine]-5,5'-dicarboxylic acid) and 0.9 

equiv of H2bpdc linker. Therefore the samples were labelled as UiO-67-bpydc(0.1)-𝑦𝐻2𝑂 where 

y is the molar equiv of water. Figure 32 shows the diffraction patterns of all the samples where 
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whereas samples with no extra peaks (6 and 9 equiv) are mostly fcu UiO-67. In addition, the 

intensity of the forbidden peaks decreases with increasing amount of water in the synthesis.  

 

Figure 32. PXRD patterns of UiO-67-bpydc0.1 synthesized with different amount of water; 0.3 3, 4, 5, 

6, 9 equiv. 
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respect to UiO-67 was also estimated. The presence of MIL-140C phase decreases as the water 

increases in the synthesis conditions. The presence of MIL-140 was 23 %, 11 %, 8 %, 6 %, 2 

% and 1.4 % in samples synthesized with 0.3, 3, 4, 5, 6 and 9 equiv. 

 

Figure 33. PXRD pattern of UiO-67-bpydc0.1-3H2O refined against MIL-140C, hcp phase and hexagonal 

nanosheets phase of Zr based MOFs with H2bpdc linker. 

The balance between isolated Zr6O4(OH)4 nodes in UiO-66 and ZrO2-chains in MIL-140A was 

recently investigated by Soldatov and coworkers.77 Water was seen to interact with ZrCl4 with 

the formation of tetragonal ZrO2 nanoparticles which exhibits Zr6O8 clusters and act as a seed 

for the UiO-66 growth. They also observe a shift from UiO-66 to MIL-140A when water was 

added to the crystallization mixture, but only when the synthesis was performed at 220 °C but 

not when the synthesis was performed at 120 °C. Moreover, the original report on the synthesis 

of MIL-140 was performed at 220 °C which applies to both MIL-140A and C, the UiO-66 and 

67 analogs.132 It was therefore surprising that we observe this water induced transformation at 

such low temperature as 130 °C for UiO-67 to MIL-140C. UiO-67-bpydc0.1-3H2O and UiO-67-

bpydc0.1- 4H2O was also sent to our collaborators at the Stockholm University, to perform 
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rotation electron diffraction and their results are correlated to our refinement results. Formation 

of MIL-140C is observed. This manuscript is under preparation. 

Furthermore, SEM micrographs reveals two different morphology in UiO-67-bpydc(0.1)-

0. 3𝐻2𝑂 , UiO-67-bpydc(0.1)-3𝐻2𝑂 , UiO-67-bpydc(0.1)-4𝐻2𝑂  and UiO-67-bpydc(0.1)-5𝐻2𝑂which is 

in agreement with the presence of extra peaks in diffraction pattern (Figure 34). These samples 

has the usual octahedral crystals together with the long hexagonal plate-like crystals until 5 

equiv of water is added in the synthesis. After 6 equiv of water is added in the synthesis, the 

MOF appears to be have only octahedral crystals.  

 

Figure 34. SEM micrographs of UiO-67-bpydc0.1 with different amount of water; 0.3, 3, 4, 5, 6 and 9 

equiv. 
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combustion of the organic components of the material, presented in Figure A11. UiO-67-

bpydc(0.1)-0. 3𝐻2𝑂  shows an abnormal large excess of starting mass of the sample (Figure A11). 

The stability of all the samples are quite similar but the normalized weight of the samples 

slightly decreases with the increase of water in the synthesis. 

The relative molar ratio of organic species was calculated by 1H NMR which was performed 

on the dissolved MOF samples (Figure A12 and Figure A13). It shows the presence of bpydc2- 

and formate consistently in the range of 10-13 % and 2-4 % (relative to bpdc2-) respectively. 

Interestingly, the amount of benzoate clearly increases with the increasing amount of water in 

the synthesis. The amount of benzoate increases from 3 to 15 % with respect to bpdc2- in UiO-

67-bpydc0.1-3𝐻2𝑂 to UiO-67-bpydc0.1-9𝐻2𝑂, which implies that amount of water in the MOF 

synthesis affects the total amount of benzoic acid incorporated in the MOF (Figure A13).  

 

Figure 35. Composition of the organic constituents in each sample, determined by 1H NMR and scaled 

to the organic:Zr ratio found by TGA (at 200 °C) in the UiO-67-bpydc0.1-𝑦𝐻2𝑂 where y is amount of 

water in the synthesis (3, 4, 5, 6, 9 equiv) The total organic content in an ideal UiO-67-bpydc0.1 

(Zr6O6(bpdc+bpydc)6) is 6. 

The TGA and 1H NMR results were together used to calculate the relative amount of organics 

in order to estimate missing-linker defects in the samples (as discussed above). Strikingly, UiO-
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67-BPY-9𝐻2𝑂  has much lower bpdc2− content, with high contents of benzoate (13 % with 

respect to bpdc2−), and this trend reverse as the amount of water in the synthesis is decreased 

(Figure 35). This shows that water not only affects the crystallization and controls the phases 

from MIL-140C to UiO-67 but also affects the defectivity.  

In conclusion, this study shows that water concentration in the synthesis of UiO-67 plays an 

important role where it controls the structure of the MOF. At low concentration of the water, 

MIL-140C is observed, together with UiO-67 whereas pure phase UiO-67 is obtained on 

increasing the water concentration in the synthesis. Moreover, water is also seen to control the 

missing linker defects in the synthesized material where these defects increase with increase in 

the water concentrations in the syntheses. 

Moreover, we were also interested in exploring the effect of large access of water in the 

synthesis of UiO-67, since it has been reported that excessive amounts of water impedes 

crystallization in the case of UiO-66.135 Grey and coworkers have reported a study showing the 

formation of new defective phases of Zr and H2bpdc linker with varying amounts of water.121 

This study was performed on the Hafnium (Hf) analogues of UiO-66 and UiO-67 where the 

different phases of the material are observed depending on the amount of water in the synthesis. 

A molar ration of HfCl4:H2bpdc:formic acid:water:DMF as 1:1:90:10:175 for hcp phase and 

1:1:90:38:175 for hexagonal nanosheets were used. These conditions were used as a starting 

point for our own investigation using ZrCl4 instead of HfCl4 as Zr displays similar chemical 

properties to Hf. Also, Hf MOFs are isostructural with their Zr analogues where direct 

substitution of the Zr6 nodes by Hf6 is observed.90, 136 

Figure 36a presents the PXRD pattern of the samples synthesized with ZrCl4 and shows that 

the results are in agreement with the reported work.121 The diffraction pattern for hexagonal 

nanosheets phase is identical with that of the reported diffraction pattern for hexagonal 

nanosheets phase. However, the obtained diffraction pattern of hcp phase has few forbidden 

peaks (Figure 36b). Furthermore, TGA-DSC analysis of the samples are in shown in Figure 37, 

which shows that these phases are slightly lower in thermal stable than usual Zr-MOF fcu phase 

but nevertheless stable up to 400 °C. But the thermal decay in case of hexagonal nanosheets 

phase is rapid without any clear plateau, unlike fcu phase. The hcp phase shows a two-step 

weight loss where major weight loss is observed from 200 to 300 °C. 
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Figure 36. XRD pattern of a) hcp and hexagonal nanosheets phases (called hns) of Zr based MOFs in 

this work, fcu phase (C-3BA) is showed for reference purpose and b) compared to the XRD pattern of 

simulated hcp phase pattern. 

 

Figure 37. TGA-DSC analysis of hcp and hexagonal nanosheets phases (called hns) of Zr based MOFs 

in this work, fcu phase (C-3BA) is put for reference purpose. 

SEM images of the samples were collected and are presented in Figure 38, where image 1 to 5 

is for the synthesis of hcp phase and image 6 is for hexagonal nanosheets phase. The crystals 

obtained for the synthesis of hcp phase are inhomogeneous and are of three different kinds; 
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hexagonal shaped (image 1 and 2), octahedral shaped with decorated edges (images 3) and 

mixtures of hexagonal, octahedral and spherically shaped crystals (image 4 and 5). Moreover, 

the hexagonal shaped crystals obtained in our experiments are not single layers, but rather 

crystals consisting of stacked layers. However, the spherical shaped crystal of image 5 

resembles the SEM image of fcu phase Hf-MOF, reported by Grey and coworker. This shows 

that there are more than one phase of Zr-MOF in this sample which explains the forbidden 

peaks in the PXRD pattern as well. Despite this, the SEM image obtained for the hexagonal 

nanosheets phase synthesized in this work (image 6) resembles that of the reported hexagonal 

nanosheets phase.  

 

Figure 38. SEM images of the synthesized Zr-based hcp (1 to 5) and hexagonal nanosheets phase (6). 
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phases associated with Zr-H2bpdc is possible to make by tuning the synthetic conditions 

carefully. Moreover, the diffraction pattern of these phases are closely related which should be 

paid special attention to in order to determine the final outcome of the synthesized MOF. 

To connect the results from studies done with low amount of water (3 to 9 equiv) and excess 

amount of water (10 and 38 equiv), there is a need for further experimental work where the 

synthesis conditions are kept same and only the amount of water is changed. Presently, for the 

synthesis of hcp and hexagonal nanosheets, formic acid is used as a modulator, unlike benzoic 

acid (used as a modulator in rest of the work). This is discussed further in the Suggestion for 

further work.  

3.1.4. Thermal stability of C-3BA  

To examine the thermal stability of the optimal material, C-3BA, in more detail, the sample was 

put-through static temperature treatment in air in the TGA instrument for 24 h, followed by 

pXRD analysis. PXRD patterns and nitrogen adsorption isotherms were acquired for the 

calcined samples (Figure 39). The PXRD patterns show that the MOF structure is intact in all 

the calcined samples, but C-3BA@400 °C displays less intense peaks (Figure 39). The nitrogen 

adsorption isotherms shows that samples C-3BA@300 °C and C-3BA@350 °C have identical 

porosity with a BET surface area of 2459 m2 g-1 and 2458 m2 g-1 respectively (Figure 39 and 

Table 15). It is interesting to see that these samples shows only a 10 % decrease in surface area 

with respect to C-3BA. However, C-3BA@375 °C shows a 14 % decrease in the surface area, 

showing that heating C-3BA at 375 °C affects the MOF to a greater magnitude. On the other 

hand, C-3BA@400 °C is affected to the substantial magnitude and the surface area is seen to be 

decreased by 51 %, which reveals that the MOF is highly damaged. Together, the measurements 

reveal that the sample is stable at 350 °C, but slowly decomposes at temperatures above 350 

°C. 
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Figure 39. a) PXRD pattern and b) N2 adsorption isotherm at 77 K of C-3BA after calcination at 300 °C, 

350 °C, 375 °C and 400 °C for 24 hours in air. 
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Table 15. Surface area and pore volume of C-3BA after heating at 300 °C, 350 °C, 375 °C and 400 °C 

for 24 hours in air. 

To further investigate the thermal stability, static TGA-DSC measurements for 12 h were 

performed at the respective temperatures (Figure 40). The TGA-DSC curve for C-3BA@300 °C 

and C-3BA@350 °C overlaps with the TGA-DSC curve for parent C-3BA which shows that C-

3BA can withstand a temperature up to 350 °C without losing any species from the framework 

by the effect of heat. As we move to higher temperatures we see a weight loss during 

calcinations, indicating damage to the framework. The TGA-DSC results are in good agreement 

with the PXRD and nitrogen adsorption isotherm results which suggested that calcination of C-

3BA at 375 °C, affects it to some extent and at 400 °C, affects largely by diminishing its porosity 

to half. These thermal tests show that C-3BA is stable at 350 C, but slowly decomposes at 

temperatures above 350 °C. 

 

Figure 40. TGA-DSC curves for the thermally heated C-3BA where a) is normalised weight loss vs time 

and b) normalised weight loss vs temperature. The samples were brought down to room temperature 

between the static treatment and a standard TGA ramp. 
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Entry MOF (after 24 h) Surface area [m2 g-1] Pore volume [cm3(STP) g-1] 

1 C-3BA @300 °C 2459 565 

2 C-3BA @350 °C 2458 565 

3 C-3BA @375 °C 2351 540 

4 C-3BA @400 °C 1341 308 
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3.2. UiO-67-bndc (bndc = [1,1'-binaphthalene]-4,4'-dicarboxylate)  

3.2.1.  Screening the reaction conditions 

After concluding the study on UiO-67, the experimental protocol were tested for various other 

UiO-67-type MOF where UiO-67-bndc is an evident choice (section 1.9). UiO-67-bndc is 

composed of Zr6O4(OH)4(COO)12 cluster, identical to that of UiO-67 where H2bndc ([1,1'-

binaphthalene]-4,4'-dicarboxylic acid) linker is used instead of H2bpdc. Therefore, the results 

from the screening of UiO-67 were utilized for the tuning and optimization of UiO-67-bndc. 

3.2.1.1. Preliminary screening  

A similar preliminary screening was performed as it was performed for UiO-67 and based on 

the results from the screening in UiO-67, some of the selected parameters were studied for UiO-

67-bndc. They were mainly the study of the effect of varying amount of benzoic acid ranging 

from 0 to 15 molar equiv in the presence of water and DMF (Table 9). PXRD was recorded for 

all the dried samples synthesized using varying amount of BA and H2bndc linker using 150 

molar equiv DMF. All the PXRD patterns corresponds to that of reflections from typical UiO-

67 patterns, Figure 41. This confirms the possibility for the formation of UiO-67-bndc at the 

selected synthesis condition, i.e. BA= 1 to 15 and different synthesis temperature of 120, 130 

and 140 °C.  



Results and Discussion 

 

87 

 

 

Figure 41. PXRD patterns of MOF produced by screening benzoic acid (from 0 to 15 equiv) and 

different temperatures (120 °C, 130 °C and 140 °C) for UiO-67-bndc.  

Furthermore, all the prepared samples were tested for thermal stability by calcining them at 

400 °C for 2 hours and repeating the PXRD (Figure 42). Surprisingly, the samples without the 

use of benzoic acid maintains high crystallinity unlike other samples in the series. This implies 

that presence of benzoic acid in the synthesis of UiO-67-bndc decreases its thermal stability. 

PXRD patterns of these samples are recorded and shown in Figure 43. The PXRD indicates the 

crystallinity is maintained with all the samples suggesting their high tolerance towards water, 

in agreement with literature.65  
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Figure 42. PXRD of the samples of UiO-67-bndc after thermal stability test at 400 °C for 2 h. 

 

Figure 43. PXRD of the samples of UiO-67-bndc after water stability test for 24 h.  

Figure 44 shows the SEM images of UiO-67-bndc (no modulator) synthesized at 130 °C, which 

shows octahedral crystals, where they maintain the octahedral crystal shape after undergoing 

thermal treatment and water treatment, suggesting the robust nature of this material. 

3 eq 6 eq0 eq

120 °C

9 eq 12 eq 15 eq

130 °C

140 °C

3 eq 6 eq0 eq

120 °C

9 eq 12 eq 15 eq

130 °C

140 °C



Results and Discussion 

 

89 

 

 

Figure 44. SEM images of a) UiO-67-bndc-0BA synthesized at 130 °C, b) after heated at 200 °C for 2 h 

and c) after soaked in water for 24 h. 

Therefore, synthesis of UiO-67-bndc is possible with and without the use of benzoic acid as 

modulator with the temperature range of 120-140 °C with Zr:DMF ratio as 1:150. The samples 

without the use benzoic acid is seen to have better thermal stability as compared to others. For 

further use, UiO-67-bndc was prepared with no modulator at 130 °C.  

3.2.1.2. Screening of amount of solvent 

Synthesis of UiO-67-bndc was attempted with Zr:DMF rations of (1:50; concentrated (C), 

1:150; dilute (D) and 1:300; very dilute (VD)). The XRD patterns in Figure 45 suggests the 

possibility to synthesize of UiO-67-bndc with various amounts of DMF. Furthermore, the 

quality of all these samples were checked by further characterization. TGA-DSC shows that all 

the samples are stable up to 400 °C before the framework collapses. The BET surface area for 

C-0BA-bndc, D-0BA-bndc and VD-0BA-bndc is 1528 m2 g-1, 1521 m2 g-1 and 1463 m2 g-1, and 

pore volume is 351 cm3 g-1, 349 cm3 g-1, and 336 cm3 g-1 respectively. The TGA-DSC and 

nitrogen uptake do not show much variation in these samples, suggesting negligible effect of 

varying DMF concentration for the synthesis of UiO-67-bndc (Figure 46). Similarly, the 1H 

NMR shows very clean spectra with the peaks corresponding to [1,1'-binaphthalene]-4,4'-

dicarboxylate (Figure 47). The VD-0BA-H2bndc shows a small peak of formate suggesting the 

incorporation of formate on the capping sites of the MOF. 
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Figure 45. PXRD of the C-0BA-bndc, D-0BA-bndc and VD-0BA-bndc.  

 

 

Figure 46. a) TG-DSC signals and b) nitrogen isotherm of C-0BA-bndc, D-0BA-bndc and VD-0BA-bndc. 
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Figure 47. 1H NMR spectra of a) C-0BA-bndc, b) D-0BA-bndc and c) VD-0BA-bndc.  

Therefore, synthesis of UiO-67-bndc is possible various concentration of DMF from 50 to 300 

equiv. The data suggest that there is not a large effect of varying the DMF concentration on the 

quality if UiO-67-bndc. 

3.2.1.3. Screening of amount of modulator 

PXRD and TGA-DSC data of C-3BA-bndc suggests that with concentrated synthesis, it is 

possible to synthesize UiO-67-bndc and the use of 3 equiv does not affect the synthesis of the 

framework drastically (Figure 48 and Figure 49a). But the nitrogen adsorption isotherm shows 

1107 m2 g-1 as BET surface area, which is 10 % lower than C-0BA-bndc (Figure 49b). This 
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suggests that some modulator is cooperated in the framework, which attributes to the lower 

surface area. The true composition of C-3BA-bndc was observed by obtaining a 1H NMR 

spectrum of the digested MOF, presented in Figure 50. It shows that thoroughly washed C-3BA- 

bndc has about 10 % of benzoic acid (relative to bndc2-) in the MOF framework. This is in 

accordance with the lower surface area of C-3BA-bndc. Lastly, SEM images of C-0BA-bndc and 

C-3BA-bndc was taken to compare their morphology (Figure 51). Surprisingly, C-3BA-bndc 

appears to be with very small crystal size with no specific morphology. On the other hand, C-

0BA-bndc shows octahedral crystals which are generally the case with UiO MOFs. 

 

Figure 48. PXRD for C-3BA-bndc.  

5 10 15 20 25 30 35 40 45 50

In
te

n
s
it
y
 (

a
.u

.)

2 theta (degree)

 C-3BA-bndc



Results and Discussion 

 

93 

 

 

Figure 49. a) TGA-DSC signal and b) nitrogen isotherm for C-3BA-bndc.  

 

Figure 50. 1H NMR of C-3BA-bndc.  
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Figure 51. SEM images of a) C-0BA-bndc and b) C-3BA-bndc. 

To sum up, the use of benzoic acid in the synthesis of UiO-67-bndc made under concentrated 

synthesis shows negative effect as the resultant material is with lower surface area and 

incorporation of 10 % benzoic acid. The crystal size is also very small and with undefined 

shape. This section also shows the importance of all characterization tools in order to avoid 

making false conclusions. 

3.2.1.4. Screening of amount of water 

The amount of water was screened for the synthesis of UiO-67-bndc, with Zr:water molar ratio 

as 1:3, 1:10, 1:40 and 1:80. As the amount of water increased, the resulting product appeared 

to be like a gel, which was difficult to filter. Moreover, the PXRD patterns shows that as the 

amount of water is increased in the synthesis, the material is seen to be amorphous with no 

sharp reflections. This implies that increasing amount of water does not have a positive effect 

of the synthesis of UiO-67-bndc (Figure 52). 
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Figure 52. PXRD of screening of water for UiO-67-bndc. 

Thus, the use of 3 equiv of water gives most promising material and high amount of water 

impedes the formation of UiO-67-bndc. 

3.3. Mixed linker UiO-67 

3.3.1. Synthesis of mixed linker UiO-67 

The most commonly used variant of UiO-67 in heterogeneous catalysis is the one in which a 

fraction of the H2bpdc linker is replaced by 2,2′-bipyridine-5,5′-dicarboxylic acid (H2bpydc). 

Therefore, the applicability of concentrated protocol was tested by synthesizing such mixed-

linker MOF which are useful for catalysis. The concentrated synthesis protocol was applied to 

UiO-67 with 10% H2bpydc. Furthermore, with the same principle, MOFs with 10 % of other 

linkers like 2,2'-diamino-[1,1'-biphenyl]-4,4'-dicarboxylic acid (H2bpdc-(NH2)2), 2-amino-
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[1,1'-biphenyl]-4,4'-dicarboxylic acid (H2bpdc-(NH2)) and 2,2'-dihydroxy-[1,1'-biphenyl]-4,4'-

dicarboxylic acid (H2bpdc-(OH)2). 

The diffraction pattern of all the mixed-linker MOFs are displayed in Figure 53 and they 

resemble the diffraction pattern of UiO-67. This shows that substitution of 10 % of H2bpdc with 

the new linker does not show any changes in the crystal structure of UiO-67. Figure 54a) 

displays TGA-DSC, which shows that the mixed-linker UiO-67 type MOF are as stable as the 

UiO-67 which is synthesized with 100 % of H2bpdc linker. UiO-67 type mixed- linker MOFs 

UiO-67-bpydc0.1, UiO-67-(bpdc-(NH2)2)0.1, UiO-67-(bpdc-(NH2))0.1 and UiO-67-(bpdc-

(OH)2)0.1 are stable up to 450 °C and UiO-67-bndc  type (UiO-67-bndc0.9-bpydc0.1) is stable up 

to 400 °C, before the framework collapses. This implies that 10 % substitution of linker does 

not show major thermal stability changes in these MOFs. The nitrogen isotherms of all the 

mixed linker MOFs is shown in Figure 54b), which is used to calculate their surface area, 

reported in Table 16. The surface area of mixed linker UiO-67 type MOF is in the range of 

2300-2500 m2g-1 and that of UiO-67-bndc type is around 1500 m2g-1. These surface area are 

very close to their parent MOF which not only shows that these materials are very porous but 

also that they behave similar to their parent MOF. 

 

Figure 53. XRD diffraction pattern for mixed-linker MOFs. 
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Figure 54. a) TGA-DSC and b) nitrogen isotherms at 77 K for mixed-linker MOFs. 

Table 16. BET surface area and 1H NMR results for mixed-linker MOFs (molar percentage given with 

respect to total linkers (x linker and y linker)). 

# MOF sample Surface area 

[m2 g-1] 

Pore volume 

[cm3g-1] 

y-linker 

(%) 

benzoate 

(%) 

formate 

(%) 

 

1 UiO-67-bpydc0.1 2454 564 7.0 1.7 2.0 

2 UiO-67-(bpdc(NH2)2)0.1 2305 529 6.9 2.7 10 

3 UiO-67-(bpdc(NH2))0.1 - - 5.7 1.3 6.0 

4 UiO-67-(bpdc(OH)2)0.1
 2405 552 5.1 6.7* 3 

5 UiO-67-bndc0.9-bpydc0.1 1501 345 5.6 NA 0 
*This synthesis was performed at a 10 gram scale, so the discrepancies may have occur due to scale 

up. 

 

To gain knowledge about the true composition of these mixed-linker MOFs, they were digested 

in 1M NaOH-D2O solution. This solution was used to record the 1H NMR which is shown in 

Figure 55. The 1H NMR spectra was used to calculate the composition of the materials, reported 

in Table 16. The aim was to incorporate 10 % of functionalized linkers in the MOF, and 1H 

NMR shows that they are in the range of 5 to 8 %, which is acceptable. 1H NMR also shows 

the presence of small percentages of benzoic acid and formic acid, which might be the capping 

sites of missing-linker defects. The SEM images of the mixed-linker MOFs shows octahedral 

crystals supporting the successful synthesis of these materials (Figure 56).  
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Figure 55. 1H NMR of mixed-linker MOFs where a) UiO-67-bpydc0.1, b) UiO-67-(bpdc-(NH2)2)0.1, c) 

UiO-67-(bpdc-(NH2))0.1, d) UiO-67-(bpdc-(OH)2)0.1 and e) UiO-67-bndc0.9-bpydc0.1. 

 

Figure 56. SEM images of mixed-linker MOFs where a) UiO-67-bpydc0.1, b) UiO-67-(bpdc-(NH2)2)0.1, 

c) UiO-67-(bpdc-(NH2))0.1, d) UiO-67-(bpdc-(OH)2)0.1 and e) UiO-67-bndc0.9-bpydc0.1. 

Therefore, various mixed-linker UiO-67 type MOFs were- successfully synthesized with 10 % of 

functionalized biphenyl linkers. All the MOFs were characterized well and the data shows that these 

MOFs are as stable and porous as the parent MOF. True composition of the MOFs was determined by 
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1H NMR that shows presence of 5 to 8 % of these linkers with small percentage of benzoic acid and 

formic acid. 

3.3.2. Metal incorporation in UiO-67 type MOFs 

Two frequently reported methods of single site inclusion on linkers are 1) involving a linker 

that also contains a coordination site, e.g. 2,2’-bipyridine dicarboxylate66, 112, 137 and 2) 

postsynthetical construction of such a site, e.g. condensation of an aldehyde onto free primary 

amine groups in the MOF.124, 138-139 For the former approach, UiO-67 is commonly used, 

whereas for the latter, UiO-66 and MIL-101 are common starting points. The biphenyl moiety 

of UiO-67 provides an anchoring point for functional groups, for example allowing the 

construction of a tetradentate analogue of the frequently reported imine coordination sites. Its 

higher porosity also allows reactants and products of a catalyzed reaction to diffuse more freely, 

with less steric limitations. 

To construct the tetradentate Schiff-base complex inside the MOF, a stepwise post-synthetic 

approach was used. Characterizing mixed-linker MOFs is very challenging due to the physical 

immobilization of the complex of interest which prevents the use of NMR and MS, and the 

dilution and disorder of the incorporated complexes which introduces uncertainty in diffraction-

based methods. Stepwise reactions are useful for the synthesis of such complexes incorporated 

in MOFs because it allows the characterization of the intermediate stages.  The size of the 

Schiff-base complex prohibits the use of linker exchange methods, and the imine moiety would 

not remain intact through the harsh conditions of MOF synthesis.75  

UiO-67-bpdc-(NH2)2 (referred as MOF) was synthesized using 10 % of 2,2’-diaminobiphenyl-

4,4'-dicarboxylic acid (H2bpdc-(NH2)2) and 90 % of biphenyl-4,4'-dicarboxylic acid (H2bpdc). 

This MOF was further treated with salicylaldehyde (2-hydroxybenzaldehyde) to form a Schiff 

base (imine) complex (MOF-sal). The MOF was further exposed to solutions of Co, Ni, Cu 

and Pd salts (Figure 14). 
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Figure 57. a) PXRD pattern and b) nitrogen adsorption isotherm of MOF (UiO-67-(bpdc-(NH2)2)0.1), 

MOF-sal (UiO-67-(bpdc-(NH2)2)0.1) with salicylaldehyde), MOF-Pd-(via sal), MOF-sal-Cu, MOF-sal-

Co and MOF-sal-Ni. 
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The PXRD pattern of MOF and its derivatives (except MOF-sal-Ni) shows that the crystallinity 

of the MOF framework is intact throughout the modification treatment (Figure 57). MOF-sal-

Ni clearly shows the loss of crystallinity indicating the collapse of MOF framework. The BET 

surface area was calculated from nitrogen adsorption isotherms is presented in Table 17 and 

Figure 57. The surface area of MOF (2372 m2g-1), slightly decreases after its modification with 

salicylaldehyde and bis(acetonitrile)dichloropalladium(II) (MOF-sal and MOF-Pd-(via sal)) 

indicating the partial occupancy of the pores of the MOF. Surprisingly, the surface area of 

MOF-sal treated with acetate salts of Cu, Co and Ni were slightly different. MOF-sal-Cu (1620 

m2g-1) and MOF-sal-Co (1714 m2g-1) has significantly decreased, which is 27-32 % decrease 

with respect to the MOF. This suggests that the pores of the MOF are partially blocked by a 

larger complex/other species. The surface area of MOF-sal-Ni (579 m2g-1) has drastically 

decreased confirming the collapse of framework as suggested by PXRD pattern. 

Table 17. Surface area and pore volume of MOF and its derivative, calculated from nitrogen adsorption 

isotherm. 

Entry Sample Surface area [m2/g] Pore volume [cm3/g] 

1 MOF 2372 545 

2 MOF-sal 2294 527 

3 MOF-Pd-(via sal) 2276 523 

4 MOF-sal-Cu 1616 371 

5 MOF-sal-Co 1714 394 

6 MOF-sal-Ni 579 133 

 

 

Figure 58. SEM images of a) MOF, b) MOF-sal and c) MOF-Pd-(via sal). 

Furthermore, SEM images of MOF and its derivatives depict octahedral crystals with well-

defined edges, indicating that the crystals are intact throughout the modification treatment 

(Figure 58). These results are also in agreement with the PXRD results. 

The NMR calculation shows the presence of 6 % of diamino linker, 5 % of salicylaldehyde and 

4-5 % formate in all the samples, with respect to bpdc2- linker (Figure 59, Table A5). The MOF 

a)

10 µm 10 µm 5 µm

b) c)
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contains large amounts of benzoate (around 12 %) which decreases (to 6 % ) after modifying it 

with salicylaldehyde, probably due to extensive washing and activation at 200 °C prior to 

sample preparation.  

 

Figure 59. NMR spectra of a) MOF, b) MOF-sal and c) MOF-Pd-(via sal). The peaks marked in the 
grey box with yellow labels are used for the calculation of relative organic content. The peaks marked 

with green labels are merging with other peak, not suitable for calculations. 

Figure 60 presents the FT-IR spectra of all the samples. UiO-67(bpdc-(NH2)2)0.1 shows a double 

peak arising at 3480 and 3380 cm−1 (black curve, Figure 60), due to the symmetric and 

antisymmetric vibration of the NH2 groups attached to the aromatic linkers, hence confirming 

the incorporation of H2bpdc-(NH2)2 linker. These ν(NH) peaks disappear to a great extent in 

MOF-sal (red curve, Figure 60). This strongly suggests the successful condensation reaction 

of amine functional group of H2bpdc-(NH2)2 linker of the MOF with the salicylaldehyde. 
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Interestingly the peak at 3480 cm−1 for MOF-Pd-(via sal) does not disappear suggesting the 

presence of –NH2 groups in the MOF. Furthermore, the peaks arising from imine functional 

group are expected at 1630 cm−1 but unfortunately that region is covered by the peaks form the 

MOF framework (Figure A14). 

 

Figure 60. FT-IR spectra of MOF (black) and its derivatives, MOF-sal (red), MOF-sal-Cu (green), 

MOF-sal-Co (violet) and MOF-Pd-(via sal) (blue). 

The metal to Zr molar ratios were estimated using Energy-dispersive X-ray spectroscopy and 

the results are shown in Table 18. The average Pd/Zr ratio was estimated 0.047 and Cu/Zr as 

0.080 atomic percent in MOF-sal-Pd and MOF-sal-Cu, respectively whereas in case of MOF-

sal-Co the Co/Zr ratio is very low, at 0.013. Interestingly, MOF-Pd-(via sal) contains a 

significant amount of chloride which indicates the presence of a chloride based complex in the 

MOFs. Furthermore, MOF-Pd was synthesized as a control reaction by treating MOF directly 

with bis(acetonitrile)dichloropalladium(II), Figure A15 .The peak for 3480 cm-1 in the FT-IR 

does not disappears and the Pd/Zr ratio was also estimated as 0.047 (Figure 61 and Figure A 

16). The experiments shows similar results as in the case of MOF-Pd-(via sal), indicating the 

presence of PdCl2-bpdc(NH2)2 system in both the cases. 
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Table 18. Composition of MOF-Pd-(via sal), MOF-sal-Cu and MOF-sal-Co, determined using EDS, all 

the values are given in atomic percentage. 

Catalyst Zr  C  O  N  M  Cl  M/Zr 

MOF-Pd-(via sal) 4.39 66.36 26.90 2.26 0.21 0.30 0.047 

MOF-Pd 5.49 64.64 26.95 2.12 0.25 0.50 0.046 

MOF-sal-Cu 5.61 64.75 27.11 2.06 0.44 0.01 0.080 

MOF-sal-Co 4.81 65.73 27.58 1.78 0.07 0.02 0.013 

 

 

Figure 61. a) PXRD and a) FT-IR pattern of MOF-sal. 

Moreover, control reactions were performed by making the isolated complexes with the 

dimethyl-ester of the diamine linker (Figure 15). In the case of Pd, when the linker was reacted 

with bis(acetonitrile)dichloropalladium(II), the imine bond was cleaved, clearly indicated by 

the two broad peaks by hydrogens of –NH2 groups in the 1H NMR spectrum (Figure 62). The 

1H NMR spectra of the starting linker is also presented for comparison. The single crystal 

analysis of the thus obtained crystals confirmed the synthesis of PdCl2(diaminobiphenyl diester) 

(Figure A17). The reaction for the synthesis of the Pd-isolated complex was done under same 

condition as for the synthesis of the metal incorporation MOF-sal. 
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Figure 62. NMR spectra of the (1) dimethyl-ester of the diamine linker and (2) PdCl2(diaminobiphenyl 
diester) complex in tetrahydrofuran-d8 (Figure 15), where x is the impurity from the contaminated 

solvent. 
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Therefore, a tetradentate catalyst has been designed and incorporated into a MOF by stepwise 

post-synthetic modification. In general, this example of metal incorporation shows the 

versatility of UiO-67 MOFs. This ligand provides numerous opportunities for exploration of 

new catalysts, since its steric and electronic properties are easily tuned by changing the 

aldehyde reagent, and it can incorporate multiple metals.  
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4. Conclusions 

4.1. Results 

An extensive work on UiO-67 has been performed which gives a deep understanding of the 

material. 

 The amount of missing-linkers defects in UiO-67 can be controlled. 

o A near-defect free UiO-67 can be obtained with the use of 

Zr:H2bpdc:H2O:BA:DMF = 1:1:3:3:50 (concentrated synthesis) at 130 °C. 

o If desired, UiO-67 with missing-linker defects can be obtained with the use of 

Zr:H2bpdc:H2O:BA:DMF = 1:1:3:9:300 (dilute synthesis) at 130 °C. 

 

 The concentration for benzoate in the product increases along with the yield as the 

reaction progressed, indicating that linker incorporation in the MOF follows the waning 

concentration of linker in the mother liquor. 

 

 Concentrated synthesis method is further tuned and the effect of amount of water is 

defined 

o If critically dry conditions, less than 5 equiv of water in the synthesis lead to a 

combination of two phase i.e. UiO-67 and MIL-140C MOF. 

o The presence of MIL-140C decrease with the increase of water concentration in 

the synthesis of the material, hence showing that water plays a role as a structural 

directing agent. 

o Missing-linker defects are increased with the increase in water as an additive in 

the synthesis, at given condition Zr:H2bpdc:BA:DMF = 1:1:3:50 and water (3 to 

9 molar equiv) 

 Under right conditions, where water is present in large excess, different phases such as 

hcp and hexagonal nanosheets can be observed where the inorganic nodes are different 

than the usual fcu phase, therefore potential catalytic site. 

 

 The UiO-67 material obtained with concentrated synthesis is thermally stable up to 

350 °C for 24 hours in air and gradually starts to collapse above 350 °C. 
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 The synthesis of UiO-67-bndc is studied in detail (where [1,1'-binaphthalene]-4,4'-

dicarboxylic acid linker is used instead of H2bpdc). 

o The concentrated synthesis protocol suits the synthesis of UiO-67-bndc with 

tuning it slightly further, therefore, Zr:H2bpdc:H2O:BA:DMF = 1:1:3:0:50. 

o The best material is obtained in the absence of modulator and the use of low 

amount of benzoic acid (3 equiv) yield very poor quality material. 

o Moreover, it is best to use 3 equiv of water and increased amount of water shows 

no MOF formation.  

o Unlike UiO-67, no changes in the phase of the material was observed at the given 

conditions.  

 

 Concentrated synthesis was employed in the synthesis of mixed-linker UiO-67 type 

MOFs where 10 % of the H2bpdc were partially replaced by functionalized biphenyl 

linker 

o It shows similar results as for UiO-67 and the samples show the presence of very 

low missing-linker defects 

o The functionalized biphenyl linker is present 6-7 % in the synthesized mixed 

linker MOF 

 

 This deep understanding of UiO-67-type MOFs is used for the synthesis of metal-based 

MOF catalysts. 

4.2. Suggestion for further work 

The reaction conditions for the synthesis of UiO-67 has been studied in detail where the effect 

of concentrations of the reagents are shown to display important role in the outcome of the 

material. The effect of different concentration of DMF, benzoic acid and water has been 

investigated. These results were employed for the synthesis of various UiO-67 type MOF and 

later used for the synthesis of metal based MOF catalysts. Here are few suggestions for further 

work related to this thesis: 
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 The concentrated synthesis provides high yield with low amounts of reagents which 

makes it suitable for upscaling. Some of the preliminary upscaling of the concentrated 

protocol is done but the synthesized material does not always resemble the small-scale 

synthesis results. Therefore, to increase the applicability of the suggested protocol, its 

application for scaling up could be investigated in detail. 

 The effect of amount of water is studied in two ways, 1) effect of low amount of water 

(3 to 9 equiv) on UiO-67-bpydc0.1 and 2) large excess amount of water (38 equiv) on 

UiO-67. In order to see the effect of amount of water in the synthesis, one series of UiO-

67 samples with varying amount of water (0 to 60 equiv or so) should be carefully done 

for the concentrated synthesis. The author envisions the synthesis of hcp and other 

phases by increasing large excess of water in the established concentrated protocol. 

 The µ2-OH and µ3-OH sites in the hcp phase Zr-H2bpdc MOF are fascinating for 

exploring them for metal insertions. The author anticipates a great potential of this MOF 

for catalysis.  

 A lot of work has been done for the development of synthesis of UiO-67-bndc where 

the results shows that the reproducible, highly stable material is obtained without the 

use of modulator. This is a great achievement in author’s opinion as UiO-67-bndc has 

smaller pore than UiO-67 and has no modulator, which can act as capping agent of the 

open Zr sites, therefore is an interesting candidate to see confinement effects for testing 

it as a catalyst. 

 Preliminary investigation of the effect of water in the synthesis of UiO-67-bndc was 

done but further work is needed to tune the synthesis condition and hopefully synthesize 

hcp and hexagonal phase of UiO-67-bndc. 

 Thermal stability of UiO-67 was studied in detail but a lot of work could be done for 

improving the water stability of UiO-67. The application of UiO-67 are sometimes 

limited due to its lack of stability in water, thus alternative MOFs are preferred over 

UiO-67.   

 The development of metal based catalysts has always been interesting but the study 

related to synthesis of Schiff base in UiO-67 MOFs needs more work. It is difficult to 

comment in detail about the local environment of the metals incorporated in MOF-sal. 

Therefore, further study is needed to develop such complex materials in the MOFs and 

characterize them well. 
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Appendix 

Additional data 

1. Preliminary high-throughput synthesis  

Table A1. Estimated particle size of UiO-67 synthesized with water (set W) and HCl(aq) (set H) as 

additives and thermally tested at 450 °C for 2 hours, see Figure 16 and Figure 17. 

Entry Set W (nm) Set W@450°C (nm)  Set H (nm)  Set H@450°C (nm) 

1 101 82  74  89 

2 152 54  7  11 

3 177 38  25  14 

4 110 13  43  14 

5 155 14  44  13 

6 145 13  46  10 

7 152 12  27  9 

8 221 10  34  11 

9 267 73  49  13 

10 243 13  55  11 

11 230 147  35  11 

12 211 22  89  10 

13 16 17  80  15 

14 59 22  7  14 

15 163 125  8  18 

16 174 101  25  18 

17 212 119  39  15 

18 253 161  52  15 

19 8 13  7  12 

20 158 15  24  18 

21 371 265  57  14 

22 282 255  60  15 

23 196 191  35  15 

24 371 203  72  15 

25 10 12  10  9 

26 7 13  8  15 

27 34 14  73  14 

28 169 154  8  18 

29 184 144  75  100 

30 219 192  91  53 

31 10 12  8  15 

32 178 13  8  21 

33 229 24  92  19 

34 232 179  68  23 

35 216 16  56  20 

36 189 64  96  20 



Appendix 

 

120 

 

 

Figure A1. Examples of estimated sizes from the PXRD refinement. Note that the y-scale shows the 

square root of the diffraction signal to better accommodate the low and high intensity portions of the 

patterns in the same figure. Acquired patterns are shown in bold black lines, and the best fits are shown 

as thin red lines. 

2. Screening of amount of modulator for UiO-67 (C-xBA and D-xBA series) 

 

Figure A2. SEM micrograph for C-12BA, D-9BA, D-12BA and C-15BA. 
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Figure A3. Nitrogen isotherms at 77 K for a) C-xBA series and b) D-xBA series. 
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Table A2. Surface area and pore volume data for C-xBA and D-xBA series (calculated from nitrogen 

adsorption isotherms) 

Entry BA concentration 

in synthesis (equiv) 

C-xBA series D-xBA series 

Surface area 

[m2 g-1] 

Pore volume 

[cm3 g-1] 

Surface area 

[m2 g-1] 

Pore volume 

[cm3 g-1] 

1 0 2043 469 542 193 

2 3 2734 628 1888 434 

3 6 2632 605 2320 533 

4 9 2549 585 2387 548 

5 12 74 17 2474 545 

6 15 - - 2614 601 

7 18 - - 2562 589 

 

 

 

Figure A4. TGA and DSC signals of C-xBA (x= 12 to 15). 
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Table A3. Relative organic mass in C-xBA and D-xBA series, calculated with NMR spectroscopy, the 

amount of benzoic acid (BA) and formic acid (FA) is given with respect to bpdc linker.  

Entry BA concentration in synthesis (equiv) C-xBA series D-xBA series 

BA (%) FA(%) BA (%) FA(%) 

1 0 0 2 0 11 

2 3 2 1 26 4 

3 6 0 6 20 2 

4 9 0 6 21 1 

5 12 3 0 16 0 

6 15 6 1 24 1 

7 18 - - 17 1 

 

3. ATR and DRIFT spectroscopy (CD3CN as probe molecule) on C-xBA and 

D-xBA series 

Attenuated total reflectance spectra (ATR-IR) were collected with a Bruker Vertex 70 

instrument, equipped with a liquid nitrogen-cooled MCT detector and a Bruker Platinum ATR 

accessory with diamond crystal. Before measurements, the samples were dried overnight at 200 

°C in order to remove most of the solvent (DMF) and moisture. In-situ DRIFT-IR spectra, have 

been collected on the same instrument this time equipped with a Harrick Praying Mantis cell, 

monitoring the activation of the MOFs and interaction with CD3CN used as probe molecule. 

Samples activation was performed with 10 ml/min of He flow, from RT to 300 °C with a ramp 

rate of 5 °C/min and kept at 300 °C for 180 min. Successively the samples were cooled at 120 

°C in inert and CD3CN vapors started to be dosed in a 10 ml/min He flow. This precaution was 

adopted in order to avoid samples re-hydration below 100 °C, which can interfere in the 

interaction between the samples and the probe molecule. Then the temperature was further 

lowered to 70 °C in the presence of CD3CN vapors till the spectra stopped changing upon the 

CD3CN flux. The relative stabilities of the adsorbed species were monitored during a 10 ml/min 

He flow overnight. 

Figure A5 illustrates ATR-IR spectra for selected samples of C-xBA and D-xBA (Part a and Part 

b, respectively). The spectra collected on the samples prepared with concentrated synthesis (C-

3BA, C-6BA and C-9BA) and that with diluted synthesis (D-3BA, D-12BA and D-18BA) are very 

similar. Major bands are:i) a sharp peak at 680 cm−1, ascribed to Zr-3-OH; ii) a very strong 

maximum at around 1400 cm−1, due to the symmetric (O-C-O) stretching mode; iii) maxima 

around 1500−1550 cm−1, due to the asymmetric (O-C-O) stretching mode of the carboxylates; 

iv) a complex band around 1600 cm−1, due to (C-C) stretching modes in the aromatic rings; v) 
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broad, complex and weak components around 1700−1730 cm−1 due to (C=O) of benzoic acid 

(coordinated to Zr or entrapped in the pores after the synthesis) or that of amide of DMF.55, 140-

141 A weaker counterpart at 1240 cm−1, due to (C-O) is also expected. Between the two series 

of spectra, we observe that the signals of both species ((C=O) and (C-O)) are more evident 

in the spectra reported in Figure A5b), especially in case of D-18BA. The ATR spectra obtained 

for C-0BA and D-0BA shows some differences. Particularly, C-0BA shows clearly some extra 

bands (highlighted with dotted lines) whereas D-0BA mostly shows broader bands with a 

different intensity ratio. 

 

Figure A5. Part a) and c) ATR spectra of UiO-67 MOFs prepared with concentrated synthesis, using 0 
equiv (black curve), 3 equiv (red curve), 6 equiv (green curve) and 9 equiv (blue curve) of benzoic acid 

as modulator. Dotted lines help in the identification of the extra signal for the sample synthesized 

without modulator. Part b) and d) ATR spectra of UiO-67 MOFs prepared with diluted synthesis, using 

0 equiv (black curve), 3 equiv (red curve), 12 equiv (green curve) and 18 equiv (blue curve) of benzoic 

acid as modulator. 
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Figure A6 a), b) illustrates the spectra for samples C-0BA and C-3BA, while Figure A7 a), b) and 

c) reports the data for the samples D-0BA, D-3BA and D-18BA. Main figures report the spectra 

collected after activation in the same color used in Figure A5 (black C-0BA and D-0BA; red C-

3BA and D-3BA; blue D-18BA); curves from dark to light gray, illustrate the effect of progressive 

desorption of CD3CN from the samples. The activation procedure performed before the dosage 

of the probe (He flux from RT to 300 °C with a ramp rate of 5 °C/min and kept at 300 °C for 

180 min) was able to completely remove the solvent but preserved the μ3-OH groups formed at 

the Zr6 clusters, as testified by the presence of the sharp band at 3676 cm−1. Upon interaction 

with CD3CN, the bands associated to the OH groups were eroded and shifted at lower 

frequencies (centered at 3350 cm−1).142  As counterpart, in the (CN) region (see the insets of 

Figure A6 and Figure A7), blue shifted, new components around 2276 cm−1, are observed.143 

In the same spectral range, the absence of relevant bands around 2300 cm−1, exclude the 

abundance of accessible Lewis sites (e.g. uncoordinated Zr sites). The only sample that shows 

a clear component at 2300 cm−1, is the D-0BA material (Figure A7a), inset). On the basis of what 

evaluated by TGA-DSC and by 1H NMR, we know that also the sample D-3BA should be highly 

defective. The fact that we do not appreciate a clear component at 2300 cm−1, implies that the 

Zr species in that sample are not present as highly uncoordinated Lewis site, able to perturb the 

CN group, but are most probably capped by OH groups. 

 

Figure A6. DRIFT spectra of samples C-0BA (part a) and C-3BA (part b). Black curve represent the 
sample C-0BA prior to CD3CN dosing, the same for the sample C-3BA (red curve). Curves from dark to 

light grey represent the progressive desorption of CD3CN from the adsorption sites on the samples. 
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Insets show a magnification of the ν(Zr-OH) region (3700-3650 cm−1) and of the ν(C≡N) region (2350-

2175 cm−1). 

 

 

Figure A7. DRIFT spectra of samples a) D-0BA, b) D-3BA and c) D-18BA. Black curve represent the 
sample D-0BA prior to CD3CN dosing, the same for the sample D-3BA (red curve) and D-18BA (blue 

curve). Curves from dark to light grey represent the progressive desorption of CD3CN from the 

adsorption sites on the samples. Insets show a magnification of the ν (Zr-OH) region (3700-3650 cm−1) 

and of the ν(C≡N) region (2350-2175 cm−1). 
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4. Yield 

Table A4. Yield of C-xBA and D-xBA series. 

Entry Sample label Yield (%) Sample label Yield (%) 

1 C-0BA 92 D-0BA 73 

2 C-3BA 86 D-3BA 89 

3 C-6BA 92 D-6BA 92 

4 C-9BA 86 D-9BA 96 

5 C-12BA 25 D-12BA 86 

6 C-15BA 22 D-15BA 92 

7 -  D-18BA 95 

 

5. Time course study 

 

Figure A8. NMR spectra of the samples from time course study of D-9BA. 
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Figure A9. TGA-DSC curves on the samples from time course study. 

 

6. Water screening 

 

 

Figure A10. XRD pattern of UiO-67-bpydc0.1-4H2O(blue) refined against ideal UiO-67 XRD pattern 

(red) where the extra peaks are marked by grey dotted lines.  
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Figure A11. TGA-DSC of UiO-67-bpydc0.1 with different amount of water; 0.3, 3, 4, 5, 6, 9 equiv.  

 

Figure A12. NMR of UiO-67-bpydc0.1 with different amount of water; a) 0.3, b) 3, c) 4, d) 5, e) 6 and 

f) 9 equiv, where the peaks are from the protons of 1) benzoate, 2) bpdc2-, 3) bpydc2- and 4) formate. 
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Figure A13. Composition of the organic constituents in each sample, determined by 1H NMR and scaled 
to the organic:Zr6 ratio found by TGA (at 200 °C) in the samples synthesized with varying amount of 

water. The total organic content in an ideal UiO-67 (Zr6O6(bpdc)6) is 6. 

 

 

7. Post synthetic modification and metal incorporation 

Table A5. Relative organic content with respect to bpdc linker in the MOF and its derivative, calculated 

using 1H NMR. 

Entry Sample bpdc(NH2)2
2- (%) Salicylaldehyde (%) Benzoate (%) formate (%) 

1 MOF 6 NA 12 4 

2 MOF-sal 6 5 6 3 

3 MOF-Pd-(via sal) 6 5 5 5 
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Figure A14. FT-IR spectra of MOF (black) and its derivatives, MOF-sal (red), MOF-sal-Cu (green), 

MOF-sal-Co (violet) and MOF-Pd-(via sal) (blue). 

 

 

Figure A15. Synthesis of MOF-Pd where UiO-67-bpdc-(NH2)2 is reacted with 

Bis(acetonitrile)palladium dichloride, for comparison with MOF-Pd-(via sal). 
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Figure A 16. EDX data for MOF-Pd. 

 

Single crystal X-ray diffraction 

Complete data sets for the reported single crystals were acquired on a Bruker D8 Venture 

diffractometer equipped with a Photon 100 detector and using Mo Kα radiation (λ = 0.71073 

Å). Data reduction was performed with the Bruker Apex3 Suite, the structure was solved with 

ShelxT and refined with ShelxL.  

Table A6. Data collection and refinement details of single crystal structure determinations. 

 

 Schiff-diester Br-Schiff Cu(II) Aminobiphenyl-PdCl2 

Crystal data 

Chemical 

formula 

C30H24N2O6·CO 2(C32H24Br2CuN2O6)· 

(C2H3N) 

C16H16Cl2N2O4Pd·C4H8O 

Mr 432.42 1519.68 461.98 

Crystal system, 

space group 

Triclinic, P¯1 Monoclinic, P21/c Triclinic, P¯1 

Temperature (K) 100 100 100 

a, b, c (Å) 9.7050 (7), 11.0878 20.1681 (12), 11.3946 8.5427 (12), 10.1799 (12), 

MOF-Pd

 

Catalyst  Zr  C  O  N  M  Cl  M/Zr 

MOF-Pd 5,49 64,64 26,95 2,12 0,25 0,50 0.046 
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(8), 12.4021 (9) (7), 26.6729 (16) 13.0547 (18) 

, ,  (°) 85.344 (1), 72.774 (1), 

89.658 (1) 

90, 93.554 (2), 90 95.983 (3), 97.412 (4), 

100.812 (3) 

V (Å3) 1270.26 (16) 6117.8 (6) 1096.2 (3) 

Z 2 12 2 

Radiation type Mo K  Mo K  Mo K  

 (mm-1) 0.08 1.28 1.11 

Crystal size (mm) 0.208×0.175×0.078  0.338×0.093×0.077  0.260×0.134×0.098  

 

Data collection 

Diffractometer Bruker D8 Venture Bruker D8 Venture Bruker D8 Venture 

Absorption 

correction 

Multi-scan Multi-scan Multi-scan 

No. of measured, 

independent and 

 observed [I > 

2 (I)] reflections 

45807, 12264, 9430   45945, 11015, 7002   8384, 2382, 1902   

Rint 0.037 0.092 0.064 

max (°) 36.4 25.4 21.1 

(sin / )max (Å
-1) 0.834 0.604 0.506 

 

 

Refinement 

R[F2 > 2 (F2)], 

wR(F2), S 

0.058,  0.178,  1.06 0.072,  0.178,  1.07 0.036,  0.079,  1.04 

No. of reflections 12264 11015 2382 

No. of parameters 365 452 273 

H-atom treatment H-atom parameters 

constrained 

H-atom parameters 

constrained 

H-atom parameters 

constrained 

  w = 1/[ 2(Fo
2) + 

(0.089P)2 + 0.7777P]   

where P = (Fo
2 + 

2Fc
2)/3 

 w = 1/[ 2(Fo
2) + 

(0.069P)2 + 40.932P]   

where P = (Fo
2 + 2Fc

2)/3 

 w = 1/[ 2(Fo
2) + 

(0.0327P)2 + 0.7758P]   

where P = (Fo
2 + 2Fc

2)/3 

max, min (e 

Å-3) 

0.71, -1.28 1.38, -0.90 0.59, -0.44 
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Figure A17. Molecular structures (from single crystal structure refinement) of (a) diester of the un-

metalated complex, (b) Cu(II) functionalized bromosalicyl-complex and (c) PdCl2(diaminobiphenyl 

diester). 
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