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Abstract 

Five large pore crystalline zirconium-based metal-organic frameworks (Zr-MOFs) of 

different pore sizes (6-30 Å) and structure were synthesized and used for the 

preparation of the Rh-supported catalysts Rh@UiO-66, Rh@UiO-67, Rh@MOF-808, 

Rh@DUT-67 and Rh@NU-1000. The materials were characterized by XRD, FTIR, 

SEM/TEM, XPS, TGA, and nitrogen adsorption/desorption measurements. The 

catalytic performance was studied in the hydroformylation of olefins to the 

corresponding aldehydes. A series of n-alk-1-enes of different chain length and bulky 

olefins with different size was used to study the influence of the pore size and structure. 

The results show that the Zr-MOF-based catalysts are very active and show high 

aldehyde selectivity. The superior catalytic properties are assigned to the presence of 

highly dispersed active Rh-single sites located at the isolated zirconia moieties and 

organic linker. Markedly differences in the catalytic performance of the catalysts are 

observed, which are assigned to the different pore size and accessibility of Rh active 

sites. 
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1. Introduction 

1.1 Research issue  

The hydroformylation (or oxo reaction) of olefins with synthesis gas to aldehydes was 

discovered by Otto Roelen in 1938. It is one of the most important fine chemical 

reactions
1-5

. After decades of research, rhodium complexes were proved to be the 

most active catalysts. Currently, homogeneous catalysts are used in the commercial 

hydroformylation because of their high activity and selectivity. However, this process 

suffers from separating of the expensive catalyst from the reaction mixture. Therefore, 

the development of heterogeneous catalysts is of interest. Many reports on the 

immobilization of Rh-complexes on porous supports like silica, zeolites, polymers, 

and activated carbon are available. Besides the obtained progress, the achieved 

catalytic performance of these catalytic materials is still not sufficient. 

Metal-organic frameworks are a new class of open porous materials composed of 

strictly alternating metal units connected by organic linkers. The variety of chemical 

compositions and possible 3-dimensional connections between inorganic units and 

organic linkers lead to diverse structures with large and accessible pores. Different 

metal nodes and organic linker offer multiple possibilities for functionalization. 

They show superior high porosity – large specific surface areas and specific pore 

volumes, and a large range of controlled defined pore sizes facilitating mass transfer. 

Due to their hybrid nature, MOFs combine both hydrophobic and hydrophilic 

properties. The strictly alternative arrangement of the hydrophilic inorganic metal 

nodes and hydrophobic organic linker allow catalytic site separation, i.e. site 

isolation useful for the preparation of so-called single site catalysts. They show 

superior catalytic activity. These unique features make MOFs ideal host matrices for 

the immobilization of catalytic active complexes and the preparation of 

heterogeneous supported catalysts. Therefore, the incorporation of transition metal 

complexes into MOFs was considered in recent efforts. Currently, a couple of metal 

nanoparticles such as Cu, Ru, Pd, and Pt were used to prepare different 

MOF-supported catalysts. These materials were catalytic active e.g. in oxidation, 

reduction, hydrogenation, and photo catalysis 6-12.  

Rh-loaded MOFs were tested mostly in the hydrogenation. Only very few reports 

deal with the hydroformylation of olefins with Rh-loaded metal-organic frameworks 

such as ZIF-8, MIL-101, and IRMOF-313-15. Zirconium-based MOFs are of interest 
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for the preparation and testing of supported catalysts due to its outstanding stability, 

the quite large surface area and the extended pore size ranging from micro- to 

mesopores. To the best of our knowledge, the catalytic performance of Rh-loaded 

large pore Zr-MOFs in the hydroformylation of olefins was not investigated so far. 

There are some reports dealing with Cu-, Rh-, and Nb-supported Zr-MOF-catalysts 

used in CO oxidation, hydrogenation, and cyclohexene epoxidation7,16,17. 

In order to study the catalytic performance of Zr-MOFs with different pore sizes, 

five different zirconia based MOFs: UiO-66, UiO-67, MOF-808, DUT-67, and 

NU-1000 were chosen as representative materials (Figure 1). The metal-organic 

framework UiO-66 has the same topology as UiO-67, which framework is formed 

by tetrahedral and octahedral cages. However, UiO-67 contains the longer biphenyl 

linker (H2BPDC) whereas UiO-66 contains the shorter benzene dicarboxylate linker 

(H2BDC). Therefore, UiO-67 has a larger pore size. The framework of MOF-808 

contains large pores formed by 6 surrounding tetrahedral cages. The tripod benzene 

tricarboxylate linker (H3BTC) is located on the face of the cage. Compared to 

UiO-66, the connectivity of the inorganic nodes of DUT-67 decreases from 12 to 8 

and contains a bent 2,5-thiophenedicarboxylate (H2TDC) linker. The framework 

contains larger cubooctahedral units providing larger pores. The inorganic nodes of 

NU-1000 are the same as with DUT-67 and are also 8 connected. But the pore size 

increases largely and the topology changes due the utilization of the extra-large 

pyrene tetra benzene carboxylate linker (H4TBAPy).  

Here in, the catalytic performance of Rh-supported large pore Zr-MOF catalysts of 

different porosity in the hydroformylation of olefins will be investigated. For this 

purpose, rhodium supported zirconium-based MOFs UiO-66, UiO-67, MOF-808, 

DUT-67, and NU-1000 were prepared and characterized by PXRD, FTIR, 

SEM/TEM, XPS, and nitrogen adsorption. The catalytic performance was studied 

using linear olefins with different chain lengths (n-hexene, n-octene, n-decene, 

n-dodecene and n-hexadecene) and bulky olefins with different molecular size 

(2,4,4-trimethylpentene, 3,3-dimethyl-1-butene, 4-methylstyrene, cyclohexene and 

cyclooctene) as model substances. 
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Figure 1. Metal nodes, organic linkers, and framework topology of UiO-66, UiO-67, 

MOF-808, DUT-67 and NU-1000. 

1.2 Goals and objectives 

The work aims to 

 Prepare advanced large pore Rh-supported Zr-MOFs catalysts and its 

characterization regarding catalytic relevant properties as crystallinity, 

particle morphology, specific surface area, pore size and pore volume, 

loading and the location and stability of catalytic active rhodium component, 
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 Study of the catalytic performance, i.e. activity selectivity, and its potential 

for the application in the hydroformylation of different olefins including 

large molecules like hexadecene,   

 Investigate Structure-Property- Relationships, i.e. the influence the of pore 

structure, pore size and pore volume on the catalytic performance in the 

hydroformylation of olefins. 

The objectives of the work are: 

 Preparation of five Zr-MOFs UiO-66, UiO-67, MOF-808, DUT-67 and 

NU-1000 as small, medium, large and extra-large pore-sized MOFs covering 

pore size range of 6 Å to 30Å. Specially, DUT-67 contains a heteroatom 

substituted organic linker providing a high accessible active site, 

 Characterization of structural and textural properties of Zr-MOFs and 

corresponding Rh-supported Zr-MOF catalysts PXRD, SEM/TEM, FTIR, 

N2-adsorption/desorption, TGA, and XPS, 

 Investigation of the catalytic performance in the hydroformylation with 

different different n-alkenes including n-hexene, n-octene, n-decene, 

n-dodecene and n-hexadecene as model substances,. 

 Investigation of the catalytic performance in the hydroformylation with 

bulky olefins including 2,4,4-trimethylpentene, 3,3-dimethyl-1-butene, 

4-methylstyrene, cyclohexene, and cyclooctene as model substances, 

 Testing of the catalyst stability, e.g. leaching test and re-usability using 

Rh@UiO-66 and Rh@DUT-67 as model catalysts and n-hexene as test 

molecule. 

1.3 Background 

1.3.1 Hydroformylation 

In 1930, D.F. Smith and others discovered that the reaction of ethylene and water 

gas could result in the formation of aldehydes and alcohols under the action of 

cobalt catalysts. This discovery spurred the development and research on the 

synthesis of high-carbon alcohols (chain lengths C12 to C14)
18

. Until 1938, the 

hydroformylation was discovered by chance by Otto Roelen
19,20

. After 20 years 
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break, the research on hydroformylation restarted at the end of 1950’s
1
. The 

Hydroformylation was also called aldolization of oxo synthesis. It refers to the 

reaction of carbon monoxide, hydrogen and olefins in the presence of a catalyst 

under pressure to aldehydes with one carbon atom more than the original olefin. It is 

the reaction of olefinic double bonds with CO and H2, yielding a mixture of linear 

and branched aldehydes, Scheme 1)
2,3,20,21

. 

 

Scheme 1. Reaction scheme of the hydroformylation of olefins over Rh-catalysts. 

Double-bond isomerization (shift) is always observed as a fast side reaction in the 

hydroformylation. It leads to the formation i-aldehydes. This side reaction is 

difficult to avoid even though only terminal n-alk-1-enes as starting materials.  

Besides, hydrogenation may also happen (Scheme 2).  

(i) Isomerization of n-alkene to i-alkene (double bond shift): 

R

Catalyst

R  

(ii) Hydrogenation: 

R

Catalyst

+ H2 R  

Scheme 2. (i) isomerization and ii) hydrogenation of terminal n-alkenes. 

Due to the occurrence of the competing double bond shift side reaction and following 

formation of i-aldehydes beside of wished terminal n-aldehydes, the regioselectivity is 

an important parameter of the catalytic performance of catalysts in hydroformylation 

reaction. Usually it is expressed as n/i-aldehyde ratio. It depends on the catalyst, 
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ligands and reaction conditions. The selectivity varies with different catalysts. The 

yield of n-aldehydes, i.e. the efficiency of the hydroformylation depends on the 

selectivity and activity (conversion) of the catalyst. In addition, also the reactivity of 

the starting olefins is of importance. In general, the terminal linear olefins such as 

n-butene, n-hexene are more active than branched olefins. The order of reactivity of 

unsaturated substrates is shown in Scheme 3
22

. 

> > > >

 

Scheme 3. The reactivity of different olefins in the hydroformylation. 

The obtained aldehydes are viewed as valuable final products. These products are 

more preferred to be used for the production of alcohols via hydrogenation, amines 

via reductive amination and carboxylic acid via oxidation. Besides, further 

aldolisation of the primary generated aldehydes can be also used in the synthesis of 

branched saturated/unsaturated long chain alcohols. Nearly 9 million metric tons of 

aldehydes and alcohols are produced per year by hydroformylation. The products are 

highly valuable for the synthesis of solvents, detergents, adhesives, plasticizers, 

agrochemicals and pharmaceuticals. Main products derived from aldehydes are 

shown in Scheme 4
2
. 

 

Scheme 4. Products derived from aldehydes. 

The hydroformylation proceeds only in the presence of a catalyst. Typical catalysts 

used in the hydroformylation of olefins are mostly homogeneous transition and 
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noble metal M complexes with active species of the type [HM(CO)xLy], where the 

ligand L can be substituted by further CO groups or other organic ligands. Moreover, 

the activity of the catalyst differs when the metal atoms is changed. A generally 

accepted order of the activities for unmodified monometallic catalysts is: 

Rh >> Co > Ir, Ru > Os> Pt > Pd> Fe > Ni. 
4,23

 

Currently, all the works proved that only rhodium and cobalt are valuable in 

industrial practice. Before 1970’s, catalysts with cobalt as metal site dominated 

industrial hydroformylation completely
24

. After that rhodium catalysts were partly 

commercialized and its unparalleled activity has received widespread attention. In 

1995, almost 80% of all homogeneous hydroformylation processes are carried out in 

the system with the rhodium catalysts
3
.  

A general mechanism for the hydroformylation of a vinyl substrate is shown in 

Figure 2
25

. In the first stage, rhodium precursor reacts with synthesis gas to form a 

highly active rhodium hydride tricarbonyl species. Then these species coordinate the 

substrate and generate the π-complex. After that the π-complex tends to rearrange 

through insertion of the alkene into the Rh-H bond generating a more stable 

alkyl-rhodium intermediate. The second stage is a two-step addition reaction with 

synthesis gas. Migratory insertion of the alkyl moiety on to a CO molecule 

coordinated to rhodium and provides the acyl-rhodium species, which interact with 

H2 through oxidative addition at the end of the reaction. Thus aldehydes and 

regenerated rhodium hydride species are formed. Thereby a complete catalytic cycle 

is achieved. 

Systematic investigation on the effect of reaction conditions on the regioselectivity 

in the hydroformylation of olefins was carried out in the presence of unmodified 

rhodium-based complexes. It is worth noting that both hydroformylation and double 

bond isomerization were enhanced as the temperature of the reaction increased. In 

the case of n-octene in the presence of (acetylacetonato) dicarbonyl rhodium (I), the 

n/i aldehyde ratio increased slightly from 1.5 to 2.1 when the temperature increased 

from 50 to 90 °C
26

. However, due to the isomerization the amount of internal 

octenes increased from 3% to 24% at the same time. Other investigations considered 

the hydroformylation of styrene, ethyl- and allyl ethers and 1-hexene with 

Rh4(CO)12 at temperatures between 20 and 100°C. As shown in Figure 3, the yields 
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of linear aldehyde increased in all the cases. The reaction temperature has obvious a 

promoting effect on the hydroformylation of olfins. 

Rh

COCH2CH2RCO

CO CO

Rh

CH2CH2R

CO

CO

CO

CO

Rh

CH2CH2RCO

CO CO

Rh

H

CO

CO

CO
R

R
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HCO

CO CO

Rh

CO

H

COCH2CH2ROC

OC H
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COCH(CH3)RCO

CO CO
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COCH(CH3)R

CO
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CO

CO

Rh

CO

CO CO

COCH(CH3)R

1

2a 2b

3a 3b

H2 H2
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Figure 2. Mechanism of the rhodium catalyzed hydroformylation of olefins to 

aldehydes. 

 

Figure 3. Influence of temperature on the hydroformylation of n-hexene using 

Rh4(CO)12 as catalysts. 
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Also the CO and H2 partial pressure affect the regioselectivity of the 

hydroformylation. In the case of styrene, an increase of the yield of linear aldehydes 

was observed when CO or H2 partial pressure decreased and the reaction was carried 

out at high temperature. This effect was more evident at higher temperature of 

100 °C. Specifically, in the hydroformylation of styrene, when the partial pressure 

ranges from 170 bar of CO/H2 (1:1) to Pco=85 bar and PH2=6 bar or Pco=6 bar and 

PH2=85 bar, the n/i-aldehyde ratio increases from 20/80 to 56/44 or 60/40, 

respectively. However, this effect could not be observed in the reaction with 

n-hexene. In contrast, the aldehyde selectivity increased with increasing temperature. 

At the same time, the aldehyde/i-olefins ratio increased from 44/56 at 40 bar to 

77/23 at 140 bar. 

Apart from temperature and CO/H2 partial pressure, proper solvent can also improve 

the reaction efficiency. In the hydroformylation of olefins, solvents are always used 

to solubilize the reactants. In addition, solvents enable the reaction to proceed in the 

liquid phase, which is beneficial for gas-liquid mass transfer into the reaction 

mixture (synthesis gas input). At the same time, solvents act as diluents, facilitate 

the heat transfer, and improve the control of the reaction temperature. Toluene is a 

preferred solvent. The solubility of H2 and CO in common solvents is in the range of 

2-10 mol m
-3

 bar
-1

. 

1.3.2 Metal-organic framework (MOF) 

Porous materials are of high interest for the development new improved catalytic 

systems. They provide internal high specific surface area and pore volumes in 

interconnected intra-material pore systems. Specifically the understanding and 

tailor-made preparation of crystalline porous materials is of importance, because 

they provide pores of defined size and shape pore of molecular size. The research 

has experienced from zeolites, molecular sieves, mesoporous materials, 

macroporous materials and other inorganic to organic porous materials and 

inorganic–organic hybrid materials
27-42

. They are of high potential in terms of 

catalysis, adsorption, separation, or ion exchange.  

Metal-organic frameworks (MOFs) are a new type of porous materials that combine 

the functions and characteristics of both inorganic and organic polymers. It has not 

only a rich and diverse framework structure, high specific surface area and good 
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stability, but also the structure and properties of metal-organic framework materials 

are designable and controllable
43,44

. 

1.3.2.1 Structure of metal-organic frameworks 

The structure of metal-organic framework (MOFs) is formed by a strict ordered, 

3-dimensional, and alternating arrangement of metal moieties and organic linker into 

a crystalline framework. In case porous MOFs metal nodes form secondary building 

units which are connected by organic linker in an open way leaving an ordered 

intra-particle pore system of molecular size. Because the pores are a part of the 

crystal structure the size of pores, windows, channels and cages. Is well-defined and 

of molecular size. Also the structure of the secondary building unit (metal moiety 

formed fron metal nodes, is well defined. Due to different interconnection of SBUs 

and linker structures of different topology are formed providing one-, two- and 

three-dimensional intra-crystalline pore systems. The size and shape of pores can be 

tailor-made modified by using different metals, metal moieties and linker 

molecules.Well selected modification of metal moieties and linker provide multiple 

functionalities
45,46

.  

The porous MOFs have emerged as an huge class of crystalline frameworks with 

ultrahigh porosity (up to 90% free volume) and quite large surface areas, which 

extending to maxmium 6000 m
2
/g. Besides，the extraordinary degree of variability 

for both the organic and inorganic components of their structures provide MOFs 

tunable hybrid character, with combined hydrophilic and hydrophobic 

properties
42,47-52

. 

Research on metal-organic framework materials evolved from coordination 

chemistry. Back in 1706, the first three-dimensional network Prussian blue has 

discovered and widely used in the dye industry, but its structure was resolved only 

in 1977 by Ludi et al
53

. In 1897, Hoffman et al. obtained a MOF-like coordination 

polymer by adding benzene to the ammonia solution of nickel cyanide
54

. The 

structure of this coordination polymer was solved in 1952 analyzed by Powell et al 

by X-ray technology
55

. Inspired by these classic coordination polymers, other 

building blocks, bridging ligands, stencil agents and guest molecules were explored 

to build new coordination polymer. After 1960s, with the improvements in 

characterization technology and the knowledge of recognition of coordination 
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polymers together with the introduction of the "crystal engineering" strategy have 

laid a foundation for the design and construction of coordination polymers. In 1989, 

Robson's group used 4,4′,4″, 4″′-tetracyanobenzene methane (TCPM) ligands and 

cuprous ions to prepare cuprous cyano coordination polymers with diamond 

topology
56

. This research not only extends Wells' work in inorganic network 

structures to the field of metal-organic coordination polymers for the first time, but 

also predicts that metal-organic coordination polymers may produce other molecular 

sieve topologies. In the mid-1990s, Yaghi's group deeply investigated coordination 

polymers based on carboxylic acid ligands
57-62

. This series of work are of great 

significance for the development and construction of metal-organic frameworks with 

stable pore systems (Figure 4). After removing the guest molecules, these materials 

still maintain the stability of the framework and can also adsorb other guest 

molecules.  

A huge amount of MOFs with different porosity and composition is now available 

and requires studies on possible application of MOFs e.g. in catalysis, adsorption, 

separation and purification processes, energy storage and others.  
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Figure 4. (a) A series of metal-organic framework materials with different lengths of 

ligands. (b) Functionalized organic MOF ligands. 

1.3.2.3 Synthesis and design of MOFs 

The synthesis of metal-organic frameworks include hydrothermal / solvothermal 

synthesis, solvent evaporation, vapor diffusion, or mechano-chemical preparation by 

milling of starting materials. Among these methods, MOFs synthesis under 

solvothermal conditions at low temperature (less than 250 °C) is mostly used. In 

general, metal source and organic ligands are added in the solution, mixed and 

heated in autoclaves or glass vessel for crystallization. The synthesis conditions such 

as pH, temperature, type solvent and template may affect the crystallization. By 

desired choice of metal ions and linker of different size and shape various MOF 

structures can be obtained. The inorganic part includes transition metal ions, 

high-valent transition metal ions, rare earth metal ions, alkali metal ions and alkaline 

earth metal ions
63-65

. The organic ligand part includes carboxylic acid ligands, 

heterocyclic ligands, phosphate ligands, mixed ligands of carboxylic acid ligands 

with nitrogen-containing ligands, and mixed ligands of dicarboxylic acids
66-69

.   

The porosity can be additional modified by addition of non-bridging linker, i.e. 

monocarboxylic acids or blocking of coordination sites by mineral acids. The 

common polar organic solvents such as dimethyl/ethyl formamide (DMF), dimethyl 

sulfoxide (DMSO) and acetonitrile are always used in MOF thesis
45,70-78

. 

The concept of iso-reticular synthesis of MOFs was developed by Yaghi and 

co-workers the design of new structure types. It includes a systematic variation of 

linker size, shape and number of coordinating groups. In addition, a concept of 

variation of secondary building units (SBUs) was developed
79,80

 was developed and 

lead to this synthesis of Zn-based IRMOFs and new zirconia based MOFs. Thus a 

large series of MOF with same topology but different properties can be realized
61

 

(Figure 1, 4, 5, and 6). 

Theoretical models based on topology concepts were developed to predict new MOF 

structures in order to guide the MOF synthesis (Figure 5)
79-83

. Classification from 

the structure of metal-organic framework, MOFs consist of zero-dimensional cluster 

structure, one-dimensional chain structure, two-dimensional network structure, and 

three-dimensional framework structure (Figure 6). 
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Figure 5. Schematic diagram of representative MOFs constructed by different 

secondary structural units and rigid connecting rods. 

 

Figure 6. One-dimensional, two-dimensional, and three-dimensional network 

structure formed by metal nodes and organic linkers. 
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1.3.2.4 Catalytic application of metal-organic frameworks 

Due to their unique superior properties as structural diversity, large controllable pore 

size and shape, hydrophobic –hydrophilic hybrid nature, site separation by strictly 

alternating arrangement of inorganic units and organic linkers, sufficient stability 

and possibly multiple functionality porous metal-organic frameworks have great 

perspectives for the application as heterogeneous catalysts, metal supported catalysts 

as well the immobilization catalytic components as homogeneous catalysts or 

biocatalysts and other applications
9,43,84-100

.  

Based on the special properties MOF catalysts may offer several superior 

characteristics: 

i) High density of separated sites due to the large surface area (up to 3000 m
2
g

-1
) and 

corresponding  high catalytic activity, 

ii) The large pore size MOFs facilitates the mass transfer and conversion of large 

molecules, 

iii) High accessibility of the active sites in the pore space due to open pore structure, 

iv) Site separation by alternating inorganic and organic parts enables .the preparation 

of advanced isolated, highly active “single site” catalysts,  

v) The large pore size and pore volumes improve the heterogenization of 

homogeneous complex and immobilization of bio-catalysts., 

vi) The high stability of Zr-MOFs enhances catalyst stability decreases  leaching 

and improves recovery and re-usability ,and  

vii) Improved selectivity by “confinement effects” by limited space, shape and size 

of pores and windows. 

These properties make Zr-MOFs superior candidates for the preparation of metal 

supported catalysts. 
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1.4 State-of-the-art 

In terms of the catalytic properties of MOFs, three essential factors are of high value, 

i.e. inorganic nodes, organic ligands and pore space inside the framework. This 

allows the preparation of three basic types of catalysts:   

i) metal nodes are used as catalytic sites,  

ii) incorporation the catalytic sites on the organic ligands,  

iii) supporting active metal components or immobilization of catalytic moieties into 

the pore space of the framework, e.g. metal complexes or biocatalysts, by situ 

synthesis in one system or treated by post modification
88,101

. 

Hence, a high diversity of catalytic materials is available based on porous 

metal-organic frameworks (Figure 7). 

 

Figure 7. Schematic representation of the structures of MOF catalysts, and the 

catalytic site locations on/in different essential constituent elements of MOFs – metal 

node, organic linker, insertion of active components into the pores. 

1.4.1 Metal nodes as catalytic sites 

A large amount of MOFs have a certain degree of catalytic activity which depends 

on the catalytic properties of the metal nodes. In terms of catalytic performance, 

metal sites in MOF have the following features: i) The metal nodes can directly react 

with substrate molecules. ii) Uncoordinated metal atoms of the metal nodes can act 

as active sites. iii) Attachment of active components on uncoordinated metal sites by 



 

16 

 

replacement of loosely coordinated solvent molecules. iv) In the nodes of MOF 

frameworks, the metal ions can be isomorph substituted by a variety of catalytic 

active transition metals. 

First metal sites of MOFs were used for catalytic reactions. Fujita et al. proved that 

the coordinative unsaturated Cd sites in the MOF [Cd(4,4’-bpy)2](NO3)2at quite 

active in the catalytic reaction of cyanosilylation of aldehydes
102

. Similarly, the 

Lewis-acid sites of Cu
2+

 in the MOF-199 ([Cu3(BTC)2]) were investigated and 

showed high catalytic efficiency in the cyanosilylation of benzaldehyde and 

cyanotrimethylsilane
103

. This reaction was also catalyzed by the MOF MIL-101 

([(Cr3F(H2O)2O(BDC)]3∙25H2O)
104

, which was first discovered by Férey’s group
105

. 

Horcajada et al. showed that both Cr-MIL-100 and Fe-MIL-100 are possible to 

catalyze the Friedel-Crafts benzylation of benzene with benzyl chloride
106

.  

1.4.2 Catalytic sites incorporated in organic ligands 

The organic linker can ban be used to introduce catalytic function. Direct 

modification of the linker by acid, sulfonic groups or amino groups can be used to 

prepare brønsted acid or base catalysts. Otherwise heteroatom substituted linker (e.g. 

sulfur, nitrogen) can be used as anchor for the attachment of catalytic species. This 

way the active species can be directly located in the void space of the pore. Hence 

high accessibility of active sites by reactant molecules is achieved. These catalysts 

should be highly active. 

Hupp and co-workers prepared Zr-MOF containing porphyrine linker, which were 

modified by different metal ions (Al, Zn, Pd, Fe). These catalysts were active in the 

styrene epoxidation and were highly efficient in the oxidation of cyclohexane to 

cyclahexanol
107

. Genna et al. used two ways to immobilize Rh cations on anionic 

metal nodes in ZJU-28 and anionic organic linker of MIL-101-SO3. The 

performance of these two catalysts was tested in the hydrogenation n-octene. Tthe 

catalyst showed high activity in the hydrogenation 2,3-dimithylbutene when the 

active rhodium was supported on the organic linker due to the better accessibility
108

. 

The Zhou group reported a series of highly stable and highly porous porphyrinic 

MOFs, PCN-224(M) (M = 2H, Ni, Co, Fe), build from six-connected Zr6 clusters 

linked by metal porphyrin linker M-TCPP (H6TCPP = 5, 10, 15, 20-tetra 

(carboxyphenyl)) with large channels of 1.9 nm in dimension. These catalysts were 
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active in the cycloaddition reaction of carbon dioxide and propylene oxide
109

. Su 

and co-workers have utilizedIr-H4TCPP together with HfCl4 to synthesis a stable 

Ir(III) porphyrin MOF Ir-PMOF-1(Hf), which is iso-structural to PCN-224(M). 

1.4.3 Catalytic moieties encapsulated in the pore space 

The inherent nature of MOF materials such as metal centers, ordered porous structure, 

uniform pore sizes, high surface areas, and functional organic linkers provide a 

promising strategy, with enables us to encapsulate immobilize various catalytic 

moieties in the pore space.  

E.g. metal nanoparticles were encapsulated inside the pore space of MOFs by solid 

grinding, chemical vapor deposition and solution infiltration. 

Fischer’s group has successfully supported Ru complex into the pore space of MOF 

through chemical vapor deposition. The catalyst [Ru(cod)(cot)]3.5@MOF-5 

exhibited a high efficiency in the hydrogenation from benzene to cyclohexane
110

. 

Xu’s group immobilized Au particles in the cages of ZIF-8 by solid grinding organic 

gold complex Me2Au (1,5-cyclooctadiene) with as-synthesized ZIF-8. This Au 

supported ZIF-8 has shown a great performance in the CO oxidation reaction
111

. 

Through impregnation method, Li et al. immobilized prepared Pd nanoparticles into 

the pore space of MIL-101(Cr), the obtained Pd@MIL-101(Cr) was proved as an 

efficient catalyst in the synthesis of methyl isobutyl, Suzuki-Miyaura and Ullmann 

coupling of aryl chlorides
112

. By liquid impregnation-reduction method, Cheng et al. 

loaded silver nanoparticles in the pore space of MIL-101(Cr) yielding Ag@MIL-101 

(Cr). Under mild condition, Ag@MIL-101 demonstrates quite high catalytic 

efficiency in fixation of carbon dioxide with alkynes to propionic acids. The 

excellent performance attributed to the bifunctional properties of simultaneous 

capture and low-energy conversion of carbon dioxide. In addition, Ag@MIL-101 

can realize at least 5 cycles reaction without significant loss of activity and 

selectivity
113

 

1.4.4 Hydroformylation with Rh-supported heterogeneous porous catalysts  

Today homogeneous catalysts are mostly used hydroformylation of olefins due to 

high activity
114-124

. However, homogeneous catalysts are expensive and difficult to 
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recover and to reuse. Therefore the development of heterogeneous catalysts is of 

interest because they are better separable and recyclable
125-131

. 

In the recent reports, Shi et al. supported rhodium nanoparticles in the pore space of 

a series of boron doped g-C3N4.These catalysts demonstrated high catalytic 

efficiency in the hydroformylation of alkenes
132

. In the hydroformylation of 

long-chain alkenes (n-dodecene), Tao et al. immobilized Rh-sulfoxantphos in the 

mesoporous silica nanopheres in an ionic liquid IL-in-oil pickering emulsion system. 

The catalysts exhibit high chemoselectivity of 94% due to the increased interface 

and properties of ILs
133

. In addition, a rhodium supported reduced graphene oxide 

was synthesized via liquid-phase reduction by Tan and co-workers. This catalyst 

was firstly used in hydroformylation of n-hexene. The results showed that the 

Rh/RGO catalyst with high rhodium loading exhibited high 1-hexene conversion 

and n/i ratio of 4.0 among the tested catalysts
134

. 

Only a few studies investigated the hydroformylation of rhodium-supported MOFs. 

Hou et al. successfully synthesized a highly porous and crystalline MOF ZIF-8 and 

supported Rh cation in the pore space via vigorous agitation. Rh@ZIF-8 exhibited 

high catalytic activity for the hydroformylation of n-alkenes
15

. Our group has 

previously immobilized Rh complex in the pores of MIL-101(Cr), the 

Rh@MIL101(Cr) was proved to have high conversion and n-aldehydes selectivity in 

the hydroformylation of n-alkenes
13

 (Figure 8). Simultaneously, Rh-supported 

IRMOF-3 were prepared and tested.  Compared to other Rh-supported MOFs 

Rh@MOF-5 and Rh@MIL-77, a significant influence of the MOF framework on the 

catalytic properties was observed
14

. Previous work proves that rhodium loaded 

Zn-MOFs are potential catalysts for the hydroformylation of olefins.  

In general previous work with single MOFs shows the potential of the application of 

Rh-supported MOFs for the replacement of homogeneous catalysts in the 

hydroformylation of olefins. However, mostly smaller pore size ZIF and IRMOF, 

where used. The influence of the pore size and porosity on the catalytic performance 

was not investigated. Specially, the new stable Zr-MOFs were not considered so far. 

Also information about leaching and catalyst re-use is missed. Therefore, in this 

thesis, several Rh-supported zirconia based MOFs with different structure and pore 

sizes ranging from 6 to 30 Å are prepared and tested in the hydroformylation of 

different sized small and bulky olefins including their mixtures. 
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1.5 Structure and porosity of investigated Zr-MOFs 

1.5.1 Metal-organic framework UiO-66 and UiO-67 

In 2008, Cavka et al. synthesized new Zr-MOFs with same metal nodes but different 

length of organic linkers, namely UiO-66 and UiO-67
135

. In this work, a new 

inorganic metal node, 12-coordinated, Zr6O4(OH)4(CO2)12 was used and further 

connected via the linear organic linkers forming a cubic close packed 3-dimensional 

framework (Figure 8).  

In the case of UiO-66, the primary building units are connected via the ligands 

1,4-benzenedicarboxylic acid (H2BDC) to form a tetrahedral secondary building unit 

(SBU). The pore openings are formed by a triangle ring of the secondary building 

units. The octahedral cage was surrounded by tetrahydral cages. The framework is 

formed by porous tetrahedral and octahedral cages with internal pore diameters of 6 

Å. Compared to UiO-66, the MOF UiO-67 has the same topology (fcu-MOFs). With 

the exchange of the terephthalic acid linker by the longer 4,4’-biphenyl dicarboxylic 

acid (H2BPDC), the pore size of UiO-67 increased to 8 Å. Both show high chemical 

and thermal stability although the pore opening are rather large. 

 

Figure 8. (a) One unit cell of copper drawn to scale with: (b) Zr-MOF with 

1,4-benzene -dicarboxylate (BDC) as linker, UiO-66, (c) Zr-MOF with 4,4 -́biphenyl- 

dicarboxylate (BPDC) as linker, UiO-67. Zirconium, oxygen, carbon, andhydrogen 

atoms are red, blue, gray, and white, respectively. 
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The inorganic metal node is the key factor to stabilize to framework. It consists of an 

inner Zr6O4(OH)4 core which the triangular faces of the Zr6-octahedron are 

alternatively capped by µ3-O and µ3-OH groups. The edge of polyhedron is linked 

by carboxylate (-CO2) group with originating from the dicarboxylic acids. Thus a 

Zr6O4(OH)4(CO2)12 cluster was formed (Figure 9). Each zirconium atom is 

eight-coordinated forming a square-anti prismatic coordination consisting of eight 

oxygen atoms. One square face is formed by oxygen atoms originating form 

carboxylates while the second square face is formed by oxygen atoms coming from 

the µ3-O and µ3-OH groups. This results in a cluster shaped like a Maltese star. 

 

Figure 9. Structures (a) and (d) show the inner core Zr6-cluster drawn alone for 

clarity, in hydroxylated and dehydroxylated form, and the symmetry change from Td 

(-43 m) to D3d (-3 m) when the two µ3-OH groups are removed. Structures (b) and (e) 

show the full cluster to illustrate the change in zirconium coordination from 8 to 7 

upon dehydration. Zirconium, oxygen, carbon and hydrogen atoms are red, blue, 

gray, and white, respectively. 

The specific surface area of UiO-66 was 1187 m
2
/g which agrees with the predicted 

value. Higher surface area materials were obtained by increasing the length of the 

linkers. In case of UiO-67 was used the longer biphenyl dicarboxylic linker which 

led to an increase of the specific surface area to ca. 3000 m
2
/g, respectively. 

Increasing the length of the linker does not reduce the stability of these structures; 

very stable materials with surface areas in the range of the highest reported can 

therefore be reached. Accessibility to the internal surface of the framework is 

confined by triangular pore windows.  

1.5.2 Metal-organic framework MOF-808 

The MOF-808, formular Zr6O4(OH)4(BTC)2(HCOO)6, was synthesized by Yaghi at 

al. 
136

 using a tripodal benzene-1,3,5-tricarboxylic acid (H3BTC) as the organic 

ligand. The crystal structure analysis showed that the inorganic bricks are connected 
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to six BTC ligands and each ligand coordinated to three inorganic bricks. In addition, 

another six formate ligands, which account for the charge balance, coordinated also 

with the inorganic bricks. These formate anions are found coordinated to the Zr 

atoms and disordered as both mono- and bidentate ligands. Via 6,3-connencted 

MOF-808 has a three-dimensional framework with an overall spn topology (Figure 

10). Tetrahedral were formed through the connection between inorganic bricks and 

BTC linkers and internal pore diameters of 4.8 Å were obtained, with the inorganic 

bricks at the vertices and the BTC linkers at the faces of the tetrahedron. The 

tetrahedral cages are sharing vertices in such a way that the overall connectivity of 

MOF-808 can be simplified to an augmented diamond net. The large adamantane 

units contains extra-large pores of 18.4Å diameter is formed by the surrounding 

tetrahedral cages. 

 

Figure 10. Zr6O4(OH)4(-CO2)6(HCOO)6 secondary building units (SBUs) are 

combined with BTC linkers to form MOF-808, which has a porous, three-dimensional 

framework containing large adamantane shaped cages (open) and small tetrahedral 

cages (filled with green spheres). 
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MOF-808 has high BET surface area of ca. 2060 m
2
/g. The structure was stable up 

to ca. 350 °C. In addition, the pore distribution was calculated by density functional 

theory (DFT), which showed that two types of micropores with diameters of ca. 10 

and 18 Å. The result was almost identical with that obtained from crystallographic 

data, where a diameter of approximately 9.7 Å was found for the large hexagonal 

windows and 18.4 Å for the adamantane-shaped cages, respectively. 

1.5.3 Metal-organic framework DUT-67 

A new zirconia based secondary building unit (SBU) was discovered, which can be 

derived from Zr6O4(OH)4
12+

 by decreasing the connectivity from 12 to 8. It was used 

by Kaskel
137

 to prepare MOF DUT-67 using a bent dithienothiophene based ligand. 

DUT-67 consists of a uninodal 8-connected framework with the reo topology. 

Through further extension of the modulator, MOF polymorphs with different pore 

systems were obtained. Thus a series of novel Zirconia based topologically different 

materials including DUT-67 was synthesized via bent 2,5-thiophenedicarboxylate 

(tdc
2−

) ligand, which were obtained by applying a modulated synthesis approach 

(Figure 11).  

    

Figure 11. (a) Packing diagram with pores location (red sphere, cuboctahedral pore; 

yellow spheres, octahedral pores) and (b) Zr6O6(OH)2(CH3COO)10 cluster inside the 

cuboctahedral pore (disorder neglected). 

The synthesis of DUT-67 ([Zr6O6(OH)2(tdc)4]) was realized with zirconium chloride 

in the mixture of N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone 

(NMP) choosing acetic acid as modulator. Single crystal X-ray diffraction 

confirmed that DUT-67 crystalized in       space group with a = 39.120(5) Å. The 
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inner pores diameters were 14.2 Å for cuboctahedral and 11.7 Å for octahedral cage 

in the case of DUT-67, respectively. The thermal stability of DUT-67 was tested to 

be 300 °C. The specific surface area, calculated to be ca. 1767 m
2
 g

−1
 for DUT-67. 

Nitrogen adsorption desorption experiments were carried out at 77 K. The isotherm 

was of type I. The maximum nitrogen up take was ca.  287 cm
3
 g

−1
. The BET 

specific surface area was ca. 1064 m
2
 g

−1
, respectively. The specific pore volume 

was 0.44 cm
3
 g

−1
. In addition, the chemical and thermal stability was tested. 

Hydrolytic stability of DUT-67 was evaluated by soaking the dry MOF powders in 

water. The powder diffraction pattern did not change pointing on the intact structure. 

The chemical stability of DUT-67 was evaluated by immersing dried powders in the 

concentrated HCl and NaOH with the concentration 1 mol/L for 3 days. As a result, 

DUT-67 structure remained unchanged in the strong acidic medium. 

1.5.4 Metal-organic framework NU-1000 

With the continuous progress of MOF synthesis technology, in addition to the field 

of micropores, in recent years, many mesoporous MOFs have also been synthesized 

by Peoplevia improving the utilization of metals and ligands. Among the various 

metal-based nodes from previous report, MOFs constructed from the strong bonding 

between the oxophilic Zr
IV

6 nodes and the carboxylates of the linkers ensures the 

high thermal (up to 500°C), chemical (pH 1−10), and mechanical stability of 

NU-1000, and the Lewis acidity of the zirconia nodes provided isolated active sites 

for chemical transformations. In addition, solvent assisted ligand incorporation was 

realized as a new functionalization technique to incorporate carboxylate-based 

functionalities in the Zr-based metal−organic framework efficiently. Thus a highly 

robust mesoporous (containing pores >2 nm) metal-organic framework, NU-1000, 

was successfully synthesized on a gram scale from inexpensive starting materials
138

. 

The structural projection of NU-1000 can be visualized as a 2D extended Kagome 

network, built via eight connected Zr6(µ3-O)4(µ3OH)4 (H2O)4(OH)4 nodes at each 

corner and tetratopic 1,3,6,8-(p-benzoate)pyrene (H4TBAPy) ligands located at each 

edge. A part of the octahedral Zr6 cluster is capped by eight μ3-OH ligands. Eight of 

the twelve octahedral edges are connected to TBAPy linkers, while the remaining Zr 

coordination sites are occupied by eight terminal −OH ligands. The obtained MOF 

had the molecular formula Zr6(μ3OH)8(OH)8(TBAPy)2 and contained mesoporous 

channels formed through terminal −OH ligands. The extra-large (31 Å) mesoporous 
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channels extend throughout the structure. Besides, the large channels allowed also 

for the rapid flow of reactants throughout the entire heterogeneous framework 

(Figure 12). 

 

Figure 12. Synthesis of NU-1000 from TBAPy and ZrOCl2 with benzoic acid as 

modulator. NU-1000 (2.5 g) can be prepared in one reaction. 

Infrared spectra show a vibration band at ca. 3674 cm
−1

 which is assigned to 

terminal –OH groups. The observed shoulder at ca. 3671 cm
−1

 was consistent with 

the bridging μ3-OH groups. The latter are also observed with UiO-66. The N2 

adsorption and desorption isotherms of the parent NU-1000 were of type IV. Hence, 

the material contains mesopores. The BET surface area was ca. 2320 m
2
 g

−1
. 
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2. Experimental part 

2.1 Reagents 

Table 1. The specifications of the main reagents 

Reagents Purity Company 

ZrCl4 98% Acros 

ZrOCl2 99.5% Acros 

dimethylformamide(DMF) 99.5% Acros 

1-Methyl-2-pyrrolidone (NMP) 99% Aldrich 

dioxane 99.5% ROTH 

benzene-1,4-dicarboxylic acid (BDC) 98% MERCK 

biphenyl-4,4′-dicarboxylicacid (BPDC) 98% ABCR 

benzene-1,3,5-tricarboxylic acid (BTC) 97% Fluka 

2.5-Thiophenedicarboxylic acid 99% Aldrich 

tetrakis (triphenylphosphine) palladium 99.8% MSDS 

1,3,6,8-tetrabromopyrene 97% Aldrich 

4-ethoxycarbonylphenylboronic acid 98% Aldrich 

n-hexene 97% Aldrich 

n-octene 98% Aldrich 

n-decene 95% Acros 

n-dodecene 95% Acros 

n-hexadecene 99% Aldrich 

3,3-dimethyl-1-butene 97% Aldrich 

2,4,4-trimethyl-1-pentene 96% Aldrich 

4-methylstyrene 96% Aldrich 

Cyclohexene 99% Acros 

Cyclooctene 99% Acros 
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2.2 Synthesis of MOFs 

2.2.1 Synthesis of UiO-66 and UiO-67 

UiO-66, and UiO-67 were synthesized solvothermally via slightly modified from 

literature procedures
135

. In details, the synthesis of UiO-66 was performed by 

dissolving ZrCl4 (0.159g, 0.681mmol) and H2BDC (0.102g, 0.681mmol) in DMF 

(25mL, 0.34mol) at room temperature. Then the mixture was sealed in an100mL 

autoclave and placed in a preheated oven at 120˚C for 24 hours. UiO-67 was 

synthesized by replacing H2BDC with equivalent molar amounts of H2BPDC. The 

crystallized MOF UiO-66 was filtered off and washed three times with 5mL of 

DMF and 10mL of CH2Cl2. Then the resulting solid was suspended in 50ml 

CH2Cl2 for 12 hours at room temperature. The obtained solid was then filtered and 

washed with 3×10mL of CH2Cl2. Finally, the product was dried at 70˚C under 

vacuum yielding the as-synthesized material. UiO-67 was treated in the same way 

to remove the DMF from the pore system. 

2.2.2 Synthesis of MOF-808 

Microcrystalline MOF-808 was prepared using slightly modified published 

procedure
136,139

. MOF-808 was prepared by dissolving ZrOCl2ˑ8H2O (0.97g, 

3mmol) and H3BTC (1,3,5-benzenetricarboxylic acid, 0.21g, 1mmol) in the 

mixture of 45mL DMF (dimethyl formamide) and 45mL formic acid. The mixture 

was placed in an 100mL autoclave and heated to 130˚C for 48 hours. The obtained 

white powder was collected by filtration and washed 3 times with 20mL DMF. 

Then as-synthesized MOF-808 was immersed in 150 mL CH2Cl2 for 12h. The 

CH2Cl2-exchanged sample was finally evacuated at 70 °C for 24 h to yield 

activated sample. 

2.2.3 Synthesis of DUT-67 

DUT-67 were solvothermally synthesized using slightly modified procedure based 

on literature
137

. In detail, synthesis of DUT-67 was performed by dissolving ZrCl4 

(230mg, 1mmol) in the mixture of 12.5mL DMF and 12.5mL Methylpyrrolidone 
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(NMP). Then 2,5-Thiophenedicarboxylic acid (110mg, 0.67mmol) was added in 

the obtained solution by sonication at room temperature. After that acetic acid 

(7mL, 117mmol) was added to resulting solution and sonicated for 10min. Then 

the mixture was sealed in autoclave and placed in a preheated oven at 120˚C for 48 

hours. The crystallized product of DUT-67 was separated by centrifugation and 

washed several times with DMF until supernatant solution became colorless. Then 

the resulting solid was suspended in 100ml CH2Cl2 for 12 hours at room 

temperature. The obtained solid was then filtered and washed with 3×10ml of 

CH2Cl2. Finally, the product was dried at 70˚C under argon atmosphere for 2h and 

as-synthesized powder was obtained. 

2.2.4 Synthesis of NU-1000 

Mesoporous MOF NU-1000 were synthesized solvothermally via slightly modified 

from literature procedures
138,140

. The synthesis procedure was performed in two 

steps. The first step is the synthesis of the large organic linker. The second step is 

the preparation of MOF framework. The preparation of the 4 ,4′,4″,4″′

-(pyrene - 1, 3,6,8-tetrayl) tetrabenzoic acid (H4TBAPy) was prepared in 5g scale 

via a standard Suzuki-Miyaura reaction between 1,3,6,8-tetrabromopyrene and 

(4-(ethoxycarbonyl)phenyl) boronic acid (Figure 13). During the reaction, ethyl 

ester was used to slow down the hydrolysis of the benzoic ester. Tetra ester was 

obtained through simple filtration, which is hydrolyzed cleanly to the tetra-acid 

under basic conditions in dioxane. 

 

 

 

 

Figure 13. The two-step synthesis of the tetra acid ligand for NU-1000 can be 

accomplished in 3d with an overall yield of 55% to produce H4TBAPy (2) without the 

need for chromatographic purification. 

2.2.4.1 Synthesis of organic linker 
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i) 270mL of degassed dioxane was added into a 500ml three-necked round bottom 

flask. 

ii) 5g of tetrabromopyrene and 8.25g of 4-ethoxycarbonylphenylboronic acid, 16.5 

of potassium phosphate tribasic and 0.75g of tetrakis (triphenylphosphine) 

-palladium were then added into the flask through stirring in the argon atmosphere. 

Thus brown solution was obtained. 

iii) The solution was heated at 90˚C for 72h. After heating the solution turned to 

black. 

iv) 200mL of water was then added to cool down the solution. The reaction 

product was filtered off with a Büchner funnel with a medium filter. After filtration 

the yellow solid was washed with 300mL water and 300mL acetone. 

v) 100mL boiling chloroform was added 5 times to dissolve the desired product in 

the funnel. Then 300mL of methanol were added and a light-yellow solid material 

was formed. After filtration the ideal product was obtained. 

vi) 4g of the obtained intermediate in the last procedure was added in 500mL 

degassed dioxane by stirring in a 1L three-necked round bottom flask. 

vii) 400mL 0.33mol/L KOH were added in the flask and stirred for 18h. A clear 

solution was observed after the reaction. 

viii) HCl was added in the solution slowly and PH was kept at 1. When a yellow 

solid was seen in the solution, stir the mixture for an additional 1h. 

ix) The solid was filtrated and dissolved in 150mL boiling DMF and then added 

400mL CH2Cl2. 

x) The obtained yellow desired product was finally filtrated and washed with 

CH2Cl2, water and then dried in the vacuum condition at 120˚C for 24h.  

2.2.4.2 Synthesis of the MOF  
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Synthesis of mesoporous NU-1000 was realized by dissolving 1.94g of ZrOCl2 and 

54g benzoic acid in 120mL of DMF. Simultaneously, 800mg H4TBAPy was 

dissolved in 40mL of DMF. The two solutions were placed in a 100˚C oven for 1h 

and then mixed. Finally the mixture was placed in a 120˚C oven for 16h. The 

obtained yellow powder was immersed in 260mL fresh DMF for 2h and then 200mL 

acetone for 12h. The desired product was washed 3 times with 20mL acetone and 

dried in vacuum condition at 70˚C for one night. 

2.3 Preparation of rhodium supported Zr-MOF catalysts 

Rhodium supported MOF catalysts were prepared in the same way and low 

concentration. Typically, the rhodium loading procedure of UiO-66 sample was 

carried out in argon atmosphere. 10mg of (acetylacetonato)(1,5-cyclooctadiene) 

rhodium(I)containing ca. 33wt% of rhodium were dissolved in mixture solvent of 

30mL of acetonitrile and 20 mL toluene under stirring. After the pale yellow 

solution was obtained, 2g as-synthesized UiO-66 was added under stirring. The 

suspension was then heated to 80˚C slowly to evaporate the solvents gradually and 

to adsorb rhodium complex on the UiO-66 support. The obtained material was dry 

for the whole night and then washed 3 times with 5 ml toluene and finally dried at 

70˚C under vacuum. The resulting Rh@UiO-66 catalyst was stored and used for 

catalytic testing.  

All the other catalysts namely Rh@UiO-67, Rh@MOF-808, Rh@DUT-67 and 

Rh@NU-1000 were prepared in the same way. 

2.4 Characterization of materials 

The as-synthesized and corresponding rhodium supported MOF catalysts were 

characterized by XRD, FTIR for investigation of structure, SEM, TEM and 

nitrogen sorption measurements for textural studies. Besides, XPS was utilized to 

study the electronic state of rhodium in Rh@MOFs. 

Specifically, the parameters of all the characterization of MOFs and corresponding 

Rh-supported MOFs are as follows:  

X-ray Diffraction (XRD) measurements were carried out on a STADI-P (STOE) 

X-ray diffractometer with monochromatic CuKɑ radiation(k = 1.5418 Å).The sample 

https://www.sigmaaldrich.com/catalog/substance/acetylacetonato15cyclooctadienerhodiumi310191224539511
https://www.sigmaaldrich.com/catalog/substance/acetylacetonato15cyclooctadienerhodiumi310191224539511
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was prepared onto a silicon wafer and the measurement was carried out from 2 to 40 

degree. Simulated patterns were calculated by Material Studio 7.0 basic on the CIF 

files from the Internet database.  

SEM images were obtained on the DSM 960A electron microscope operating at 10.0 

kV (Carl Zeiss, Oberkochen) using a resolution of 4 nm. The samples were immersed 

in the mixture of ethanol and water and then placed in ultrasonic bath to disperse the 

solid materials. After sonication one drop of the suspension was deposited on the 

sample plate. The suspension was dried and coated with a very thin layer of gold by 

using a plasma distribution method. In the next step, the plate which hold the sample 

was placed into the sample box. Before testing, the box was evacuated and the base 

vacuum of the chamber was ca. 2×10
-5

kPa. The scanning images of high 

magnification (30000 times) were recorded with a speed of 200 μm/pixel in 

accordance with the scanning time of ca. 3 min.  

TEM measurements were carried out with a LIBRA 120 electron microscope (Carl 

Zeiss, Oberkochen) at 120 kV using a resolution of 0.35 nm. Images were recorded 

with a digital camera with 2000×2000 pixels. Before testing, the samples were also 

treated and well dispersed in the ethanol/water and then deposited on the copper grids. 

Infrared spectroscopic (IR) measurements were performed on a Nicolet 380 FTIR 

spectrometer coupled with smart orbit ATR (Attenuated Total Reflection) device with 

a resolution of 4 cm
-1

. The IR spectra was given in the mid infra-red range from 

400-4000 cm
-1

.  

XPS measurements were done at an ESCALAB220iXL spectrometer (Thermo Fisher) 

with monochromatic AlKɑ radiation (E=1486.6 eV). The samples were fixed on a 

stainless-steel sample holder with double-sided adhesive carbon tape. The electron 

binding energies were obtained with charge compensation using a flood electron 

source and referenced to the C1s core level of adventitious carbon at 284.8 eV (C-C 

and C-H bonds). For determination of the binding energy and peak area the peak were 

fitted with Gaussian–Lorentzian curves. The base pressure of the UHV chamber was 

below 1×10
-7

Pa. 

Nitrogen adsorption measurements were performed on an ASAP 2010 sorption 

system. Before measurements, the samples were dried by heating and pumping at 

150˚Cunder reduced pressure. Nitrogen adsorption measurements were carried out at 

the temperature of liquid nitrogen (-196˚C).  
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Thermogravimetric analysis (TGA) was carried out in flowing argon atmosphere 

(15mL/min) using a Rheometric Scientific STA 1500 instrument. The approximate 

sample weight was 10-20 mg in all experiments and the heating rate in TG 

experiment was 10°C/min. 

2.5 Catalytic testing 

The rhodium supported MOFs mentioned above were investigated under similar 

condition in the hydroformylation of linear and bulky olefins with different structure. 

In order to study the influence of the structure on the catalytic performance, details of 

reaction with a couple of olefins with gradually varied chain length were utilized. 

Thus linear n-alkenes from 6 to 16 carbon atoms such as n-hexene, n-octene, n-decene, 

n-dodecene and even the very long chain alkene n-hexadecene, the branched olefins 

and the bulky or less reactive olefins including 2,4,4-trimethylpentene, 

3,3-dimethyl-1-butene, 4-methylstyrene, cyclohexene and cyclooctene were 

investigated in hydroformylation. Besides, part of the rhodium supported catalysts 

including Rh@UiO-66 and UiO-67 were used in the hydroformylation with mixture 

of linear olefins to study the possibility of single file diffusion. 

2.5.1 Catalytic testing with single olefins 

All the hydroformylation experiments were carried out in a 100 mL PARR reactor 

(Figure 14) at T=100˚C, p=50 bar (CO/H2=1), and the substrate to catalyst molar ratio 

based on rhodium was calculated to be ca.65000 under stirring at 1000rpm. Toluene 

was used as proper solvent. 

Typically, for the reaction of n-hexene 95 mg of Rh@UiO-66 were added in the 

mixture of n-hexene (12.5ml) and toluene (30ml). The molar ratio of olefin based on 

rhodium was 65,000/1. After that the reactor was evacuated and purged with argon in 

order to remove air and residual moisture and then loaded with synthesis gas 

(CO/H2=1) immediately up to a pressure of 50 bar at room temperature. Finally, the 

reaction mixture was heated under stirring at ca. 1000 rpm with a connection of 

mechanic stirrer and maintained at a temperature of 100˚C.The reactions of the other 

olefins were carried out in the similar way using same ratio of olefin based on 

rhodium. 
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2.5.2 Catalytic testing with mixture of olefins 

The hydroformylation with a mixture of olefins were carried out in a 100 mL PARR 

reactor at T=100˚C, p=50 bar (CO/H2=1), and the substrate to catalyst molar ratio 

based on rhodium was kept constant compared to the condition of the reaction with 

mixed olefins. Toluene was used as proper solvent. Typically, 95 mg of Rh@UiO-66 

were added in the mixture of n-hexene (4.2mL), n-decene (6.3mL), n-hexadecene 

(9.5mL) and toluene (30ml).The molar ratio of olefins based on rhodium was kept at 

65,000/1 in the reaction with Rh@UiO-67, Rh@MOF-808, Rh@NU-1000 and 

27000/1 with Rh@DUT-67. The reactor was then evacuated and purged with argon to 

remove air and residual moisture and then loaded with synthesis gas (CO/H2=1) up to 

a pressure of 50 bar. Finally, the reaction mixture was heated under stirring at ca.1000 

rpm with a connection of mechanic stirrer and maintained at a temperature of 100˚C. 

2.5.3 Analysis of catalytic products 

Quantitative analysis of reaction products were carried out via gas chromatography 

(GC), the instrument was equipped with Agilent HP-6890 equipped with a HP-5 

column, 30 m × 0.25 mm × 0.25 µm, and a flame ionization detector (FID). 

Specifically, in the hydroformylation of n-hexene, the signal position of the main 

products at the beginning and the end of the catalytic reaction were shown in 

Figure 15. The content of the product is calculated by comparing its peak area.  
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Figure 14. High pressure PARR reactor used for hydroformylation of olefins. 

 (1) high pressure PARR reactor; (2) Argon/Nitrogen tube; (3) Synthesis gas tube 

(CO/H2=1); (4) Sampling system; (5) Gas introduction stirrer; (6) Venting; (7) Plate for 

heater; (P) Pressure gauge; (TI/PI Controller) Temperature & Pressure indicators in 

control panel. 
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(a) 

 

(b) 

Figure 15. Signals of main products in the hydroformyltion of n-hexene at (a) 0h and 

(b) 21h. 
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3. Results and discussion 

3.1 Hydroformylation of olefins over Rh-supported Zr-MOF UiO-66, UiO-67, 

and MOF-808 

In this work we intend to investigate the relation between the pore and cage sizes 

as well as between the pore structure and the catalytic activity and selectivity of 

Rh-supported large pore Zr-MOF catalysts. For this purpose, rhodium-supported 

zirconium-based MOFs UiO-66, UiO-67, and MOF-808 were prepared and 

characterized by PXRD, FTIR, SEM/TEM, XPS, and nitrogen adsorption. The 

catalytic performance was studied in the hydroformylation of olefins to the 

corresponding aldehydes using linear olefins with different chain lengths (C6, C8, 

C10, C12, and C16) as model substances. 

3.1.1 Characterization 

Powder X-ray diffraction patterns of synthesized MOFs after work up by washing 

and solvent removal are shown in Figure 16. The PXRD patterns of the 

synthesized UiO-66, UiO-67 and MOF-808 correspond to the expected structure 

type
139,141

. The positions of observed XRD reflections are similar to the simulated 

patterns. The materials are crystalline and show narrow reflections especially for 

reflections located at 2θ = 5-10°. The crystallite sizes obtained by the Scherrer 

formula are 32, 27, and 30nm, respectively
142

. Only MOF-808 shows a higher 

background. The structure of the MOFs is maintained after Rh loading. However, 

the intensity of the reflections is decreased due to the stress caused by the 

additional mechanical and thermal treatment during the Rh loading procedure. 

Rhodium metal reflections are not observed for Rh@UiO-66, Rh@UiO-67, and 

Rh@MOF-808. The very low concentrated (<0.05 ma.-%) supported rhodium is 

highly dispersed in the pores in a single site manner.  

The FTIR spectra of the synthesized MOFs and rhodium supported MOFs are 

shown in Figure 17. All the prepared materials show the typical vibrational spectra 

of the linker molecules, 1,4-benzenedicarboxylic acid, biphenyl l-4,4′-dicarboxylic 

acid, and benzene-1,3,5-tricarboxylic acid. The vibrational bands are narrow and 

well-resolved. The absorption bands appearing between1300-1700 cm-1 are 

assigned to the vibrations of the carboxyl groups. The CO–O and C–O stretching 

vibrations appear between ca. 1250 cm
-1

 and 1040 cm
-1

. The vibrational bands 
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below 1000 cm
-1

belong to =C–H deformation bands of the aromatic benzene ring. 

The rhodium loading causes an increase in the intensities of the vibrational bands 

and small shifts (within 10 cm
-1

) of the absorption maxima to higher wavenumbers, 

indirectly confirming the Rh loading
14

. 

 

(a) 

 

(b) 

 

(c) 

Figure 16. Simulated XRD pattern (bottom) and PXRD patterns of synthesized (top) 

and Rh-supported (middle) MOFs (a) UiO-66, (b) UiO-67 and (c) MOF-808. 
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(a) 

 

(b) 

 

(c) 

Figure 17. FTIR spectra of as-synthesized and Rh-supported (a) UiO-66, (b) UiO-67, 

and (c) MOF-808. 

The high resolution scanning and transmission electron microscopic (SEM and 

TEM) images of the three rhodium-supported MOF catalysts are shown in Figure 

18. The SEM images show that the three MOFs UiO-66, UiO-67, and MOF-808 

are crystalized as micrometer sized particles (in 500 times magnification, top). As 
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seen at higher magnification these large particles, which are regular cube-like 

shaped with MOF-808, are composed of sub-micrometer sized intergrown 

secondary particles. Large textural nanopores (Figure 18, mid, 50k magnification) 

exist between these secondary particles. The secondary particles are not bulky but 

consist of loosely agglomerated round shaped primary nanoparticles as shown by 

TEM (Figure 18, bottom). The agglomerated nanoparticles form an interstitial 

mesopore system, whereas the nanoparticles contain the micropores. The 

nanoparticles are of 20-30 nm with UiO-66 and UiO-67, and of 10-20 nm size with 

MOF-808. The peak widths of XRD reflections match the nanoparticle sizes 

observed in TEM images very well. Obviously, the micropores are in the 

nanoparticle. Even with detailed inspection by high-resolution TEM it was 

impossible to detect any Rh particles. Obviously the rhodium is highly dispersed 

and form single-site like active sites. Hence, these materials can be referred to as 

hierarchically composed primary nanoparticles containing secondary 

sub-micrometer sized particles. With respect to the pore system, these materials 

contain a hierarchical micro-meso-macro pore system, which is highly accessible 

and facilitates the mass transfer. 

The X-ray photoelectron spectroscopy was used to characterize the electronic state 

of the elements C, O, Zr and Rh in the MOF structure. The results are shown in 

Figure. 19. Attempts to identify the Rh signal in the XP spectra of Rh@UiO-66, 

Rh@UiO-67 and Rh@MOF-808 failed due to the low concentration. However, 

significant changes of peak positions could be observed in the XP spectra 

comparing the as-synthesized UiO-66, UiO-67 and MOF-808 and the 

Rh-supported catalysts (Table 2). The most intense changes after Rh loading are 

observed in the O1s signal of UiO-66 which shifted from 530.4 to 528.4 and the 

Zr3p signal of UiO-67 from 332.2/346.1 to 333.5/346.8eV. Although MOF-808 

cannot stay in the X-ray beam for too long time due to its weak stability, a rather 

short measurement showed a small shift of the Zr3p signals: 333.1/346.7 to 

333.4/347.0eV. Since all other regions (Zr3d and Zr3p in the case of UiO-66, O1s 

in the case of UiO-67) only show minor changes in their binding energies the 

observed changes indicate a transfer of electron density from Rh to O 

(Rh@UiO-66) or from Zr to Rh (Rh@UiO-67). This indirectly suggests that the Rh 

species are located nearby the zirconium and/or oxygen atoms in the MOF 

framework. In the case of Rh@MOF-808 the binding energy of Zr is rather 

unaffected by the Rh doping, thus probably indicating that the Rh atoms are not so 

https://en.wikipedia.org/wiki/Electronic_state
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close to the Zr. Following this interpretation, the triangle linker partially might 

block the access of the molecules to the side pockets. 

 

(a)                     (b)                      (c) 

Figure 18. SEM images at 500, 5k and 50k magnification (top) and TEM images 

(bottom) of Rh-supported Zr-MOF (a) Rh@UiO-66, (b) Rh@UiO-67 and (c) 

Rh@MOF-808. 
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(a) 

     

(b) 

                  

  (c) 

Figure 19. XPS spectra of (a) O1s signal of as-synthesized and Rh-supported 

UiO-66, (b) Zr3p signal of as-synthesized and Rh-supported UiO-67 and (c) Zr3p 

signal of as-synthesized and Rh-supported MOF-808. 
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Table 2. Binding energies of carbon, oxygen and zirconium in the XP spectra of the 

as-synthesized and Rh-supported UiO-66, UiO-67 and MOF-808. 

Element Binding energy (eV) 

UiO-66 Rh@UiO-66 UiO-67 Rh@UiO-67 MOF-808 Rh@MOF-808 

C1s 284.8 284.8 284.8 284.8 284.8 284.8 

288.6 288.8 288.8 288.8 288.8 288.7 

O1s 530.4 528.4 528.5 530.0 530.1 530.0 

 532.7 529.6 531.0 532.1 531.9 531.8 

Zr3d5/2 

Zr3d3/2 

182.2 182.4 181.2 183.1 182.4 182.3 

184.5 184.7 183.5 185.4 184.8 184.7 

Zr3p3/2 

Zr3p1/2 

332.5 333.1 332.2 333.5 333.1 333.4 

346.4 347.0 346.1 346.8 346.7 347.0 

Nitrogen ad-and desorption isotherms of as-synthesized and Rh-supported 

Zr-MOFs are of type I (Figure 20)
143

. The steep increase of the isotherms at low 

relative pressure (of up to p/p0 = 0.01) indicates the existence of micropores. The 

further uptake up to a relative pressure of p/p0=0.8 is due to multilayer adsorption 

and the filling of the mesopores.  The nitrogen uptake at high relative pressure 

beyond p/p0=0.8 is assigned to nitrogen adsorption in textural macropores. The 

calculated Brunauer–Emmett–Teller (BET)
144

 theory surface areas of the porous 

Zr-MOFs and the corresponding Rh-supported catalysts UiO-66/Rh@UiO-66, 

UiO-67/ Rh@UiO-67 and MOF-808/Rh@MOF-808 are1520.6 m
2
g

-1
/ 1240.5 m

2
g

-1
, 

1993.6 m
2
g

-1
/1479.1 m

2
g

-1 
and 1455.1 m

2
g

-1
/987.1 m

2
g

-1
, respectively. All the 

samples show a high specific surface area and specific micropore volume, which is 

in line with literature data.  Both are highest with the porous MOF UiO-67 and 

the corresponding supported catalyst Rh@UiO-67. Besides some mesoporosity, 

also macroporosity is observed (Table. 3). They belong to inter-particle pores 

located in between the aggregated Zr-MOF nanoparticles. The observed decrease 

in the specific surface area and pore volume detected after Rh loading is caused by 

the additional mechanical stress and shrinkage due to the stirring followed by the 

additional heating of the samples to remove the adsorbed solvent. It cannot be 

excluded that some pores are blocked by the rhodium but the loading is too low to 

cause a significant effect.   
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(a) 

 

  (b) 

 

(c) 

Figure 20. N2 adsorption and desorption isotherms of (a) synthesized and Rh- 

supported (a) UiO-66, (b) UiO-67, and (c) MOF-808. 
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Table 3. BET surface area and pore volumes (PV) of as-synthesized and 

Rh-supported Zr-MOFs UiO-66, UiO-67, and MOF-808. 

MOFs/ 

Rh@MOFs 

BET  

(m²g-1) 

Micro-PV  

(cm3g-1) 

Meso-PV 

(cm3g-1) 

Macro-PV 

(cm3g-1) 

UiO-66 1520.6 0.564 0.034 0.072 

Rh@UiO-66 1240.5 0.462 0.024 0.072 

UiO-67 1993.6 0.755 0.047 0.269 

Rh@UiO-67 1479.1 0.557 0.045 0.154 

MOF-808 1455.1 0.381 0.103 0.122 

Rh@MOF-808 987.1 0.322 0.091 0.080 

Thermal stability was tested by TGA (Thermogravimetric Analysis) and shown in 

Figure 21. At the beginning of the test, the slight increase in weight was due to the 

decrease in the density of argon at higher temperature. The curves of all the three 

MOFs show three steps of weight loss prior to the formation of final ZrO2 product. 

In the first step in less than 100°C, the weight loss is assigned to the volatilization 

of adsorbed water. In this region, the weight loss of the materials followed the 

trend: UiO-67 (4.8%) < UiO-66 (6.9%) < MOF-808 (7.4%). These differences 

suggest that an decrease in the surface area enhances the capacity for retaining 

adsorbed water. The weight loss in the second step, from 100 to 400 °C, was 

attributed to the removal of monocarboxylate linkers, the solvent (DMF) and 

dehydroxylation of the zirconium cluster. Finally, in the step three, defined 

between 400 and 800°C, was considered to correspond to be the thermal 

decomposition of the MOFs. Hence, this region was assumed to involve the 

complete degradation of the organic constituents of the materials resulting in the 

formation of zirconium oxides. Thermal stability was observed to be similar in the 

case of UiO-66 and UiO-67. Because the weakest point in the structure is the bond 

between the benzene rings and the terminal carboxyl group and not the connection 

between the organic linker and the inorganic brick or the metal node itself. 

Therefore the stability of UiO-66 and UiO-67 didn’t change by shifting the organic 

linkers. 
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(a) 

 

(b) 

 

(c) 

Figure 21. Thermogravimetric weight loss curves (TGA) of (a) UiO-66, (b) UiO-67 

and (c) MOF-808 in the argon atmosphere. 
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3.1.2 Catalysis 

3.1.3.1 Hydroformylation of linear n-alk-1-enes 

The catalytic performance of Rh@UiO-66, Rh@UiO-67 and Rh@MOF-808 in the 

hydroformylation of olefins was tested withn-alk-1-ene molecules with different 

chain lengths. As expected both n- and iso-aldehydes are the desired reaction 

products. Beside, double bond shifted internal alkenes are formed as side-products. 

No notable hydrogenation of alkenes to saturated alkanes was observed during the 

reaction. The blank experiments with n-hexene and n-octene show that the 

desolvated Zr-MOFs alone do not catalyze the double bond shift of n-alk-1-enes to 

internal positions, or the hydroformylation of alkenes to aldehydes after 21h 

treatment .The course of conversion with the reaction time of different n-alkenes 

such as n-hexene, n-octene, n-decene, n-dodecene and n-hexadecene over 

Rh@UiO-66, Rh@UiO-67 and Rh@MOF-808 are shown in Figure 22. Typically, 

the conversion curves show an induction period of up to 4 h before the reaction 

starts markedly. The appearance of long induction periods confirm that the 

catalytic reaction takes place in the pores. Otherwise the reaction would start 

immediately. The conversions reach 80% to nearly 100% after 6 h of reaction.  

Even large molecules like the n-hexadecene are fastly converted indicating the 

importance of the large pores for the mass transfer.  

With the catalyst Rh@UiO-67, faster conversions are observed compared to 

Rh@UiO-66, which is in line with the larger pore size facilitating the mass transfer 

to and from the catalytically active sites. The conversion of all the linear olefins 

achieved more than 90% after 5h of reaction time. Interestingly, the conversion is 

highest with n-octene and decreases in the order n-octene > n-hexadecene ≈  

n-dodecene > n-decene > n-hexene. Surprisingly, the conversion of the short 

n-hexene proceeds slower compared to the longer n-alkenes. Obviously, the size of 

the n-hexene fits the pore size so that it is partially captured. Generally, the 

conversion becomes slower with increasing chain lengths of the n-alkenes because 

the slope of the conversion curves decreases slightly in the same order. The short 

induction periods and fast conversions found with catalyst Rh@UiO-67 are 

attributed to the larger pore size and pore opening (8–11Å) of secondary 

tetrahedral building units. The biphenyl ligands connecting the zirconia units of 

UiO-67 are markedly larger than that of terephthalic acid linker of UiO-66.  
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With Rh@UiO-66 the induction periods are considerably longer and the 

conversions proceed somewhat slower compared to Rh@UiO-67. The conversion 

of n-hexene starts after of 2 h of reaction time. Once started, the conversion of 

n-hexene increases very fast and achieves almost 100% after 5h. Compared to 

n-hexene, the conversions of other alkenes proceeds slower, decreasing with 

growing chain lengths of the n-alkene in the order: n-hexene >> n-octene > 

n-dodecene > n-hexadecene > n-decene. The induction periods are longer. The fast 

conversion of hexane is due to its small size which allows better passage of the 

small ca. 6 Å sized pore windows.  

With Rh@MOF-808 the conversion of olefins reach to ca. 90% after 6 h. 

Interestingly, the large n-hexadecene shows high conversion compared to the 

shorter olefins. The conversion decreases in the order n-hexadecene > n-decene ≈ 

n-dodecene > n-hexene > n-octene. Interestingly, conversion is markedly decreased 

compared to Rh@UiO-67 although the olefins should have easy access to the 

catalyst. It is concluded that the active Rh species are located in the small pore 

cages, not allowing access of the olefins. Additionally, the access of molecules is 

hindered by the linker. It is located at the faces of the tetrahedron thereby blocking 

the entrance. As a result, the catalytic activity is decreased. Interestingly, the 

conversion of n-hexadecene is high with all the large porous Rh@Zr-MOFs and 

similar to that of n-decene or n-dodecene which shows the importance of the large 

pores for the mass transfer of long-chain molecules.  

These results show a remarkable influence of the pore size and structure on the 

catalytic activity. However, the impact is more complex. The conversion is 

increased with increasing pore size from Rh@UiO-66 to Rh@UiO-67. But 

surprisingly, it is decreased again with the extra-large pore (18 Å) MOF-808.  

This is due to the impact of the secondary building unit, where the active sites are 

obviously located (Figure 23). The access to active sites is hindered with 

Rh@MOF-808 due to the small pore size.  Also the conversions of differently 

sized n-alkenes show some deviation from the expected molecule size dependency. 

With exception of Rh@UiO-66 catalyst, fast conversion is observed for long-chain 

alkenes, the conversion of hexadecane is faster than that of the small hexane. It is 

concluded that these findings reflect the mobility and arrangement possibilities of 

the different sized molecules to the catalytic Rh sites in the different structures. 

They influence the activity directly. So three important factors could be identified: 

mailto:Rh@Zr.MOFs
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(i) the pore size for access of the catalyst, (ii) the location and accessibility of the 

Rh sites in the secondary building units (smaller cages or pores), and (iii) the 

arrangement possibilities of n-alkenes in the confined space of the pores 

(confinement effects) with respect to the active sites.  

 

(a) 

 

(b) 

 

(c) 

Figure 22. Conversion of the n-hexene, n-octene, n-decene, n-dodecene, and 

n-hexadecene in the hydroformylation over: (a) Rh@UiO-66, (b) Rh@UiO-67, and (c) 

Rh@MOF-808 in dependence on the reaction time. 
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(a)                    (b)                    (c) 

Figure 23. Schematic drawing of the pore windows of (a) Rh@UiO-66, (b) 

Rh@UiO-67 and (c) Rh@MOF-808. 

Figure 24 shows the selectivity to aldehydes observed for the hydroformylation of 

n-alk-1-enes over Rh@Zr-MOFs in dependence of the reaction time. The 

selectivity to aldehydes increases during the course of reaction as can be seen from 

the graph. First, the n-aldehyde is formed. With increasing formation of i-alkenes 

by the double bond shift, also formation of i-aldehydes starts. This is also well 

reflected in the decrease of the n/i-ratio during the course of reaction as discussed 

below. Interestingly, comparative aldehyde selectivity are observed for the very 

long-chain n-hexadecene which is obviously due to the improved access by the 

large pores of these MOFs.  This facilitates also the formation of the transition 

state in hydroformylation reaction.  

With Rh@UiO-66, the short chain n-hexene shows significantly higher selectivity 

to aldehydes than the longer chain alkenes. Obviously, the short n-hexene can 

easier pass the comparatively small windows of UiO-66, which are only of 6–8Å 

size. In the reaction with Rh@UiO-67, highest selectivity to aldehydes is observed. 

The selectivity to aldehydes increases much faster than with Rh@UiO-66 and is 

already high at short reaction time of 1 to 4 h, which reaches ca. 60 to 70% after 7 

h. The highest selectivity to aldehyde is observed with Rh@UiO-67 due to its 

larger pore window size of 8-11 Å, which provides higher accessibility of active 

sites.   

From the considered Zr-MOFs, the Rh@MOF-808 provides the largest pore size. It 

shows the lowest aldehyde selectivity of ca. 18 to 30%. The aldehyde selectivity 

increases slightly with prolonged reaction time. This behaviour is obviously due to 

lower accessibility of active sites at the secondary building units (SBU). The fixed 
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tripodal linker (benzene tricarboxylate) is located at the triangular faces in the 

windows of the secondary building units (SBU) and hinders access to Rh active 

sites. As a result, the formation aldehyde is diminished in Rh@MOF-808. The 

initial decrease of the selectivity to heptadecanal is caused by consumption of the 

aldehyde by aldol condensation which occurs as side reaction.  In Figure 24, the 

yields of aldehydes for different n-alkenes in dependence of the reaction time 

obtained over the Rh-supported Zr-MOFs Rh@UiO-66, Rh@UiO-67, and 

Rh@MOF-808 are depicted.  Highest aldehyde yields (68%-79%) are observed 

with catalyst Rh@UiO-67. This catalyst possesses the largest windows and cage 

sizes allowing easy access and mobility of the n-alkenes within the pore system. 

After starting of the reaction, aldehydes are formed continuously. Also large 

n-alkenes like n-hexadecene show high conversion to aldehydes compared to short 

chain n-hexene or n-octene. 

From the considered Zr-MOFs, the Rh@MOF-808 provides the largest pore size. It 

shows the lowest aldehyde selectivity of ca. 18 to 30%. The aldehyde selectivity 

increases slightly with prolonged reaction time. This behaviour is obviously due to 

lower accessibility of active sites at the secondary building units (SBU). The fixed 

tripodal linker (benzene tricarboxylate) is located at the triangular faces in the 

windows of the secondary building units (SBU) and hinders access to Rh active 

sites. As a result, the formation aldehyde is diminished in Rh@MOF-808. The 

initial decrease of the selectivity to heptadecanal is caused by consumption of the 

aldehyde by aldol condensation which occurs as side reaction.  In Figure 25, the 

yields of aldehydes for different n-alkenes in dependence of the reaction time 

obtained over the Rh-supported Zr-MOFs Rh@UiO-66, Rh@UiO-67, and 

Rh@MOF-808 are depicted.  Highest aldehyde yields (68%-79%) are observed 

with catalyst Rh@UiO-67. This catalyst possesses the largest windows and cage 

sizes allowing easy access and mobility of the n-alkenes within the pore system. 

After starting of the reaction, aldehydes are formed continuously. Also large 

n-alkenes like n-hexadecene show high conversion to aldehydes compared to short 

chain n-hexene or n-octene.  
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(a) 

 

  (b) 

 

(c) 

Figure 24. Selectivity to aldehydes in the hydroformylation of n-hexene, n-octene, 

n-decene, n-dodecene, and n-hexadecene over (a) Rh@UiO-66, (b) Rh@UiO-67, 

and (c) Rh@MOF-808 in dependence on the reaction time. 
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(a) 

 

(b) 

 

(c) 

Figure 25. Yield of aldehydes in the hydroformylation of n-hexene, n-octene, 

n-decene, n-dodecene, and n-hexadecene in dependence on the reaction time over 

(a) Rh@UiO-66, (b) Rh@UiO-67,and (c) Rh@MOF-808. 

The window and cage sizes of Rh@UiO-66 are smaller than those of UiO-67.  

Correspondingly, the formation of aldehydes proceeds slower and the induction 
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periods are longer (ca. 4 h) with the exception of n-hexene, for which similar 

parameters were found compared to UiO-67. 

Obviously, the size of the short chain n-hexene fits the smaller pores of UiO-66 

best and allows fast conversion. With exception of n-hexene, the final aldehyde 

yields are lower. The differences between the n-alkenes are larger and range from 

ca. 48 to 77 %, i.e. the influence of the chain lengths is higher with the confined 

pores of UiO-66. The approach of the double bond to the active sites renders more 

difficulties for longer chain n-alk-1-enes like n-decene and n-dodecene. With 

Rh@MOF-808, the total yields of aldehydes are the lowest (32-67%) although the 

structure of this MOF contains the largest pores size of ca. 18 Å. Different from 

Rh@UiO-66 or Rh@UiO-67, the course of the formation of aldehydes shows an 

inflection point, after that aldehyde formation proceeds markedly slower.   

The analysis of the composition of the reaction mixtures after different stages of 

conversion shows that mixtures obtained with Rh@MOF-808 show a markedly 

enhanced amount of non-converted i-alkenes and low amounts of i-aldehydes 

compared to the reaction mixtures obtained with Rh@UiO-66 and Rh@UiO-67. 

This is exemplified for the case of n-hexene hydroformylation as shown in Figure 

26. The compositions of mixtures are similar as long as the i-alkene content is low 

(ca. 50 % of conversion). The formation of i-aldehydes is diminished, finally 

leading to a lower total aldehyde yield. The approach of the alkenes for the 

formation of the transition state (insertion of i-alkene into the Rh complex) is most 

difficult with Rh@MOF-808. Obviously, active sites are located in the walls or 

side pockets of the large pores. At 50% of conversion the n/i-aldehyde ratio is ca. 3 

for all Zr-MOFs. In the initial stage of reaction, mostly n-aldehydes are formed 

because the starting reaction mixture contains only the linear n-alk-1-enes. 

Therefore, the initial n/i-ratio is high at the beginning of the reaction.  

 

The n/i–aldehyde ratio generally decrease during the course of reaction from ca. 

2.5-3 to <1 after 7h. The decrease is due to the change of the composition of the 

reaction mixture, i.e. the formation of i-alkenes on the expense of the n-alkene. The 

internal olefins, formed in the double-bond-shift side-reaction remain in the 

reaction solution and their hydroformylation leads to the formation of i-aldehydes, 

and correspondingly, to a decrease of the n/i-ratio during prolonged reaction time. 

The n-olefin content decreases markedly due to the formation of n-aldehyde and of 
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i-olefins which then react to i-aldehydes. For example, with Rh@UiO-67 ca. 15% 

of n-hexene is converted to aldehydes after 3h of reaction time, whereas the 

n-hexene conversion reaches 50% already. This means ca. 35% of n-hexene is 

converted to i-hexenes. As a result, the n/i-aldehyde ratio decreases from ca. 3 to 

1.6 after 4h of reaction time (Figure 27). The internal linear alkenes show a lower 

reactivity and the formation of the space demanding transition state during the 

hydroformylation reaction renders more difficulties. Therefore, the formation of 

aldehydes is markedly decreased with MOF-808. The access to the active Rh sites 

is hindered by blocking of the pore entrance of the secondary building units by the 

tripodal linker located in the face of the triangle window (Figure 28). Besides, the 

aldol condensation, as side reaction, consumes also some n-aldehyde after long 

reaction times. The amount is small in the reaction with Rh@UiO-66 and 67. It 

reaches ca. 10-12% after 21 h.  However, the amount is higher with 

Rh@MOF-808. The large pores facilitate the formation of enones ca. 21% by aldol 

condensation of the formed aldehydes. Although the formation of i-aldehydes is 

diminished, the loss of n-aldehyde due to aldol condensation leads to a decrease of 

the n/i-ratio at longer reaction time. This phenomenon was in agreement with 

the results reported by Vu, Hou and co-workers
13-15

. 

 

  

   (a)                                (b) 

Figure 26. Composition of the reaction mixtures obtained with different 

Rh-supported Zr-MOF catalysts (a) 50% and (b) 100% conversion in the 

hydrofromylation of n-hexene. 
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(a) 

 

(b) 

 

(c) 

Figure 27. n/i-aldehyde ratio in the hydroformylation of n-alkenes of different chain 

lengths over (a) Rh@UiO-66, (b) Rh@UiO-67 and (c) Rh@MOF-808. 
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(a)                  (b)                      (c) 

Figure 28. Pores and super tetrahedral cages of (a) UiO-66, (b) UiO-67, and (c) 

MOF-808. Proposed location of Rh active sites (yellow points) in the MOF pores. 

3.1.3.2 Catalytic testing with bulky olefins  

In order to compare the catalytic reaction with linear olefins, and further explore the 

relationship between the catalytic reaction substrate and the pore structure of the 

catalyst. The catalytic reaction with bulky olefins and less reactive cyclic olefins has 

also been studied. Compared to linear olefins, no double bond rearrangement was 

observed in the reaction because of the branched group. Thus hydroformylation with 

bulky olefins has quite high selectivity.  

Figure 29 shows the yield of aldehydes in dependence of the reaction time observed 

with different sizes of bulky olefins. In the reaction with Rh@UiO-66, the yield of 

the product reacted with 3,3-dimethyl-1-butene is significantly higher than that of 

other olefins. After 21 hours, the yield reached to 70% while the others were 

arranged from 18% to 42%. As we expected, with the same reaction substrate, when 

the catalyst was changed to Rh@UiO-67, the yield of all reactions was improved. 

Although in the first 7 hours, only the yield of product from 3,3-dimethyl-1-butene 

has a significant increase. However, after 21h, the reaction yields were greatly 

improved.1In the reaction with Rh@MOF-808, the yield varies significantly with 

time. It can be found that in the reaction with 4-methylstyrene, the reaction yield is 

greatly improved in the first 7 hours compared to the other two catalysts. In the 

reaction with the three catalysts, the yields of the reaction with cyclohexene and 

cyclooctene are very low, and the reaction yield with cyclohexene is always lower 

than that of cyclooctene, which can be explained by the two rings. The activity of 

the substrate is very low, and it is not easy to react, and the double bond of 

cyclohexene and the bond angle of the single bond make it more difficult to access 

the Rh active site of the catalyst. Therefore, after 21h, the conversion of cyclohexene 
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was lower than that with cyclooctene even though the molecular size of cyclohexene 

is smaller. 

 

(a) 

 

(b) 

 

 (c) 

Figure 29. Yield of aldehyde in the hydroformylation of 3,3-dimethyl-1-butene, 

4-methylstyrene, cyclooctene, cyclohexene, and 2,4,4-trimethylpentene over (a) 

Rh@UiO-66, (b) Rh@UiO-67 and (c) Rh@MOF-808 in dependence on the reaction 

time. 
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3.1.3.3 Catalytic testing with linear olefin mixtures 

In order to test the possibility of single file diffusion hydroformylation of olefin 

mixture with Rh-supported MOFs were also investigated. In this case UiO-66 and 

UiO-67 were chosen as model because their structures have the same topology but 

different pore size. In Figure 30 is shown the different catalytic performance 

between single olefin and mixture olefins. Interestingly, in the hydroformylation 

with Rh@UiO-66, the conversion has shown a clear difference in the 

hydroformylation with single olefin. The reaction starts in a shorter time with 

n-hexene than that with n-decene and n-dodecene. However, when three olefins were 

mixed, the conversion of the reaction changed very closely with time. This phenomenon 

was also observed in the hydroformylation with Rh@UiO-67. Conversion with 

Rh@UiO-67 was observed to be highest with n-hexadecene at 3h and lowest with 

n-hexene. However, the figures were obviously different in the mixed olefin reaction. 

The conversion of mixtures containing three different olefins was almost the same for 

each component during the whole process of the reaction. 

This phenomenon could be explained from the structure that the180º bonding angle 

of the linker in the framework of UiO-66 and UiO-67 allowed rotation of the 

benzene ring. Thus a linker-orientation effect can be observed. As shown in Figure 

31. The preferred linker orientation markedly modulated the window size of the 

framework and thus structure isomers by distortion of the crystal lattice could be 

obtained. The rotation of benzene group was dependent and isolated form each other. 

Therefore, under normal conditions, the benzene rings of the ligands are arranged in 

the lowest energy manner and lattice distortions cannot happen automatically. 

However, when guest molecules passed through the channel, a domino-liked effect 

could happen. The orientation of benzene ring was modified and changed in the 

direction of the molecule pathway can be induced. The following changes of the 

lattice lead to collective changes in the lattice of the framework creating quasi 

one-dimensional channels of enhance directed molecule motion compared to the 

original two-dimensional pore system in the framework of UiO-66 and UiO-67. 

Effective window size shift between fully open and partly closed window derive 

from the orientation of the linker by rotation in the framework (Figure 31). Thus, a 

single-file diffusion was observed in the conversion behavior of the mixture olefins 

over Rh@UiO-66 and Rh@UiO-67, which shown that the conversion tend to be the 
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same with different size of linear olefins because the molecules cannot pass each 

other. 

 

                      (a)                              (b) 

 

   (c)                               (d) 

Figure 30. Hydroformylation with (a) single olefin and (b) mixture olefins of n-hexene, 

n-decene and n-hexadecene catalyzed by Rh@UiO-66.Hydroformylation with (c) 

single olefin and (d) mixture olefins of n-hexene, n-decene and n-hexadecene 

catalyzed by Rh@UiO-67. 
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(a) 

 

(b) 

Figure 31. Simplified channel and linker orientation of (a) UiO-66 and (b) UiO-67. 

The leaching test was done to detect the Rh active species released into the solution 

during the reaction. Figure 32 show the results of hydroformylation of n-hexene 

catalyzed with the leached solution Rh(acac)(cod) and Rh@UiO-66, respectively. 

The conversion of n-hexene with leached solution is very low and increases 

continuously and slowly with reaction time. The low activity of the leached solution 

indicates that the Rh-supported catalyst is very stable against leaching. Only a little 

amount Rh was leached into the solution. In contrast, the Rh(acac)(cod) is highly 

active and the reaction shows a rapid increase to nearly 100% after 1h. The catalytic 

behaviour of the leached solution is significantly different from the 

hydroformylation with the MOF catalyst. Hence, the observed induction time and 

sudden increase in coversion is typical for the MOF catalyst and not caused by 

leaching. The yield of aldehyde goes nearly in parallel with the conversion. The n/i 

ratio observed with the leached solution and Rh(acac)(cod) at the beginning of the 

reaction is ca. 2. Whereas the n/i selectivity of the Rh@UiO-66 is significantly 

higher (n/i=3), which is due to the confinement in the MOF framework. 
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(a) 

 

(b) 

 

(c) 

Figure 32. Comparison of the catalytic performance (conversion, aldehyde yield and 

n/i-aldehyde ratio) of n-hexene in the hydroformylation with (a) Rh(acac)(cod), (b) 

Rh@UiO-66 and (c) leached solution. 
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3.1.4 Summary 

Synthesis of MOFs and Rh-supported catalysts are of high crystalinity with defined 

pore size: MOF-808 > UiO-67 > UiO-66. The obtained of µm-sized particles and 

represent meso-crystals composed of aggregated small sized nanoparticle 

(10-30nm). 

The catalysts contain a hierarchical pore system of interconnected inter-particles 

featuring macro and mesopores as well as intra (nano) particle medium and large 

sized micropores. The structure facilitates the mass transfer to and from the 

catalyst. High porosity and surface area are proved during N2 adsorption 

/desorption measurement. Specifically, the tested BET surface area follow the 

following order: UiO-67/Rh@UiO-67 (1993.6 m
2
g

-1
/1479.1 m

2
g

-1
) > 

UiO-66/Rh@UiO-66 (1520.6 m
2
g

-1
/ 1240.5 m

2
g

-1
) > MOF-808/Rh@MOF-808 

(1455.1 m
2
g

-1
/987.1 m

2
g

-1
).  

The Rh species are highly dispersed in an atomic scale and the test indirectly 

suggests that the Rh species are located nearby the zirconium and/or oxygen atoms 

in the MOF framework in the secondary building units. TG measurement 

confirmed all the catalysts are of high thermal stability, which proved that the 

catalyst remains stable during the catalytic reaction. 

The pore size and structure have a markedly influence on catalytic properties of the 

Rh@Zr-MOF catalysts in the hydroformylation of n-alk-1-enes of different chain 

lengths. 

All three Rh-supported catalysts Rh@UiO-66, Rh@UiO-67, and Rh@MOF-808 

show a very high catalytic activity pointing to high dispersion of the rhodium i.e. the 

presence of catalytic “single site”. Indeed, the Rh loading is very low. The catalysts 

contain less than 1 Rh atom per 100 unit cells (Zr metal nodes). The apparent turn over 

numbers amount to 50.000-60.000 (based on total conversion).  

The large pores facilitate the conversion of even very long chain molecules like the 

n-hexadecene and the formation of i-aldehydes from formed i-alkenes. Thereby the 

aldehyde selectivity and yield is increased. Nevertheless, the catalytic behaviour of 

the large pore Rh-supported Zr-MOF catalysts differ markedly due to the different 
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access to Rh sites in the secondary building units. The latter differ in pore size and 

type and in the arrangement of the linker.  

The catalytic activity and the selectivity to aldehydes is highest with the Rh@UiO-67 

and lowest with Rh@MOF-808. Although Rh@MOF-808 possesses the largest pores 

of ca. 18 Å, the access to the Rh in the side pockets of the pore is limited. However, 

the large pores facilitate the aldol condensation of formed aldehydes.  

The pore structure of large pore containing Zr-based MOFs have an important impact 

on the catalytic performance due to the different confinement (formation of space 

demanding transition state) and access to active Rh sites located at the secondary 

building units. The influence is more complex due to the interplay of the large pores 

and the different accessibility of active Rh sites. In addition, reactions with inactive 

bulky olefins and mixtures of chain olefins have also been tried. 

Compared with the reaction of linear olefins, although the yield of aldehydes and 

chain olefins have decreased significantly in the reaction with bulky olefins. 

However, the reaction has a selectivity close to 100%, due to the difficulty of 

rearrangement of double bonds in bulky olefins. 
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3.2 Hydroformylation of olefins over Rh-supported Zr-MOF DUT-67 

The large pore Zr-MOF DUT-67 contains 2,5-thiophene dicarboxylic acid as a 

linker. Therefore, it is used as a model system for the study of the influence of 

heteroatom-substituted linker on the catalytic properties of Rh-supported MOFs. A 

highly porous and crystalline Zr-MOF DUT-67 was synthesized and used for the 

preparation of a supported rhodium catalyst. The material was characterized by 

XRD, SEM/TEM, FTIR, XPS, TGA, and nitrogen adsorption and desorption. The 

catalytic properties of Rh@DUT-67 have been investigated in the hydroformylation 

of n-alkenes with different chain length (C6, C8, C10, C12, C16) as well as of bulky 

olefins as 2,4,4-trimethylpentene, 3,3-dimethyl-1-butene, 4-methylstyrene, 

cyclohexene and cyclooctene. The stability and reusability of the catalyst was tested 

by cycling experiments using n-hex-1-ene as model substance. 

3.2.1 Characterization  

Figure 33 shows the powder X-ray diffraction patterns of as-synthesized Zr-MOF 

DUT-67, obtained after washing and extraction of the DMF solvent, and of the 

corresponding Rh-supported catalyst. The materials are highly crystalline and show a 

low background and narrow reflections especially in the diffraction angle range of 

2θ= 5-20°. The PXRD patterns correspond to the expected structure type and the 

positions of XRD reflections are similar to the simulated pattern
137

. The crystallite 

sizes, determined from the reflection widths by the Scherrer formula
145

, are ca. 30 nm. 

The structure of DUT-67 is maintained after Rh loading. However, the intensities of 

the reflections are decreased indicating some structural loss caused by the thermal and 

mechanical treatment during the Rh loading procedure. Reflections of metallic Rh 

species are not observed with Rh@DUT-67.Obviously, the very low loading (<0.05 

wt%) facilitates a high dispersion of the supported rhodium likely in a single site 

manner.  

The FTIR vibration spectra of the as-synthesized and rhodium supported DUT-67 are 

shown in Figure 34. The prepared materials show the typical vibration spectra of the 

linker molecule 2,5-thiophenedicarboxylic acid. The vibration bands are narrow and 

well resolved. The absorbances observed at ca. 1300-1700 cm
-1

 are assigned to the 

vibrations of the carboxylic groups. The vibration bands below 1000 cm
-1

belong to 

=C–H deformation and C-S stretching vibrations of the thiophene ring. The rhodium 
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loading causes an increase of the intensities of the vibration bands. Additionally, the 

vibration band maxima shift (within 10 cm-1) to higher wavenumber, indirectly 

confirming the Rh loading.  

 

Figure 33. Simulated XRD pattern (bottom) and PXRD patterns of synthesized (top) 

and Rh-supported (middle) DUT-67. 

 

Figure 34. FTIR spectra of as-synthesized and Rh-supported Zr-MOF DUT-67. 

The high resolution scanning electron microscopic (SEM) images of the 

rhodium-supported DUT-67 catalysts are shown in Figure 35. The SEM images 

show that DUT-67 is crystalized as micrometer sized particles (in 5000 times 

magnification). The higher magnification (50000 times) shows that the material 

consists of bulky well--shaped cubooctahedra of ca. 1.3  m size. The TEM 

(Figure 35c) shows that the material contains an ordered large-size pore system. 

The pore sizes range from 0.73 to 1.78 nm, which is in line with the crystal 

structure data. The crystallite size is ca. 30nm, which agrees with the XRD data. 

Even with detailed inspection by high-resolution TEM, it was not possible to detect 

any Rh particles. Obviously the rhodium is highly dispersed and forms single-site 

like active sites. 
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(a)                            (b) 

 

(c) 

Figure 35. SEM images of Rh-supported DUT-67 at (a) 5k and (b) 50k magnification, 

and (c) TEM images of Rh-supported DUT-67 with marked pore sizes. 

N2 adsorption and desorption isotherms of the materials are of type I (Figure 36). A 

markedly increase of nitrogen up take at low relative pressure below p/p0 < 0.03 

indicates the presence of micropores. The shape of the isotherm at low pressure is 

not rectangular. The curved shape between p/p0 0.01 to 0.03 is due to the large 

open extended pores in the system. This finding is confirmed by the TEM shown 

above. The further continuous nitrogen up take with increasing relative pressure is 

due to the presence of mesopores. The formation of additional mesopores (ca. 4% 

by total volume) in this DUT-67 is caused by the addition of acetic acid as 

misleading linker to the synthesis mixture. The acetic acid prevents formation of 

linker bridges by blocking Zr-node coordination sites and competes with the 
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2,5-thiophenedicarboxylic acid linker which can act as bridge between the Zr 

nodes. The material is highly porous. The calculated BET surface areas of DUT-67 

and Rh@DUT-67 are 1013.7 and 972.2 m
2
·g

–1
, respectively. The pore volumes of 

DUT-67 and Rh@DUT-67 calculated basic on DFT mode from their adsorption 

isotherms are 0.379 and 0.369 cm
3
·g

–1
, respectively. The Zr-MOF DUT-67 shows 

a high stability. Even after Rh loading the specific surface area and the pore 

volume are nearly maintained.  

 

Figure 36. N2 adsorption and desorption isotherms of as-synthesized and 

Rh-supported DUT-67. 

X-ray photoelectron spectroscopy was used to characterize the valence state of C, 

O, S, Zr and Rh in the Zr-MOF (Figure 37). With Rh@DUT-67, a Rh signal was 

observed in the XPS spectrum. The amount of Rh was calculated to be<0.04wt%. 

Although it is very low, the Rh loading causes significant shifts of the O1s and 

S2sXPS signal maxima.to higher energy. The oxygen signal is shifted by ca. 0.9eV 

and the sulfur signal by up to 1.3eV (Table. 4). These shifts show a strong 

interaction of the rhodium with the oxygen and sulfur indicating that the rhodium 

is likely located at the linker in the large windows of the pore system. Whereas, 

only minor shifts of 0.2 to 0.3 eV to higher energy are found with the Zr3d and Zr3p 

signals.  

 

The thermogravimetric weight loss curve of DUT-67 is shown in Figure 38. The 

slight increase in weight at the beginning of the run is an artefact. It is due to the 

decrease in the density of argon at higher temperature. The first weight loss at 34°C 

to 150°C of ca.14wt%is mainly due to the removal of loosely and internal surface 

bound water located in the pores of the Zr-MOF. The second weight loss of ca. 8wt% 

between ca.  180 to 350°C, is assigned to the removal the residual solvent (DMF), 

strongly bound water or possibly dehydroxylation of the zirconium node. The 
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framework is stable up to 350°C. Beyond 350°C the structure starts to decompose 

to zirconium oxide. 

 

 

    (a)                            (b) 

Figure 37. XP spectra of (a) S2s signal of as-synthesized and Rh-supported DUT-67, 

and (b) Rh3d signal of Rh-supported Zr-MOF DUT-67. 

Table 4. Binding energies of carbon, oxygen, sulfur, zirconium and rhodiumin the XP 

spectra of the as-synthesized and Rh-supported DUT-67. 

Signal Binding energy(eV) 

C1s O1s S2s Zr3d Zr3p Rh3d 

DUT-67 284.9 533.1 227.2 181.4 333.3  

288.7   183.6 347.1  

Rh@DUT-67 284.9 534.0 228.5 181.6 333.3 308.4 

288.8   183.9 347.1 312.9 

 

Figure 38. Thermogravimetric weight loss curves (TGA) of DUT-67 in the argon 

atmosphere. 
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3.2.2 Catalysis 

3.2.2.1 Hydroformylation of linear n-alkenes 

The catalytic performance of Rh@DUT-67 in the hydroformylation of olefins was 

tested with n-alk-1-enes with different chain lengths (C6 to C16). Both n- and 

i-aldehydes are found as reaction products. In addition, internal alkenes are formed 

by double bond shift isomerization. In certain cases aldol condensation was 

observed. Hydrogenation of alkenes was not found. The blank tests with n-hexene 

and n-octene show that the de-solvated as-synthesized DUT-67alone is not 

catalytic active. It does not catalyze the double bond shift in n-alk-1-enes to 

internal positions (i-alkenes), or the hydroformylation of alkenes to aldehydes even 

after 21h of reaction. 

The total conversions of different n-alk-1-enes such as n-hexene, n-octene, 

n-decene, n-dodecene and n-hexadecene in dependence on the reaction time over 

Rh@DUT-67 are shown in Figure 39. The reaction proceeds rapidly. After 1 hour 

17% to 33% of conversion is achieved. Nearly full conversion is achieved after 3h 

to 4h depending on the type of the reactant molecule. In tendency the conversion 

decreases with the chain length with exception of n-hexadecene. The conversion 

follows the order: n-hexadecene ≥ n-hexene > n-octene ≈ n-decene > n-dodecene 

after 2h reaction. The fast conversion demonstrates the high activity of the catalyst 

as well as high accessibility of Rh active sites. The large pores facilitate the mass 

transfer. The large void space around the rhodium at the organic linker favors the 

formation of the space demanding transition state, i.e. the catalytic reaction.  

Surprisingly, the ultra-long chain n-hexadecene show fastest conversion in the first 

2h. The long chain n-hexadecene has a size of ca. 1.8 nm are, which is close to the 

channel size. Therefore, these molecules are arranged preferentially along the 

channel direction and move in a quasi-one-dimensional manner. i.e. similar to file 

diffusion. This allows a faster moving through the channels can hardly overcome 

each other. The mass transfer is enhanced markedly.    



 

69 

 

 

Figure 39. Conversion of the n-hexene, n-octene, n-decene, n-dodecene, and 

n-hexadecene in the hydroformylation over Rh@DUT-67 in dependence on the 

reaction time. 

Figure 40 shows the selectivity to aldehydes in the hydroformylation of n-alkenes 

over Rh@DUT-67 in dependence on the reaction time. After 1h reaction the 

selectivity to aldehydes is ca. 12-38% and ca. 20 to 50%.after 2 hours. As seen in 

the figure, generally the selectivity to aldehydes increases continuously during the 

course of reaction. At the same time, formation of i-alkenes is also observed. The 

selectivity to aldehydes reaches finally 50-85% due to the conversion of i-alkenes. 

The aldehyde selectivity decreases in the order: n-hexene > n-hexadecene > 

n-octene > n-dodecene > n-decene. The high aldehyde selectivity of n-hexadecene 

is in line with the file motion in the straight channel of DUT-67, thereby passing 

directly the active sites. The latter are located at the linker directed to the channel.     

 

(a)                         (b) 

Figure 40. (a) Selectivity to aldehydes in the hydroformylation of n-hexene, n-octene, 

n-decene, n-dodecene, and n-hexadecene over Rh@DUT-67 in dependence on the 
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reaction time. (b) Composition of the reaction mixtures obtained in the 

hydrofromylation of n -hexene (left) and n-decene (right) over Rh@DUT-67 catalyst. 

In Figure 41 are shown the yields of aldehydes for different n-alkenes in 

dependence of the reaction time obtained over the Rh-supported DUT-67. The 

yield of aldehyde is low after 1h due to the low conversion and in part of the low 

aldehyde selectivity, e.g. with n-decene and n-dodecene. Whereas with n-hexene 

and n-hexadecene, ca. 10% aldehyde yield are observed due the high conversion 

and selectivity.  The yield increases continuously during the reaction. Highest 

yields of aldehydes (75-85%) are observed with n-hexene and n-octene after 5h. 

Whereas the yields are much lower (ca. 50%) with n-decene, n-dodecene and 

n-hexadecene due to the competing aldol condensation. The aldol condensation 

requires a face to face arrangement of aldehydes groups. It is best achieved for 

long chain molecules by the confinement in the channels. This confinement effect, 

i.e. the arrangement of the molecule in the channel direction is largest in case of 

the long chain n-hexadecane. Therefore, the aldol condensation of the formed 

heptadecanal starts early after 3h of reaction. 

 

Figure 41. Yield of aldehydes in the hydroformylation of n-hexene, n-octene, 

n-decene, n-dodecene, and n-hexadecene over Rh@DUT-67 in dependence on the 

reaction time.  

The n/i-aldehyde ratios of the products are shown in Figure 42. It is worth noting 

that the initial n/i-aldehyde ratio for all catalytic runs is similar and ca. 2.5-3. Then 

the ratio decreases until the end of the reaction. At the beginning of the reaction, all 

reaction mixtures contain only the n-alkenes. Therefore n-aldehydes are 

preferentially formed. During the cause of reaction, increasing amounts of 

i-alkenes are formed by the double bond shift reaction and are converted to the 

corresponding i-aldehydehydes. Hence, the n/i-aldehyde decreases markedly with 
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reaction time. The decrease is less pronounced with n-hexadecene because of the 

consumption of aldehydes by the aldol reaction. 

 

Figure 42. n/i-aldehydes ratio of n-hexene, n-octene, n-decene, n-dodecene and 

n-hexadecene in the hydroformylation over Rh@DUT-67 in dependence on the 

raction time. 

The lifetime is an important aspect concerning the use of catalysts. Therefore the 

re-usability of the Rh@DUT-67 was examined using n-hexene as model substance.  

For this, the catalyst was separated from the reaction solution after the catalytic run 

by simple filtration. The separated catalyst was all washed by toluene and used in 

the next reaction run. The recovered Rh@DUT-67 exhibited high catalytic 

efficiency of ca. 95% after the first run. After 5 runs, only a loss of 20% of the 

starting activity was observed. The n/i-ratio of ca. 3, i.e. the regioselectivity of ca. 

75% at the beginning of reaction, is maintained. (Figure 43).  

 

Figure 43. Re-usability of Rh@DUT-67 catalyst in the hydroformylation of n-hexene. 
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3.2.2.2 Hydroformylation of bulky olefins 

Figure 44 shows the yield of aldehydes in dependence of the reaction time observed 

with different sized bulky olefins in the hydroformylation with Rh@DUT-67. The 

yield of the aldehydes equals to the conversion because double bond shift cannot 

occur. With 3,3-dimethyl-1-butene (DMB) the formation of aldehyde starts rapidly 

and achieves ca. 65% after 3h of reaction. Conversion of other bulky olefins 

proceeds much slower. The conversion and yield of aldehyde decrease in the order: 

3,3-dimethyl-1-butene >>> 4-methylstyrene >> cyclooctene > cyclohexene > 

2,4,4-trimethylpentene. The final yields of 45% to 80% are achieved. The decrease 

in the yield with different olefins is due to the limited accessibility of active sites by 

the bulky molecules. The 4-methylstyrene is a stiff molecule and less flexible due to 

phenyl group. Lowest activity is observed with the large 2,4,4-trimethylpentene 

(TMP) because the mobility is low and double bond is additional shielded by the 

methyl group. Even though the size of cyclohexene is smaller than that of the 

cyclooctene, cyclohexene is less converted. It is additional stabilized in a half-chair 

conformation, which requires higher activation energy for the reaction
146

. 

 

Figure 44. Yield of aldehyde in the hydroformylation of 3,3-dimethyl-1-butene, 

4-methylstyrene, cyclooctene, cyclohexene, and 2,4,4-trimethylpentene over 

Rh@DUT-67 in dependence on the reaction time. 

3.2.3 Summary 

Synthesis of DUT-67 and corresponding Rh-supported DUT-67 (Rh@DUT-67) are 

of highly crystalline with defined pore size. 

https://en.wikipedia.org/wiki/Conformational_isomerism
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The regular cube-like shaped crystals are composed of small sized nanoparticle 

(30nm). The estimated pore sizes by TEM are ca. 0.7 to 1.80nm, which are in line 

with the theoretical pore size of DUT-67 (16.6Å). The open pore structure 

facilitates the mass transfer to and from the catalyst and access to the active site. 

High porosity and surface area are proved by N2 adsorption /desorption 

measurement. Specifically, the tested BET surface area of DUT-67 and 

Rh@DUT-67 are 1013.7 and 972.2 m
2
·g

–1
, respectively.  

The Rh species are highly dispersed in an atomic scale and not visible in high 

resolution TEM. XPS indirectly suggests that the Rh species are located nearby the 

sulfur atoms in the MOF framework in the organic linker by the markedly shift of 

sulfur signal after Rh loading. 

TG measurement confirmed the catalystRh@DUT-67 are thermal stable up to 

350°C, which proved that the catalyst remains stable during the catalytic reaction. 

The Rh-supported catalyst Rh@DUT-67 shows very high catalytic activity pointing 

to high dispersion of the rhodium i.e. the presence of catalytic “single site”. Even in a 

low amount of Rh (0.04wt%), fast conversions and high yield of aldehydes are 

observed in the hydroformylation with n-alkenes.  

The large pore size and high accessibility also facilitate the conversion of large sized 

bulky olefins and aldol condensation of primary formed aldehydes. 

The Rh-supported DUT-67 could be easily separated from the products by simple 

decantation and reused. The total conversion remains 80% after 5 times recycling.  

The Rh-supported DUT-67 represents a promising catalytic system for the catalytic 

applications in the hydroformylation. Due its stability, porosity and accessibility 

the MOF DUT-67 MOFs is it is in general a promising material for the 

immobilization of catalytic active components.  
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3.3 Hydroformylation of olefins over Rh-supported Zr-MOF NU-1000 

In this work we intend to investigate the catalytic performance with mesopore 

Zr-MOF catalysts. For this purpose, rhodium-supported zirconium-based 

mesoporous MOF NU-1000 were prepared and characterized by PXRD, FTIR, 

SEM/TEM, XPS, and nitrogen adsorption. The catalytic performance was studied 

in the hydroformylation of olefins to the corresponding aldehydes using linear 

olefins with different chain lengths (C6, C8, C10, C12, and C16) as model 

substances. 

3.3.1 Characterization 

The powder X-ray diffraction patterns of as-synthesized NU-1000 and the 

corresponding Rh-supported catalyst Rh@NU-1000 are shown in Figure 45. The 

materials are highly crystalline and show a low background and narrow reflections 

especially in the diffraction angle range of 2θ = 2 to10°. The PXRD patterns 

correspond to the expected structure type and the positions of XRD reflections are 

similar to the simulated pattern. The positions of observed XRD reflections are 

similar to the simulated patterns and other report
138,140

. The signals indicated that 

the structure of NU-1000 maintained after Rh loading. However, the intensity of 

the reflections is decreased by further mechanical and thermal treatment during the 

Rh loading procedure. Rhodium metal reflections were not observed in PXRD 

patterns of Rh@NU-1000, which indirectly proved that the supported rhodium was 

very low concentrated (<0.05wt%) and highly dispersed in the pores.  

 

Figure 45. Simulated XRD pattern (bottom) and PXRD patterns of synthesized (top) 

and Rh-supported (middle) NU-1000. 
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The FTIR spectra of NU-1000 and rhodium supported Rh@NU-1000 are shown in 

Figure 46. All the prepared materials show the typical vibrational spectra of the 

linker molecules. The vibrational bands are narrow and well-resolved. The 

absorption bands of NU-1000 appearing between 640-800 cm
−1

 are assigned to the 

Zr−O longitudinal and transverse mode vibrations, respectively. The narrow and 

intense signals at 1400-1650 cm
−1 

are stretching of the carboxylate groups of the 

ligand. Slight shift to higher wavenumber and (within 10 cm
-1

) an increase in the 

intensities of the vibrational bands were observed in the rhodium loading samples, 

indirectly confirming the Rh loading. 

 

Figure 46. FTIR spectra of as-synthesized and Rh-supported NU-1000. 

Nitrogen adsorption and desorption isotherms of as-synthesized and Rh-supported 

NU-1000 are of type I (Figure 47). A markedly increase of nitrogen up take at low 

relative pressure below p/p0 < 0.02 indicates the presence of micropores. The 

increase of the isotherms at relative pressure (of up to p/p0 = 0.2) exhibits a larger 

mesoporous step. Brunauer–Emmett–Teller (BET) theory calculations reveal that 

the calculated surface areas of the porous NU-1000 and the corresponding 

Rh-supported catalysts NU-1000/Rh@NU-1000 are1139.5 m
2
g

-1
/ 404.7 m

2
g

-1
, 

respectively. The significant decrease in the specific surface area and pore volume 

detected after Rh loading is caused by the additional mechanical stress and 

shrinkage due to the stirring followed by the additional heating of the samples to 

remove the adsorbed solvent. It cannot be excluded that some pores are blocked by 

the rhodium but the loading is too low to cause a significant effect.   
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Figure 47. N2 adsorption and desorption isotherms of starting (black) and 

Rh-supported NU-1000 (red). 

Thermal stability is shown by TGA measurement (Figure 48). TGA performed on 

the activated MOF samples suggests structural changes or different amounts of 

chemisorbed material. The slight increase in weight at the beginning was caused by 

the decrease in the density of argon at higher temperature. The curve shows two 

steps of weight loss prior to the formation of final ZrO2 product. The two step 

decrease of the weight was attributed to the removal of guest solvent (DMF, water) 

and organic linker, respectively. 

 

Figure 48. Thermogravimetric weight loss curves (TGA) of NU-1000 in the argon 

atmosphere. 

The X-ray photoelectron spectroscopy was used to characterize the electronic state 

of the elements C, O, Zr and Rh in the MOF structure. The results are shown in 

Figure 49. Although it is very low, the Rh loading causes significant shifts of the 

O1s and Z3p XPS signal maxima to higher energy. The oxygen signal is shifted by 

ca. 1.3 eV and the zirconium signal by up to 1.7eV (Table. 54). These shifts show 

a strong interaction of the rhodium with the oxygen and zirconium indicating that 

the rhodium is likely located at the metal nodes in the framework. 

https://en.wikipedia.org/wiki/Electronic_state
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Figure 49. XPS spectra of Zr3p signal of as-synthesized and Rh-supported NU-1000. 

Table 5. Binding energies of carbon, oxygen, zirconium and rhodium in the XP 

spectra of the as-synthesized and Rh-supported NU-1000. 

Signal Binding energy (eV) 

 C1s O1s Zr3d Zr3p Rh3d 

NU-1000 284.9 528.9 181.2 331.8  

288.8 531.0 183.5 345.6  

Rh@NU-1000 284.9 530.2 182.6 333.5 308.1 

288.8 532.1 184.8 347.1 312.7 

3.3.2 Catalysis 

3.3.2.1 Hydroformylation of linear n-alk-1-enes 

The catalytic performance of Rh@NU-1000 in the hydroformylation of linear 

n-alkenes of different chain lengths was investigated using n-hexene, n-octene, 

n-dedecene, n-dodecene, and n-hexadecene as model substances. .Both n- and 

i-aldehydes are obtained. Simultaneously, double bond shifted internal alkenes 

obtained from n-alkene isomerization are formed as side-products. No notable 

alkanes are generated from alkenes by hydrogenation of alkenes during the course 

of reaction. The blank experiments with n-hexene and n-octene indicated that 

NU-1000 alone does not catalyze the isomerization of n-alkenes to i-alkenes, or the 

hydroformylation of alkenes to aldehydes even after 21h of treatment.. 
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The course of conversion of different n-alkenes (n-hexene, n-octene, n-decene, 

n-dodecene and n-hexadecene) over Rh@NU-1000 is shown in Figure 50. 

Generally the reaction proceeds rapidly. After 2 hour 32% to 65% of conversion is 

achieved. The conversion follows the order: n-hexadecene ≈ n-hexene ≈ 

n-dodecene > n-octene > n-decene. Nearly 90% conversion is achieved after 5h 

depending on the type of the reactant molecule. The fast conversion demonstrates 

the high activity of the catalyst as well as the accessibility of Rh active sites. The 

large pores facilitate the mass transfer.  Interestingly, also the long chain 

n-hexadecene shows fast conversion close to that of the short chain n-hexene in the 

first 2h. This is probably due to the large pores which facilitate the mass transfer as 

well as the high mobility and enhanced arrangement possibilities of the long-chain 

n-hexadecene with respect to the active sites in the confined space of the 

extra-large pores (ca. 30Å). 

 

Figure 50. Conversion of n-hexene, n-octene, n-decene, n-dodecenem, and 

n-hexadecene in the hydroformylation over Rh@NU-1000 in dependence on the 

reaction time. 

Figure 51 shows the selectivity to aldehydes observed for the hydroformylation of 

n-alkenes over Rh@NU-1000 in dependence of the reaction time. As can be seen 

from the graph generally the selectivity to aldehydes increases during the course of 

reaction. At the beginning, the n-aldehyde is formed only. With increasing 

formation of double bond shifted i-alkenes also formation of i-aldehydes starts. 

Thus the selectivity of aldehydes increases continuously. This is also well reflected 

in the decrease of the n/i-ratio during the course of reaction as shown below.  
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Figure 51. Selectivity to aldehydes in the hydroformylation of n-hexene, n-octene, 

n-decene, n-dodecene, and n-hexadecene over Rh@NU-1000 in dependence on 

the reaction time. 

In Figure 52a shows the yields of aldehydes for different n-alkenes in dependence 

of the reaction time obtained over the Rh-supported NU-1000. After starting of the 

reaction aldehydes are formed continuously. Hydroformylation with n-dodecene 

shows highest the yield of ca. 37% close to that of n-hexene. The yield of 

aldehydes follows the order: n-dodecene   n-hexene > n-hexadecene > n-decene 

  n-octene. Final yields of 65 to 75% are obtained after 21 h. Variation in the 

aldehyde yield, i.e. the slower increase in the yield with n-dodecene are caused by 

the competing aldol condensation consuming the aldehyde. It is more pronounced 

in the selectivity behavior (Figure 51).    

The compositions of the reaction mixtures of during the hydroformylation of 

n-hexene and n-decene are shown in Figure 52b. During the reaction, the n-alkenes 

are continuously converted to aldehydes and a large portion of i-alkenes (ca. 50% 

i-hexenes and ca. 35% i-decenes after 3h). The aldehyde content increases 

continuously, In contrast, the i-alkene content decreases only slowly. Even after 21 

h some i-alkenes remain. Obviously the access of internal i-alkenes to the active 

Rh sites of NU-1000 is hindered. It shows that the Rh-sites are not located in the 

extra-large pores but in the smaller, triangular pores. Further special restrictions 

arise from the stiff and large tetrapodal pyrene benzoic linkers connecting the Zr 

nodes. Otherwise it would be not understandable that even the small i-hexenes 

(ca.17%) are not fully converted as observed e.g. with MOF DUT-67.  
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(a)                                (b) 

Figure 52. (a) Yield of aldehydes with n-hexene, n-octene, n-decene, n-dodecene 

and n-hexadecene in dependence on the reaction time over Rh@NU-1000. (b) 

Composition of the reaction mixtures obtained in the hydrofromylation with n-hexene 

(left) and n-decene (right) over Rh@NU-1000 catalyst. 

The n/i-aldehyde ratios are shown in Figure 53. The n/i-aldehyde ratios are ca. 

2.7-3 (2.4 with n-dodecene) up to 2h of reaction, where already ca.30 to 65% of 

conversion is achieved). Thereafter, n/i-ratio decreases to less than 1.0 after 21h 

due to the conversion of i-alkenes. Besides, the specifically the formed n-aldehyde 

are consumed by the competing aldol condensation. This is also a reason for the 

observed decrease of the n/i-ratio after longer reaction time.  

 

Figure 53. n/i-aldehydes ratio of n-hexene, n-octene, n-decene, n-dodecene and 

n-hexadecene in the hydroformylation over Rh@NU-1000 in dependence on the 

reaction time. 

3.3.2.2 Hydroformylation of bulky olefins 
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Figure 54 has shown the yield of aldehydes in dependence of the reaction time 

observed with different sizes of bulky olefins (3,3-dimethyl-1-butene, 

2,4,4-trimethyl-pentene, 4-methylstyrene, cyclohexene, cyclooctene) in the 

hydroformylation with Rh@NU-1000. The yield of the aldehydes equals to the 

conversion because double bond shift cannot occur, thus the selectivity of the reaction 

is close to 100% due to no possibility of double bond isomerization. Specifically, the 

yields of hydroformylation with 3,3-dimethyl-1-butene was significantly higher (82% 

yield) than that of other bulky olefins due to its relative small molecular size and high 

reactivity. In the hydroformylation with 4-methylstyrene and 2,4,4-trimethyl-pentene, 

the reaction proceeds slowly because the molecular size of the substrate is large. 

When the reaction proceeded after long time, the yield reached to a relative high 

amount (ca. 80% and ca. 63% respectively) at 21h. In contrast, in the 

hydroformylation with large and lower reactive molecules as cyclohexene and 

cyclooctene, the conversion proceeds markedly slower. Cyclohexene is less reactive 

because it is additional stabilized in a half-chair conformation, which requires higher 

activation energy for the reaction. Thus the aldehyde yield was higher (48%) with 

cyclooctene than that of cyclohexene (36%) even though the molecular size is larger.  

 

Figure 54. Yield of aldehyde in the hydroformylation of 3,3-dimethyl-1-butene, 

4-methylstyrene, cyclooctene, cyclohexene, and 2,4,4-trimethylpentene over 

Rh@NU-1000 in dependence on the reaction time. 

3.3.3 Summary 

Synthesis of NU-1000 and Rh-supported NU-1000 (Rh@NU-1000) are of high 

crystallinity with defined pore size.  

https://en.wikipedia.org/wiki/Conformational_isomerism
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High porosity and surface area are proved by N2 adsorption /desorption 

measurement. Specifically, the tested BET surface area of NU-1000 and 

Rh@NU-1000 are 1139.5m
2
g

-1 
and 404.7m

2
g

-1
, respectively. The observed 

decrease in the specific surface area and pore volume detected after Rh loading is 

caused by the additional mechanical stress and shrinkage due to the stirring 

followed by the additional heating of the samples to remove the adsorbed solvent. 

The Rh species are highly dispersed in an atomic scale and the XPS indirectly 

suggests that the Rh species are located nearby the Zr and O atoms in the metal 

nodes of the framework. 

TG measurement confirmed NU-1000 is thermal stable under 400°C, which proved 

that the catalyst remains stable during the catalytic reaction. 

The Rh species in the framework of NU-1000 are highly dispersed in an atomic 

scale and the XPS indirectly suggests that the Rh species are located nearby the 

sulfur atoms in the MOF framework in the organic linker. 

The Rh-supported catalysts Rh@NU-1000 shows very high catalytic activity pointing 

to high dispersion of the rhodium i.e. the presence of catalytic “single site”.  

Even in a low amount of Rh, fast conversions of n-alkenes and high yield of aldehydes 

are observed. Moreover, the large mesopore also facilitates the conversion of large 

sized bulky olefins and aldol condensation. 
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3.4 Structure - catalytic property - relationships in the hydrofomylation over 

Zr-MOFs  

Hydroformylation is studied over five different Zr-MOFs with diffent sized linear 

and bulky olefins. The maximum pore size of the catalysts follows the order: 

Rh@UiO-66 < Rh@UiO-67 < Rh@DUT-67 < Rh@MOF-808 < Rh@NU-1000. 

The influence the structure on the catalytic performance is discussed. Location of 

the catalytic site and the accessibility to the catalytic site are different. Among 

them, the position of active Rh site is different from other catalysts, which is near 

to the organic linker. In the other four catalysts, rhodium is located in the cage of 

the framework, close to the Zirconium site.  

In the framework of Rh@DUT-67, a large void space around the organic linker can 

be used for the catalytic reaction. Thus fastest conversion of olefins is observed. 

Although Rh @ MOF-808 has large pores, the small cage size limits the 

accessibility of the olefin to the rhodium active site. Thus the conversion is slower 

than that with Rh@UiO-67 and Rh@NU-1000. Overall, the catalytic performance 

is best with Rh@DUT-67 and decreased in the oder Rh@DUT-67 > 

Rh@NU-1000 > Rh@UiO-67 > Rh@MOF-808 > Rh@UiO-66. 

Both the pore size and the accessibility contribute to the catalytic performance. The 

composition in the reaction mixture over n-hexene and n-decene after 21h are 

shown in Figure 55 and table 6. In the reaction with Rh@DUT-67, only a small 

amount of i-decenes are unreacted and left in the final reaction product, and a large 

amount of enones are formed. This is due its large pore size and accessible Rh 

sizes around the linker. Thus the high space demanding reaction of i-olefins to 

aldehydes and the aldol condensation of aldehydes proceeds easier.  

With Rh@UiO-66 and Rh@UiO-67, more olefins are not reacted in the solution 

when increasing the length of the substrate form 6 carbon to 10. However, reaction 

with Rh@UiO-67 has higher conversion than Rh@UiO-66, proving the importance 

of pore size in the catalytic reaction. With Rh@MOF-808 and Rh@NU-1000, 

although the pore sizes are large enough for the diffusion of the molecules, the 

accessibility is limited and the space is blocked by the linker. The catalytic 

behavior is similar in the hydroformyaltion with bulky olefins over the 

Rh-supported catalysts. For the large sized bulky olefins, the large pore 

Rh-supported Zr-MOFs always have higher yield of corresponding aldehyde. 
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Overall, five different Rh-supported Zr-MOF catalysts have shown a total different 

behavior in the hydroformylation of different olefins. For large sized substrates, the 

pore size is a more important factor, which determines the entrance of the molecule. 

If the pore size is large enough relative to the substrate, accessibility the active 

sites become more important. 

 

(a)                                (b) 

Figure 55. The composition in the reaction mixture over n-hexene and n-decene 

after 21h. 

Table 6. The amount of i-alkenes in in the reaction mixture over n-hexene and 

n-decene after 21h. 

i-alkenes UiO-66 UiO-67 MOF-808 DUT-67 NU-1000 

i-hexenes 2% 0.6% 28% 0% 17% 

i-decenes 17.3% 21% 36% 2% 19% 
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4. Conclusion 

Different Zr-MOFs with an increasing pore sized order: Rh@UiO-66 < 

Rh@UiO-67 < Rh@DUT-67 < Rh@MOF-808 < Rh@NU-1000 are prepared to 

study the relationship between the structure and catalytic properties in the 

hydroformylation of different sized alkenes and bulky olefins. 

As synthesized MOFs and corresponding Rh-supported catalysts are characterized 

by PXRD, FTIR, SEM/TEM, XPS, TGA and nitrogen adsorption/desorption. The 

results show that all the samples are of high crystallinity, purity and stability. 

Rh@UiO-66, Rh@UiO-67 and Rh@MOF-808 contain a hierarchical pore system 

of interconnected inter-particles featuring macro and mesopores as well as intra 

(nano) particle medium and large sized micropores. Rh@DUT-67 crystalized as 

regular cube-like shaped crystals which composed of aggregated small sized 

nanoparticle. The high porosity and pore volume facilitate the mass transfer. 

Even with detailed inspection by high-resolution TEM it was impossible to detect 

any Rh particles due to the low loading (1Rh per ca. 50 unit cells). Obviously after 

loading, Rh species are highly dispersed in a single site manner. Rh is located at 

different positions, as indicate the XPS shifts of the framework atoms carbon 

oxygen sulfur, and zirconium. In the framework of DUT-67, the active sites are 

nearby the sulfur atom on the organic linker. In the other catalysts, Rh is supported 

in the secondary building units close to the Zr nodes. 

All the Rh-supported catalysts shown high activity in the hydroformylation of 

olefins even in quite low Rh amount. TONs of 27000–65000 are achieved in the 

hydroformylation with n-alkenes. Even large molecules like n-hexadecene are 

converted due to the large pore sizes. Besides, the orientation of the phenylene 

linker have an important impact on the catalytic properties, total conversion equals 

in the hydroformylation over mixed n-alkenes (n-hexene, n-decene and 

n-hexadecene) with Rh@UiO-66 and Rh@UiO-67. Thus a single file diffusion 

phenomenon is observed. 

As regioselectivity to linear aldehyde, i.e the n/i-aldehyde ratio, up to ca. 3 is 

achieved in the reaction of n-alkenes over all the catalysts. After a long time 
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reaction, this ratio is decreased due to the conversion of formed internal alkenes, 

therefore the yield of aldehydes increase continuously. 

The hydroformylation with bulky olefins has lower yield than that with n-alkenes. 

The selectivity of the reaction is close to 100% due to no possibility of double 

bond isomerization. Even though the molecular size of cyclohexene is smaller than 

cyclooctene, cyclohexene is less active because it is stabilized in a half-chair 

conformation, which requires higher addition energy for the reaction. 

In the framework of Rh@DUT-67, a large void space around the organic linker can 

be used for the catalytic reaction. Thus fastest conversion of olefins is observed of 

all the catalysts. Moreover, the large space also facilitate the aldol condensation 

Aldol condensation requires a linear head to head orientation of the reacting 

molecules.  

With Rh@UiO-66 and Rh@UiO-67, more olefins are not reacted in the solution 

when increasing the length of the substrate form 6 carbon to 10. However, reaction 

with Rh@UiO-67 has higher conversion than Rh@UiO-66, proving the importance 

of pore size in the catalytic reaction. With Rh@MOF-808 and Rh@NU-1000, 

although the pore sizes are large enough for the diffusion of the molecules, the 

accessibility is limited. The entrance of MOF-808 is blocked by planar tripodal 

linker. With NU-1000, the large linker molecules restrict formation of active 

complex (olefin insertion).  

Leaching test with Rh@UiO-66 was done to detect the Rh active species released 

into the solution during the reaction. The catalyst is stable against leaching. The 

filtered solution was not active. The supported MOF catalyst can be re-used. The 

re-usability of the Rh@DUT-67 was examined using n-hexene as model substance 

and the total conversion remain 80% after 5 times recycle.   

Both the pore size and the accessibility contribute to the catalytic performance. For 

large sized substrates, the pore size is a more important factor, which determines 

the entrance of the molecule. The pore size of Zr-MOFs is large enough to allow 

conversion of large molecule like the n-hexadecene. 

Over all, the catalytic results indicate that porous Zr-MOFs are interesting and 

potential materials for the preparation of metal supported heterogeneous catalysts. 

https://en.wikipedia.org/wiki/Conformational_isomerism
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The hybrid framework with its strictly alternating arrangement of inorganic and 

organic groups, allows the preparation of highly active isolated single site catalysts. 

Additionally, high density of separated sites can be achieved. The mass transfer is 

improved by the large voids and the hydrophilic-hydrophobic nature of the pore 

walls. Large molecules and sterically demanding molecules like internal alkenes 

can be converted. Moreover, Zr-MOF catalyst are stable and can be re-used.  
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