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Background 

 

Recently, nanoporous materials such as zeolites and mesoporous materials have 

emerged as important and interesting class of materials in the field of catalysis owing to their 

excellent physical characteristics including high surface area and large pore volume.1-3 The 

use of nanoporous materials induces effective adsorption of the reactants and allows for 

exposure of the catalytically active sites to contact with the reactants during the catalytic 

process.4-5 Consequently, efficient catalytic processes are realized for environmentally 

friendly and sustainable chemical production. Much effort has been devoted to developments 

heterogeneous catalysts using such nanoporous materials, especially to introduce catalytically 

active sites ranging from Brønsted to Lewis acids and even redox sites into the framework of 

zeolites and mesoporous materials.6 Despite the many advances made in this field, however, 

the control and modulation of the framework properties are still limited, and in any case, it is 

far less controlled than for homogeneous molecular catalysts.7  

In this line, there have been extensive interests in the development of 

inorganic-organic hybrid catalysts that can provide the potential of well-defined and uniform 

active sites.8-10 One current definition what we understand under inorganic-organic hybrid 

materials is given by the International Union of Pure and Applied Chemistry (IUPAC): “A 

hybrid material is composed of an intimate mixture of inorganic components, organic 

components, or both types of component. Note: The components usually interpenetrate on 

scale of less than 1 µm”.11 More specifically, an inorganic-organic hybrid material consists of 

at least two components, usually an inorganic and an organic component that are molecularly 

dispersed in the material.12 These combinations of inorganic and organic components 

integrated at the molecular level can offer a novel platform for highly designed and controlled 

catalytically active sites as well as the reaction fields. As a consequence, efficient catalytic 
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systems with separation and recyclability advantages of heterogeneous catalysts will be 

realized for the development of greener and more environmentally benign catalytic processes.  

 

Metal−organic frameworks (MOFs) 

 

Metal–organic frameworks (MOFs) also called porous coordination polymers (PCPs) 

are new crystalline inorganic-organic hybrid materials prepared via well-established 

principles of coordination chemistry using self-assembly of metal ions or metal-oxo clusters 

with organic linkers (Fig. 1. 1).13-15 MOFs have gained recent interest because of their several 

attractive properties including high specific surface areas, well-ordered porous structures and 

structural designability.16-19 These exceptional features of MOFs make the materials 

promising for applied research, addressing issues found in catalysis,20 gas storage21 and 

separation,22 drug deliverly,23 magnet24 and sensing25 (Fig. 1. 2).  

 

 

Figure 1. 1.  Schematic illustration of the formation process of MOF/PCP. 3D porous 

structures are formed through coordination chemistry using self-assembly of metal ions or 

metal-oxo clusters with organic linkers. 
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Figure 1. 2. Use of MOF/PCP for a variety of applications including catalysis, gas storage 

and separation, drug delivery, magnetism and sensing. 

 

Unlike traditional inorganic nanoporous materials, unlimited possible combination of 

metal-oxo clusters and organic linkers enables to access the reticular structures with tunable 

porosity and attractive functions.26-29 Multifunctional sites achieved through selection of 

appropriate metal-oxo clusters and organic linkers further enhance interest in MOF 

materials.30-33 These multifunctional sites behave either cooperatively or independently to 

appreciate the functionality of MOFs. In this way, MOFs are able to provide a highly tunable 

platform for designing catalytically active sites as well as novel functions for a variety of 

catalytic reactions.34 In addition, the controllable nanospace in the framework is a suitable 

candidate for a host of catalytically active species and will provide an accurately controlled 

reaction field. Furthermore, new synergetic properties have also been realized though 

incorporating additional catalytic species into MOFs.35-37 Combining MOFs with a variety of 
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catalytic materials such as organometallic molecules,38 enzymes,39 metal nanoparticles,40 

heteropoly acids41 has been shown to integrate the merits and mitigate the shortcomings of 

both the components. The research on MOF composites offers fabrication protocols for 

high-performance catalysts with sophisticated architectures. In these composite materials, the 

advantages of both MOFs and various kinds of catalytic materials can be combined effectively, 

and therefore, new physical and chemical properties and enhanced performance, which cannot 

be obtained by the individual components, can be accessed.42-44 Consequently, the remarkable 

features of composites resulting from the synergistic combination of both MOF and other 

active components make them suitable for a wide range of catalytic applications. 

 

Outline of this thesis 

 

In this thesis, research efforts have been devoted to design and applications of novel 

functional catalysts using MOF materials. The catalytically active sites and reaction fields as 

well as electronic states of the catalysts were controlled at molecular level by taking 

advantages of the designability of MOFs. The MOF-based catalysts developed here have been 

demonstrated to exhibit superior catalytic performance to the conventional solid catalysts 

explored. Moreover, various characterization technique have enable to access investigation on 

the structures of catalytically active site and the reaction mechanisms. 

This thesis consists of 5 chapters including chapter 1 as the overall introduction 

regarding to present research objectives, and chapter 2–5 are summarized as follows:     

 

Chapter 2 

This chapter describes development of visible-light-responsive MOF photocatalysts. 

This was realized by design of novel organic linkers that can act as a light harvesting unit 
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upon the irradiation of visible light. Efficient hydrogen production and photocatalytic 

reduction of nitrobenzene were achieved by employing an amino-functionalized Ti-based 

MOF (Ti-MOF-NH2) under visible-light irradiation. The results from various spectroscopic 

measurements have revealed that the reactions proceed through light absorption by the 

organic linker and subsequent electron transfer to the photocatalytically active titanium-oxo 

cluster.  In addition, the successful expansions of utilizable range of wavelength and 

sacrificial reagents were attained by utilizing a bis(4'-(4-carboxyphenyl)-terpyridine)Ru(II) 

complex (Ru(tpy)2) as an organic linker. 

 

Chapter 3 

This chapter proposes approaches to one-pot sequential reactions by using MOFs 

having spatially isolated and multiple active sites. The MOF catalysts have been developed by 

modifying or varying the core metal-oxo clusters and bridging organic linkers. The role of the 

catalytically active sites created over MOFs have been discussed to address the reaction 

mechanisms. The catalytic abilities of the developed MOF catalysts were demonstrated to be 

superior to those of conventional heterogeneous and homogeneous catalysts.  

 

Chapter 4 

In Chapter 4, encapsulation of metal nanoparticles have been achieved in MOF-based 

materials. The prepared catalysts have been found to be active for hydrogenation reactions as 

highly efficient and reusable heterogeneous catalysts. Size-selective reactions were achieved 

due to uniform and microporous structure nature of zeolitic imidazolate frameworks (ZIFs) 

which are one of the MOF materials.45 The reusability and stability of the catalysts have been 

also described as heterogeneous catalysts. 
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Chapter 5 

In this chapter, the results and conclusions of the various investigations covered in 

this thesis have been summarized.    
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Chapter 2 

 

Design of MOF photocatalysts by utilizing visible-light responsive 

organic linkers as light harvesting unit 
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2. 1. Hydrogen production and photocatalytic reduction of nitrobenzene over 

amino-functionalized metal−organic framework photocatalyst 

 

2. 1. 1. Introduction 

 

In recent years, various kinds of photocatalysts have been widely investigated for 

applications in air and water purification, hazardous waste elimination and the production of 

clean energy resources.1-5 Among them, enormous attention has been paid to photocatalytic 

hydrogen production from water which is a promising way to produce hydrogen as a potential 

clean energy source. In addition, the development of new process using photocatalysts for the 

organic transformations has been also studied as an important way to pursue environmentally 

benign and green chemistry. However, most of the photocatalysts operate only under 

irradiation of UV-light, consequently, only 3-5% of the solar energy reaching the earth can be 

utilized. Because of this limitation, development of an efficient system for light energy 

conversion into chemical energy is one of the urgent subjects from the viewpoint of the 

utilization of abundant sunlight.6-9  

Metal−organic frameworks (MOFs) also called porous coordination polymers (PCPs) 

have been of great interest due to their beneficial properties such as extremely high surface 

areas, well-ordered porous structures and structure designability.10-12 Taking advantage of 

these interesting properties, MOFs are widely studied for many potential applications to gas 

storage,13-18 molecular sieving19-23 and catalysis.24-28 Additionally, an increasing number of 

studies have been explored in recent years to indicate that MOFs serve as platforms for 

integrating different molecular functional components to achieve light harvesting29-34. Garcia 

et al.29 and Majima et al.30 observed that electron transfer takes place from the photo-excited 

organic linker to the metal-oxo cluster within MOF-5. This process occurs in photocatalytic 
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reactions and photoluminescence in which MOF-5 participates. Compared to other 

photocatalytic systems, the MOF photocatalyst-catalyzed systems have advantages that 

various combinations of metal-oxo clusters and bridging organic linkers allow for fine-tuning 

and rational design of these photocatalysts at the molecular level, and furthermore, intrinsic 

porosity of MOFs facilitates the diffusion of substrates and products through the open 

framework structures.  

In this study, a visible-light-responsive Ti-based MOF photocatalyst (Ti-MOF-NH2) 

was developed by employing 2-anilinedicarboxylic acid as an organic linker. Ti-MOF-NH2 

promotes photocatalytic H2 production from water containing sacrificial electron donors 

under visible-light irradiation. It is also noteworthy that the reaction proceeds through the 

light absorption by its organic linker and the following electron transfer to the catalytically 

active titanium-oxo cluster as described in Scheme 2. 1. 1. Furthermore, the developed 

visible-light-responsive MOF photocatalyst system was applied to photocatalytic reduction of 

nitrobenzene under visible-light irradiation. 

 

 

Scheme 2. 1. 1. A schematic illustration of photocatalytic hydrogen production through 

electron transfer from organic linker to Ti-oxo cluster over Pt-supported Ti-MOF-NH2. 
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2. 1. 2. Experimental 

 

Materials 

  Tetrapropyl orthotitanate (TPOT) was purchased from Tokyo Kasei Kogyo Co., Ltd. 

2-Anilinedicarboxylic acid (H2BDC-NH2), 1,4-benzenedicarboxylic acid (H2BDC), 

N’N-dimethylformamide (DMF), methanol, triethanolamine (TEOA), nitrobenzene  and 

acetonitrile were purchased from Nacalai Tesque Inc. Hydrogen hexachloroplatinate(IV) 

hexahydrate (H2PtCl6·6H2O) was purchased from Kishida Chemicals Co., Ltd. 

Catalysts preparation 

Ti-MOF-NH2 was synthesized on the basis of a method for the preparation of 

MIL-125 (Ti-MOF) previously-reported by M. Dan-Hardi et al.,35 with the exception of using 

H2BDC-NH2 in place of H2BDC as an organic linker. The mixture of TPOT, H2BDC-NH2, 

DMF and methanol was subject to react under solvothermal conditions in a Teflon-lined 

stainless steel autoclave for 48 h at 423 K under autogenous pressure. The precipitate was 

filtrated, washed repeatedly with DMF and dried at room temperature overnight. Finally, the 

obtained powder sample was dried under vacuum for 1 h at 423 K to remove the residual 

H2BDC-NH2. For comparison, the conventional Ti-MOF was also prepared by using H2BDC 

as an organic linker.  

  Pt deposition on Ti-MOF-NH2 as a cocatalyst were performed by employing a 

photodeposition method. A suspension containing Ti-MOF-NH2 (0.4 g), 0.039 M H2PtCl6 

methanol solution (0.55-2.2 mL), DMF (20 mL) and methanol (20 mL) was irradiated with 

UV light from a 100 W high-pressure Hg lamp at 5 mW cm-2 for 3 h with continuous stirring. 

The obtained precipitate was centrifuged, washed repeatedly with DMF and dried in air at 

room temperature overnight. Finally the obtained powder sample was dried under vacuum at 
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423 K for 1 h, yielding Pt(X)/Ti-MOF-NH2, where X = 0.5, 1.0, 1.5 and 2.0 wt%. 

General methods 

  Standard θ–2θ X-ray diffraction (XRD) data were recorded on a Shimadzu X-ray 

diffractometer XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). Specific surface areas were 

estimated from the amount of N2 adsorption at 77 K using the BET (Brunauer-Emmett-Teller) 

equilibrium equation. Diffuse reflectance UV–vis spectra were obtained with a Shimadzu 

UV–vis recording spectrophotometer 2200A. Electron spin resonance (ESR) spectra were 

recorded with a JEOL JES-RE-2X at 77 K. Prior to the measurements, the sample immersed 

in an aqueous solution containing 0.01 M TEOA (2 mL) was added an in-situ cell, evacuated 

at 77 K to remove dissolved oxygen and then irradiated with visible light having a wavelength 

of λ > 420 nm from a Xe lamp (500 W; San-Ei Electric Inc. XEF-501S) with a cut-off filter 

for 3 h at room temperature. FT-IR measurements were carried out in the transmission mode 

using a FT-IR spectrometer (JASCO FT-IR 660 Plus). Self-supporting pellets of the samples 

diluted with KBr were loaded in a specially constructed IR cell, which was equipped with 

CaF2 windows. After the pellets were evacuated at 473 K for 30 min, the spectra were 

measured at room temperature. 

Photocatalytic hydrogen production reaction 

  The photocatalyst (10 mg) and 0.01 M aqueous TEOA solution (2 mL) were added to 

a Pyrex reaction vessel connected to vacuum line. The resulting mixture was evacuated at 77 

K to remove dissolved oxygen. Subsequently, the sample was irradiated with the 500 W Xe 

lamp through a cut-off filter (λ > 420 nm) with stirring at room temperature. After the reaction, 

the resulting gas was analyzed by using a gas chromatograph (GC) of Shimadzu GC-12A with 

a thermal conductivity detector equipped with a packed column (MS-5A). 
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Photocatalytic reduction of nitrobenzene 

  The photocatalyst (25 mg) and 4 mL of acetonitrile containing nitrobenzene (0.1 

mmol) and TEOA (1.0 mmol) were added to a Pyrex reaction vessel. The vessel was sealed 

with a rubber septum, followed by 15 min of Ar bubbling. The reaction mixture was 

irradiated with visible light having a wavelength of λ > 420 nm from the 500 W Xe lamp with 

a cut-off filter (λ > 420 nm) at room temperature. The progression of the reaction was 

monitored by a GC (Shimadzu GC-14B with a flame ionization detector) equipped with an 

InertCap®1 capillary column.  

Reusability of the photocatalyst was studied as follows. After the first run, the 

photocatalyst was washed three times with methanol, dried at 323 K in air and reused for the 

next run. The above procedure was repeated three times. 

 

2. 1. 3. Results and discussion 

 

Figure 2. 1. 1 shows XRD patterns for Ti-MOF-NH2 and Ti-MOF, before and after 

the photodeposition of Pt nanoparticles. As can be seen by viewing these patterns, 

Ti-MOF-NH2 exhibits the same diffraction pattern as Ti-MOF, indicating that a MIL-125 

structure is produced when H2BDC-NH2 is utilized as an organic linker (Figure 2. 1. 2).35 

Additionally, no traces of characteristic peaks corresponding to bulk titanium dioxide phases, 

such as anatase and rutile, are observed in the diffraction pattern of Ti-MOF-NH2. This result 

indicates that the framework of Ti-MOF-NH2 consists of small titanium oxide clusters in the 

absence of bulky aggregated titanium oxide species. After photodeposition of Pt nanoparticles, 

the diffraction patterns of Ti-MOF-NH2 and Ti-MOF remained nearly unchanged, suggesting 

that the photodeposition process does not influence the structures of these materials. 
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To evaluate the pore structures and specific surface areas of the materials, N2 

adsorption measurements were performed before and after photodeposition of Pt 

nanoparticles. The specific surface areas of Ti-MOF-NH2 and Ti-MOF were determined to be 

1101 and 1202 m2 g-1, respectively, by using BET method based calculations on N2 

adsorption isotherm data. These findings show that Ti-MOF-NH2 and Ti-MOF have large 

specific surface areas associated with their microporous structures. Although the specific 

surface areas of these materials decrease slightly after Pt nanoparticle photodeposition owing 

to a pore blockage, Ti-MOF-NH2 and Ti-MOF maintain their porous structures and high 

specific surface areas of 910 and 946 m2 g-1, respectively. Figure 2. 1. 3 displays 

diffuse-reflectance UV–vis spectra of Ti-MOF-NH2 and Ti-MOF, together with those of 

H2BDC-NH2 and H2BDC as reference samples (inset). The spectrum of Ti-MOF shows 

absorption bands below 350 nm, while an observable absorption band is seen in the spectrum 

of Ti-MOF-NH2 up to around 500 nm that is associated with the chromophore in H2BDC-NH2. 

The results demonstrate that Ti-MOF-NH2, containing H2BDC-NH2 as the organic linker, is a 

visible-light absorbing MOF.  

 

Figure 2. 1. 1. XRD patterns of Ti-MOF, Pt/Ti-MOF, Ti-MOF-NH2 and Pt(0.5)/ 

Ti-MOF-NH2. 
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Figure 2. 1. 2. Structure of Ti-MOF (MIL-125).35 (a) Perspective view of a centered cubic 

(cc) arrangement; the 12-fold coordination is evidenced by yellow lines. Purple and orange 

dots indicate the positions of the centers of the tetrahedral and octahedral vacancies. (b) View 

of the perforated cyclic octamer with edge- and corner-sharing Ti octahedra; it corresponds to 

the atom with an orange circle of the classical cc packing through the SBU augmentation. (c) 

Perspective view of MIL-125 with the central octamer surrounded by 12 others; the pink and 

blue stars indicate the centers of the tetrahedral and octahedral vacancies in MIL-125. (d) Ball 

and stick representation of the octahedral vacancy, filled by water molecules (in green); the 

large yellow sphere represents the effective accessible volume of the cage. (e) The tetrahedral 

vacancy; in (d) and (e) the color code is as follows: carbon, gray; oxygen, red; water, green; 

titanium, yellow. 
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Figure 2. 1. 3. Diffuse-reflectance UV–vis spectra of Ti-MOF (dotted line) and Ti-MOF-NH2 

(solid line). Inset shows the diffuse-reflectance UV–vis spectra of H2BDC (dotted line) and 

H2BDC-NH2 (solid line). 

 

In an investigation exploring the potential photocatalytic activity of Pt(0.5)/Ti-MOF-NH2, 

hydrogen production from an aqueous solution containing this catalyst and 0.01 M TEOA as a 

sacrificial electron donor was monitored while being subjected to visible light irradiation at 

room temperature. Optical filters were used to modulate the wavelength of the broad-band 

visible light source. The time course of photocatalytic hydrogen production under visible light 

irradiation (λ > 420 nm) over Pt(0.5)/Ti-MOF-NH2 for 9 h, with intermittent evacuation and 

exposure to atmospheric conditions every 3 h, is displayed in Fig. 2. 1. 4. Continuous 

hydrogen production occurs from the beginning of the irradiation period, and the total 

evolution of hydrogen after 9 h irradiation reaches 33 μmol. These results clearly show that 

Pt(0.5)/Ti-MOF-NH2 acts as an efficient visible-light-responsive, hydrogen production 

photocatalyst and that it does not lose its photocatalytic activity over at least three cycles. 

However, as inspection of the XRD patterns displayed in Fig. 2. 1. 5 shows, the porous 
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network of Pt(0.5)/Ti-MOF-NH2 is found to be partly deteriorated (i.e., the intensities of the 

diffraction peaks corresponding to the MIL-125 structure decrease slightly). In contrast, 

Pt/Ti-MOF displays no photocatalytic activity when employed under the same reaction 

conditions. This finding indicates that visible-light absorption characteristics associated with 

the BDC-NH2 moiety are indispensable for promoting the photocatalytic hydrogen production 

reaction under visible-light irradiation. Incidentally, Ti-MOF-NH2, not containing deposited 

Pt nanoparticles, exhibits a lower photocatalytic activity than does Pt(0.5)/Ti-MOF-NH2, 

suggesting that efficient charge separation caused by the presence of Pt nanoparticles as a 

co-catalyst plays a role in enhancing the efficiency of the hydrogen production reaction. 

 

Figure 2. 1. 4. Time course of photocatalytic hydrogen production under visible-light 

irradiation (λ > 420 nm) over Pt(0.5)/Ti-MOF-NH2 for a total of 9 h with intermittent 

evacuation and exposure to atmospheric conditions every 3 h.  
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Figure 2. 1. 5. XRD patterns of Pt(0.5)/Ti-MOF-NH2 before and after hydrogen evolution 

reaction. 

 

The dependence of the hydrogen evolution rate on the wavelength of incident light 

employed in the Pt(0.5)/Ti-MOF-NH2 photocatalytic system is displayed in Fig. 2. 1. 6. The 

hydrogen evolution rate is observed to depend strongly on wavelength in a manner that 

correlates with absorption intensities in the visible spectrum of Ti-MOF-NH2 (Fig. 2. 1. 6a). 

The similar results were obtained by photoelectrochemical measurements. As shown in Fig. 2. 

1. 6b, the wavelength-dependent photocurrents observed for the Ti-MOF-NH2 electrode in an 

electrolyte containing TEOA under visible-light irradiation (at a constant potential of 0.5 V vs. 

SCE) demonstrated that the trend of photocurrent response shows good parallel relationship 

with the absorption spectrum. These findings indicate that the organic linker of BDC-NH2 

absorbs the incident visible light and that its excited state transfers electrons to the CB of 

titanium-oxo clusters. On the other hand, irradiation of photocatalytic system with UV-light 

(λ > 300 nm) from a 500 W Hg lamp (Ushio Inc.), Pt(0.5)/Ti-MOF-NH2 leads to a much 
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higher hydrogen evolution rate (11.7 μmol h-1) as a consequence of direct excitation of 

titanium-oxo clusters. 

 

 

Figure 2. 1. 6. The dependence of (a) the hydrogen evolution rate for Pt(0.5)/Ti-MOF-NH2 

and (b) the photocurrent for the Ti-MOF-NH2 electrode on the wavelength of incident light 

with diffuse-reflectance UV–vis spectrum of Ti-MOF-NH2. The photocurrents were recorded 

in 0.25 M K2SO4 aqueous solution containing 0.01 M TEOA under visible-light irradiation at 

a constant potential of 0.5 V vs. SCE. 

 

The results of in situ ESR measurements after visible-light irradiation also confirmed 

the proposed electron transfer mechanism. For this measurement, Ti-MOF-NH2 was 

immersed in a solution of 0.01 M aqueous TEOA, and the suspension was evacuated at 77 K. 

This was followed by irradiation with visible light (λ > 420 nm) for 3 h at room temperature. 

After irradiation, the ESR spectrum was recorded at 77 K. As show in Fig. 2. 1. 7, the ESR 

spectrum after visible-light irradiation contains signals which have parameters that are 

characteristic of paramagnetic Ti3+ centers in a distorted rhombic oxygen ligand field (gx = 
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1.980, gy = 1.953, and gz = 1.889).36,37 In contrast, no signals assignable to Ti3+ species are 

observed in the ESR spectrum of Ti-MOF after visible-light irradiation. These results suggest 

that visible light promotes transfer of photogenerated electrons from the excited BDC-NH2 

group to the CB of titanium-oxo cluster, resulting in the formation of Ti3+ species. After 

exposure to air, the signals in the Ti-MOF-NH2 spectrum corresponding to Ti3+ species 

disappear, indicating the reoxidation of generated Ti3+ species to Ti4+ species.  

 

 

Figure 2. 1. 7. ESR spectra observed at 77 K for (a) Ti-MOF-NH2 and (b) Ti-MOF, immersed 

in aqueous 0.01 M TEOA solution, before (dotted line) and after (solid line) visible-light 

irradiation (λ > 420 nm). The suspension was degassed under vacuum at 77 K and irradiated 

with visible light for 3 h at room temperature, followed by spectrum acquisition at 77 K. 

 

To gain further evidence for the operation of the electron transfer mechanism, 

Pt(0.5)/Zr-MOF-NH2, a Pt-supported UiO-66 type MOF comprised of BDC-NH2 units and 

zirconium-oxo clusters whose CB potential is more negative than that of titanium-oxo cluster, 

was prepared (Fig. 2. 1. 8). Prolonged λ > 420 nm irradiation (24 h) of the 
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Pt(0.5)/Zr-MOF-NH2 system did not lead to production of hydrogen, in spite of the fact that 

Pt(0.5)/Zr-MOF-NH2 has excellent visible light absorption characteristics (Fig. 2. 1. 9). In 

view of the fact that Pt/Zr-MOF-NH2 can promote the hydrogen production reaction when 

irradiated with UV light, it appears that electron transfer from the excited organic linker to the 

zirconium-oxo cluster is inefficient because the zirconium-oxo cluster has a highly negative 

CB edge. Additionally, in situ ESR measurements before and after visible-light irradiation of 

Zr-MOF-NH2 system provided informative results. In particular, the absence of characteristic 

signals in the spectrum assignable to Zr3+ species after visible-light irradiation demonstrates 

that electron transfer does not occur in this system. The results summarized above clearly 

demonstrate that the photocatalytic hydrogen production reactions using Pt(0.5)/Ti-MOF-NH2 

and Ti-MOF-NH2 proceed through a pathway involving light absorption by the BDC-NH2 

chromophore and subsequent electron transfer to the titanium-oxo cluster. 

 

Figure 2. 1. 8. XRD patterns of Zr-MOF-NH2 and Pt(0.5)/Zr-MOF-NH2. 
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Figure 2. 1. 9. Diffuse-reflectance UV–vis spectra of Zr-MOF (dotted line) and Zr-MOF-NH2 

(solid line).  

 

  The design of effective photocatalysts for the synthesis of specialty chemicals under 

visible-light irradiation is one of the essential and stimulating research subjects.38-40 

Photochemical excitation can be conducted at room temperature without the use of harmful 

reagents, which results in environmentally benign and energy saving processes.41,42 From this 

point of view, the visible-light-responsible MOF (Ti-MOF-NH2) was applied to 

photocatalytic reduction of nitrobenzene under visible-light irradiation (λ > 420 nm). Prior the 

application for the photocatalytic reduction of nitrobenzene, the amount of Pt deposited were 

optimized, as shown in Fig. 2. 1. 10. The results show that Ti-MOF-NH2 with 1.5 wt% of Pt 

as a cocatalyst (Pt(1.5)/Ti-MOF-NH2) exhibit the highest catalytic activity. 

Pt(1.5)/Ti-MOF-NH2 was then applied to photocatalytic reduction of nitrobenzene under 

visible-light irradiation (λ > 420 nm). Figure 2. 1. 11 shows the time courses of the amounts 

of nitrobenzene, nitrosobenzene and aniline. The amounts of nitrobenzene monotonously 

decreased along with photoirradiation time and the amount of aniline increased. In addition, 
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nitrosobenzene was also obtained as an intermediate product of the reaction. For comparison 

of the photocatalytic activities of Pt(1.5)/Ti-MOF-NH2, the initial reaction rates for 

Pt(1.5)/Ti-MOF-NH2 and Ti-MOF-NH2 were determined to be 3.3 and 2.3 mol h-1, 

respectively. Pt(1.5)/Ti-MOF-NH2 exhibited higher photocatalytic activity than Ti-MOF-NH2, 

indicating deposited Pt efficiently act as a cocatalyst in this system. It was also confirmed that 

selectivities of the reaction are almost the same regardless of the presence of Pt species. On 

the other hand, no reaction took place in the absence of visible-light irradiation, 

Pt(1.5)/Ti-MOF-NH2 and TEOA as a sacrificial electron donor, that is, Pt(1.5)/Ti- MOF-NH2 

acts as a visible-light responsive photocatalyst in this system. In addition, the reaction did not 

proceed when using Pt(1.5)/Ti-MOF or a physical mixture of Pt(1.5)/Ti-MOF and 

H2BDC-NH2 as a photocatalyst. This fact indicates that the coordination networks of Ti-oxo 

cluster and BDC-NH2 units are key factors for the progression of the reaction. 

  To further confirm the reaction mechanism, the wavelength dependence of apparent 

quantum efficiency was investigated, as shown in Fig. 2. 1. 12. The trend of the apparent 

quantum yield matches well with that of the absorption spectrum. This result suggests that the 

reaction proceeds through the light absorption by its organic linker and the following electron 

transfer to the catalytically active titanium-oxo cluster, as displayed in Scheme 2. 1. 1. 

Therefore, it can be considered that nitrobenzene was reduced over Pt deposited on Ti-oxo 

clusters and TEOA was sacrificially oxidized over BDC-NH2 groups under visible-light 

irradiation.  
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Figure 2. 1. 10. Photocatalytic hydrogen production under visible-light irradiation (λ > 420 

nm) over Ti-MOF-NH2 and Pt(X)/Ti-MOF-NH2.  

 

 

Figure 2. 1. 11. Time course of photocatalytic reduction of nitrobenzene (●) to 

nitrosobenzene (▲) and aniline (■) under visible-light irradiation (λ > 420 nm) in the 

presence of TEOA over Pt(1.5)/Ti-MOF-NH2. 
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Figure 2. 1. 12. Wavelength-dependent apparent quantum yield for photocatalytic reduction 

of nitrobenzene over Pt(1.5)/Ti-MOF-NH2. 

 

Finally, the reusability of Pt(1.5)/Ti-MOF-NH2 was investigated, as shown in Fig. 2. 

1. 13. The catalyst after the reaction for 72 h was washed with methanol, dried under vacuum, 

and then reused for the next run. The results of recycling tests indicated no significant loss of 

photocatalytic activities even after three cycles. Moreover, XRD and FT-IR measurements 

were performed before and after four cycles of the reaction to investigate the stability of 

Pt(1.5)/Ti-MOF-NH2 (Fig. 2. 1. 14 and Fig. 2. 1. 15). The diffraction peaks corresponding to 

the MIL-125 structure were maintained even after the four cycles of the reaction. FT-IR 

spectra of Pt(1.5)/Ti-MOF-NH2 both before and after four cycles of the reaction exhibit two 

absorption bands at around 3382 and 3470 cm-1 which are attributed to the symmetrical and 

asymmetrical stretching vibrations of free amino groups (–NH2), respectively. This fact 

demonstrates that the organic linker with amino group stably exist during the reaction. 
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Figure 2. 1. 13. Recycling tests for photocatalytic reduction of nitrobenzene under 

visible-light irradiation (λ > 420 nm) over Pt(1.5)/Ti-MOF-NH2. Reaction conditions: catalyst 

(25 mg), acetonitrile containing 0.1 mmol of nitrobenzene and 1.0 mmol of TEOA (4 ml), Xe 

lamp (500 W) light source with a cutoff filter, Pyrex reaction vessel, room temperature, 72 h. 

 

 

 

Figure 2. 1. 14. XRD patterns of Pt(1.5)/Ti-MOF-NH2 before and after four cycles of 

photocatalytic reduction of nitrobenzene under visible-light irradiation ( > 420 nm). 



35 

 

 

 

Figure 2. 1. 15. FT-IR spectra of Pt(1.5)/Ti-MOF-NH2 before and after four cycles of 

photocatalytic reduction of nitrobenzene under visible-light irradiation ( > 420 nm). 

 

2. 1. 4. Conclusions 

 

In the effort described above, a new visible-light-responsive metal–organic 

framework (MOF) photocatalyst was developed by utilizing a 2-anilinedicarboxylic acid 

organic linker. The amino-functionalized Ti-based MOF (Ti-MOF-NH2) was found to 

efficiently photocatalyze the hydrogen production reaction in an aqueous solution containing 

TEOA as a sacrificial electron donor under visible-light irradiation conditions. In this process, 

the organic linker absorbs visible light and its excited state transfers an electron to the CB of 

the photocatalytically active titanium-oxo cluster. To the best of our knowledge, this is the 

first example of photocatalytic hydrogen production system employing MOF materials and 

visible-light irradiation at wavelengths up to 500 nm. Furthermore, this system was 

successfully extended to photocatalytic reduction of nitrobenzene under visible-light 
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irradiation (λ > 420 nm). The observations made in this investigation should offer new insight 

into the design and manipulation of specifically functioning MOFs that have applications in 

the fields of photo-functionalized materials, such as photocatalysts and luminescent materials. 
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2. 2. Development of Ru complex-incorporated MOF photocatalyst for hydrogen 

production under visible-light irradiation 

 

2. 2. 1. Introduction 

 

  The production of chemical fuels by solar energy conversion has been considered as 

one of the major strategies to solve the global energy crisis. Since the pioneering work by 

Honda and Fujishima on photoelectrochemical water splitting using TiO2 electrode,1 the 

photocatalytic process has attracted much attention and has been extensively studied to realize 

clean, low-cost and environmentally friendly production of hydrogen by utilising solar energy. 

Recently, researchers have been focusing on the development of visible-light-responsive 

photocatalysts,2–4 because the ultraviolet (UV) light only accounts for about 4% of the solar 

radiation energy, while the visible light contributes to about 43%. 

  Inorganic-organic hybrid materials have been of great interest since they not only 

combine the respective beneficial characteristics of inorganic and organic components, but 

also often exhibit unique properties that exceed what would be expected for a simple mixture 

of the components.5–7 The construction of hybrid materials offers an almost infinite number of 

chemical and structural possibilities. Among them, metal−organic frameworks (MOFs) also 

called porous coordination polymers (PCPs) have also attracted much attention because of 

their attractive properties including high specific surface areas, well-ordered porous structures 

and structural designability.8–11 The topology and surface functionality of MOFs can be 

readily tuned by varying the constituent metal-oxo clusters and bridging organic linkers. 

Taking advantages of these features, numerous efforts have been made in recent years to 

indicate that MOFs serve as platforms for integrating different molecular functional 

components to achieve light harvesting and to promote various photocatalytic reactions such 
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as hydrogen production, oxygen production, carbon dioxide reduction and organic 

transformations.12–16 These MOF photocatalyst-catalyzed systems are advantageous that 

various combinations of metal-oxo clusters and bridging organic linkers enable fine-tuning 

and rational design of the photocatalysts at the molecular level. Previous study described the 

synthesis of a visible-light-responsive Ti-based MOF photocatalyst (Ti-MOF-NH2) by 

employing 2-anilinedicarboxylic acid (H2BDC-NH2) as an organic linker and its application 

for photocatalytic hydrogen production and reduction of nitrobenzene under visible-light 

irradiation.17–19 The reactions proceed through the light absorption by its organic linker and 

the following electron transfer to the catalytically active titanium-oxo cluster. Although the 

visible-light-responsive MOF photocatalysts were successfully developed, the longest 

wavelength available was only 500 nm and triethanolamine (TEOA) as a sacrificial electron 

donor is required for the progression of the reaction.18,20 These are due to the limited 

visible-light responsivity and low oxidation power of the organic linker (BDC-NH2). 

Therefore, it is highly desired that utilisable range of wavelength and sacrificial reagents are 

expanded by employing other organic linkers that has wide absorption and low highest 

occupied molecular orbital (HOMO) level (namely, high oxidation power).  

  This study describes synthesis of Ru complex-incorporated Ti-based MOF 

(Ti-MOF-Ru(tpy)2) by using a bis(4'-(4-carboxyphenyl)-terpyridine)Ru(II) complex 

(Ru(tpy)2) as an organic linker and its application for photocatalytic hydrogen production 

under visible-light irradiation. Ru(tpy)2 possesses wider absorption band in the visible-light 

region and lower HOMO level than those of BDC-NH2, as confirmed by diffuse-reflectance 

UV-vis spectroscopy (Fig. 2. 2. 1) and cyclic voltammetry (CV) (Fig. 2. 2. 2). Thus, it can be 

expected that the reaction proceeds under long-wavelength visible-light irradiation and not 

only when using TEOA as a sacrificial electron donor but also when using other sacrificial 

reagents such as ethylenediaminetetraacetic acid (EDTA) and methanol. 
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Figure 2. 2. 1.  Diffuse reflectance UV-vis spectra of Ti-MOF-Ru(tpy)2 (solid line) and 

Ru(tpy)2 (dotted line). 

 

 

Figure 2. 2. 2. Cyclic voltammograms of (a) Ru(tpy)2 and (b) 2-anilinedicarboxylic acid in 

CH2Cl2 with 0.1 M tetrabutylammonium perchlorate as supporting electrolytes. A Pt working 

electrode, a Pt counter electrode and a nonaqueous Ag/AgNO3 reference electrode were used. 
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Figure 2. 2. 3. Energy diagram of HOMO-LUMO levels of (a) Ru(tpy)2 and (b) H2BDC-NH2. 

HOMO level was determined on the basis of cyclic voltammograms, and HOMO-LUMO 

gaps were estimated from the onset of the diffuse reflectance UV-vis spectra. 

 

2. 2. 2.  Experimental 

 

Materials 

  Tetrapropyl orthotitanate (TPOT), tetrabutylammonium perchlorate and RuCl3 were 

purchased from Tokyo Kasei Kogyo Co., Ltd. 2-Anilinedicarboxylic acid (H2BDC-NH2), 

N’N-dimethylformamide (DMF), methanol, triethanolamine (TEOA), were purchased from 

Nacalai Tesque Inc. Hydrogen hexachloroplatinate(IV) hexahydrate (H2PtCl6·6H2O) was 

purchased from Kishida Chemicals Co., Ltd. Dichloromethane was purchased from Wako 

Pure Chemical Industries. Ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA-Na2·2H2O) was purchased from IBI Scientific. 
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Catalysts preparation 

Bis(4'-(4-carboxyphenyl)-terpyridine)Ru(II) complex (Ru(tpy)2) as an organic linker 

was prepared according to the literature.21 Ru complex-incorporated Ti-based MOF 

(Ti-MOF-Ru(tpy)2) was synthesized on the basis of a method for the preparation of MIL-125 

(Ti-MOF) previously-reported by Dan-Hardi et al.,.22 The mixture of TPOT, Ru(tpy)2, DMF 

and methanol was subject to react under solvothermal conditions in a Teflon-lined stainless 

steel autoclave for 48 h at 453 K under autogenous pressure. The precipitate was filtrated, 

washed repeatedly with DMF and dried at room temperature overnight. Finally, the obtained 

powder sample was dried under vacuum for 1 h at 423 K.  

General methods 

  Cyclic voltammograms were obtained with Hokuto Denko HZ-5000 electrochemical 

measurement system at a scanning rate of 100 mV s-1, equipped with a normal 

one-compartment cell with a Pt working electrode, a Pt counter electrode, and a nonaqueous 

Ag/AgNO3 reference electrode. The measurements were performed in a CH2Cl2 solution 

including 0.1 M tetrabutylammonium perchlorate as a supporting electrolyte. Diffuse 

reflectance UV–vis spectra were obtained with a Shimadzu UV–vis recording 

spectrophotometer 2200A. Standard θ–2θ X-ray diffraction (XRD) data were recorded on a 

Shimadzu X-ray diffractometer XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). Nitrogen 

adsorption-desorption isotherms were collected by using a BEL-SORP mini (BEL Japan, Inc.) 

at 77 K. XAFS (XANES and EXAFS) spectra were recorded at the BL-01B1 facility of 

SPring-8 at the Japan Synchrotron Radiation Research Institute (JASRI). The Ru K-edge 

XAFS spectra were measured in the fluorescence mode, with a Si(111) double-crystal 

monochromator at room temperature. Curve fitting analyses of the EXAFS spectra were 

conducted on k3 (k) in k-space (k range = 3–12 Å-1) using a REX2000J program (Rigaku). 

The photoluminescence spectra were recorded at room temperature by utilizing a SPEX 
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Fluorolog-3 spectrofluorometer with a quartz cell directly connected to a vacuum line 

containing stopcocks to allow gas addition and degassing. Inductively coupled plasma mass 

spectrometry (ICP-MS) was performed on X Series II (Thermo Fisher Scientific Inc.) to 

normalise the intensity of the photoluminescence spectra on the basis of Ru amount. 
 

Photocatalytic hydrogen production reaction 

  The photocatalyst (10 mg) and water containing 0.01 M TEOA and 0.05 mM 

H2PtCl6 (2 mL) were added to a Pyrex reaction vessel connected to vacuum line. The 

resulting mixture was evacuated at 77 K to remove dissolved oxygen. Subsequently, the 

sample was irradiated with the 500 W Xe lamp through a cut-off filter with stirring at room 

temperature. After the reaction, the resulting gas was analyzed by using a gas chromatograph 

(GC) of Shimadzu GC-12A with a thermal conductivity detector equipped with a packed 

column (MS-5A). For the investigations of sacrificial reagents dependence, water containing 

0.01 M EDTA and 0.05 mM H2PtCl6 or water containing 10 vol.% methanol and 0.05 mM 

H2PtCl6 was used as a reaction solution.  

 

2. 2. 3. Results and discussion 

 

  Ti-MOF-Ru(tpy)2 is synthesised by utilizing a solvothermal method from the mixture 

of tetrapropyl orthotitanate (TPOT), Ru(tpy)2, DMF and methanol. XRD measurements reveal 

that Ti-MOF-Ru(tpy)2 has a characteristic peak around 6° (2) owing to a framework 

formation although the organic linker, Ru(tpy)2, has no peak such a low angle region (Fig. 2. 

2. 4). N2 adsorption-desorption isotherm is shown in Fig. 2. 2. 5. Ti-MOF-Ru(tpy)2 exhibits a 

type III isotherm and the BET surface area was determined to be 20 m2 g-1, indicating there is 

no porosity in the sample. Although further study using single-crystal X-ray diffraction is 
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needed to obtain full structural information, the result can be attributable to the 

interpenetration of the framework. It is well-known that the interpenetration drastically 

decreases the specific surface area and pore sizes within the MOFs.21–22 Thermogravimetric 

(TG) analysis was also carried out to investigate the stability of Ti-MOF-Ru(tpy)2 (Fig. 2. 2. 

6). Ti-MOF-Ru(tpy)2 releases water followed by desorption of some DMF and decomposes at 

temperatures above 650 K. 

  The local structure of the organic linker was investigated by Ru K-edge XAFS 

measurements (Fig. 2. 2. 7). The edge position as well as the shape of the XANES spectrum 

of Ti-MOF-Ru(tpy)2 corresponds well to those of Ru(tpy)2 as a reference. Fourier transform 

of EXAFS spectra (without phase-shift correction) of Ti-MOF-Ru(tpy)2 and Ru(tpy)2 exhibit 

one peak due to the neighboring nitrogen atoms at 1.5–2.0 Å, while other peaks due to the 

neighboring Ru atom are hardly observed in the ranges of 2.0–3.0 Å. Furthermore, the curve 

fitting analysis of the Ru–N peak for Ru(tpy)2 reveals the existence of a shorter Ru–N bond 

between Ru atom and the central pyridine ring (Ru–Ncentral) along the main axis at 1.99 Å 

(coordination number (CN)= 1.9) and the other longer Ru–N bonds between Ru atom and the 

terminal pyridine rings (Ru–Nterminal) at 2.08 Å (CN = 4.2). These values are in good 

agreement with the previous studies23 and those obtained by the curve fitting analysis of 

Ti-MOF-Ru(tpy)2 (Ru–Ncentral = 1.98 Å (CN =1.9), Ru–Nterminal = 2.05 Å (CN = 4.0)). These 

results suggest that the local structure of Ru complex is maintained even after the formation 

of Ti-MOF-Ru(tpy)2. 
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Figure 2. 2. 4. XRD patterns of Ti-MOF-Ru(tpy)2 and Ru(tpy). 

 

 

Figure 2. 2. 5. N2 adsorption-desorption isotherm of Ti-MOF-Ru(tpy)2. 
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Figure 2. 2. 6. TGA curve of Ti-MOF-Ru(tpy)2. 

 

 

Figure 2. 2. 7. XANES and EXAFS spectra of Ti-MOF-Ru(tpy)2 and Ru(tpy). 

 

   In order to investigate the potential photocatalytic activity of Ti-MOF-Ru(tpy)2, 

hydrogen production reactions from aqueous solution containing TEOA as a sacrificial 

electron donor were carried out under visible-light irradiation (λ > 420 nm) at room 

temperature. For the reaction, Pt nanoparticles as a cocatalyst (Pt content: 1 wt%) were 
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deposited in-situ onto Ti-MOF-Ru(tpy)2 from H2PtCl6 during the reaction. Figure 2. 2. 8 

shows the time course of the hydrogen production with intermittent evacuation and exposure 

to atmospheric conditions every 3 h. Ti-MOF-Ru(tpy)2 achieves steady hydrogen production 

under visible-light irradiation without significant loss of photocatlytic activity over at least 

three cycles. It should be noted that 2.1 mol of hydrogen is produced without H2PtCl6 as a 

precursor of the Pt nanoparticle cocatalyst (Table 2. 2. 1). On the contrary, the organic linker 

itself (Ru(tpy)2) shows no photocatalytic activity under the same condition. Furthermore, the 

hydrogen production reaction was performed over a photocatalyst prepared by the adsorption 

of Ru(tpy)2 on Degussa P25 TiO2 (Ru(tpy)2/TiO2). However, hydrogen is not evolved over 

Ru(tpy)2/TiO2. This would be because of the Ru(tpy)2 dye desorption from the TiO2 surfaces 

under the reaction conditions, which makes it difficult to transfer the photogenerated electrons 

from Ru(tpy)2 to TiO2. This fact indicates an advantage of this photocatalytic system, in 

which titanium-oxo clusters and Ru(tpy)2 are strongly connected,  compared to the 

conventional dye-sensitized photocatalytic systems. The results obtained from several control 

reactions reveal that the light irradiation as well as the presence of Ti-MOF-Ru(tpy)2 and a 

sacrificial electron donor are essential for the progression of the reaction (Table 2. 2. 1). It 

was also investigated by XRD that the structure of Ti-MOF-Ru(tpy)2 is maintained even after 

the reaction (Fig. 2. 2. 9). 
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Figure 2. 2. 8. Time course of photocatalytic hydrogen production under visible-light 

irradiation (λ > 420 nm) from water containing 0.01 M TEOA and 0.05 mM H2PtCl6 using 

Ti-MOF-Ru(tpy)2 for a total of 9 h with intermittent evacuation and exposure to atmospheric 

conditions every 3 h. 

 

 

Figure 2. 2. 9. XRD patterns of Ti-MOF-Ru(tpy)2 before and after the photocatalytic 

hydrogen production from water containing 0.01 M TEOA and 0.05 mM H2PtCl6 for 6 h. 
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  As shown in Fig. 2. 2. 10, the wavelength dependence of apparent quantum 

efficiency was investigated next in order to confirm the reaction mechanism. The trend of the 

apparent quantum efficiency matches well with that of the absorption spectrum. This result 

suggests that the reaction proceeds through the light absorption by its organic linker and the 

following electron transfer to the catalytically active titanium-oxo cluster as is the case with 

the previously reported system.17–19 In this Ti-MOF-Ru(tpy)2-catalyzed system, the longest 

wavelength available is 620 nm. As expected, utilizable range of wavelength has been 

successfully expanded by employing Ru(tpy)2 as an organic linker. Luminescence 

spectroscopy was also employed to investigate the electron transfer process as shown in Fig. 

2. 2. 11. The metal-to-ligand charge transfer (MLCT) state luminescence of Ru2+-based 

complex is observed for both Ti-MOF-Ru(tpy)2 and Ru(tpy)2. However, the luminescence 

intensity decreases by the formation of the MOF structure. Similar results have been observed 

with conventional dye-sensitized photocatalytic systems (i.e., combination between 

Ru2+-based dyes and semiconducting materials) as a result of the efficient electron injection 

from the dyes to the semiconducting materials.24–25 These facts indicate that the efficient 

electron transfer occurs from the organic linker to the Ti-oxo cluster in Ti-MOF-Ru(tpy)2 

under visible-light irradiation, resulting in the decrease of the luminescence intensity. The 

combined results emanating from the action spectrum and the luminescence spectroscopy 

clearly indicate the photocatalytic hydrogen production reaction proceed through the light 

absorption by its organic linker and the following electron transfer to the catalytically active 

titanium-oxo cluster. 

   In addition, the dependence of the sacrificial reagents were investigated, as 

described in Fig. 2. 2. 12. Ti-MOF-Ru(tpy)2 achieves hydrogen production when using EDTA 

or methanol as an sacrificial reagent although hydrogen is not evolved over Ti-MOF-NH2 as a 

photocatalyst under the same conditions. These results can be attributable to the higher 
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oxidation power of Ru(tpy)2 than that of H2BDC-NH2. 

 

 

Figure 2. 2. 10. Wavelength-dependent apparent quantum efficiency for the hydrogen 

evolution reaction from water containing 0.01 M TEOA and 0.05 mM H2PtCl6 using 

Ti-MOF-Ru(tpy)2. 

 

 

Figure 2. 2. 11. Photoluminescence spectra of Ti-MOF-Ru(tpy)2 and Ru(tpy)2 measured in 

vacuum at 77 K (Excitation:ex = 520 nm). 
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Figure 2. 2. 12. Sacrificial reagents dependence of photocatalytic hydrogen production under 

visible-light irradiation (λ > 420 nm) over Ti-MOF-Ru(tpy)2 for the reaction time of 6 h. 

 

2. 2. 4. Conclusions 

 

In summary, utilizable range of wavelength and sacrificial reagents of MOF 

photocatalyst-catalyzed systems have been successfully expanded by employing a 

bis(4'-(4-carboxyphenyl)-terpyridine)Ru(II) complex (Ru(tpy)2) as an organic linker. The 

synthesised Ru complex-incorporated Ti-based MOF (Ti-MOF-Ru(tpy)2) exhibits 

photocatalytic activity for hydrogen production from water containing a sacrificial electron 

donor under visible-light irradiation up to 620 nm. This is the first example of photocatalytic 

hydrogen production system employing MOF materials under visible-light irradiation at 

wavelengths up to 620 nm. 
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Chapter 3 

 

Developments of various one-pot reactions over  

bifunctional MOF catalysts 
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3.1. Application of amino-functionalized metal–organic frameworks for a one-pot 

acid-base reaction 

 

3. 1. 1. Introduction 

 

Recently, synthetic organic chemists have given great attention to the development of 

one-pot, sequential organic reactions owing to their comparably higher efficiencies, increased 

cost effectiveness and reduced formation of waste materials.1–3 An important goal in this area, 

is the development of new catalysts having spatially isolated, multiple active sites so that they 

can promote multi-step reaction cascades. Among the various systems designed to possess 

this capability, many of these are homogeneous catalysts and, as a result, they generally suffer 

from product contamination and limited recyclability.4–6 Furthermore, catalytic acid-base 

one-pot reaction systems are hardly developed in the homogeneous phase because the acid 

and base sites are easily deactivated by each other. Therefore, the development of 

multifunctional heterogeneous catalysts that promote one-pot reactions is currently receiving 

much attention.7–9  

  Metal–organic frameworks (MOFs), also called porous coordination polymers 

(PCPs), have gained recent interest because of their several attractive properties, including 

high specific surface areas, well-ordered porous structures and structural designability. 10–15 

Because of these advantageous features, MOFs have been widely investigated as solid 

catalysts or catalyst supports for several organic transformations, such as epoxidations, 16 

cycloadditions of CO2 with epoxides,17 aldol condensations, 18 Knoevenagel condensations19 

and Paal-Knorr reactions. 20 In addition, because their topology and surface functionalities can 

be readily tuned by modifying or varying the core metal-oxo clusters and bridging organic 

linkers, MOFs have emerged as interesting platforms for engineering molecular solids to 
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create multifunctional catalysts. Several multifunctional MOF based catalytic systems have 

been devised21 so that reactions are promoted by functionality in organic linkers or by 

coordinatively unsaturated metal sites of MOFs. Moreover, catalytic sites in these substances 

can be incorporated by using postsynthetic modification of organic struts. 

  The coordinatively unsaturated metal sites within MOFs, which can serve as catalytic 

centers, have been actively investigated in recent years.22–25 These studies have shown that the 

sites are capable of acting as Lewis acid catalysts for various organic reactions. Because 

structural defects are thought to be responsible for catalysis by these MOFs, efforts have been 

made to enhance activities by deliberately introducing defects.26 Although many reports exist 

describing the Lewis acidity of MOFs, the Brønsted acidity of these substances has not been 

studied greatly. However, very recently, Ameloot et al. reported that Brønsted acid sites are 

present in MOFs and that they are responsible for catalysis of the oligomerization of furfuryl 

alcohol.27 The Brønsted acidities of MOFs are attributed to the presence of carboxylic acid 

moieties (–COOH groups) in the organic linker existing on the outer surface of the particles 

and in structural defects within the framework. Consequently, new reactions and multi-step 

processes that can be catalyzed by Brønsted acid sites present in MOFs would have great 

utility in organic synthesis.  

  In the study described below, the acid and base properties of the 

amino-functionalized MOF, MIL-101(Al)-NH2, were examined in the context of catalysis of 

deacetalization and Knoevenagel condensation reactions. It is well-known that deacetalization 

reactions are catalyzed by Brønsted acidic sites28 and Knoevenagel condensation reactions are 

catalyzed by Brønsted and Lewis base sites.29 The results show that the respective reactions 

are successfully promoted by MIL-101(Al)-NH2. The possibility that the 

amino-functionalized MOF can serve as a bifunctional acid-base catalyst has been 

demonstrated using a one-pot reaction producing benzylidenemalononitrile via sequential 
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deacetalization and Knoevenagel condensation (Scheme 3. 1. 1). Finally, observations made 

in this effort show that activity of MIL-101(Al)-NH2 as acid-base bifunctional catalysts is 

superior to those of conventional heterogeneous, homogeneous as well as other MOF 

catalysts. 

 

Scheme 3. 1. 1. One-pot deacetalization-Knoevenagel condensation reaction. 

 

3. 1. 2. Experimental 

Materials 

  2-Anilinedicarboxylic acid (H2BDC-NH2), 1,4-benzenedicarboxylic acid (H2BDC), 

N’N-dimethylformamide (DMF), ZrCl4, Cr(NO3)3·9H2O, NaOH, HCl, methanol, acetone, 

triethylamine and 1, 4-dioxane were purchased from Nacalai Tesque Inc. 

1,3,5-Benzenetricarboxylic acid (H3BTC), malononitrile, benzaldehyde and benzaldehyde 

dimethylacetal were purchased from Tokyo Chemical Industry Co., Ltd. AlCl3·6H2O, 

Al(NO3)3·9H2O, Cu(NO3)3·3H2O and MgO were purchased from Kishida Chemical Co., Ltd. 

Al2O3 was purchased from Evonik. HY zeolite (SiO2/Al2O3 = 30) was purchased from 

ZEOLYST. All materials were used as received without purification. 

Catalysts preparation 

  MIL-101(Al)-NH2 was synthesized using the previously-reported method.30 The 

mixture of AlCl3·6H2O (0.51 g), H2BDC-NH2 (0.56 g) and DMF (40 ml) was subjected to 

solvothermal reaction conditions in a Teflon-lined stainless steel autoclave for 40 h at 403 K 
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under autogenous pressure. The generated precipitate was separated by filtration, washed 

repeatedly with acetone and dried under vacuum for 3 h at room temperature. 

General methods 

  Standard θ–2θ X-ray diffraction (XRD) data were recorded on a Shimadzu X-ray 

diffractometer XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). Nitrogen 

adsorption-desorption isotherms were collected by using a BEL-SORP mini (BEL Japan, Inc.) 

at 77 K. FT-IR spectra were recorded in transmittance mode by a FT-IR spectrophotometer 

equipped with a DTGS detector (JASCO FT/IR 660Plus, resolution 4 cm-1). Self-supporting 

pellets of the samples were loaded in a specially constructed IR cell, which was equipped with 

CaF2 windows. Thermogravimetric (TG) analysis was carried out using a thermal analyser 

(Rigaku Termoplus 8120), with a heating rate of 10 K min-1 in air. Scanning electron 

microscope (SEM) images were obtained with a Hitachi S-4500. 

Catalytic reactions 

Deacetalization reaction: The reactions were carried out in liquid phase in a 35 ml glass 

reactor. A solution of benzaldehyde dimethylacetal (1 mmol) and 1, 4-dioxane (4 ml) was 

stirred at 363 K with 100 mg of the catalysts in powder form. The progression of the reaction 

was monitored by using gas chromatography (Shimadzu GC-14B with a flame ionization 

detector) equipped with an InertCap®1 capillary column. 

 

Knoevenagel condensation reaction: The reactions were carried out in liquid phase in a 35 

ml glass reactor. A solution of benzaldehyde (1 mmol), malononitrile (5 mmol) and 1, 

4-dioxane (4 ml) was stirred at 363 K with 100 mg of the catalysts in powder form. The 

progression of the reaction was monitored by using gas chromatography (see above). 
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One-pot deacetalization-Knoevenagel condensation reaction: The reactions were carried 

out in liquid phase in a 35 ml glass reactor. A solution of benzaldehyde dimethylacetal (1 

mmol), malononitrile (5 mmol) and 1, 4-dioxane (4 ml) were stirred at 363 K with 100 mg of 

the catalysts in powder form. The progression of the reaction was monitored by using gas 

chromatography (see above). 

  Reusability of the catalyst was studied as follows. After the first run, the catalyst was 

washed three times with 1, 4-dioxane, dried at 313 K in air and reused for the next run. The 

above procedure was repeated three times. 

 

3. 1. 3. Results and discussion 

 

  The amino-functionalized MOF catalyst, MIL-101(Al)-NH2, was prepared from 

AlCl3·6H2O and H2BDC-NH2 by using the previously described solvothermal method.30 XRD 

and N2 adsorption-desorption measurements were performed to confirm the formation of the 

MOF structure. Figure 3. 1. 1 shows an XRD pattern of MIL-101(Al)-NH2. Although the 

diffraction pattern does not perfectly match the diffraction pattern previously reported, the 

pattern can be attributable to a MIL-101 type structure.31 In addition, because no diffraction 

patterns corresponding to the bulk Al2O3 are observed, it is confirmed that crystalline Al2O3 

are not formed in MIL-101(Al)-NH2. Figure 3. 1. 2 represents N2 adsorption-desorption 

isotherm of MIL-101(Al)-NH2. This isotherm shows the well-known characteristic steps of 

the MIL-101 type structure. The changes present in isotherm correspond to filling only the 

superoctahedra at low relative pressures (P/P0 < 0.05) and, as the pressure increases, medium 

(P/P0 = 0.15) and large cavities of the MOF become filled. By using the BET 

(Brunauer-Emmett-Teller) method to treat the N2 adsorption data, the specific surface area of 

MIL-101(Al)-NH2 was calculated to be 800 m2g-1. This value is lower than the one previously 
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reported,30 indicating that some structural defects exist in the sample of MIL-101(Al)-NH2 

prepared in this study. Despite leading to a low specific surface area of this material, the 

structural defects can be key features required to develop catalysts which exhibit better 

performances, as suggested by Corma et al.32  

 

 

Figure 3. 1. 1. XRD pattern of MIL-101(Al)-NH2. 

 

 

Figure 3. 1. 2. N2 adsorption-desorption isotherm of MIL-101(Al)-NH2. 
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  In order to further confirm the structural features, FT-IR and TG analyses were 

performed (Figures 3. 1. 3 and 3. 1. 4). The FT-IR spectrum of MIL-101(Al)-NH2 shows 

bands corresponding to the symmetric and asymmetric stretching of primary amines (3408 

and 3521 cm-1), indicating that the –NH2 groups are free without coordination. As shown in 

Fig. 3. 1. 3, MIL-101(Al)-NH2 releases water followed by desorption of some DMF and 

decomposes at temperatures above 650 K. This result indicates high thermal stability of 

MIL-101(Al)-NH2 prepared in this study.  

 

 

Figure 3. 1. 3. FT-IR spectrum of MIL-101(Al)-NH2. 
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Figure 3. 1. 4. TG curve of MIL-101(Al)-NH2 measured with a heating rate of 10 K min-1 in 

air. 

 

  Prior to exploring applications to one-pot reactions, separate deacetalization of 

benzaldehyde dimethylacetal and Knoevenagel condensation of benzaldehyde with 

malononitrile were performed over MIL-101(Al)-NH2 as test reactions. Both reactions are 

widely used in organic chemistry.33 In general, deacetalization reactions are well-known to be 

catalyzed over Brønsted acidic sites.28 On the other hand, Knoevenagel condensation 

reactions are catalyzed over Brønsted and Lewis base sites.29 Therefore, this study was 

conducted to investigate the activities of the respective Brønsted acid and base sites in 

MIL-101(Al)-NH2. For comparison purposes, the activities of MIL-101(Al)-NH2 in these 

reactions were compared to those of HY zeolite (SiO2/Al2O3 = 30) and MgO, which are 

conventional acid and base catalysts, respectively. As shown in Fig. 3. 1. 5, inspection of the 

time courses for the production of benzaldehyde in deacetalization reactions of benzaldehyde 

dimethylacetal shows that MIL-101(Al)-NH2 and HY zeolite serve as efficient catalysts for 

this process while benzaldehyde is not generated when MgO is used. The results suggest that 
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carboxylic acid groups (–COOH) present on outer surfaces or at defect sites in 

MIL-101(Al)-NH2 act as effective Brønsted acids. Subsequently, Knoevenagel condensation 

reactions of benzaldehyde with malononitrile were carried out using MIL-101(Al)-NH2, HY 

zeolite and MgO. The time courses displayed in Fig. 3. 1. 6 demonstrate that 

MIL-101(Al)-NH2 is an effective catalyst of this reaction, whereas MgO has a lower activity 

and the reaction does not proceed when HY zeolite is employed. These findings suggest that 

the –NH2 groups in MIL-101(Al)-NH2 act as base sites to promote the Knoevenagel 

condensation reaction. Furthermore, it is noteworthy that the reaction rate for 

MIL-101(Al)-NH2 is much higher than that for MgO. This result is attributable to the 

presence of –NH2 groups in MIL-101(Al)-NH2. It is well-known that the Knoevenagel 

condensation reaction undergoes through the formation of imine intermediate on the catalysts 

containing organic amines, followed by the addition of active methylene group.34–37 Therefore, 

it can be considered that the reaction is promoted more efficiently over MIL-101(Al)-NH2 

with –NH2 groups than over MgO. As explored above, the results emanating from the above 

effort show that MIL-101(Al)-NH2 possesses both Brønsted acid and base sites that serve as 

catalysts for respective deacetalization and Knoevenagel condensation reactions. 

 

 

 



66 

 

Figure 3. 1. 5. Time course of the deacetalization reaction over MIL-101(Al)-NH2 (●), HY 

zeolite (■) and MgO (◆).  

 

Figure 3. 1. 6. Time course of the Knoevenagel condensation reaction over 

MIL-101(Al)-NH2 (●), HY zeolite (■) and MgO (◆). 

 

  The potential use of MIL-101(Al)-NH2 as a bifunctional acid-base catalyst for 

one-pot reactions was investigated next. For this purpose, MIL-101(Al)-NH2 was employed to 



67 

promote the benzylidenemalononitrile (3) forming reaction between benzaldehyde 

dimethylacetal and malononitrile that takes place through sequential deacetalization and 

Knoevenagel condensation processes. Inspection of the time course of the process displayed 

in Fig. 3. 1. 7 shows that benzylidenemalononitrile is efficiently generated from benzaldehyde 

dimethylacetal (1) via a pathway involving initial formation of benzaldehyde (2), and that the 

yield of 3 reaches 94% after a 3 h reaction time. It is also shown that the reaction does not 

take place in the absence of a catalyst (entry 17 in Table 3. 1. 1). These observations clearly 

demonstrate that MIL-101(Al)-NH2 serves as an effective bifunctional acid-base catalyst for 

the sequential deacetalization and Knoevenagel condensation reaction. 

 

 

Figure 3. 1. 7. Time course of the one-pot deacetalization-Knoevenagel condensation reaction 

over MIL-101(Al)-NH2; benzaldehyde dimethylacetal ( ◆ ), benzaldehyde ( ■ ), 

benzylidenemalononitrile (●).  

 

  For comparison purposes, conventional solid and homogeneous as well as other 

MOF catalysts were applied for this one-pot acid-base reaction with the results summarized in 
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Table 3. 1. 1. When HY zeolite is used as the catalyst (entry 2), the second step, involving 

Knoevenagel condensation of benzaldehyde with malononitrile, does not take place 

efficiently. As a result, only benzaldehyde is produced because HY zeolite only serves as an 

acid catalyst for the deacetalization step. In addition, when MgO is employed (entry 3), the 

reaction between the acetal and malononitrile does not occur because the first step in the 

pathway does not take place. These results clearly demonstrate that the existence of both acid 

and base sites, like those found in MIL-101(Al)-NH2, are necessary for promotion of the 

one-pot benzylidenemalononitrile forming process. Observation made in additional studies 

show that Al2O3 does not promote this reaction, suggesting that possible impurities in 

MIL-101(Al)-NH2 comprised of aluminum oxide are not responsible for the observed 

catalytic activity (entry 4). Also, the one-pot reaction takes place when a mixture of HY 

zeolite and MgO is utilized (entry 5), but the reaction rate is much lower than that of the 

MIL-101(Al)-NH2 catalyzed process. These facts suggest that MIL-101(Al)-NH2 behaves as 

an efficient bifunctional acid-base catalyst compared to conventional solid catalysts.  

   In addition, homogeneous catalysts such as HCl and triethylamine were used for the 

one-pot reaction. The presence of the acid catalyst (HCl) leads to quantitative deprotonation 

of dimethylacetal to benzaldehyde but does not lead to the formation of 3 (entry 6). On the 

other hand, the starting substrate remains unchanged when using triethylamine as a catalyst 

even after 3 h (entry 7). Furthermore, the reaction hardly occurs even the first step of the 

reaction when the mixture of HCl and triethylamine is employed as the catalyst (entry 8). In 

the homogeneous systems, acid and base catalysts are easily neutralised, resulting in the 

deactivation of the catalysts. Various MOF catalysts such as MIL-53(Al)-NH2, MIL-53(Al), 

MIL-101(Cr)-NH2, MIL-101(Cr), Zr-MOF-NH2, Zr-MOF, Cu-MOF and Ca-MOF38 were also 

employed for the one-pot reaction (entry 9–16).39 Among the catalysts explored in this study, 

MIL-101(Al)-NH2 was found to exhibit the highest catalytic activity for the one-pot reaction. 
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This result is attributable to the presence of –NH2 groups and its large pore size (window size 

= 1.2  1.6Å).30 Specifically, the –NH2 groups promote the second condensation step of the 

reaction, and the large pore sizes enable facile diffusion of the substrates and products. 

Although MIL-101(Cr)-NH2 has both –NH2 groups and the same pore size as 

MIL-101(Al)-NH2, its catalytic activity is lower than that of MIL-101(Al)-NH2 (entry 11). To 

clarify the origin of the difference in the activity, SEM observations were conducted, as 

displayed in Fig. 3. 1. 8. The large particle size ranging from 200 nm to 400 nm is observed 

for MIL-101(Al)-NH2 compared to the particle size of MIL-101(Cr)-NH2 (50–100 nm). Since 

the Brønsted acidities are attributed to –COOH groups in the organic linker existing on the 

outer surface of the particles and in structural defects within the framework, the small 

particles are expected to be favorable for the reaction. On the other hand, however, these SEM 

images also reveal that MIL-101(Al)-NH2 has lower crystallinity than MIL-101(Cr)-NH2, 

suggesting that larger amounts of structural defects exist in MIL-101(Al)-NH2. Therefore, the 

results of the one-pot reaction can be rationalized by the amount of structural defects. As a 

consequence, MIL-101(Al)-NH2 exhibits better performance in the one-pot reaction. 

Interestingly, MOF catalysts possessing –NH2 groups not only promote the Knoevenagel 

condensation reaction but also catalyze the first deacetalization step more efficiently than 

those without primary amine moieties (entry 9, 11, 13). This outcome is associated with the 

cooperative effect of acid and base groups that lead to acceleration of the aldehyde forming 

process. In addition, it should be noted that the condensation step of the reaction is catalyzed 

by some MOF catalysts that do not contain –NH2 groups (entry 12, 14). In general, 

Knoevenagel condensation reactions are promoted by not only base catalysts but also Lewis 

acid catalysts.40 As mentioned in the introduction, it has been widely studied that 

coordinatively unsaturated metal sites of MOFs can act as Lewis acid catalysts. These facts 

suggest that coordinatively unsaturated metal sites of MOFs catalyze the second step of the 
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reaction, resulting in the catalysts. 

  Finally, recycling experiments were carried out for the evaluation of the reusability 

of MIL-101(Al)-NH2. The catalyst after the reaction for 3 h was washed with 1, 4-dioxane, 

dried at 313 K and then reused for the next run. As shown in Fig. 3. 1. 9, MIL-101(Al)-NH2 

can be reused at least three times with the retention of high catalytic activity and selectivity.  
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Table 3. 1. 1. One-pot deacetalization-Knoevenagel condensation reaction using various 

catalystsa. 

 

Entry Catalyst 

 

Conv. (%) Yield (%) 

2         3  

1 MIL-101(Al)-NH2 100 6 94 

2 HY zeolite 88 79 9 

3 MgO 7 6 1 

4 Al2O3 14 1 3 

5 HY zeolite + MgOb 67 39 20 

6 HClc 100 95 5 

7 Triethylaminec 3 1 2 

8 HCl + Triethylamined 15 5 8 

9 MIL-53(Al)-NH2 100 81 18 

10 MIL-53(Al) 14 9 5 

11 MIL-101(Cr)-NH2 86 2 84 

12 MIL-101(Cr) 60 19 38 

13 Zr-MOF-NH2 99 75 23 

14 Zr-MOF 85 57 26 

15 Cu-MOF 79 69 7 

16 Ca-MOF 38 34 2 

17 No catalyst 2 0 2 
a Reaction conditions: Benzaldehyde dimethylacetal (1 mmol), malononitrile (5 mmol), 1, 4-dioxane 

(4 mL), catalyst (100 mg), 363 K, 3 h. b The mixture of HY zeolite (50 mg) and MgO (50 mg) was 

employed as the catalyst. c 0.1 mmol of the catalyst was used. d The mixture of HCl (0.1 mmol) and 

triethylamine (0.1 mmol) was employed as the catalyst. 
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Figure 3. 1. 8. SEM images of MIL-101(Al)-NH2 (a–b) and MIL-101(Cr)-NH2 (c–d). 

 

 

Figure 3. 1. 9. Recycling tests for the one-pot deacetalization-Knoevenagel condensation 

reaction over MIL-101(Al)-NH2. Reaction conditions: Benzaldehyde dimethylacetal (1 mmol), 

malononitrile (5 mmol), 1, 4-dioxane (4 mL), catalyst (100 mg), 363 K, 3 h. 
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3. 1. 4. Conclusions 

 

The results of the investigation described above show that the amino-functionalized 

MOF, MIL-101(Al)-NH2, serves as a bifunctional acid-base catalyst. The initial studies reveal 

that MIL-101(Al)-NH2 promotes both the deacetalization of benzaldehyde dimethylacetal and 

Knoevenagel condensation of benzaldehyde with malononitrile. Moreover, owing to the 

presence of Brønsted acid and base sites, MIL-101(Al)-NH2 promotes the one-pot reaction of 

benzaldehyde dimethylacetal and malononitrile to produce benzylidenemalononitrile. In 

addition, the results show that MIL-101(Al)-NH2 exhibits higher catalytic activities than 

conventional heterogeneous acid and base as well as various MOF catalysts for the one-pot 

acid-base reaction. Lastly, MIL-101(Al)-NH2 can be recycled at least three times without 

significant loss of its catalytic activity. The observations made in this effort suggest new 

possibilities to design catalysts for one-pot reactions utilizing MOF materials. 
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3. 2. Development of a novel one-pot reaction system utilizing a bifunctional 

metal–organic framework photocatalyst under light irradiation 

 

3. 2. 1. Introduction 

 

  Much attention has been paid to one-pot reactions as an attractive synthetic concept 

for improving overall process efficiency and reducing production wastes.1–3 Design of new 

catalysts with spatially isolated multiple active sites is required to progress multi-step reaction 

cascades. Various catalytic systems have been proposed for the realization of the one-pot 

reaction, but many of these employ homogeneous catalysts, which generally suffer from 

product contamination and limited recyclability.4–6 Therefore, development of heterogeneous 

catalysts that promote one-pot reactions is currently the focus of intensive research. 7–9 

  Inorganic-organic hybrid materials have also attracted considerable attentions since 

they not only combine the respective beneficial characteristics of inorganic and organic 

components, but also often exhibit unique properties that exceed what would be expected for 

a simple mixture of the components.10–12 The construction of hybrid materials offers an 

almost infinite number of chemical and structural possibilities, namely, the structural diversity 

of inorganic-organic hybrid materials allows for accurate material design. Among them, 

metal–organic frameworks (MOFs) also called porous coordination polymers (PCPs) have 

been of great interest because of their attractive properties including high specific surface 

areas, well-ordered porous structures and structural designability.13–15 Taking advantages of 

these features, MOFs have been actively studied for many applications to gas storage, gas 

separation, sensing and catalysis.16–20 In addition, since the topology and surface functionality 

of MOFs can be readily tuned by modifying or varying the constituent metal-oxo clusters and 

bridging organic linkers, MOFs have emerged as an interesting platform to engineer 
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molecular solids for multifunctional catalysts.21–24 Although several reaction systems have 

been proposed so far based on multifunctionality in organic linkers or coordinatively 

unsaturated metal sites of the MOF catalysts, there is no report describing multifunctionality 

combined with photocatalytic and catalytic activities utilizing MOF materials. 

  In this study, a novel one-pot reaction system is developed by utilizing photocatalytic 

and base properties of amino-functionalized Zr-based MOF (UiO-66-NH2) here denoted as 

Zr-MOF-NH2. Zr-MOF-NH2 promotes sequential photocatalytic oxidation and Knoevenagel 

condensation reaction: the conversion of benzylalcohol into benzaldehyde through 

photocatalytic oxidation over Zr-oxo clusters and Knoevenagel condensation of benzaldehyde 

with malononitrile over –NH2 groups, as shown in Scheme 3. 2. 1.  

 

Scheme 3. 2. 1 One-pot sequential photocatalytic oxidation and Knoevenagel condensation 

reaction over Zr-MOF-NH2. 

 

3. 2. 2. Experimental 

 

Materials 

ZrCl4, 2-aniline-1,4-dicarboxylic acid (H2BDC-NH2), 1,4-benzenedicarboxylic acid 

(H2BDC), N’N-dimethylformamide (DMF) and 1,4-dioxane were purchased from Nacalai 

Tesque Inc. Malononitrile, benzyl alcohol, benzaldehyde and benzaldehyde dimethylacetal 

were purchased from Tokyo Chemical Industry Co., Ltd. p-Xylene was purchased from 

Kishida Chemicals Co., Ltd. 
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Catalysts preparation 

Zr-MOF-NH2 was synthesized according to the literature.25 The mixture of ZrCl4 

(0.42 g), H2BDC-NH2 (0.30 g) and ion-exchanged water (50 l) were added in DMF (40 ml) 

and dispersed by ultrasound for 10 min. The mixture was subject to react under solvothermal 

conditions in a Teflon-lined stainless steel autoclave at 393 K for 24 h under autogenous 

pressure. The precipitate was filtrated, washed repeatedly with acetone and dried under 

vacuum at 473 K for 3 h. For comparison purposes, Zr-MOF was also prepared by using 

H2BDC. 

General methods 

  Standard θ–2θ X-ray diffraction (XRD) data were recorded on a Shimadzu X-ray 

diffracotmeter XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). N2 adsorption isotherms 

were collected by using a BEL-SORP mini (BEL Japan, Inc.) after degassing of samples 

under vacuum at 473 K for 2 h. Diffuse reflectance UV–vis spectra were obtained with a 

Shimadzu UV–vis recording spectrophotometer 2200A. FT-IR spectra were recorded in 

transmittance mode by a FT-IR spectrophotometer equipped with a DTGS detector (JASCO 

FT/IR 660Plus, resolution 4 cm-1). Self-supporting pellets of the samples were loaded in a 

specially constructed IR cell, which was equipped with CaF2 windows. 

Catalytic reactions 

Photocatalytic oxidation: The catalyst (100 mg) and 4 ml of p-xylene containing benzyl 

alcohol (0.1 mmol) were added to a quartz reaction vessel. Subsequently, the sample was 

irradiated with the high pressure Hg lamp with stirring at 298 K under air. The progression of 

the reaction was monitored by a GC (Shimadzu GC-14B with a flame ionization detector) 

equipped with an InertCap®1 capillary column.  
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Knoevenagel condensation reaction: The catalyst (100 mg) and 4 ml of p-xylene containing 

benzaldehyde (0.1 mmol) and malononitrile (3 mmol) were added to a quartz reaction vessel. 

Subsequently, the mixture was heated to 363 K with stirring under air. The progression of the 

reaction was monitored by the GC. 

 

One-pot reaction: The catalyst (100 mg) and 4 ml of p-xylene containing benzyl alcohol (0.1 

mmol) and malononitrile (3 mmol) or ethyl cyanoacetate were added to a quartz reaction 

vessel. Subsequently, the sample was irradiated with a high pressure Hg lamp (500 W; Ushio 

USH-500BY) with stirring at 363 K under air. The progression of the reaction was monitored 

by the GC. 

 

3. 2. 3. Results and discussion 

 

  XRD, N2 adsorption isotherm, diffuse reflectance UV-Vis and FT-IR measurements 

were conducted to confirm the formation of Zr-MOF-NH2. Zr-MOF-NH2 exhibits a 

diffraction pattern consistent with the previously reported pattern of the UiO-66 type structure 

(Fig. 3. 2. 1). A specific surface area of Zr-MOF-NH2 was determined to be 1071 m2 g-1 by 

using BET (Brunauer-Emmett-Teller) method based calculation on its N2 adsorption isotherm 

(Fig. 3. 2. 2). This value is similar to that of Zr-MOF which has also the same UiO-66 type 

structure (1141 m2 g-1). Diffuse reflectance UV-Vis spectrum also indicates the successful 

formation of Zr-MOF-NH2 (Fig. 3. 2. 3). In addition, the FT-IR spectrum of Zr-MOF-NH2 

shows bands at 3388 and 3512 cm-1 corresponding to the symmetric and asymmetric 

stretching of primary amines (Fig. 3. 2. 4), suggesting that the –NH2 groups are free without 

coordination. These results clearly indicate the successful formation of Zr-MOF-NH2. 
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Figure 3. 2. 1. XRD patterns of Zr-MOF and Zr-MOF-NH2. 

 

 

Figure 3. 2. 2. N2 adsorption isotherms and pore size distribution curves (inset) of Zr-MOF 

and Zr-MOF-NH2. 
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Figure 3. 2. 3. Diffuse reflectance UV-Vis spectra of Zr-MOF and Zr-MOF-NH2. 

 

 

Figure 3. 2. 4. FT-IR spectra of Zr-MOF and Zr-MOF-NH2. 

 

  In an investigation exploring the potential catalytic activity of Zr-MOF-NH2, 

photocatalytic oxidation of benzyl alcohol was performed under UV-light irradiation (Fig. 3. 

2. 5). For comparison of the Zr-MOF-NH2 catalyst, the reactions were also performed over 

Zr-MOF without –NH2 groups and Al-MOF-NH2 (MIL-53(Al)-NH2)27 which does not have 
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photocatalytic activity. As shown in Fig. 3. 2. 5, Zr-MOF-NH2 and Zr-MOF catalyze the 

reaction to produce benzaldehyde as the product whereas benzaldehyde is not generated over 

Al-MOF-NH2. This result suggests that Zr-oxo clusters within Zr-MOF-NH2 and Zr-MOF 

behave as a photocatalyst under UV-light irradiation. Subsequently, the Knoevenagel 

condensation reaction of benzaldehyde with malononitrile was carried out at 363 K over 

Zr-MOF-NH2, Zr-MOF and Al-MOF-NH2, as shown in Fig. 3. 2. 6. The reaction efficiently 

proceeds over Zr-MOF-NH2 and Al-MOF-NH2. It is well-known that the Knoevenagel 

condensation reaction proceeds through the formation of imine intermediate on the catalysts 

containing organic amines, followed by the addition of active methylene group. 28 Therefore, 

the reaction is promoted more efficiently over the catalysts with –NH2 groups than over the 

catalysts without –NH2 groups. It should be noted that Al-MOF-NH2 exhibits higher catalytic 

activity for the reaction than Zr-MOF-NH2, although both MOFs have –NH2 groups within 

their structures. This result can be attributed to the large pore size of Al-MOF-NH2 (0.85 

nm)29 compared to that of Zr-MOF-NH2 (0.6 nm).25–26 The large pore size enables facile 

diffusion of the substrates and products, resulting in the higher catalytic activity. Furthermore, 

the total basicities of Zr-MOF-NH2 and Al-MOF-NH2 were also determined to be 1.25 and 

1.58 mmol g-1, respectively by using an acid-base titration method. This basicity difference 

also accounts for the difference in the activity between Zr-MOF-NH2 and Al-MOF-NH2. In 

addition, interestingly, the reaction is also catalyzed by Zr-MOF that does not contain –NH2 

groups. In general, Knoevenagel condensation reactions are promoted by not only base 

catalysts but also Lewis acid catalysts.30 It has been widely studied that coordinatively 

unsaturated metal sites of MOFs can act as Lewis acid catalysts. These facts suggest that 

coordinatively unsaturated metal sites of MOFs catalyze the Knoevenagel condensation 

reaction, generating benzylidenemalononitrile as the product. The results emanating from the 

above effort show that Zr-MOF-NH2 possesses both photocatalytic activity and basicity that 



84 

serve as catalysts for respective photocatalytic oxidation and Knoevenagel condensation 

reactions. 

 

 

 

Figure 3. 2. 5. Time course of the photocatalytic oxidation of benzyl alcohol over 

Zr-MOF-NH2 (●), Zr-MOF (◆) and Al-MOF-NH2 (■) under UV-light irradiation at room 

temperature. 
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Figure 3. 2. 6. Time course of Knoevenagel condensation of benzaldehyde with malononitrile 

over Zr-MOF-NH2 (●), Zr-MOF (◆) and Al-MOF-NH2 (■) at 363 K. 

 

  The potential use of Zr-MOF-NH2 as a bifunctional catalyst for the one-pot reaction 

was investigated next. For this purpose, Zr-MOF-NH2 was employed to promote one-pot 

synthesis of benzylidenemalononitrile (3) from benzyl alcohol and malononitrile that takes 

place through sequential photocatalytic oxidation and Knoevenagel condensation reactions 

under UV-light irradiation at 363 K. Inspection of the time course of the process displayed in 

Fig. 3. 2. 7 shows that benzylidenemalononitrile is efficiently generated from benzyl alcohol 

(1) via a pathway involving initial formation of benzaldehyde (2), and that the yield of 3 

reaches 91% after a 48 h reaction time. It is also shown that the reaction does not take place in 

the absence of a catalyst (entry 11 in Table 3. 2. 1). These observations clearly demonstrate 

that Zr-MOF-NH2 serves as an effective bifunctional catalyst for this one-pot reaction. 

However, excess amount of malononitrile (3 mmol) is used for the one-pot reaction compared 

with benzyl alcohol (0.1 mmol). Curiously, UV-light irradiation decreases the reaction rate of 

the second step of the reaction (Knoevenagel condensation), as shown in Fig. 3. 2. 8. 
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Therefore, the excess amount of malononitrile is required for the efficient progression of the 

reaction. A detailed study about the reason why UV-light irradiation decreases the reaction 

rate is now underway.31  

 

Figure 3. 2. 7. Time course of the one-pot sequential photocatalytic oxidation and 

Knoevenagel condensation reaction over Zr-MOF-NH2 under UV-light irradiation at 363 K: 

benzyl alcohol (◆), benzaldehyde ●), benzylidenemalononitrile (■). 

 

Figure 3. 2. 8. Time course of Knoevenagel condensation of benzaldehyde with malononitrile 

over Zr-MOF-NH2 under UV-light irradiation (◆) and without UV-light irradiation (●) at 

363 K. 
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  The stability of Zr-MOF-NH2 was investigated by XRD measurements before and 

after the reaction, as shown in Fig. 3. 2. 9. The diffraction peaks corresponding to the UiO-66 

structure is maintained even after the reaction, indicating that Zr-MOF-NH2 possesses high 

durability toward the one-pot reaction cascades. Moreover, the reusability test was carried out 

after the first run. Although the reaction rate is decreased, 89% yield of the final product is 

achieved after the reaction of 72 h. This result suggests that the catalyst can be reused as a 

heterogeneous catalyst with slight decrease in the activity. 

 

 

Figure 3. 2. 9. XRD patterns of Zr-MOF-NH2 before and after the one-pot reaction. 

 

  For comparison purposes, some control reactions and the one-pot reactions catalyzed 

by conventional solid and other MOF catalysts were performed (Table 3. 2. 1). When the 

reaction is performed under UV-light irradiation at 298 K (entry 2), the second step 

(Knoevenagel condensation of benzaldehyde with malononitrile) does not proceed efficiently 

whereas the first step of the reaction (photocatalytic oxidation of benzyl alcohol) proceeds to 

produce benzaldehyde. It was also found that the reaction between benzyl alcohol and 
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malononitrile does not occur without UV-light irradiation (entry 3), because the first step in 

the pathway does not take place. From these results, the UV-light irradiation and heating up to 

363 K were confirmed to be required to progress the one-pot reaction sequences. In addition, 

when Zr-MOF or ZrO2 is employed (entry 4, 5), the second step does not take place 

efficiently. It is noteworthy that Zr-MOF-NH2 exhibits higher activity than the mixture of 

Zr-MOF and amino-functionalized MCM-41 (MCM-41-NH2)32–33 or the mixture of ZrO2 and 

MCM-41-NH2, suggesting that the combination of Zr-oxo cluster and BDC-NH2 unit existing 

close to each other would be favourable for the one-pot reaction. On the other hand, the 

reaction hardly occurs over Al-MOF-NH2 that does not exhibit photocatalytic activity. These 

results clearly demonstrate that the existence of both photocatalytic activities and basicities, 

like those found in Zr-MOF-NH2, are necessary for the promotion of the one-pot 

benzylidenemalononitrile forming process. Moreover, Zn-MOF-NH2 (IRMOF-3) and 

Ti-MOF-NH2 (MIL-125(Ti)-NH2) were also prepared and employed for the reaction (entry 9, 

10).34 Since both Zn-MOF-NH2 and Ti-MOF-NH2 possess –NH2 groups and are known to 

show photocatalytic activities under light irradiation,35–36 it is expected that the one-pot 

reaction also proceeds efficiently as well as over Zr-MOF-NH2. However, their catalytic 

activities are lower than that of Zr-MOF-NH2. These facts are rationalized by the stability of 

the MOF catalysts under the reaction conditions. XRD measurements revealed that the 

structures of Zn-MOF-NH2 and Ti-MOF-NH2 are collapsed during the reaction, whereas the 

structure of Zr-MOF-NH2 is maintained under the same conditions. Therefore, Zr-MOF-NH2 

exhibits the higher activity toward one-pot sequential photocatalytic oxidation and 

Knoevenagel condensation reaction. 
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Table 3. 2. 1. One-pot sequential photocatalytic oxidation and Knoevenagel condensation 

reaction using various catalysts.a 

 

a Reaction conditions: Benzyl alcohol (0.1 mmol), malononitrile (3 mmol), p-xylene (4 mL), catalyst 

(100 mg), 363 K, UV-light irradiation, 48 h. b The reaction was performed at 298 K. c The reaction 

was performed without UV-light irradiation. d The mixture of Zr-MOF (50 mg) and MCM-41-NH2 (50 

mg) was employed as the catalyst. e The mixture of ZrO2 (50 mg) and MCM-41-NH2 (50 mg) was 

employed as the catalyst. 

 

Entry Catalyst 

 

Conv. (%) Yield (%) 

2         3  

1 Zr-MOF-NH2 100 2 91 

2b Zr-MOF-NH2 100 89 1 

3c Zr-MOF-NH2 0 0 0 

4 Zr-MOF 96 62 28 

5 ZrO2 100 75 2 

6 Zr-MOF + MCM-41-NH2
d 71 6 61 

7 ZrO2 + MCM-41-NH2
e 77 2 59 

8 Al-MOF-NH2 0 0 0 

9 Zn-MOF-NH2 37 28 7 

10 Ti-MOF-NH2 100 51 32 

11 No catalyst 0 0 0 
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  Finally, The Zr-MOF-NH2 catalyst was applied to another one-pot reaction of benzyl 

alcohol and ethyl cyanoacetate to produce ethyl α-cyanocinnamate in order to investigate the 

substrate applicability. The reaction was carried out under the same condition as the one-pot 

benzylidenemalononitrile forming process except that ethyl cyanoacetate was used in place of 

malononitrile. Ethyl α-cyanocinnamate as the final product is generated via benzaldehyde as 

the intermediate product over Zr-MOF-NH2, and the yield reaches 89% after the reaction time 

of 96 h. This fact suggests that the developed system can be applied to various one-pot 

forming processes. 

 

3. 2. 4. Conclusions 

 

  In summary, a bifunctional metal–organic framework photocatalyst consisting of 

Zr-oxo cluster and 2-aniline-1,4-dicarboxylic acid as an organic linker has been synthesized 

using a solvothermal method (Zr-MOF-NH2). First, photocatalytic oxidation of benzyl alcohol 

and Knoevenagel condensation of benzaldehyde with malononitrile were explored as test 

reactions for the evaluation of photocatalytic and base properties of Zr-MOF-NH2, 

respectively. Zr-MOF-NH2 was found to catalyze the both reactions, indicating that 

Zr-MOF-NH2 possesses both photocatalytic-active and base sites. Subsequently, 

Zr-MOF-NH2 was applied to the one-pot reaction to produce benzylidenemalononitrile 

through photocatalytic oxidation and Knoevenagel condensation under UV-light irradiation. 

Benzylidenemalononitrile as the final product was efficiently generated via benzaldehyde as 

the intermediate product over Zr-MOF-NH2. In this process, the Zr-oxo cluster catalyzes the 

first step of the reaction (photocatalytic oxidation of benzyl alcohol), and subsequently the 

–NH2 group catalyzes second step (Knoevenagel condensation of benzaldehyde with 

malononitrile), resulting in the progression of the one-pot reaction. This is the first example of 
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one-pot reaction systems utilizing photocatalytic and base properties of MOF materials. The 

observations made in this investigation should offer new insight into the design and 

manipulation of specifically functioning MOF catalysts. 
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3. 3. Zeolitic imidazolate frameworks as heterogeneous catalysts for a one-pot P–C bond 

formation reaction via Knoevenagel condensation and Phospha-Michael addition  

 

3. 3. 1. Introduction 

 

  Over the last several decades, great attention has been paid to green chemistry in 

order to attain sustainable development in the world. The green chemistry is a concept to 

produce chemical products with consideration for inherently environmentally and 

ecologically benign. Most fine chemicals are synthesized through multi-step reactions 

industrially; therefore, inevitable purification steps produce a large amount of chemical 

wastes. Moreover, the loss of products during each purification step often reduces the overall 

efficiency of the synthetic process, dramatically. In this line, one-pot chemical synthesis 

processes have been recognized as a promising approach to reduce purification steps and 

improve overall efficiency.1–3 However, the difficulties in the design of well-controlled 

isolated catalytic centers which are able to catalyze each reaction step efficiently limit a wide 

range of general application of one-pot chemical processes.  

  Metal–organic frameworks (MOFs) are organic–inorganic hybrid porous materials 

consisting of metal nodes and bridging organic linkers.4–6 They possess well-defined 

framework structures and high surface areas derive from ordered pores. Furthermore, the 

appropriate choice of metal nodes and bridging organic linkers allows for accurate material 

design.7–9 These unique features make MOFs a special class of catalyst materials and 

stimulate research to develop highly functional catalysts. 

  The present study deals with the potential catalytic performance of zeolitic 

imidazolate frameworks (ZIFs), which are one of the MOF materials,10–13 for a one-pot 

reaction to synthesise organophosphorus compounds. Organophosphorus compounds have 



96 

widely been used in the areas of industrial, agricultural and medicinal chemistry because such 

compounds containing P–C bonds often show attractive biological reactivities.14–16 Among 

available methods for the P–C bond formation, phospha-Michel reaction is the most powerful 

way and holds fundamental position.17–19 Recently, Hosseini-Sarvari et al. have reported that 

ZnO nano-rods catalyze a one-pot Knoevenagel condensation and phospha-Michael addition 

reaction, in which Lewis acid and base sites in ZnO nano-rods are considered to play a 

significant role in promoting the two step reaction.20 ZIFs are made up of Zn2+ cations as a 

node and imidazole derivatives as a linker; therefore, it is anticipated to realize a bifunctional 

effect derive from two isolated active sites, i.e., unsaturated Zn2+ cations as Lewis acid sites 

and unsaturated N atoms in imidazole derivatives as base sites. With these points in mind, ZIF 

materials have been prepared and applied to a one-pot Knoevenagel condensation and 

phospha-Michael addition reaction to produce an organophosphorus compound from 

benzaldehyde, malononitrile and diethyl phosphite (Scheme 3. 3. 1). In addition, the substrate 

scope of the ZIF-catalyzed one-pot three component reaction and recyclability of the ZIF 

catalyst have been investigated. 

 

Scheme 3. 3. 1. One-pot sequential Knoevenagel condensation and phospha-Michael addition 

reaction over Zr-MOF-NH2. 
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3. 3. 2. Experimental 

 

Materials 

  2-Methylimidazole, benzylidenmalononitrile and SiO2 were purchased from Aldrich 

Chemical Co. Benzimidazole and Zn(NO3)2·4H2O were purchased from Merck. 

2-Anilinedicarboxylic acid (H2BDC-NH2), methanol, 1, 4-dioxane and aniline were purchased 

from Nacalai Tesque Inc. Malononitrile, benzaldehyde, diethyl phosphite and 

1,2-diphenylethane were purchased from Tokyo Chemical Industry Co., Ltd. ZnO and MgO 

were purchased from Kishida Chemical Co., Ltd. Al2O3 was purchased from Evonik. All 

materials were used as received without purification.  

Catalysts preparation 

  ZIF-8 was synthesized using the previously-reported method.1 The mixture of 

2-methylimidazole (1.32 g), Zn(NO3)2·4H2O (0.60 g) and methanol (44 ml) was vigorously 

stirred for 24 h at room temperature. The generated precipitate was collected by centrifugation, 

washed repeatedly with methanol and dried for 12 h at 333 K. 

General methods 

  Standard θ–2θ X-ray diffraction (XRD) data were recorded on a Shimadzu X-ray 

diffractometer XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). N2 adsorption isotherms 

were collected by using a BEL-SORP mini (BEL Japan, Inc.) after degassing of samples 

under vacuum at 473 K for 2 h. FT-IR spectra were recorded in transmittance mode by a 

FT-IR spectrophotometer equipped with a DTGS detector (JASCO FT/IR 660Plus, resolution 

4 cm-1). Self-supporting pellets of the samples were loaded in a specially constructed IR cell, 

which was equipped with CaF2 windows. 
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Catalytic reactions 

Knoevenagel condensation reaction: The reactions were carried out in liquid phase in a 35 

ml glass reactor. A solution of benzaldehyde (1 mmol), malononitrile (3 mmol) and 1, 4 

dioxane (4 ml) was stirred at 323 K with 50 mg of the catalysts in powder form. The 

progression of the reaction was monitored by using gas chromatography (Shimadzu GC-14B 

with a flame ionization detector) equipped with an InertCap ®1 capillary column and 

1H-NMR spectroscopy (JEOL ECX-400 spectrometer operating at 400 MHz) with 1, 

2-Diphenylethane as an internal standard. 

Phospha-Michael addition reaction: The reactions were carried out in liquid phase in a 35 

ml glass reactor. A solution of benzylidenmalononitrile (1 mmol), diethyl phosphite (3 mmol) 

and 1, 4-dioxane (4 ml) was stirred at 323 K with 50 mg of the catalysts in powder form. The 

progression of the reaction was monitored by using gas chromatography and 1H-NMR 

spectroscopy (see above). 

One-pot Knoevenagel condensation and phospha-Michael addition reaction: The 

reactions were carried out in liquid phase in a 35 ml glass reactor. A solution of benzaldehyde 

(1 mmol), malononitrile (3 mmol), diethyl phosphite (3 mmol) and 1, 4 dioxane (4 ml) was 

stirred at 323 K with 50 mg of the catalysts in powder form. The progression of the reaction 

was monitored by using gas chromatography and 1H-NMR spectroscopy (see above). 

  Reusability of the catalyst was studied as follows. After the first run, the catalyst was 

washed three times with methanol, dried at 333 K in air and reused for the next run. The 

above procedure was repeated three times. 

 

3. 3. 3. Results and discussion 

 

  A ZIF material named ZIF-8 that consists of 2-methylimidazole anions and Zn2+ 
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cations was synthesized using the previously-reported method.22 The XRD pattern of the 

synthesized ZIF-8 matched well with the previously-reported one, indicating the successful 

formation of the ZIF-8 material (Fig. 3. 3. 1). Moreover, as shown in Fig. 3. 3. 2, the N2 

adsorption-desorption isotherm of ZIF-8 traced the typical type I isotherm with a steep 

increase in the amount of adsorbed N2 at very low pressures (P/P0 < 0.01). This finding 

suggests that ZIF-8 possesses a microporous structure. The BET area of ZIF-8 was 

determined to be 1716 m2 g−1 by using a BET-method-based calculation on N2 adsorption 

isotherm data. This high BET area is associated with the micropores.  

 

 

Figure 3. 3. 1. XRD patterns of ZIF-8. 
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Figure 3. 3. 2. N2 adsorption isotherms of ZIF-8. 

  The synthesized ZIF-8 was applied not to the one-pot reaction but to respective 

catalytic reactions, Knoevenagel condensation and phospha-Michael addition, individually to 

evaluate its catalytic activities. Figure 3. 3. 3a shows the results of Knoevenagel 

condensation of benzaldehyde with malononitrile over ZIF-8. The reaction efficiently 

proceeded over ZIF-8 to give benzylidenemalononitrile with complete selectivity. Moreover, 

it was found from the inspection of the time course for phospha-Michael addition shown in 

Fig. 3. 3. 3b that ZIF-8 also catalyzes the reaction producing the corresponding diethyl 

(1-phenyl-2,2-dicyanoethyl)phosphonate from benzylidenemalononitrile and diethyl 

phosphite with high selectivity. These findings indicate that ZIF-8 holds the potential of 

catalysts for the one-pot reaction to produce organophosphorus compounds via two-step 

Knoevenagel condensation and phospha-Michael addition. 
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Figure 3. 3. 3. The results of (a) Knoevenagel condensation and (b) phospha-Michael 

addition using ZIF-8 as a catalyst. Reaction conditions: (a) Catalyst (50 mg), benzaldehyde (1 

mmol), malononitrile (3 mmol), 1,4-dioxane (4 mL), 323 K, in air; (b) Catalyst (50 mg), 

benzylidenemalononitrile (1 mmol), diethyl phosphite (3 mmol), 1,4-dioxane (4 mL), 323 K, 

in air. 

 Next, ZIF-8 was applied to one-pot sequential Knoevenagel condensation and 

phospha-Michael addition. The reaction was carried out at 323 K in the presence of 

benzaldehyde, malononitrile and diethyl phosphite as reactants and 1,4-dioxane as solvent. As 

shown in Fig. 3. 3. 4, the benzaldehyde (1a) was consumed on ZIF-8, and diethyl 

(1-phenyl-2,2-dicyanoethyl)phosphonate (3a) was efficiently produced via the formation of 

intermediate benzylidenemalononitrile (2a). The yield of 3a reached 98% after a 5 h period. 

Considering that this one-pot reaction does not take place in the absence of catalysts (Table 3. 

3. 1, entry 11), it was found that ZIF-8 behaves as an effective catalyst to promote the one-pot 

Knoevenagel condensation and phospha-Michael addition reaction. The catalytic activity of 

ZIF-8 was then compared to those of conventional solid acid or base catalysts as well as 

MCM-41-NH2, which is prepared by a postsynthetic modification of MCM-41 using 
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3-aminopropyltrimethoxysilane23 and contains aminopropyl groups that have already been 

reported to promote the phospha-Michael addition.24 The results clearly demonstrated the 

extremely high catalytic activity of ZIF-8 for this one-pot reaction (Table 3. 3. 1, entry 2–6). 

This would be due to a bifunctional effect between Lewis acidity of the unsaturated Zn2+ 

cations and basicity of the unsaturated N atoms of the 2-methylimidazolate units in ZIF-8. 

The former Knoevenagel condensation reaction is generally catalyzed by base; therefore, the 

2-methylimidazolate units in ZIF-8 will contribute the promotion of the reaction as base sites. 

On the other hand, Lewis acid sites are known to coordinate oxygen of a carbonyl group of 

aldehydes, and thus, activate the aldehydes in Knoevenagel condensation.20 For the latter 

phospha-Michael addition, basic sites and Lewis acidic sites play a role in the deprotonation 

of the P–H bond in phosphites and activation of a nitrile nitrogen atom of malonates, 

respectively.17 The framework structure of ZIF-8 where basic and Lewis acidic sites exist 

close to each other would enable to activate reactive substrates and facilitate the smooth flow 

to the following reactions, resulting in the efficient promoting of the one-pot reaction on 

ZIF-8.  

 So far, various types of ZIF materials have been developed and reported, such as 

ZIF-7 formed by bridging benzimidazolate anions and Zn2+ cations, ZIF-9 formed by 

benzimidazolate anions and Co2+ cations and ZIF-67 formed by 2-methylimidazolate anions 

and Co2+ cations.11,13  These three ZIFs were also prepared and used in the one-pot reaction. 

Among four types of ZIF materials, ZIF-8 gave the best catalytic performance for the one-pot 

reaction (Table 3. 3. 1, entry 7–9). Moreover, the catalytic activity of ZIF-8 was higher than 

that of IRMOF-3, which consists of 2-amino-1,4-benzenedicarboxylate linkers and Zn-oxo 

clusters25 (Table 3. 3. 1, entry 10). These results suggest that the combination of 

2-methylimidazolate anions and Zn2+ cations is beneficial to promoting the one-pot reaction.  
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Figure 3. 3. 4. Time course of one-pot sequential Knoevenagel condensation and 

phospha-Michael addition over ZIF-8. Reaction conditions: Catalyst (50 mg), benzaldehyde 

(1 mmol), malononitrile (3 mmol), diethyl phosphite (3 mmol), 1,4-dioxane (4 mL), 323 K, in 

air. 
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Table 3. 3. 1. One-pot sequential Knoevenagel condensation and phospha-Michael addition 

using various catalysts.a 

 

a Reaction conditions: Catalyst (50 mg), benzaldehyde (1 mmol), malononitrile (3 mmol), 

diethyl phosphite (3 mmol), 1,4-dioxane (4 mL), 323 K, 5 h, in air. The progression of the 

reaction was monitored by gas chromatography and 1H-NMR spectroscopy.  

Entry Catalyst 

 

Conv. (%) Yield (%) 

2a        3a  

1 ZIF-8 100 2 98 

2 ZnO 62 59 2 

3 MgO 75 61 14 

4 Al2O3 88 80 7 

5 Hydrotalcite 100 70 26 

6 MCM-41-NH2
 81 63 15 

7 ZIF-7 88 32 54 

8 ZIF-9 81 45 36 

9 ZIF-67 100 34 66 

10 IRMOF-3 18 11 5 

11 No catalyst 0 0 0 
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  Subsequently, the ZIF-8-catalyzed one-pot three component reaction was extended to 

other substrates. The results are summarized in Table 3. 3. 2. In the case using 

differently-substituted aldehydes (Table 3. 3. 2, entry 2–5), the reaction proceeded smoothly 

on ZIF-8 to give the corresponding organophosphorus compounds (3b–e). Furthermore, ZIF-8 

promoted the one-pot reaction in the presence of benzaldehyde, ethyl cyanoacetate and diethyl 

phosphite and produced 3f in a high yield although the reaction time needed to complete was 

prolonged because the rate of the former Knoevenagel condensation is generally dominated 

by pKa values of the donor molecules.26  

  Finally, the recycling experiments were performed for the evaluation of the 

recyclability of ZIF-8. The spent catalyst was recovered by filtration after cooling to room 

temperature, washed several times with methanol, dried at 333 K in air and then reused in the 

next run. The results shown in Fig. 3. 3. 5 revealed that ZIF-8 can be recycled at least 3 cycles 

without significant loss of its reactivity and selectivity. Moreover, almost no change was 

observed in the XRD pattern of ZIF-8 after the reaction (Fig. 3. 3. 6), indicating that ZIF-8 

behaves as a heterogeneous catalyst with retaining its framework structure during the 

reaction.  
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Table 3. 3. 2. One-pot sequential Knoevenagel condensation and phospha-Michael addition 

using various catalysts.a 

 

aReaction conditions: Catalyst (50 mg), aldehyde (1 mmol), active methylene compound (3 

mmol), diethyl phosphite (3 mmol), 1,4-dioxane (4 mL), 323 K, in air. 

 

 

Entry R1 R2 Product Time (h) Conv. (%) Yield (%) 

1 H CN 3a 5 100 98 

2 CH3 CN 3b 5 100 100 

3 OH CN 3c 5 100 99 

4 NO2 CN 3d 5 100 99 

5 OCH3 CN 3e 5 100 99 

6 H COOC2H5 3f 10 100 99 
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Figure 3. 3. 5. Recycle experiments for one-pot sequential Knoevenagel condensation and 

phospha-Michael addition using ZIF-8. Reaction conditions: Catalyst (50 mg), benzaldehyde 

(1 mmol), malononitrile (3 mmol), diethyl phosphite (3 mmol), 1,4-dioxane (4 mL), 323 K, in 

air. 

 

 

Figure 3. 3. 6. XRD patterns of ZIF-8 before and after the one-pot reaction. 
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3. 3. 4. Conclusions 

 

  In summary, this study described the potential heterogeneous catalytic activity of 

ZIF-8 for a one-pot P–C bond formation reaction via Knoevenagel condensation and 

phospha-Michael addition. The one-pot reaction efficiently proceeded on ZIF-8 to give the 

corresponding organophosphorus compounds from aldehydes, active methylene compounds 

and diethyl phosphite with extremely high selectivity. The framework structure of ZIF-8, 

which includes both base sites derive from 2-methylimidazolate anions and Lewis acid sites 

derive from Zn2+ cations, was found to be beneficial to promoting the one-pot reaction. 

Moreover, ZIF-8 was able to be reused several times without significant loss of its selectivity 

and reactivity.  
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4. 1. Encapsulation of metal nanoparticles within a Zr-based metal−organic framework 

for highly efficient, reusable hydrogenation catalysts 

 

4. 1. 1. Introduction 

 

  Recently, metal nanoparticles have been the focus of much attention due to their 

unique catalytic, electrocatalytic, electronic, magnetic and optical features, which are not 

provided by bulk materials.1-7 However, most colloidal metal nanoparticles used as catalysts 

are homogeneously dispersed in solvent and result in limitations of recyclability. With these 

facts in mind, much effort has been devoted to the immobilization of metal nanoparticles onto 

solid supports to design highly active and recyclable heterogeneous catalysts.  

  Metal–organic frameworks (MOFs) also called porous coordination polymers (PCPs) 

have emerged as promising platform for supported catalysts owing to their highly ordered 

porous structures and well-controlled surface functionalities.8, 9 These unique features come 

from various combinations of metal nodes and bridging organic linkers that constitute 

MOF/PCPs. In general, metal nanoparticles are immobilized onto MOF/PCPs through 

impregnation and precipitation methods after the synthesis of MOF/PCPs. These 

methodologies are essentially hard to realize the uniform-sized nanoparticle synthesis and the 

leaching prohibition. The most desirable is the confinement of size-controlled colloidal metal 

nanoparticles preliminarily prepared within the framework of MOF/PCPs during the synthesis 

of MOF/PCPs. Additionally, in the synthetic process of colloidal metal nanoparticles, the 

formation of alloy nanoparticles is also easily attained. Alloying provides geometric structure 

change and systematic and precise control of electronic states, leading to the improvement of 

catalytic performances.10-13  

  In this study, the potential heterogeneous catalytic performance of Pd nanoparticles 
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encapsulated into a Zr-based MOF (Pd@Zr-MOF) has been investigated. Pd nanoparticles 

have been subjected to extensive research in the fields of catalytic chemistry owing to their 

efficient catalytic activities for various useful reactions. In particular, they are known to be the 

most common hydrogenation catalysts.14-16 On the other hand, Zr-MOF that behaves as a cage 

for Pd nanoparticles possesses relatively high stability among every MOF materials in 

addition to the highly ordered structure with uniform micropores.17-19 These characteristics 

should make Pd@Zr-MOF effective recyclable catalysts. Moreover, the feasibility of a 

promotional effect by alloying Pd with Au in this catalyst synthetic concept have also been 

investigated. 

 

4. 1. 2. Experimental 

 

Materials 

  Palladium chloride (PdCl2), polyvinylpyrrolidone (PVP) K30, sodium borohydride 

(NaBH4), zirconium chloride (ZrCl4), N’N-dimethylformanide (DMF) and acetone were 

purchased from Nacalai Tesque Inc. Tetrachloroauric acid (HAuCl4), terephthalic acid (TPA) 

and phosphoric acid (H3PO4) were purchased from Kishida Chemicals Co., Ltd. Solvents 

were purified by standard procedures. 

Catalysts preparation 

Synthesis of colloidal Pd nanoparticles dispersed in DMF 

  The colloidal Pd nanoparticles were prepared by the previously-reported procedure 

with a slight modification.20 Typically, 20 mg of PdCl2 (Pd: 1.12 × 10-4 mol), 834 mg of PVP, 

and 20 mL of H2O were mixed and stirred at 273 K in an ice bath. A mixture of 30 mg of 

NaBH4 and 0.5 mL of H2O were then added in the above solution, which was stirred for 30 
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min. The resulting colloidal solution was evaporated almost to dryness and then redispersed in 

10 mL of DMF through ultrasonic irradiation.  

Synthesis of colloidal Pd−Au nanoparticles dispersed in DMF 

  The colloidal Pd−Au bimetallic or pure Au nanoparticles were prepared by the same 

method as the case with the Pd nanoparticles, excepting for using precursor solutions 

containing appropriate ratios of PdCl2 and HAuCl4.20 The Pd/Au molar ratio of 3/1, 1/1, 1/3 

and 0 was employed for the precursor solutions (Au + Pd: 1.12 × 10-4 mol).  

Synthesis of Pd@Zr-MOF, PdAu@Zr-MOF and Au@Zr-MOF 

  Pd@Zr-MOF was prepared by a solvothermal method based on the preparation 

procedure of Zr-MOF.17 Firstly, 424 mg of ZrCl4, 272 mg of TPA and 6.7 mL of colloidal Pd 

nanoparticles dispersed in DMF was added in 40 mL of DMF. The obtained mixture was then 

loaded into a Teflon-lined stainless-steel and subjected to solvothermal conditions for 24 h at 

393 K under autogenous pressure. The formed precipitate was separated by filtration, washed 

repeatedly with acetone and dried at 473 K for 2 h. In the synthesis of PdAu@Zr-MOF and 

Au@Zr-MOF, the precursor solutions containing 6.7 mL of colloidal Pd−Au alloy 

nanoparticles with different Pd/Au ratio of Pd/Au = 1/3, Pd/Au = 1 and Pd/Au = 3 or pure Au 

nanoparticles dispersed in DMF were employed in place of colloidal Pd nanoparticles.  

General methods 

  Standard θ–2θ X-ray diffraction (XRD) data were recorded on a Shimadzu X-ray 

diffractometer XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). Specific surface areas were 

estimated from the amount of N2 adsorption at 77 K using the BET (Brunauer-Emmett-Teller) 

equilibrium equation. Diffuse reflectance UV–vis spectra were obtained with a Shimadzu 

UV–vis recording spectrophotometer 2200A. Transmission electronic microscope (TEM) 

images were taken with JEM-2000FX operating under 200 kV accelerating voltage. Electron 
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spin resonance (ESR) spectra were recorded with a JEOL JES-RE-2X at 77 K.  

Catalytic reaction 

  The hydrogenation of nitrobenzene to produce aniline was performed to evaluate the 

catalytic activity of the synthesized catalysts. The powdered catalysts (metal content: 1.0 × 

10-5 mol), nitrobenzene (1.25 mmol for Pd@Zr-MOF or 10 mmol for PdAu@Zr-MOF) and 

methanol (10 mL) were introduced into a glass reaction vessel with a reflux condenser. The 

resulting mixture was bubbled with hydrogen for 15 min and then stirred at 313 K under 

hydrogen bubbling (10 mL min-1). The progress of the reaction was monitored by gas 

chromatography (GC) analysis using an internal standard technique (n-dodecane). Analytical 

GC was performed using a Shimadzu GC-14B with a flame ionization detector equipped with 

Inertcap® 1 column.  

  The recycling experiments were performed by the following procedure. The catalyst 

samples after reaction were recovered by centrifugation and decantation and washed with 

methanol thoroughly three times, followed by natural drying at 373 K for 3 h. The resulting 

powdered samples were used in another catalytic cycle.  

 

4. 1. 3. Results and discussion 

 

  Figure 4. 1. 1 displays XRD patterns of Pd@Zr-MOF and Zr-MOF. The diffraction 

pattern of Pd@Zr-MOF is coincident with that of Zr-MOF, suggesting that the UiO-66 type 

structure was formed even using a precursor solution containing colloidal Pd nanoparticles.17 

In addition, N2 adsorption−desorption measurements reveal the formation of angstrom-sized 

pores. Both of the N2 adsorption−desorption isotherms of Pd@Zr-MOF and Zr-MOF shown 

in Fig. 4. 1. 2 exhibited the typical type I isotherm with a steep increase in the amount of 

adsorbed N2 at very low pressures (P/P0 < 0.01), indicating the formation of a rigid 
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microporous structure. The BET specific surface area (SBET) and micropore volume (Vmicro) of 

Pd@Zr-MOF are determined to be 944 m2 g-1 and 0.42 cm3 g-1, respectively, which are almost 

similar values to those of Zr-MOF (SBET = 1171 m2 g-1 and Vmicro = 0.50 cm3 g-1). Slight 

decreases in the specific surface and pore volume of Pd@Zr-MOF will be caused by a pore 

blockage due to the presence of Pd nanoparticles. 

  To gain an insight into the size and location of the immobilized Pd nanoparticles, 

TEM observations were performed. Figure 4. 1. 3 shows TEM images of Pd@Zr-MOF. In 

this TEM image, highly dispersed Pd nanoparticles with a mean size of ca. 5 nm were 

observed. Moreover, these images seem to demonstrate that Pd nanoparticles were located 

mainly on the inside of the Zr-MOF particles.  

 

 

Figure 4. 1. 1. XRD patterns of Zr-MOF and Pd@Zr-MOF. 
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Figure 4. 1. 2. N2 adsorption–desorption isotherms of Zr-MOF and Pd@Zr-MOF. 

 

 

Figure 4. 1. 3. TEM image of Pd@Zr-MOF. 

 

 The hydrogenation of nitrobenzene to aniline was then performed over Pd@Zr-MOF. 

For comparison purposes, Pd nanoparticles deposited on Zr-MOF (Pd/Zr-MOF) were 

prepared by a post-synthetic impregnation method (details are given in the supporting 

information) and were used in the same catalytic reaction. The time courses of the 
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hydrogenation of nitrobenzene to aniline by using Pd@Zr-MOF, Pd/Zr-MOF and Zr-MOF are 

shown in Fig. 4. 1. 4. The reaction proceeded efficiently over Pd@Zr-MOF and Pd/Zr-MOF, 

while no reaction occurred when using Zr-MOF. These results indicate that Pd nanoparticles 

act as effective catalysts for this hydrogenation reaction and that Zr-MOF does not have 

active center. The reaction rates over Pd@Zr-MOF and Pd/Zr-MOF show not so much 

difference, and nearly 100% conversion of nitrobenzene was achieved within only 2 h. In 

addition, there were negligible by-products (e.g., nitrosobenzene) in the reaction products.  

  On the other hand, recycling experiments demonstrate clear differences of the 

catalyst stability between Pd@Zr-MOF and Pd/Zr-MOF. The results of recycling experiments 

are summarized in Fig. 4. 1. 5. Pd@Zr-MOF exhibited reusability at least 4 times without 

significant loss of its catalytic activity. In contrast, the catalytic activity of Pd/Zr-MOF was 

gradually decreased when being repeatedly employed for the reaction. These results indicate 

that Pd nanoparticles in Pd@Zr-MOF are encapsulated within Zr-MOF and immobilized 

strongly enough to prohibit from leaching during the reaction.  

 

Figure 4. 1. 4. Time course of hydrogenation of nitrobenzene over Pd@Zr-MOF, Pd/Zr-MOF 

and Zr-MOF. 
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Figure 4. 1. 5. Recycling experiments for Pd@Zr-MOF and Pd/Zr-MOF. 

 

  In the encapsulation procedure developed here, the types and compositions of 

catalytically active metal nanoparticles can be readily varied during the process of the metal 

nanoparticle synthesis. Pd−Au bimetallic nanoparticles were also tried to be encapsulated in 

Zr-MOF (PdAu@Zr-MOF) for further improvement of catalytic activity. Firstly, colloidal 

Pd−Au bimetallic nanoparticles were prepared and characterized by using UV−vis absorption 

measurements. Figure 4. 1. 6 shows UV−vis absorption spectra of colloidal Pd−Au bimetallic 

nanoparticles with different Pd/Au ratio. Colloidal pure Au nanoparticles (Pd/Au = 0) 

exhibited clear absorption band at around 540 nm which originates from localized surface 

plasmon resonance of Au nanoparticles. As contrasted to the pure Au sample, all colloidal 

bimetallic samples did not show absorption bands derive from localized surface plasmon 

resonance. This finding suggests that Au and Pd nanoparticles exist not independently of each 

other but as alloy particles.21 Following the successful formation of colloidal Pd−Au 

bimetallic nanoparticles, PdAu@Zr-MOF was synthesized by the same solvothermal method 

as one used for the synthesis of Pd@Zr-MOF except for using different precursor solutions. 

As shown in Fig. 4. 1. 7, PdAu@Zr-MOF and Au@Zr-MOF exhibited almost the same 
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diffraction patterns as that of Zr-MOF, indicating the formation of the UiO-66-type 

framework structure.  

The effect of alloying with Au on the catalytic activity was then investigated through 

the same hydrogenation reaction. Figure 4. 1. 8 presents the results of the hydrogenation of 

nitrobenzene to aniline catalyzed by various metal nanoparticles encapsulated in Zr-MOF. The 

alloying with Au led to the enhancement of the catalytic activity, and the optimal mixing ratio 

was found to be Pd/Au = 3. On the other hand, Au@Zr-MOF hardly promoted the 

hydrogenation reaction under the same reaction conditions. This gives an indication that a 

synergic effect exists between Pd and Au atoms for Pd−Au bimetallic nanoparticles within 

PdAu@Zr-MOF. Recently, some researchers reported the enhanced catalytic activity for 

hydrogenation reactions when using bimetallic Pd−Au nanoparticle catalysts, where the 

decrease in electron density of Pd atoms due to electronic interaction between Pd and Au 

atoms was explained to be responsible for the catalytic activity improvement.10,21,22 Similar 

electronic enhancement effects would take place in the bimetallic catalysts developed here. 

By contrast, the enhancement effect was almost negligible when the physical mixture of 

Pd@Zr-MOF and Au@Zr-MOF was employed for the catalyst. This finding suggests that the 

mixing at atomic level is absolutely imperative in order to achieve the catalytic enhancement 

by Au addition. 
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Figure 4. 1. 6. UV–vis absorption spectra of colloidal Pd−Au bimetallic nanoparticles with 

different Pd/Au ratio of (a) pure Au, (b) Pd/Au = 1/3, (c) Pd/Au = 1 and (d) Pd/Au = 3. 

 

 

Figure 4. 1. 7. XRD patterns of (a) Au@Zr-MOF and (b–d) PdAu@Zr-MOF with different 

Pd/Au ratio of (b) Pd/Au = 1/3, (c) Pd/Au = 1 and (d) Pd/Au = 3. 
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Figure 4. 1. 8. Hydrogenation of nitrobenzene over various metal nanoparticles-encapsulated 

Zr-MOF catalysts. 

 

4. 1. 4. Conclusions 

 

  Pd nanoparticles have been shown to be successfully encapsulated within Zr-MOF 

during the synthesis of the framework structure of Zr-MOF. The resulting material exhibited 

an efficient catalytic activity for hydrogenation of nitrobenzene to give aniline in a good yield. 

The encapsulation of Pd nanoparticles within Zr-MOF was found to provide high recyclability 

of the catalyst. Moreover, the improvement of catalytic activity was easily attained by 

alloying of Pd nanoparticles with Au before encapsulation of the metal nanoparticles.  
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4. 2. Yolk-shell Pd nanoparticles@ZIF nanostructures for size-selective hydrogenation 

reactions 

 

4. 2. 1. Introduction 

 

Metal–organic frameworks (MOFs) also called porous coordination polymers (PCPs) 

are new crystalline hybrid materials prepared via well-established principles of coordination 

chemistry using self-assembly of metal ions or metal clusters with organic linkers.1–6 Unlike 

traditional inorganic porous materials, unlimited possible combination of such an assembly 

enables to access the reticular structures with tunable porosity and attractive functions. In 

addition, new synergetic properties have been realized by incorporating functional species 

into MOFs to form composite materials in order to further expand the functionalization of 

MOFs.7–10 There have been a large number of reports describing the incorporation of 

functional components into MOFs.11–15 Among them, encapsulation of nanoparticles is widely 

investigated to demonstrate specific functional properties that cannot be obtained from the 

parent MOFs.16–18  

Specifically, yolk-shell nanostructures have gained recent research interest due to 

their potential applications in heterogeneous catalysis.19–20 Integrating the functions of the 

nanocrystal core, the nanostructured shell, and the cavity in between provides a tool for 

optimizing the performance of a nanomaterial. In a yolk-shell catalyst, the metal core provides 

a catalytically active surface for the reaction and the porous shell serves as a barrier layer to 

prevent aggregation of the active surface with neighboring metal cores during the 

reaction.21–22 Compared with the core-shell nanostructure, in which the shell is directly on the 

metal surface, the yolk-shell structure is characteristic of a free noble metal core inside a 

hollow shell with a relatively homogeneous surrounding environment, allowing for exposure 
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of all the active sites to contact with the reactants during the catalytic process.23 It has been 

proposed that the shell in the yolk-shell structure could introduce multiple functions into the 

catalyst, such as regulation of diffusion and control of molecular-size selectivity.24–25 However, 

in most of the yolk-shell catalysts, the shell has served only one function, acting as a 

protective layer to prevent aggregation between particles during the reaction.26 This is mainly 

because the shell materials were limited to nonordered porous materials, restricting the 

functions of the shells.  

Herein a general synthetic strategy for yolk-shell structures is proposed with zeolitic 

imidazolate frameworks (ZIFs), which are one of the MOF materials.27 The synthetic strategy 

involves the deposition of Pd nanoparticles on carboxylate-terminated polystyrene (PS), 

followed by coatings with ZIF-8.28 Subsequently, PS was extracted by washing with 

dimethylformamide (DMF) solution to obtain Pd@ZIF-8 having the yolk-shell structure, as 

shown in Scheme 4. 2. 1. Size-selective hydrogenation reactions have been realized over 

Pd@ZIF-8 by taking advantage of the uniform and microporous structure of the ZIF-8 shell. 

The method proposed here can offer a simple approach to design MOF catalysts having 

yolk-shell structures with the size selectivity. Indeed, the present results demonstrate that 

MOFs can be used as interesting platforms to create multifunctional catalysts. 

 

 

Scheme 4. 2. 1. Schematic illustration of synthesis of yolk-shell Pd@ZIF-8. 
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4. 2. 2. Experimental 

Materials 

  Styrene, methacrylic acid, dimethylformamide (DMF), peroxydisulfuric acid, 

methanol, palladium chloride (PdCl2), sodium borohydride (NaBH4), n-octane, 2-octane, 

cyclohexene, cyclohexane, cyclooctene, n-decane and n-hexane were purchased from Nacalai 

Tesque Inc. Sodium hydroxide and sodium carbonate were purchased from Kishida 

Chemicals Co., Ltd. 2-Methylimidazole, 1-octene, 1-octyne, 2-octane and cyclooctane were 

purchased from Tokyo Chemical Industry Co. Ltd. Zn(NO3)2·4H2O was purchased from 

Merck. Solvents were purified by standard procedures. 

Catalysts preparation 

Synthesis of polystyrene colloidal templates (PS) 

  Non-crosslinked, monodisperse polystyrene spheres with carboxylic acid terminated 

surfaces were synthesized using an emulsifier-free emulsion polymerization technique.29 In a 

typical synthesis, a three-necked, 200 ml round-bottomed flask was filled with water (80 ml) 

and heated to 348 K before styrene (7.0 g) and methacrylic acid (0.35 g) were added under 

intensive stirring. Nitrogen was bubbled to deaerate the mixture for 30 min. In a separate 25 

ml polyethylene bottle, sodium hydroxide (24 mg) and sodium carbonate (24 mg) was 

dissolved in water (5 ml), and the solution was added to the former solution which was 

reheated to 348 K. Potassium persulfate initiator (30 mg) was added to water (5 ml) and the 

solution was deaerated for 10 min. After the initiator was added to the total solution, nitrogen 

was passed through the flask for 10 min. The temperature was kept at 348 K for 12 h. After 

alternating centrifugation and dispersion using water several times to expunge residues, 

monodisperse carboxylate-terminated polystyrene particles (330 nm) were obtained and fully 
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dispersed in methanol. 

Synthesis of Pd supported PS (Pd/PS) 

  PS (500 mg) and PdCl2 (8.3 mg) were dissolved in methanol (3.6 mL) and the 

solution was stirred for 2 h at room temperature. Methanol (1.9 ml) containing sodium boron 

hydride (11.1 mg) was slowly added to the mixed solution. After the solution was kept 

stirring for 30 min, Pd supported PS (Pd/PS) was washed with methanol 3 times and 

redisposed in methanol. 

Synthesis of Pd/PS encapsulated ZIF-8 (Pd/PS@ZIF-8) 

  Methanol containing Pd/PS (1.2 ml), 2-methylimidazole (830 mg), Zn(NO3)2·4H2O 

(264 mg) and methanol (40 ml) were mixed in a 200 ml glass vessel. The mixed solution was 

stirred for 10 min. at 343 K. The resulting Pd/PS encapsulated ZIF-8 (Pd/PS@ZIF-8) was 

washed with methanol 3 times and collected by centrifugation. 

Synthesis of Pd encapsulated ZIF-8 (Pd@ZIF-8) 

  Pd/PS@ZIF-8 was added in DMF (50 ml) and kept for 12 h. the resulting solid was 

washed with DMF and methanol, and then dried in air at 343 K (Pd@ZIF-8). 

General methods 

  Standard θ–2θ X-ray diffraction (XRD) data were recorded on a Shimadzu X-ray 

diffractometer XRD-6100 using Cu Kα radiation (λ = 1.5406 Å). Specific surface areas were 

estimated from the amount of N2 adsorption at 77 K using the BET (Brunauer-Emmett-Teller) 

equilibrium equation. Diffuse reflectance UV–vis spectra were obtained with a Shimadzu 

UV–vis recording spectrophotometer 2200A. Transmission electronic microscope (TEM) 

images were taken with JEM-2000FX operating under 200 kV accelerating voltage. Electron 

spin resonance (ESR) spectra were recorded with a JEOL JES-RE-2X at 77 K. X-ray 

absorption fine structure (XAFS) spectra were recorded at the BL-01B1 facility of the Photon 
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Factory at Spring-8 at the Japan Synchrotron Radiation Research Institute (JASRI). The Pd 

K-edge XAFS spectra were measured in the fluorescence mode, with a Si(111) double-crystal 

monochromator at room temperature. 

Catalytic reaction 

  The hydrogenation reactions were performed to evaluate the catalytic activity of the 

prepared catalysts. Typically, the catalysts (Pd = 5 mol), 1-octene (5 mmol) and methanol 

(10 mL) were introduced into a glass reaction vessel with a reflux condenser. The resulting 

mixture was bubbled with hydrogen for 15 min and then stirred at 313 K under hydrogen 

bubbling (10 mL min-1). The progress of the reaction was monitored by gas chromatography 

analysis using an internal standard technique (n-decane). 

  The recycling experiments were performed by the following procedure. The catalyst 

samples after reaction were recovered by centrifugation and decantation and washed with 

methanol thoroughly three times, followed by natural drying at 373 K for 3 h. The resulting 

powdered samples were used in another catalytic cycle.  

 

4. 2. 3. Results and discussion 

 

Pd@ZIF-8 with yolk-shell nanostructure was synthesized by utilizing 

carboxylate-terminated polystyrene (PS) as a template. Figure 4. 2. 1 and 4. 2. 2 display the 

successful formation of the yolk-shell nanostructure through this template method. Pd 

nanoparticles with the size of 10-20 nm can be seen inside of the ZIF-8 shells. Powder X-ray 

diffraction (XRD) measurements were carried out in order to confirm the formation of ZIF-8 

structures, as shown in Fig. 4. 2. 3. It was found that the observed diffraction patterns for 

Pd@ZIF-8 are in good agreement with the previously-reported diffraction pattern of a 

ZIF-8-type structure.30 No diffraction peaks corresponding to residual precursors or oxide 
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species were observed in the patterns. N2 adsorption isotherms are shown in Fig. 4. 2. 4. 

Using the BET (Brunauer-Emmett-Teller) method, the specific surface area of Pd@ZIF-8 was 

measured to be 1231 m2g-1. This high surface area indicates the successful formation of the 

ZIF-8 structure. The local structure of Pd species in Pd@ZIF-8 was investigated by XAFS 

measurements (Fig. 4. 2. 5). The edge position as well as the shape of the XANES spectrum 

of Pd@ZIF-8 corresponds well to those of Pd foil used as a reference. Fourier transform of 

the EXAFS (FT-EXAFS) spectrum (without phase-shift corrections) of Pd@ZIF-8 exhibits 

one strong peak corresponding to neighboring Pd atoms (2.0–3.0 Å). Other peaks arising from 

oxides were not observed in the spectrum. These facts indicate that Pd species in Pd@ZIF-8 

mainly exist in a metal state without change during the preparation process. 

 

 

Figure 4. 2. 1. SEM image of (a) carboxylate-terminated PS and TEM images of (b) Pd/PS 

and (c) Pd/PS@ZIF-8 with schematic illustrations. 
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Figure 4. 2. 2. TEM images of Pd@ZIF-8 with schematic illustration. 

 

 

 

Figure 4. 2. 3. XRD patterns of Pd@ZIF-8 and ZIF-8. 
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Figure 4. 2. 4. N2 adsorption-desorption isotherm of Pd@ZIF-8. 

 

 

Figure 4. 2. 5. XANES and EXAFS spectra of Pd@ZIF-8, Pd/PS, PdO, PdCl2 and Pd foil. 

 

The prepared Pd@ZIF-8 catalyst has been utilized for a competitive hydrogenation 

of olefins in the liquid phase. Figure 4. 2. 6 shows time course of 1-octene and cyclooctene 
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conversion in the competitive hydrogenation reaction over Pd@ZIF-8. Pd@ZIF-8 catalyzed 

the hydrogenation of 1-octene, while the hydrogenation of cyclooctene was not efficiently 

promoted. This result can be attributed to size selective property of Pd@ZIF-8 derived from 

uniform and microporous structure nature of ZIF-8 shell. 1-Octene molecules (1.7 Å)31 were 

small enough to diffuse through the pore apertures of the ZIF-8 shells (3.4 Å)30 without 

serious hindrance. In contrast, the cyclooctene molecules (5.5 Å)31 were much bigger than the 

pore apertures. As a result, hydrogenation reaction of 1-octene was preferentially promoted 

over Pd@ZIF-8. It was also found that Pd@ZIF-8 could be reused at least three times without 

significant loss in the catalytic activity and selectivity, as shown in Fig. 4. 2. 7. In order to 

check the durability of the catalyst, TEM, XRD and XAFS measurements were carried out. 

The yolk shell structure was found to be retained even after the catalytic reaction, as shown in 

Fig. 4. 2. 8. The results of XRD measurements (Fig. 4. 2. 9) revealed that the diffraction 

peaks corresponding to the ZIF-8 structure was maintained even after the reaction. In addition, 

no significant change was observed for Pd nanoparticles encapsulated in the ZIF-8 shell after 

the hydrogenation reaction. These results clearly indicate that Pd@ZIF-8 possesses high 

durability toward the competitive hydrogenation reaction of olefins.  
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Figure 4. 2. 6. Time course of 1-octene and cyclooctene conversion in the competitive 

hydrogenation reaction over Pd@ZIF-8. Reaction conditions: 1-octene (5.0 mmol), 

cyclooctene (5.0 mmol), methanol (10 mL), n-decane (10 μL) and catalyst (Pd = 5.0 μmol), T 

= 313 K, t = 4 h. 
 

 

Figure 4. 2. 7. Recycling experiment of 1-octene and cyclooctene conversion in the 

competitive hydrogenation reaction over Pd@ZIF-8. Reaction conditions: 1-octene (5.0 

mmol), methanol (10 mL), n-decane (10 μL) and Pd@ZIF-8 (Pd = 5.0 μmol), T = 313 K, t = 4 

h. 
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Figure 4. 2. 8. TEM image of Pd@ZIF-8 after the catalytic reaction. 

 

 

 

Figure 4. 2. 9. XRD patterns of Pd@ZIF-8 before and after the catalytic reaction. 
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Figure 4. 2. 10. XANES and EXAFS spectra of Pd@ZIF-8 before and after the catalytic 

reaction. 

 

4. 2. 4. Conclusions 

 

Pd nanoparticles have been incorporated within a ZIF-8 shell through templating 

method using carboxylate-terminated polystyrene spheres to construct yolk-shell structures. 

The prepared catalyst, Pd@ZIF-8, was successfully applied to a competitive hydrogenation of 

olefins in the liquid phase. Hydrogenation of 1-octene proceeded smoothly over Pd@ZIF-8, 

while hydrogenation of cyclooctene was not efficiently promoted. This result is attributable to 

size selective property of Pd@ZIF-8 as a consequence of uniform and microporous structure 

nature of ZIF-8 shell. Pd@ZIF-8 could be reused at least three times without significant loss 

in the catalytic activity and selectivity. Moreover, the yolk shell structure was found to be 

retained even after the catalytic reaction, indicating the high stability of Pd@ZIF-8. These 

findings suggest new possibilities to design highly functional size-selective catalysts by using 

MOFs as interesting platforms. 
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General conclusions 
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General conclusions 

 

In this thesis, metal−organic frameworks (MOFs) have been utilized as highly 

functional heterogeneous catalysts. The results obtained in this study indicate that MOFs 

serve as multifunctional platforms for a variety of catalytic applications including 

photocatalytic reactions, one-pot sequential reactions and hydrogenation reactions. 

MOF-based catalysts developed here have been demonstrated to exhibit superior catalytic 

performance to the conventional solid catalysts explored in this study. In addition, the reaction 

mechanisms have been also investigated and discussed by using various characterization 

techniques. The main results obtained have been summarized below. 

 

Summary of Chapter 2 

 

Chapter 2 deals with developments of novel visible-light-responsive MOF 

photocatalysts through design of visible-light-active organic linkers acting as a light 

harvesting unit. An amino-functionalized Ti-based MOF was synthesized by using a 

2-anilinedicarboxylic acid organic linker (Ti-MOF-NH2). Ti-MOF-NH2 efficiently promoted 

hydrogen production reaction in an aqueous solution containing triethanolamine (TEOA) as a 

sacrificial electron donor under visible-light irradiation conditions. In this process, the organic 

linker absorbs visible light and its excited state transfers an electron to the photocatalytically 

active titanium-oxo cluster. Ti-MOF-NH2 was also fond to catalyze photocatalytic reduction 

of nitrobenzene under visible-light irradiation. Furthermore, utilizable range of wavelength 

and sacrificial reagents of MOF photocatalyst-catalyzed systems were successfully expanded 

up to 620 nm by employing a bis(4'-(4-carboxyphenyl)-terpyridine)Ru(II) complex (Ru(tpy)2) 
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as an organic linker.  

 

Summary of Chapter 3 

 

In Chapter 3, various one-pot reactions have been developed using multifunctional 

MOF catalysts. The multifunctional MOFs have been designed by modifying or varying the 

core metal-oxo clusters and bridging organic linkers. An amino-functionalized Al-based MOF, 

MIL-101(Al)-NH2, was found to serve as a bifunctional acid-base catalyst to promote a 

one-pot reaction producing benzylidenemalononitrile via sequential deacetalization and 

Knoevenagel condensation. Observations made in this effort show that activity of 

MIL-101(Al)-NH2 as acid-base bifunctional catalysts is superior to those of conventional 

heterogeneous, homogeneous as well as other functionalized metal-organic framework 

catalysts. Moreover, a bifunctional MOF photocatalyst consisting of Zr-oxo cluster and 

2-aniline-1,4-dicarboxylic acid as an organic linker (Zr-MOF-NH2) has been synthesized and 

employed for a one-pot reaction to produce benzylidenemalononitrile through photocatalytic 

oxidation and Knoevenagel condensation under UV-light irradiation. In this process, the 

Zr-oxo cluster catalyzes the first step of the reaction (photocatalytic oxidation of benzyl 

alcohol), and subsequently the –NH2 group catalyzes second step (Knoevenagel condensation 

of benzaldehyde with malononitrile), resulting in the progression of the one-pot reaction. 

Furthermore, a sequential one-pot reaction to produce organophosphorus compounds via 

Knoevenagel condensation and phospha-Michael addition has been realized by utilizing a 

zeolitic imidazolate framework (ZIF-8) as a heterogeneous catalyst. The combination of 

2-methylimidazolate anions as a Lewis base sites and Zn2+ ions as a Lewis acid sites in ZIF-8 

was revealed to be effective for the efficient promotion of the one-pot reaction. 
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Summary of Chapter 4 

 

Metal nanoparticles as catalytically active components have been encapsulated in 

MOF materials and utilized for hydrogenation reactions as highly efficient and reusable 

catalysts in Chapter 4.  Colloidal Pd nanoparticles preliminarily prepared were confined 

within the framework of Zr-MOF during MOF synthesis process. The resulting Pd@Zr-MOF 

catalyst exhibited an efficient catalytic activity for hydrogenation of nitrobenzene and high 

recyclability due to the encapsulation of Pf nanoparticles. In addition, this catalyst design 

methodology could be applied to Pd–Au bimetallic nanoparticles; as a consequence, an 

improved catalytic activity based on alloying was attained. In addition, yolk-shell 

nanostructures were designed with Pd nanoparticles and ZIF-8 shell for size-selective 

hydrogenation reactions (Pd@ZIF-8). The synthetic strategy involved the deposition of Pd 

nanoparticles on carboxylate-terminated polystyrene (PS), followed by coatings with ZIF-8. 

Subsequently, PS was extracted by washing with dimethylformamide (DMF) solution to 

obtain Pd@ZIF-8 having the yolk-shell structure. The size selectivity was realized by taking 

advantage of the uniform and microporous structure nature of ZIF-8. Size selective property 

of the Pd@ZIF-8 catalyst was evaluated through a competitive hydrogenation of olefins. 

Pd@ZIF-8 efficiently catalyzed the hydrogenation of 1-octene, while the hydrogenation of 

cyclooctene hardly proceeded. It was also found that Pd@ZIF-8 could be reused at least three 

times without significant loss in the catalytic activity and selectivity. 
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