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ABSTRACT 

 

Metal-organic frameworks (MOFs) are a class of newly emerged crystalline 

porous materials consisting of metal ions or clusters and organic linkers. Through 

judicious choice of inorganic joints and organic struts, the structure, porosity and 

functionality of MOFs can be tuned. However, the lack of high stability of most of the 

reported MOFs as well as limited methods to introduce multiple functionalities into the 

framework hinders the exploration of MOFs towards a wide variety of potential 

applications. The main goal of this research is to develop synthetic strategies to construct 

MOFs with high stability and multiple functionalities. 

Firstly, a brief introduction of MOFs was provided, focusing on strategies to 

increase their stability and introduce functionalities. 

Secondly, a facile one-pot synthetic strategy was developed to introduce porphyrin 

into highly stable UiO-66 homogeneously. The crystal structure, morphology, and 

ultrahigh chemical stability of UiO-66 were well maintained in the functionalized MOFs. 

In addition, the amount of integrated porphyrin can be gradually tuned. 

Thirdly, a general in situ secondary ligand incorporation (ISLI) strategy was 

investigated to synthesize multivariate UiO series of MOFs. Both experimental and 

computational studies were carried out to understand the chemistry behind this strategy. 

Fourthly, ISLI strategy was further applied in highly stable Zr-MOFs constructed 

from multitopic ligands to incorporate multiple functionalities.  
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Fifthly, a porphyrin and pyrene-based mixed-ligand MOF with high stability and 

novel topology was synthesized. This MOF provides an ideal platform for further 

functionalization and exploration of new structures. 

In summary, different strategies were investigated to construct highly stable MOFs 

with the incorporation of multiple functionalities. These studies provide useful tools to 

explore stable MOFs with desired multifunctionality for potential applications. 
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CHAPTER I  

INTRODUCTION  

 

In the past two decades, metal-organic frameworks (MOFs) have emerged as a 

new class of highly ordered porous materials.1-3 MOFs are constructed from inorganic 

nodes and organic linkers (Figure I-1). Due to the modular nature of MOFs, their 

structure, porosity and functionality can be tuned on the atomic level, which attracted 

growing attention for applying MOFs in many areas, including gas storage,4-7 gas 

separation,8-9 catalysis,10-14 sensing,15-18 light harvesting,19 and biomedicine.20-21  

 

Figure I-1. Schematic representation of the synthesis of MOF-5. 

MOFs with high stability are greatly desired to guarantee their structural integrity 

during the application process.22 However, large numbers of the reported MOFs are 

constructed from low valent metal (e.g. Cu2+, Zn2+, and Mn2+) clusters and carboxylate 

                                                 

 Reproduced with permission from: Helm, L.; Merbach, E. A., “Applications of advanced 

experimental techniques: high pressure NMR and computer simulations” J. Chem. Soc., Dalton 
Trans., 2002, 5, 633–641. Copyright 2002 by Royal Society of Chemistry; Deng, H.; Doonan, C. J.; 

Furukawa, H.; Ferreira, R. B.; Towne, J.; Knobler, C. B.; Wang, B.; Yaghi, O. M., “Multiple 

Functional Groups of Varying Ratios in Metal-Organic Frameworks” Science, 2010, 327, 846-850. 

Copyright 2010 by American Association for the Advancement of Science. 
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organic ligands, and thus these MOFs suffer from weak stability.23-24 This is because of 

the labile bonds formed between relatively soft Lewis acidic species (metal clusters) and 

hard Lewis basic species (carboxylate ligands), which have weak stabilization energy 

and undergo fast dissociation process in various conditions (e.g. moisture, acid, and base) 

(Figure I-2).25 To address this issue, many MOFs with high valent metal (e.g. Al3+, Fe3+, 

Zr4+) clusters have been synthesized and studied in recent years.26-30 

 

Figure I-2. Aqua exchange rate for various metal cations. 

In addition to the robustness, MOFs with various functionalities are highly 

desired since the properties of MOFs are significantly influenced by the functionality 

incorporated in the framework. For example, MOF-74 functionalized with amino groups 

shows increased CO2 uptake,31 UiO-67 modified with transition metals can catalyze 

organic transformations,32 and LMOF-241 containing luminescent ligands can be used as 
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a chemical sensor.33 Compared to mono-functionalized MOFs, MOFs with multiple 

functionalities are of particular interest to explore the advanced applications of MOFs 

(e.g. gas storage, gas separation, and catalysis) taking advantage of the synergistic 

effects.34-37 

 

Figure I-3. Schematic illustration of MTV-MOF-5. 

In recent years, tremendous efforts have been investigated to synthesize 

multifunctional MOFs.38-42 For instance, Yaghi’s group reported the synthesis of 

multivariate MOF-5 (MTV-MOF-5) by mixing terephthalic acid (H2BDC) and its 

derivatives (Figure I-3).43 MOF-5 has been successfully modified with up to eight 

different functional groups by this mixed-ligand strategy. Significantly, incorporation of 

multiple functionalities leads to dramatically increased CO2/CO selectivity compared to 

corresponding mono-functionalized MOFs. Although this strategy is straightforward and 

beneficial to preserve the structural integrity of the framework, it requires the use of 

ligands with the same length, geometry, and connectivity, which restricts the variety of 

the functionality that can be introduced into the framework. In addition, MOF-5 contains 

Cu2+ paddlewheel clusters, and thus it is sensitive to the moisture, acidic and basic 
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conditions. So far, several pillar-layered MOFs synthesized by mixing a ditopic ligand 

and a tetratopic ligand have been reported.44 However, the majority of these MOFs 

suffer from weak stability. There are still many challenges in synthesizing 

multifunctional MOFs by conventional one-pot reactions: (1) stability issue; (2) limited 

variety of functionalities; (3) random distribution of each functionality; and (4) 

formation of mixed phases. 

Therefore, exploration of methods to synthesize stable and multifunctional MOFs 

that take advantage of one-pot synthesis while overcoming the limitations of the 

traditional mixed-ligand strategy is of great importance. In this thesis, highly stable 

MOFs, especially Zr-MOFs, were synthesized and studied. Ligands of different length, 

geometry, and connectivity were used to functionalize a series of Zr-MOFs by in situ 

secondary ligand incorporation (ISLI) strategy. The crystal structure, morphology, and 

ultrahigh chemical stability of the parent Zr-MOF were well maintained after 

functionalization while the amount of functionality can be tuned gradually. The synthetic 

conditions (e.g. linker ratio, and the amount of modulating reagent) were carefully 

adjusted to control the growth of the multicomponent MOF towards a single phase. 

Unlike random distribution of each functionality by ISLI, through a thermodynamically 

controlled synthesis, a mixed-ligand MOF with a new topology was obtained. Each 

component can be located precisely and the presence of coordinatively available metal 

clusters allows for further functionalization. Strategies discussed in this thesis are facile 

and provide different routes to synthesize multifunctional MOFs with high stability for 

various potential applications. 
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CHAPTER II 

CONSTRUCTION OF MULTIVARIATE UIO-66 THROUGH AN IN SITU ONE-POT 

SYNTHETIC APPROACH  

 

2.1 Introduction 

In recent years, Zr-MOFs have been widely studied due to significantly improved 

stability compared to Zn/Cu/Cd-based MOFs.45-51 As a prototype of Zr-MOF, UiO-66 is 

constructed from Zr6 clusters and 1,4-benzenedicarboxylate (BDC) ligands that are 

commercially available.45 Studies showed that UiO-66 has a decomposition temperature 

above 500 °C and its crystallinity is well preserved even under harsh chemical 

conditions and high external pressures.28, 52 The ideal structure of UiO-66 is a 2,12-

connected network with fcu-a topology. Upon connectivity reduction, UiO-66 can be 

tolerant to several sub-networks, such as reo-a, bcu-a, and hxg-a networks, as well as 

defects.53-56 As a result, the generated available coordination sites on Zr6 clusters make it 

possible for other functionalities to connect to UiO-66. Despite versatile symmetry and 

connectivity of Zr6 clusters, the majority of the UiO-66 reported so far only contain BDC 

ligand and/or its derivatives, which limits the variety of functionality that can be 

incorporated into the framework. 

As one of the most important functionalities, porphyrins possess many functional 

properties that can be utilized for a series of applications, such as sensors,57-59 solar 

                                                 

 This chapter is reproduced with permission from Sun, Y.; Sun, L.; Feng, D.; Zhou, H.-C. “An in situ 

one-pot synthetic approach towards multivariate Zr-MOFs” Angew. Chem. Int. Ed., 2016, 55, 6471-

6475. Copyright 2016 by WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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cells,60-63 biomimetic catalysis,64-66 and cancer therapy.20, 67-68 The chemical and physical 

properties of porphyrins can be modified at the molecular level, providing potentials for 

investigating advanced applications of porphyrins.69 Particularly, MOFs are a class of 

promising materials to fix porphyrins. This is because MOFs can prevent the formation 

of catalytically inactive porphyrin dimers due to aggregation, enhancing the lifetime of 

porphyrin catalysts.34, 70-72 

Therefore, it is of great importance to incorporate porphyrin into UiO-66. Taking 

advantage of the coordinatively available sites on Zr6 clusters, ligands of different length, 

geometry, and connectivity were used in a one-pot reaction towards porphyrin-

functionalized UiO-66. The crystal structure, morphology and ultrahigh chemical 

stability of UiO-66 were well maintained. Moreover, the amount of integrated porphyrin 

can be gradually adjusted. Upon various combinations of BDC derivatives and porphyrin 

species, UiO-66 with various functionalities were synthesized successfully. 

2.2 Experimental Section 

Materials and Instrumentation. Methyl 4-formylbenzoate was purchased from 

Oakwood Products, Inc. Pyrrole, propionic acid, N,N-dimethylformamide (DMF), 

benzoic acid, acetone, zirconium(IV) chloride, iron(II) chloride tetrahydrate 

(FeCl2·4H2O), manganese(II) chloride tetrahydrate (MnCl2·4H2O), nickel(II) chloride 

hexahydrate (NiCl2·6H2O), cobalt(II) chloride hexahydrate (CoCl2·6H2O), copper(II) 

chloride tetrahydrate (CuCl2·4H2O), and zinc(II) chloride (ZnCl2, anhydrous) were 

purchased from Alfa Aesar. Terephthalic acid (H2BDC), 2-aminoterephthalic acid (NH2-

BDC), 2,5-dihydroxyterephthalic acid (DOBDC), 1,2,4,5-benzenetetracarboxylic acid 
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(H4BTeC) were purchased from Sigma-Aldrich. Tetrakis(4-carboxyphenyl)porphyrin 

(H2TCPP) were purchased from Frontier Scientific. Tetrakis(4-methylphenyl)porphyrin, 

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Mn(III) chloride (MnTCPPCl), 

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Fe(III) chloride (FeTCPPCl), 

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Zn(II) (ZnTCPP), [5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), [5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrinato]-Co(II) (CoTCPP), and [5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrinato]-Cu(II) (CuTCPP) were synthesized according to the 

procedure in previous reports with slight modifications.73 2-Azido terephthalic acid was 

synthesized according to the procedure in the literature.74 All commercial chemicals 

were used without further purification unless otherwise mentioned. 

Powder X-ray diffraction (PXRD) was carried out with a BRUKER D8-Focus 

Bragg−Brentano X-ray powder diffractometer equipped with a Cu-sealed tube (λ = 

1.54178) at 40 kV and 40 mA. Thermogravimetric analysis (TGA) were conducted on a 

Shimadzu TGA-50 thermogravimetric analyzer from room temperature to 700 °C at a 

ramp rate of 2 °C/min in a flowing nitrogen atmosphere. Nuclear magnetic resonance 

(NMR) spectra were collected on a Mercury 300 spectrometer. The UV-vis absorption 

spectra were recorded on a Shimadzu UV-2450 spectrophotometer. N2 adsorption-

desorption isotherms were measured by using a Micrometritics ASAP 2420 system at 77 

K. Sample was activated by solvent exchange (in several cycles using fresh acetone), 

followed by degassing at elevated temperature (100 °C) for 3 h. Elemental 

microanalyses (EA) were performed on vario EL cube – Elementar. Scanning electron 
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microscope (SEM) analysis was performed on QUANTA 450 FEG and energy 

dispersive X-ray spectroscopy (EDS) analysis was carried out by X-Max20 with Oxford 

EDS system equipped with X-ray mapping. 

Synthesis of Porphyrin Ligands (MTCPP). Porphyrin ligands with different 

metals in the center (MTCPP) were synthesized according to following synthetic routes: 

 

Scheme II-1. Synthetic routes for MTCPP ligands. 

Synthesis of 5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrin 

(TPPCOOMe). To propionic acid (100 mL) in a 500 mL three-necked flask were added 

pyrrole (3.0 g, 0.043 mol) and methyl p-formylbenzoate (6.9 g, 0.042 mol). Then the 
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solution was refluxed for 12 h in darkness. After the reaction mixture was cooled to 

room temperature, crystals were collected by suction-filtration to afford purple crystals 

(1.9 g, 2.24 mmol, 21%). 1H NMR (300 MHz, CDCl3), δ 8.81 (s, 8H), 8.43 (d, 8H), 8.28 

(d, 8H), 4.11 (s, 12H), 2.83 (s, 2H). 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Ni(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and NiCl2∙6H2O (3.1 g, 12.8 

mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with 1 M HCl and twice with water. The organic layer 

was dried over anhydrous magnesium sulfate and evaporated to afford quantitative 

crimson crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Fe(III) Chloride. A solution of TPPCOOMe (0.854 g, 1.0 mmol) and FeCl2∙4H2O (2.5 g, 

12.8 mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to 

room temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with 1 M HCl and twice with water. The organic layer 

was dried over anhydrous magnesium sulfate and evaporated to afford quantitative dark 

brown crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Mn(III) Chloride. A solution of TPPCOOMe (0.854 g, 1.0 mmol) and MnCl2∙4H2O 
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(2.5 g, 12.8 mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was 

cooled to room temperature, 150 mL of H2O was added. The resultant precipitate was 

filtered and washed with 50 mL of H2O for two times. The obtained solid was dissolved 

in CHCl3, followed by washing three times with water. The organic layer was dried over 

anhydrous magnesium sulfate and evaporated to afford quantitative dark green crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Cu(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and CuCl2∙2H2O (2.2g, 12.8 

mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with water. The organic layer was dried over anhydrous 

magnesium sulfate and evaporated to afford quantitative dark red crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Zn(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and ZnCl2 (1.75 g, 12.8 mmol) 

in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with water. The organic layer was dried over anhydrous 

magnesium sulfate and evaporated to afford quantitative violet crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Co(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and CoCl2∙6H2O (3.1 g, 12.8 

mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 
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temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with water. The organic layer was dried over anhydrous 

magnesium sulfate and evaporated to afford quantitative red crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Ni(II) 

(NiTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The crimson solid was collected by filtration, washed with 

water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Fe(III) 

Chloride (FeTCPPCl). The obtained corresponding ester (0.75 g) was stirred in THF 

(25 mL) and MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 

mmol) in H2O (25 mL) was added. The mixture was then refluxed for 12 h. After 

cooling down to room temperature, THF and MeOH were evaporated under vacuum. 

Additional water was added to the resulting water phase and the mixture was heated 

until the solid was fully dissolved, then the homogeneous solution was acidified with 1 

M HCl until no further precipitate was detected. The brown solid was collected by 

filtration, washed with water and dried in vacuum. 
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Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Mn (III) 

Chloride (MnTCPPCl). The obtained corresponding ester (0.75 g) was stirred in THF 

(25 mL) and MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 

mmol) in H2O (25 mL) was added. The mixture was then refluxed for 12 h. After 

cooling down to room temperature, THF and MeOH were evaporated under vacuum. 

Additional water was added to the resulting water phase and the mixture was heated 

until the solid was fully dissolved, then the homogeneous solution was acidified with 1 

M HCl until no further precipitate was detected. The dark green solid was collected by 

filtration, washed with water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Cu(II) 

(CuTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The dark red solid was collected by filtration, washed with 

water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Zn(II) 

(ZnTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 
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temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The violet solid was collected by filtration, washed with water 

and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Co(II) 

(CoTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The red solid was collected by filtration, washed with water 

and dried in vacuum. 

Synthesis of NiTCPP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (20 mg, 

0.120 mmol), NiTCPP (10 mg, 0.012 mmol) and benzoic acid (600 mg, 4.918 mmol) in 

2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in 

an oven at 130 °C for 12 h. After cooling down to room temperature, red precipitates 

were collected by centrifugation. The solids were washed with DMF three times to 

remove unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting red powder was obtained by centrifugation, and dried in an oven at 80 °C.  

Synthesis of UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (20 mg, 0.120 mmol) 
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and benzoic acid (600 mg, 4.918 mmol) in 2 mL of DMF were ultrasonically dissolved 

in a Pyrex vial. The mixture was heated in an oven at 130 °C for 12 h. After cooling 

down to room temperature, white precipitates were collected by centrifugation. The 

solids were washed with DMF three times to remove unreacted precursors, and then 

solvent-exchanged with acetone three times. The resulting white powder was obtained 

by centrifugation, and dried in an oven at 80 °C.  

Synthesis of NiTCPP⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC (20 

mg, 0.110 mmol), NiTCPP (10 mg, 0.012 mmol) and benzoic acid (600 mg, 4.918 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 120 °C for 12 h. After cooling down to room temperature, red 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting red powder was obtained by centrifugation, and dried in an oven at 

80 °C.  

Synthesis of UiO-66-NH2-S1. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC (20 mg, 

0.110 mmol) and benzoic acid (600 mg, 4.918 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

12 h. After cooling down to room temperature, white precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC 
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(20 mg, 0.110 mmol), FeTCPPCl (10 mg, 0.011 mmol) and benzoic acid (600 mg, 4.918 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 120 °C for 12 h. After cooling down to room temperature, brown 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting brown powder was obtained by centrifugation, and dried in an oven 

at 80 °C.  

Synthesis of MnTCPPCl⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC 

(30 mg, 0.166 mmol), MnTCPPCl (10 mg, 0.011 mmol) and benzoic acid (500 mg, 

4.098 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture 

was heated in an oven at 120 °C for 12 h. After cooling down to room temperature, dark 

green precipitates were collected by centrifugation. The solids were washed with DMF 

three times to remove unreacted precursors, and then solvent-exchanged with acetone 

three times. The resulting dark green powder was obtained by centrifugation, and dried 

in an oven at 80 °C.  

Synthesis of CuTCPP⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC 

(30 mg, 0.166 mmol), CuTCPP (10 mg, 0.012 mmol) and benzoic acid (500 mg, 4.098 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 120 °C for 12 h. After cooling down to room temperature, dark 

green precipitates were collected by centrifugation. The solids were washed with DMF 

three times to remove unreacted precursors, and then solvent-exchanged with acetone 

three times. The resulting powder was obtained by centrifugation, and dried in an oven 
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at 80 °C. 

Synthesis of ZnTCPP⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC (30 

mg, 0.166 mmol), ZnTCPP (10 mg, 0.012 mmol) and benzoic acid (500 mg, 4.098 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 120 °C for 12 h. After cooling down to room temperature, dark 

green precipitates were collected by centrifugation. The solids were washed with DMF 

three times to remove unreacted precursors, and then solvent-exchanged with acetone 

three times. The resulting powder was obtained by centrifugation, and dried in an oven 

at 80 °C. 

Synthesis of H2TCPP⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC (30 

mg, 0.166 mmol), H2TCPP (10 mg, 0.013 mmol) and benzoic acid (500 mg, 4.098 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 120 °C for 12 h. After cooling down to room temperature, dark 

green precipitates were collected by centrifugation. The solids were washed with DMF 

three times to remove unreacted precursors, and then solvent-exchanged with acetone 

three times. The resulting powder was obtained by centrifugation, and dried in an oven 

at 80 °C. 

Synthesis of CoTCPP⊂UiO-66-NH2. ZrCl4 (30 mg, 0.129 mmol), NH2-BDC (30 

mg, 0.166 mmol), CoTCPP (10 mg, 0.012 mmol) and benzoic acid (500 mg, 4.098 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 120 °C for 12 h. After cooling down to room temperature, dark 

green precipitates were collected by centrifugation. The solids were washed with DMF 
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three times to remove unreacted precursors, and then solvent-exchanged with acetone 

three times. The resulting powder was obtained by centrifugation, and dried in an oven 

at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (30 mg, 

0.181 mmol), FeTCPPCl (10 mg, 0.011 mmol) and benzoic acid (500 mg, 4.098 mmol) 

in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated 

in an oven at 130 °C for 12 h. After cooling down to room temperature, brown 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting brown powder was obtained by centrifugation, and dried in an oven 

at 80 °C.  

Synthesis of MnTCPPCl⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (50 mg, 

0.301 mmol), MnTCPPCl (10 mg, 0.011 mmol) and benzoic acid (500 mg, 4.098 mmol) 

in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated 

in an oven at 130 °C for 12 h. After cooling down to room temperature, dark green 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting dark green powder was obtained by centrifugation, and dried in an 

oven at 80 °C.  

Synthesis of CuTCPP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (30 mg, 

0.181 mmol), CuTCPP (10 mg, 0.012 mmol) and benzoic acid (500 mg, 4.098 mmol) in 

2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in 
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an oven at 130 °C for 12 h. After cooling down to room temperature, brown precipitates 

were collected by centrifugation. The solids were washed with DMF three times to 

remove unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of ZnTCPP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (30 mg, 

0.181 mmol), ZnTCPP (10 mg, 0.012 mmol) and benzoic acid (500 mg, 4.098 mmol) in 

2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in 

an oven at 130 °C for 12 h. After cooling down to room temperature, brown precipitates 

were collected by centrifugation. The solids were washed with DMF three times to 

remove unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C.   

Synthesis of H2TCPP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (30 mg, 

0.181 mmol), H2TCPP (10 mg, 0.013 mmol) and benzoic acid (500 mg, 4.098 mmol) in 

2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in 

an oven at 130 °C for 12 h. After cooling down to room temperature, brown precipitates 

were collected by centrifugation. The solids were washed with DMF three times to 

remove unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C.   

Synthesis of CoTCPP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (30 mg, 

0.181 mmol), CoTCPP (10 mg, 0.012 mmol) and benzoic acid (500 mg, 4.098 mmol) in 

2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in 

an oven at 130 °C for 12 h. After cooling down to room temperature, brown precipitates 
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were collected by centrifugation. The solids were washed with DMF three times to 

remove unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C.   

Synthesis of NiTCPP⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), DOBDC 

(60 mg, 0.303 mmol), NiTCPP (10 mg, 0.012 mmol) and benzoic acid (320 mg, 2.623 

mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting red powder was obtained by centrifugation, and dried 

in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), 

DOBDC (60 mg, 0.303 mmol), FeTCPPCl (10 mg, 0.011 mmol) and benzoic acid (320 

mg, 2.623 mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex 

vial. The mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of MnTCPPCl⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), 

DOBDC (60 mg, 0.303 mmol), MnTCPPCl (10 mg, 0.011 mmol) and benzoic acid (320 

mg, 2.623 mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex 



 

20 

 

vial. The mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of CuTCPP⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), 

DOBDC (60 mg, 0.303 mmol), CuTCPP (10 mg, 0.012 mmol) and benzoic acid (320 

mg, 2.623 mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex 

vial. The mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of H2TCPP⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), DOBDC 

(60 mg, 0.303 mmol), H2TCPP (10 mg, 0.013 mmol) and benzoic acid (320 mg, 2.623 

mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of ZnTCPP⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), 
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DOBDC (60 mg, 0.303 mmol), ZnTCPP (10 mg, 0.012 mmol) and benzoic acid (320 

mg, 2.623 mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex 

vial. The mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of CoTCPP⊂UiO-66-2,5-(OH)2. ZrCl4 (30 mg, 0.129 mmol), 

DOBDC (60 mg, 0.303 mmol), CoTCPP (10 mg, 0.012 mmol) and benzoic acid (320 

mg, 2.623 mmol) in 2 mL of DMF and 1 d H2O were ultrasonically dissolved in a Pyrex 

vial. The mixture was heated in an oven at 105 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), NiTCPP (10 mg, 0.012 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting red powder was obtained by 
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centrifugation, and dried in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), FeTCPPCl (10 mg, 0.011 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of MnTCPPCl⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), MnTCPPCl (10 mg, 0.011 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of CuTCPP⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), CuTCPP (10 mg, 0.012 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 
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washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of H2TCPP⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), H2TCPP (10 mg, 0.013 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of ZnTCPP⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), ZnTCPP (10 mg, 0.012 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of CoTCPP⊂UiO-66-2,5-(CH3)2. ZrCl4 (20 mg, 0.086 mmol), 2,5-

dimethylterephthalic acid (50 mg, 0.258 mmol), CoTCPP (10 mg, 0.012 mmol) and 

benzoic acid (250 mg, 2.049 mmol) in 2 mL of DMF were ultrasonically dissolved in a 
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Pyrex vial. The mixture was heated in an oven at 135 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-66-SO3H. ZrCl4 (20 mg, 0.086 mmol), monosodium 

salt of 2-sulfonyl terephthalic acid (60 mg, 0.224 mmol) and NiTCPP (10 mg, 0.012 

mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After cooling down to 

room temperature, red precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, washed with H2O twice 

to remove salts, and then solvent-exchanged with acetone three times. The resulting red 

powder was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66-SO3H. ZrCl4 (20 mg, 0.086 mmol), 

monosodium salt of 2-sulfonyl terephthalic acid (60 mg, 0.224 mmol) and FeTCPPCl 

(10 mg, 0.011 mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After 

cooling down to room temperature, red precipitates were collected by centrifugation. 

The solids were washed with DMF three times to remove unreacted precursors, washed 

with H2O twice to remove salts, and then solvent-exchanged with acetone three times. 

The resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of MnTCPPCl⊂UiO-66-SO3H. ZrCl4 (30 mg, 0.129 mmol), 
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monosodium salt of 2-sulfonyl terephthalic acid (80 mg, 0.298 mmol) and MnTCPPCl 

(5 mg, 0.006 mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After 

cooling down to room temperature, dark green precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, washed with H2O twice to remove salts, and then solvent-exchanged with 

acetone three times. The resulting dark green powder was obtained by centrifugation, 

and dried in an oven at 80 °C. 

Synthesis of CuTCPP⊂UiO-66-SO3H. ZrCl4 (30 mg, 0.129 mmol), 

monosodium salt of 2-sulfonyl terephthalic acid (80 mg, 0.298 mmol) and CuTCPP (5 

mg, 0.006 mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After 

cooling down to room temperature, dark green precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, washed with H2O twice to remove salts, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of H2CPP⊂UiO-66-SO3H. ZrCl4 (30 mg, 0.129 mmol), monosodium 

salt of 2-sulfonyl terephthalic acid (80 mg, 0.298 mmol) and H2TCPP (5 mg, 0.006 

mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After cooling down to 

room temperature, dark green precipitates were collected by centrifugation. The solids 
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were washed with DMF three times to remove unreacted precursors, washed with H2O 

twice to remove salts, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of ZnTCPP⊂UiO-66-SO3H. ZrCl4 (30 mg, 0.129 mmol), 

monosodium salt of 2-sulfonyl terephthalic acid (80 mg, 0.298 mmol) and ZnTCPP (5 

mg, 0.006 mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After 

cooling down to room temperature, dark green precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, washed with H2O twice to remove salts, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of CoTCPP⊂UiO-66-SO3H. ZrCl4 (30 mg, 0.129 mmol), 

monosodium salt of 2-sulfonyl terephthalic acid (80 mg, 0.298 mmol) and CoTCPP (5 

mg, 0.006 mmol) in 0.7 mL of acetic acid and 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 12 h. After 

cooling down to room temperature, dark green precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, washed with H2O twice to remove salts, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 
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H4BTeC (120 mg, 0.472 mmol) and NiTCPP (10 mg, 0.012 mmol) in 0.3 mL of TFA, 

0.1 mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 135 °C for 10 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting red powder was obtained by centrifugation, and dried 

in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 

H4BTeC (120 mg, 0.472 mmol) and FeTCPPCl (10 mg, 0.011 mmol) in 0.3 mL of TFA, 

0.1 mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 135 °C for 10 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of MnTCPPCl⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 

H4BTeC (120 mg, 0.472 mmol) and MnTCPPCl (5 mg, 0.006 mmol) in 0.3 mL of TFA, 

0.1 mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 135 °C for 10 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 
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an oven at 80 °C. 

Synthesis of CuTCPP⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 

H4BTeC (120 mg, 0.472 mmol) and CuTCPP (5 mg, 0.006 mmol) in 0.3 mL of TFA, 0.1 

mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture 

was heated in an oven at 135 °C for 10 h. After cooling down to room temperature, red 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting powder was obtained by centrifugation, and dried in an oven at 80 

°C. 

Synthesis of H2TCPP⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 

H4BTeC (120 mg, 0.472 mmol) and H2TCPP (5 mg, 0.006 mmol) in 0.3 mL of TFA, 0.1 

mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture 

was heated in an oven at 135 °C for 10 h. After cooling down to room temperature, red 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting powder was obtained by centrifugation, and dried in an oven at 80 

°C. 

Synthesis of ZnTCPP⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 

H4BTeC (120 mg, 0.472 mmol) and ZnTCPP (5 mg, 0.006 mmol) in 0.3 mL of TFA, 0.1 

mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture 

was heated in an oven at 135 °C for 10 h. After cooling down to room temperature, red 

precipitates were collected by centrifugation. The solids were washed with DMF three 
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times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting powder was obtained by centrifugation, and dried in an oven at 80 

°C. 

Synthesis of CoTCPP⊂UiO-66-2,5-(COOH)2. ZrCl4 (100 mg, 0.429 mmol), 

H4BTeC (120 mg, 0.472 mmol) and CoTCPP (10 mg, 0.012 mmol) in 0.3 mL of TFA, 

0.1 mL of H2O and 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 135 °C for 10 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 

terephthalic acid (40 mg, 0.193 mmol), NiTCPP (10 mg, 0.012 mmol) and benzoic acid 

(320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting red powder was obtained by centrifugation, and dried 

in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 

terephthalic acid (40 mg, 0.193 mmol), FeTCPPCl (10 mg, 0.011 mmol) and benzoic 

acid (320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex 
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vial. The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of MnTCPPCl⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 

terephthalic acid (40 mg, 0.193 mmol), MnTCPPCl (10 mg, 0.011 mmol) and benzoic 

acid (320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex 

vial. The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of CuTCPP⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 

terephthalic acid (40 mg, 0.193 mmol), CuTCPP (10 mg, 0.012 mmol) and benzoic acid 

(320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of H2TCPP⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 
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terephthalic acid (40 mg, 0.193 mmol), H2TCPP (10 mg, 0.013 mmol) and benzoic acid 

(320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of ZnTCPP⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 

terephthalic acid (40 mg, 0.193 mmol), ZnTCPP (10 mg, 0.012 mmol) and benzoic acid 

(320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of CoTCPP⊂UiO-66-N3. ZrCl4 (20 mg, 0.086 mmol), 2-azido 

terephthalic acid (40 mg, 0.193 mmol), CoTCPP (10 mg, 0.012 mmol) and benzoic acid 

(320 mg, 2.623 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 12 h. After cooling down to room 

temperature, red precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 
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an oven at 80 °C. 

Synthesis of TBPP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (20 mg, 0.120 

mmol), TBPP (10 mg, 0.010 mmol) and benzoic acid (600 mg, 4.918 mmol) in 2 mL of 

DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 

130 °C for 12 h. After cooling down to room temperature, red precipitates were collected 

by centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of PP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), H2BDC (20 mg, 0.120 

mmol), protoporphyrin IX (PP) (15 mg, 0.027 mmol) and benzoic acid (600 mg, 4.918 

mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was 

heated in an oven at 130 °C for 12 h. After cooling down to room temperature, red 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting powder was centrifuged, and dried in an oven at 80 °C. 

Synthesis of CoTCP⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), BDC (30 mg, 0.180 

mmol), CoTCP (5 mg, 0.004 mmol) and benzoic acid (500 mg, 4.098 mmol) in 2 mL of 

DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 

135 °C for 20 h. After cooling down to room temperature, the precipitates were collected 

by centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting light-

yellow powder was obtained by centrifugation, and dried in an oven at 80 °C. 
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Synthesis of BBA⊂UiO-66. ZrCl4 (30 mg, 0.129 mmol), BDC (20 mg, 0.120 

mmol), 4-bromobenzoic acid (BBA, 10 mg, 0.050 mmol) and benzoic acid (500 mg, 

4.098 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture 

was heated in an oven at 135 °C for 20 h. After cooling down to room temperature, the 

precipitates were collected by centrifugation. The solids were washed with DMF three 

times to remove unreacted precursors, and then solvent-exchanged with acetone three 

times. The resulting white powder was obtained by centrifugation, and dried in an oven 

at 80 °C. 

1H NMR Spectroscopy of Digested NiTCPP⊂UiO-66. Approximately 15 mg of 

dried MOF sample was digested in 5 mL 16% HF solution. The tube was them 

immersed in boiling water to evaporate HF. The dried product was dissolved in DMSO-

d6 for 1H NMR test. BDC δ: 8.00 (s, 4H). NiTCPP δ: 8.13 (d, J = 7.8 Hz, 8H), 8.30 (d, J 

= 8.2 Hz, 8H), 8.75 (s, 8H). Molar ratio based on integration of the peaks: NiTCPP: 

BDC = 0.07: 1. 

 

Figure II-1. 1H NMR spectrum used to determine the ratio of (a) NiTCPP and (b) BDC 

in NiTCPP⊂UiO-66. 
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1H NMR Spectroscopy of Digested NiTCPP⊂UiO-66-NH2. Approximately 15 

mg of dried MOF sample was digested in 5 mL 16% HF solution. The tube was them 

immersed in boiling water to evaporate HF. The dried product was dissolved in DMSO-

d6 for 1H NMR test. NH2-BDC δ: 6.99 (d, J = 8.3 Hz, 1H), 7.36 (s, 1H), 7.75 (d, J = 8.3 

Hz, 1H). NiTCPP δ: 8.13 (d, J = 8.2 Hz, 8H), 8.30 (d, J = 8.0 Hz, 8H), 8.75 (s, 8H). 

Molar ratio based on integration of the peaks: NiTCPP: NH2-BDC = 0.07: 1. 

 

Figure II-2. 1H NMR spectrum used to determine the ratio of (a) NiTCPP and (b) NH2-

BDC in NiTCPP⊂UiO-66-NH2. 

2.3 Results and Discussion 

Functionalization of UiO-66 through a One-Pot Synthesis. Solvothermal 

reaction of ZrCl4, H2BDC, and benzoic acid (BA) in N,N-dimethylformamide (DMF) at 

130 ℃ for 12 hours yielded white powders of UiO-66 (Figure II-3a). And solvothermal 

reaction of ZrCl4, H2BDC, [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) 

(NiTCPP), and BA in DMF at 130 ℃ for 12 hours yielded red powders of 
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NiTCPP⊂UiO-66. The products remained red after washing with DMF and acetone 

(Figure II-3a), indicating the presence of NiTCPP, and displayed powder x-ray 

diffraction (PXRD) patterns consistent with that of phase-pure UiO-66 (Figure II-3b). 

 

Figure II-3. (a) Photographs of UiO-66 (white) and NiTCPP⊂UiO-66 (red). (b) The 

PXRD patterns for UiO-66 and NiTCPP⊂UiO-66. 

Scanning electron microscopy (SEM) results also confirmed that NiTCPP⊂UiO-

66 was phase pure, which showed that the powders were octahedral microcrystals with 

an even distribution in size (Figure II-4a). The elemental mappings of a single crystal 
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obtained from energy dispersive X-ray spectroscopy (EDS) demonstrated an even 

distribution of all the elements (Figure II-4b), especially Zr and Ni, implying that UiO-

66 was successfully functionalized with NiTCPP. 

 

Figure II-4. (a) SEM image of NiTCPP⊂UiO-66. Scale bar: 5 μm. (b) SEM image of a 

NiTCPP⊂UiO-66 single crystal and the corresponding elemental EDS-mappings. 

To assess the permanent porosity of NiTCPP⊂UiO-66, the samples were 

activated directly upon removal of the solvent and carried out N2 uptake experiments at 

77 K (Figure II-5). Type І isotherms that are typical for microporous solids were 
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acquired. After functionalization with NiTCPP, the samples showed N2 uptake of around 

260 cm3 g-1 at 1 bar, which is lower than that of the parent MOF (UiO-66) (Figure II-5). 

The decrease of N2 uptake confirmed the functionalization of UiO-66 with NiTCPP. 

 

Figure II-5. N2 adsorption/desorption isotherms of UiO-66 and NiTCPP⊂UiO-66 at 77 

K. 

Quantitative Analysis. The amount of NiTCPP in the sample was determined by 

1H NMR analysis and EDS analysis. According to EDS analysis, the atomic ratio of Ni 

to Zr in NiTCPP⊂UiO-66 was calculated to be about 0.05: 1 (Figure II-6, and Table II-

1). Since each Zr6 cluster in UiO-66 is coordinated to a maximum of twelve BDC linkers 

while each BDC linker is bonded to two Zr6 clusters, the molar ratio of Zr to BDC in 

UiO-66 is 1: 1 in theory, which suggests that the atomic ratio of Ni to Zr should be the 
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same as the molar ratio of NiTCPP to BDC. However, after the samples were digested in 

HF and dissolved in DMSO-d6 for 1H NMR test, the integration results from 1H NMR 

spectra showed that the molar ratio of NiTCPP to BDC was around 0.07: 1 (Figure II-1). 

Such discrepancy can be ascribed to two aspects. First, UiO-66 generally contains 

missing-linker defects in the presence of modulating reagent, which results in a lower 

molar ratio of BDC to Zr compared to that in an ideal crystal without structural defects. 

Second, NiTCPP in NiTCPP⊂UiO-66 may compete with BDC to coordinate to Zr6 

clusters and therefore leads to further elimination of BDC in the framework. As a result, 

the atomic ratio of Ni to Zr calculated from EDS data was lower than the molar ratio of 

NiTCPP to BDC obtained from 1H NMR spectra. 

 

Figure II-6. SEM/EDS analysis for NiTCPP⊂UiO-66. 
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Table II-1. The atomic ratio of Ni to Zr in NiTCPP⊂UiO-66 obtained from EDS 

analysis 

 Trial 1 Trial 2 Trial 3 

Element Weight% Atomic% Weight% Atomic% Weight% Atomic% 

Ni 0.51 0.13 0.41 0.10 0.57 0.15 

Zr 17.03 2.86 13.63 2.23 18.53 3.14 

 Average Ni: Zr ratio = 0.046: 1 

 

Calculation of Plausible Chemical Formula. The plausible chemical formula 

of the obtained sample was calculated based on the EDS data and 1H NMR data. 

According to EDS data and 1H NMR data, the ratio of Ni to Zr as well as NiTCPP ligand 

to BDC ligand can be calculated, respectively. And the preliminary chemical formula of 

the sample can be written as Zr6O4(OH)4(BDC)3.73(NiTCPP)0.28. Next, additional 

hydroxide anions were added to keep the charge balance, which has been reported by 

Yaghi’s group to achieve the charge balance of UiO-66 with defects.75 Finally, the 

plausible chemical formula of the synthesized NiTCPP⊂UiO-66 sample can be 

expressed as Zr6O4(OH)8(BDC)3.73(NiTCPP)0.28 (C: 32.6%, H: 1.9%, N: 1.0% were 

calculated from the calculated chemical formula while C: 32.6%, H: 2.0%, N: 1.2% were 

obtained from the elemental analysis). 

Tune the Amount of Introduced Porphyrin. In the next step, different amounts 

of NiTCPP were used for the synthesis of NiTCPP⊂UiO-66 and the atomic ratio of Ni to 

Zr in the product was tested. As shown in Figure II-7, the amount of incorporated 
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NiTCPP can be gradually increased by increasing the amount of NiTCPP ligand used in 

the synthesis. This provides possibilities to optimize the performance of the MOF when 

it is related to the concentration of the functionality. 

 

 

 

Figure II-7. The atomic ratio of Ni to Zr in NiTCPP⊂UiO-66 under different synthetic 

conditions. 

When the amount of NiTCPP added in the system increased to a certain value, 

some new peaks appeared in the PXRD pattern of the product, indicating the formation 

of impure phases along with the UiO-66 phase (Figure II-8). This result shows that UiO-

66 has a certain range of tolarence to NiTCPP ligands. As a result, the synthetic 
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conditions (e.g. the ratio of the ligands) should be carefully selected to guaratee the 

phase purity of the product. 

 

 

Figure II-8. The PXRD patterns of different products synthesized with different 

amounts of NiTCPP added in the system. 

Stability Tests. Since many studies have shown that UiO-66 has very high 

thermal and chemical stability, we carried out experiments to study the stability of 

obtained porphyrin-functionalized UiO-66. About 10.0 mg of the sample was heated on 

the Shimadzu TGA-50 instrument from room temperature to 700 °C at a ramp rate of 

2 °C/min under nitrogen flow of 25 mL/min. The decomposition of material was 

observed at around 400 °C (Figure II-9), showing high thermal stability of 

NiTCPP⊂UiO-66. 
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Figure II-9. The TGA analysis of NiTCPP⊂UiO-66. 

The chemical stability of NiTCPP⊂UiO-66 was investigated by immersing 100 

mg of samples in aqueous solutions with a series of conditions (1 M HCl, 2 M HCl, 6 M 

HCl, deionized water, and 1 mM NaOH). The solutions stayed colorless after these 

treatments, suggesting no leaching of NiTCPP under these conditions. In addition, their 

PXRD patterns remained intact (Figure II-10a), indicating that no framework collapse or 

phase transition occurred during the stability test. More importantly, the N2 adsorption 

isotherms of these samples after the treatment further demonstrated that NiTCPP⊂UiO-

66 was stable under these harsh conditions (Figure II-10b). These stability tests 

confirmed that the MOFs maintained the stability of UiO-66 after functionalized with 

NiTCPP. Therefore, the high stability of UiO-66 and was maintained very well by 
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applying our method to functionalize the MOF, which is promising for MOFs 

functionalization towards applications. 

 

Figure II-10. (a) PXRD patterns for NiTCPP⊂UiO-66 before and after treatment with 

different aqueous conditions. (b) N2 adsorption isotherms of NiTCPP⊂UiO-66 at 77 K, 

1atm before and after treatment with different aqueous conditions. 
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The chemical stability of NiTCPP⊂UiO-66 was further compared with two 

reported porphyrin MOFs (PCN-222 and PPF-5). PPF-5 has a pillar-layered structure, 

which makes it possible to incorporate additional functionality through the pillars.44 

Therefore, PPF-5 provides an interesting platform to investigate the advanced 

applications of porphyrins. On the other hand, PCN-222 contains a single type of 

porphyrin ligand and exhibits relatively higher chemical stability than PPF-5.73 

However, after immersing PCN-222 in 1 mM NaOH  for 12 h, its change in PXRD 

pattern demonstrated that the crystallinity was lost under this base condition (Figure II-

11). For PPF-5, the framework collapsed even in 0.1 mM NaOH aqueous solution 

(Figure II-11). These results showed that NiTCPP⊂UiO-66 synthesized by our method 

was chemically more stable than PCN-222 and PPF-5. 

 

Figure II-11. PXRD patterns for PCN-222(Ni) and PPF-5 before and after the treatment 

of NaOH aqueous solutions. 
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Control Experiments. To investigate wheather the porphyrin functionality was 

only attached on the surface of UiO-66 instead of integrated in the framework, UiO-66 

was synthesized under the same condition as NiTCPP⊂UiO-66, except that no NiTCPP 

was added in the system. Then, the obtained UiO-66 and NiTCPP was mixed in DMF 

solution for 12 h. The obtained powders with light pink color exhibited the PXRD 

pattern similar to that of UiO-66, indicating that the framework was well maintained 

after the PSM process (Figure II-12). However, the amount of NiTCPP was too small to 

be tested by 1H NMR experiment, suggesting that the light color is most likely because 

of the attachment of NiTCPP on the surface of UiO-66.  

 

Figure II-12. Photographs of products obtained by (a) PSM at room temperature; (b) 

PSM at 85 °C, and (c) one-pot synthesis. (d) Their corresponding PXRD patterns. 
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In order to understand the different products obtianed by our one-pot synthesis 

and PSM process,76 the structure of UiO-66 and the size of porphyrin ligand were 

analyzed. UiO-66 contains smaller pores with a diameter of 7.5 Å (Figure II-13a) and 

larger pores with a diameter of 12 Å (Figure II-13b). On the other hand, NiTCPP ligand 

has a square shape with 20 Å in the length of the diagonal (Figure II-13c). Due to larger 

size of NiTCPP ligand, it it difficult diffuse into the framework of UiO-66 during PSM 

process. Compared with PSM method, our one-pot synthesis can greatly avoid the size 

limitation of UiO-66 for NiTCPP incorporation. In addition, the small pore windows will 

prevent the leaching of NiTCPP ligand after its incorporation, which is much like a “ship 

in a bottle”. 

 

 

Figure II-13. (a) The tetrahedral pore and (b) the octahedral pore in UiO-66. (c) The 

structure of NiTCPP ligand. 

In the next step, a control experiment was designed to study whether NiTCPP 

was introduced through connecting to the Zr6 cluster or just trapped inside the pore of 

UiO-66.  After replacing NiTCPP with [5,10,15,20-tetrakis(4-
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bromophenyl)porphyrinato]-Ni(II) (NiTBPP), white powders were obtained (Figure II-

14b) instead of red powders when using NiTCPP for the synthesis (Figure II-14a). 

Despite similar size of NiTBPP and NiTCPP, the difficulty in introducing NiTBPP into 

the framework of UiO-66 excluded the possibility that NiTCPP was purely trapped in 

the pore, indicating that the carboxylates on NiTCPP ligand most likely participated the 

coordination during the formation of UiO-66. 

 

Figure II-14. Photographs of the products obtained by using (a) NiTCPP and (b) 

NiTBPP for the functionalization of UiO-66. 

After carrying out above experiments, we tried to understand the chemistry 

behind our method and explain these results from both thermodynamic and kinetic 

perspectives. Since the concentration of BDC was much higher than NiTCPP in the 
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reaction system, the nucleation of UiO-66 was dominating. However, NiTCPP in the 

system can compete with BDC to connect to the Zr6 cluster during the nucleation 

process of UiO-66 and thus participate in its growth, creating some defects in the 

framework. Due to high symmetry and connectivity of the Zr6 cluster, the framework of 

UiO-66 remained intact even after partially occupied by NiTCPP ligand. On the other 

hand, the initial nucleation of possible impurity phases (e.g. porphyrin MOFs) took 

longer time due to very low concentration of NiTCPP. Moreover, the nucleation of UiO-

66 consumed Zr species and further inbibited the formation of impurities. Therefore, 

UiO-66 functionalized with NiTCPP while maintaining the phase purity was obtained by 

our one-pot synthetic approach (Figure II-15). 

 

 

Figure II-15. Schematic illustration of UiO-66 functionalized with NiTCPP through 

one-pot reactions. 

Functionalization of UiO-66 with Various Porphyrin Ligands. Next, this 

method was applied to modify UiO-66 with other functionalities by using porphyrin 
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ligands with different metals in the middle (e.g. Fe, Mn, Cu, Zn, and Co) for the 

synthesis. Powders with different colors were obtained (Figure II-16a), which exhibited 

PXRD patterns in consistent with that of pristine UiO-66 (Figure II-16b).  

 

Figure II-16. (a) Photographs of NiTCPP⊂UiO-66, FeTCPPCl⊂UiO-66, 

MnTCPPCl⊂UiO-66, CuTCPP⊂UiO-66, H2TCPP⊂UiO-66, and ZnTCPP⊂UiO-66 

from left to right. (b) PXRD patterns of NiTCPP⊂UiO-66, FeTCPPCl⊂UiO-66, 

MnTCPPCl⊂UiO-66, CuTCPP⊂UiO-66, H2TCPP⊂UiO-66, ZnTCPP⊂UiO-66, and 

CoTCPP⊂UiO-66 from left to right. 

Introduction of a Secondary Functionality. After functionalizing UiO-66 with 

different porphyrins successfully, we tried to introduce a secondary functionality into 
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UiO-66 through this one-pot synthetic strategy. Firstly, the amino group was selected as 

a candidate because many studies have shown that MOFs functionalizaed with amino 

groups exhibit many interesting features, including increased CO2 uptake,77-78 CO2 

selectivity over N2 and CH4,
79-82 and catalytic activity.83 Moreover, amino groups can 

undergo various organic transformation reactions, which is useful for studying MOF 

applications.84-85 By replacing BDC with NH2-BDC for the synthesis, red powders of 

NiTCPP⊂UiO-66-NH2 was synthesized and characterized. The phase purity of the 

product was verified by PXRD (Figure II-20a) and SEM (Figure II-17a). An even 

distribution of all the elements was shown by EDS mappings of a single crystal (Figure 

II-17b).  

 

Figure II-17. (a) SEM image of NiTCPP⊂UiO-66-NH2. (b) SEM image of 

NiTCPP⊂UiO-66-NH2 single crystal and EDS mappings of element Ni, Zr, C, N, O 

from left to right. 
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The product exhibited N2 uptake of about 250 cm3 g-1 at 77 K, 1 bar (Figure II-

18a). TGA analysis showed that the sample was stable up to 360 °C (Figure II-18b). 

Moreover, the sample was stable in a series of aqueous solutions (e.g. 6 M HCl and 10 

mM NaOH), which was indicated by the PXRD patterns (Figure II-18c) and N2 

adsorption isotherms (Figure II-18d) obtained in the chemical stability tests. These 

results confirmed that the stability of UiO-66 was well maintained after incorporation of 

a secondary functionality (amino group) into the framework. 

 

Figure II-18. (a) N2 adsorption isotherms. (b) TGA analysis of NiTCPP⊂UiO-66-NH2. 

(c) PXRD patterns and (d) N2 adsorption isotherms of NiTCPP⊂UiO-66-NH2 after 

treatment with different aqueous solutions. 
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Construction of Multivariate UiO-66. One of the major advantages of MOFs 

over other conventional porous materials is the synthetic versatility arises from choosing 

diverse organic ligands for the synthesis. Given that, a series of functionalities were 

selected to incorporate into UiO-66 by our one-pot synthetic strategy. Through the 

combination of porphyrin moieties with different metals in the center (e.g. Ni, Fe, Mn, 

Cu, Zn, and Co) as well as BDC and its derivatives (e.g. hydroxyl group, methyl group, 

sulfonic group, carboxyl group, and azide group) (Figure II-19), UiO-66 functionalized 

with various functionalities were synthesized successfully, including X⊂UiO-66, 

X⊂UiO-66-NH2, X⊂UiO-66-2,5-(OH)2, X⊂UiO-66-2,5-(CH3)2, X⊂UiO-66-SO3H, 

X⊂UiO-66-2,5-(COOH)2, and X⊂UiO-66-N3 (X = NiTCPP, FeTCPPCl, MnTCPPCl, 

CuTCPP, H2TCPP, ZnTCPP, and CoTCPP) (Figure II-20). The PXRD patterns of these 

products remained the same as that of pristine UiO-66 (Figure II-21).  

 

 

Figure II-19. Chemical structures of (a) BDC moieties and (b) porphyrin moieties 

selected for synthesizing UiO-66 with multiple functionalities. 
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Figure II-20. Photographs of (a) X⊂UiO-66, (b) X⊂UiO-66-NH2, (c) X⊂UiO-66-2,5-

(OH)2, (d) X⊂UiO-66-2,5-(CH3)2, (e) X⊂UiO-66-SO3H, (f) X⊂UiO-66-2,5-(COOH)2, 

and (g) X⊂UiO-66-N3 (X = NiTCPP, FeTCPPCl, MnTCPPCl, CuTCPP, H2TCPP, 

ZnTCPP, and CoTCPP from left to right). 
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Figure II-21. The PXRD patterns for (a) X⊂UiO-66-NH2, (b) X⊂UiO-66-2,5-(OH)2, (c) 

X⊂UiO-66-2,5-(CH3)2, (d) X⊂UiO-66-SO3H, (e) X⊂UiO-66-2,5-(COOH)2, and (f) 

X⊂UiO-66-N3 (X = NiTCPP, FeTCPP, MnTCPP, CuTCPP, H2TCPP, ZnTCPP, and 

CoTCPP). 



 

55 

 

2.4 Conclusions 

A facile one-pot synthetic strategy was demonstrated to synthesize stable UiO-66 

with multiple functionalities by mixing ditopic BDC ligands and tetratopic porphyrin 

ligands. Compared to conventional mixed ligand strategy, ligands of different length, 

geometry, and connectivity were used in a one-pot synthesis, and the crystal structure, 

morphology, and ultrahigh chemical and thermal stability of UiO-66 were well 

preserved after functionalization. The amount of integrated porphyrin can be gradually 

tuned by changing the amount of porphyrin used for the synthesis. Due to size limitation, 

incorporation of porphyrin into UiO-66 by PSM method cannot be achieved. Taking 

advantage of the synthetic versatility, 49 MOFs with multiple functionalities were 

synthesized through mixing various porphyrin moieties and BDC derivatives. This 

synthetic strategy combines the framework robustness of UiO-66 as well as the desired 

functionalities, which allows for further investigation of the chemistry within the 

framework. Therefore, this strategy provides a facile route to multi-functionalize stable 

MOFs for a wide scope of potential applications. 
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CHAPTER III 

IN SITU SECONDARY LIGAND INCORPORATION STRATEGY TOWARDS 

MULTIFUNCTIONAL UIO SERIES OF MOFS 

 

3.1 Introduction 

Generally, MOFs are synthesized by the solvothermal reaction of inorganic metal 

salts and organic ligands in the organic solvent.39, 86 Carboxylic acids are one of the most 

commonly used organic ligands to coordinate to the metal clusters to form an ordered 

porous structure. However, it is very difficult to control the growth of MOFs during the 

solvothermal reaction process, which gives rise to many problems: (i) hard to predict the 

structure of the MOF product; (ii) formation of MOFs containing mixed phases; (iii) 

formation of polycrystalline or even amorphous products. To address these issues, the 

reaction conditions have to be carefully adjusted, including the organic solvent, reaction 

temperature, reaction time, reaction pressure, the concentration of each component, the 

ratio of metal species to the organic ligands, and even the anions of the metal salts.87 

Therefore, it is very time-consuming and tedious to optimize this series of reaction 

parameters.  

To solve this problem, a method called “reticular synthesis” have been reported 

in recent years, which could help tune the MOF structure and pore size systematically 

and thus eliminate unnecessary investigations to save a tremendous amount of time and 

effort. 1, 88-91 By using the same inorganic metal species and the organic ligand of the 

same shape and connectivity but different length, a new MOF with a similar structure 
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but different pore size can be synthesized. For example, MOF-5 is constructed from 

Zn4O clusters and ditopic BDC ligands. By replacing the BDC ligand with a longer 

ditopic 2,6-naphthalenedicarboxylate (NDC) ligand, IRMOF-8 with the structure similar 

to MOF-5 but contains larger pores have been synthesized.4 

For highly stable Zr-MOFs, application of reticular chemistry to synthesize 

MOFs have also been reported so far. For example, UiO-66 contains 12-connected Zr6 

clusters and ditopic BDC ligands. By using longer ditopic 4,4'-biphenyldicarboxylate 

(BPDC) ligand, UiO-67 isostructural to UiO-66 have been obtained.46 From UiO-66 to 

UiO-67, the size of tetrahedral pores and octahedral pores increased from 7.5 Å to 12 Å, 

and 12 Å to 16 Å, respectively. Although reticular synthesis provides a useful tool to 

investigate highly stable Zr-MOFs of UiO-typed structures, the presence of only a single 

ligand in these Zr-MOFs limits the functionality that can be incorporated into the 

framework.46, 92-96 

In this work, taking advantage of the reticular chemistry, porphyrin ligands have 

been introduced into highly stable UiO series of MOFs (e.g. UiO-66, UiO-67, and UiO-

68) by in situ secondary ligand incorporation (ISLI) strategy. The amount of 

incorporated porphyrin can be gradually adjusted. And the original crystal structure, 

morphology, and high chemical stability of the parent Zr-MOFs were well preserved 

after mixing ditopic ligands and tetratopic ligands to functionalize these MOFs. The 

reaction conditions (e.g. the amount of organic ligands and acid) were carefully selected 

to control the reaction towards formation of single-phased UiO series of MOFs with 

incorporated functionality. Moreover, both experimental and computational studies were 
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carried out to investigate the thermodynamic and kinetic aspects of the ISLI strategy. 

3.2 Experimental Section 

Materials and Instrumentation. Commercially available reagents and solvents 

were used as received without further purification. Tetrakis(4-carboxyphenyl)porphyrin 

(H2TCPP), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Mn(III) chloride 

(MnTCPPCl), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Fe(III) chloride 

(FeTCPPCl), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Zn(II) (ZnTCPP), 

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), [5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrinato]-Co(II) (CoTCPP), [5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrinato]-Cu(II) (CuTCPP) were synthesized according to the 

procedure in previous reports with slight modifications.73 

Powder X-ray diffraction (PXRD) experiment was carried out with a BRUKER 

D8-Focus Bragg−Brentano X-ray powder diffractometer equipped with a Cu-sealed tube 

(λ = 1.54178) at 40 kV and 40 mA. Thermogravimetric analysis (TGA) were conducted 

on a Shimadzu TGA-50 thermogravimetric analyzer at a ramp rate of 2 °C/min in a 

flowing nitrogen atmosphere. Nuclear magnetic resonance (NMR) spectra were 

collected on a Mercury 300 spectrometer. Inductively coupled plasma (ICP) tests were 

conducted on a Perkin Elmer Optima 8000 ICP spectrometer. N2 adsorption-desorption 

isotherms were measured on a Micrometritics ASAP 2020 system at 77 K. The sample 

was activated by solvent exchange (in several cycles using fresh acetone), followed by 

degassing at elevated temperature (100 °C) for 5 h. Scanning electron microscope (SEM) 

analysis was performed on QUANTA 450 FEG and energy dispersive X-ray 
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spectroscopy (EDS) analysis was carried out by X-Max20 with Oxford EDS system 

equipped with X-ray mapping. 

Synthesis of Azobenzene-4,4'-Dicarboxylic Acid (H2AZDC). As shown in 

Scheme III-1, azobenzene-4,4'-dicarboxylic acid (H2AZDC) was synthesized according 

to the reference.97 4-Nitrobenzoic acid (10.0 g, 59.9 mmol) and 50 mL water were added 

to a three-neck round-bottom flask attached to a reflux condenser. A 5.6 M solution of 

sodium hydroxide was slowly added (150 mL total) to the reaction flask and the 

resulting solution was heated to 50 °C. Next, a hot glucose solution (61.5 g in 200 mL 

water) was slowly added to the reaction that was kept at a constant 50 °C. Airflow was 

continuously passed through the solution. Orange precipitate formed initially, and the 

solution’s color gradually turned brown upon more addition of glucose. The solution was 

left to react at 50 °C overnight, which resulted in a dark-colored solution with noticeable 

precipitate the following day. The reaction mixture was subsequently filtered. The solid 

was then dissolved in water and acidified with concentrated HCl to afford an orange 

precipitate. The final product was filtered once again, washed with copious amounts of 

water, and dried at 60 °C to yield azobenzene-4,4'-dicarboxylic acid (H2AZDC) (6.8 g, 

85%). 1H NMR (DMSO-d6, 300 MHz): δ 8.01-8.03 (d, 4H), δ 8.16-8.18 (d, 4H), δ 13.21 

(brs, 2H). 

 

Scheme III-1. Synthesis of H2AZDC ligand. 
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Synthesis of 4,4’-(Ethyne-1,2-Diyl)dibenzoic Acid (H2EDDB). As shown in 

Scheme III-2, 4,4’-(ethyne-1,2-diyl)dibenzoic acid (H2EDDB) was synthesized 

according to the reference.98  

 

 

 

Scheme III-2. Synthesis of H2EDDB ligand. 

Synthesis of A: methyl-4-iodobenzoate (2.6 g, 10 mmol) and PdCl2(PPh3)2 (0.14 

g, 2 mol%) were placed in a two-necked flask and purged with N2. THF (20 mL) was 

purged with N2 and added via syringe. The reaction mixture was stirred until all solids 

had dissolved. Trimethylsilylacetylene (1.8 mL, 12.5 mmol) and triethylamine (1.7 mL, 

12.5 mmol) were added, followed by copper(I) iodide (0.076 g, 4 mol%). The reaction 

mixture was stirred under N2 for 4 h at room temperature, before being transferred to a 
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round-bottomed flask. The THF was almost completely removed by rotary evaporation 

and hexane (50 mL) was added to the remaining mixture. Solid Et3N·HI was removed by 

filtration through Celite, which was washed with hexane (3 × 25 mL). The filtrate and 

washings were then transferred to a separating funnel and washed with water (50 mL). 

The hexane layer was collected, dried with sodium sulfate and decanted into a round-

bottomed flask. The hexane was removed by rotary evaporation and methanol (20 mL) 

was added to re-dissolve the remaining solid. K2CO3 (0.15 g) was then added and the 

reaction mixture was stirred for 90 min at room temperature. The methanol was almost 

completely removed by rotary evaporation and water (50 mL) was added to the 

remaining mixture. The product was extracted from this mixture with diethyl ether (3 × 

30 mL). The organic extracts were washed with water (3 × 30 mL), followed by brine 

(20 mL). The organic extracts were collected, dried with sodium sulfate and decanted 

into a round-bottomed flask. The diethyl ether was removed by rotary evaporation and 

the remaining solid was purified on a silica column, yielding methyl-4-ethynylbenzoate 

as a pale orange powder (1.5 g, 98%). 1H NMR (CDCl3, 300 MHz), δ 3.23 (s, 1H), 3.92 

(s, 3H), 7.55 (d, 2H), 7.99 (d, 2H). 

Synthesis of B: methyl-4-ethynylbenzoate (1.43 g, 8.9 mmol), 1M aqueous 

sodium hydroxide (10.3 mL, 10.3 mmol) and 1:1 of methanol:THF (20 mL ) were added 

to a round bottomed flask and stirred for 2 h at room temperature. The solvents were 

removed by rotary evaporation and water (50 mL) was added to the remaining solid. The 

mixture was filtered through Celite and washed through with water. The filtrate was 

transferred to a conical flask and acidified with 1M HCl to precipitate the product, which 
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was isolated by filtration and washed with water (3 × 30 mL). The solid was dried, 

yielding 4-ethynylbenzoic acid as a pale orange powder with a 98% yield. 

Synthesis of H2EDDB: 4-ethynylbenzoic acid (0.410 g, 2.8 mmol), 4-

iodobenzoic acid (0.690 g, 2.8 mmol), K2CO3 (1.16 g, 8.4 mmol), Pd(OAc)2 (0.032 g, 

5mol%) and trisodium triphenylphosphine-3,3’,3’’-trisulfonate (0.350 g, 25 mol%) were 

placed in a two-necked flask and purged with N2. A 1:1 mixture of acetonitrile and water 

(100 mL) was purged with nitrogen and added via syringe. The reaction mixture was 

stirred until all solids had dissolved. The mixture was then heated to 50 °C in an oil bath. 

Copper(I) iodide (0.053 g, 10 mol%) was added and the mixture was stirred under N2 for 

24 h at 50 °C. The solvent was removed under vacuum and water (100 mL) added. The 

solution was filtered to remove any unwanted copper iodide or copper compounds that 

may have been formed. The filtrate was transferred to a conical flask and acidified with 

1M HCl to precipitate the product. The solid was separated by filtration and the product 

washed with water (3 × 50 mL). The isolated solid was then re-dissolved in hot DMF 

and filtered hot, then washed with further DMF. The filtrate was allowed to cool, and the 

product precipitated on cooling as a white powdery solid with a 90% yield. 1H NMR 

(CDCl3, 300 MHz), δ 7.52 (d, 4H), 7.93 (d, 4H). 

Synthesis of 2',3',5',6'-Tetramethyl-(1,1':4',1''-Terphenyl)-4,4''-Dicarboxylic 

Acid (H2TPDC-4Me). As shown in Scheme III-3, 2',3',5',6'-tetramethyl-(1,1':4',1''-

terphenyl)-4,4''-dicarboxylic acid (H2TPDC-4Me) was synthesized according to the 

reference.99  
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Scheme III-3. Synthesis of H2TPDC-4Me ligand. 

Synthesis of A: dimethyl ether (DME, 100 mL) was bubbled with nitrogen for 

around 30 min. Then DME was introduced into a nitrogen-protected round bottom flask 

containing solid mixtures of 1,4-diiodo-2,3,5,6-tetramethylbenzene (1.0 g, 2.59 mmol), 

4-methoxyl carbonylphenylboronic acid (1.12 g, 6.24 mmol), cesium fluoride (CsF) 

(2.37 g, 15.6 mmol) and tetrakis (triphenylphosphine) palladium (Pd(PPh3)4) (0.3 g, 0.26 

mmol). The mixtures were allowed to reflux for 3 days under nitrogen protection. After 

cooling to room temperature, the solvent was evaporated under vacuum. The residue was 

washed with a large amount of water followed by acetone. After removing the solvent, 

the residue was purified with column chromatography (silica gel, CH2Cl2) to give the 

0.85 g ester as a white solid. 1H NMR (CDCl3, 300 MHz), δ 1.93 (s, 12H), 3.97 (s, 6H), 

7.28 (d, 4H), 8.14 (d, 4H). 
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Synthesis of B: The obtained product A (0.63 g, 1.57 mmol) was stirred in THF 

(25 mL) and MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 

mmol) in H2O (25 mL) was introduced and the mixture was refluxed for 12 h. After 

cooling down to room temperature, THF and MeOH were evaporated under vacuum. 

Additional water was added to the resulting water phase and the mixtures were heated 

until the solid was fully dissolved, then the homogeneous solution was acidified with 

diluted HCl until no further precipitate was detected (pH ≈ 2-3). Finally, 0.5 g of white 

solid H2TPDC-4Me was collected by filtration, washing with water and drying in 

vacuum. 1H NMR (DMSO, 300 MHz), δ 1.87 (s, 12H), 7.29 (d, 4H), 8.05 (d, 4H), 12.98 

(s, 2H). 

Synthesis of Compound 1. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), H2BDC (16.6 

mg, 0.100 mmol), and benzoic acid (600 mg. 4.913 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 1. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BDC (16.6 mg, 0.100 mmol), NiTCPP (3.0 mg, 0.004 mmol) and benzoic acid (600 

mg. 4.913 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 
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with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 2. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), H2NDC (21.6 

mg, 0.100 mmol), and benzoic acid (220 mg. 1.801 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 2. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2NDC (21.6 mg, 0.100 mmol), NiTCPP (3.0 mg, 0.004 mmol) and benzoic acid (220 

mg. 1.801 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 3. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), H2BPDC 

(24.2 mg, 0.100 mmol), and benzoic acid (300 mg, 2.457 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 
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centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 3. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPDC (24.2 mg, 0.100 mmol), NiTCPP (3.0 mg, 0.004 mmol) and benzoic acid (300 

mg, 2.457 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 4. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), H2AZDC 

(27.0 mg, 0.100 mmol), and benzoic acid (300 mg, 2.457 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 4. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2AZDC (27.0 mg, 0.100 mmol), NiTCPP (2.5 mg, 0.003 mmol) and benzoic acid (300 

mg, 2.457 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 
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temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 5. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), H2EDDB 

(26.6 mg, 0.100 mmol), and benzoic acid (170 mg, 1.392 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 5. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2EDDB (26.6 mg, 0.100 mmol), NiTCPP (3.0 mg, 0.004 mmol) and benzoic acid (170 

mg, 1.392 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 6. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), H2TPDC-4Me 

(37.4 mg, 0.100 mmol), and benzoic acid (250 mg, 2.047 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 
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22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 6. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2TPDC-4Me (37.4 mg, 0.100 mmol), NiTCPP (3.0 mg, 0.004 mmol) and benzoic acid 

(250 mg, 2.047 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-67-2NO2. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPDC-2NO2 (35.0 mg, 0.105 mmol), NiTCPP (2.0 mg, 0.002 mmol) and benzoic acid 

(300 mg, 2.457 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-67-2OH. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPDC-2OH (34.0 mg, 0.124 mmol), NiTCPP (2.0 mg, 0.002 mmol) and benzoic acid 
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(300 mg, 2.457 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-67-2I. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPDC-2I (50.0 mg, 0.101 mmol), NiTCPP (2.0 mg, 0.002 mmol) and benzoic acid 

(550 mg, 4.504 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of NiTCPP⊂UiO-67-2OMe. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPDC-2OMe (35.0 mg, 0.116 mmol), NiTCPP (2.0 mg, 0.002 mmol) and benzoic 

acid (450 mg, 3.685 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex 

vial. The mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 
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Synthesis of NiTCPP⊂UiO-67(BPyDC). ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPyDC (24.4 mg, 0.100 mmol), NiTCPP (2.5 mg, 0.003 mmol) and benzoic acid (350 

mg, 2.866 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

PSM of UiO-67 with MnTCPPCl. ZrOCl2∙8H2O (32.2 mg, 0.100 mmol), 

H2BPDC (24.2 mg, 0.100 mmol) and benzoic acid (300 mg, 2.457 mmol) in 2 mL of 

DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 

120 °C for 22 h. After cooling down to room temperature, the precipitates were collected 

by centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. The synthesized UiO-67 

was immersed in 5 mL DMF solution of MnTCPPCl (3 mg, 0.004 mmol) in an oven at 

120 °C for 12 h. Then the solids were washed with DMF three times to remove 

unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

DFT Calculations. The DFT calculations were performed using the Vienna ab 

initio simulation package (VASP) with the projector augmented wave (PAW) 

pseudopotentials.100-103 The exchange-correlation energy of interacting electrons was 
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treated by the Perdew, Burke, and Ernzerhof (PBE) GGA functional.104 The energy cut 

off for the plane-wave basis set was 500 eV. The efficient conjugate gradient algorithm 

based on Hellmann-Feynman forces was used to relax the ions into their equilibrium 

positions. All considered structures were fully optimized with the force on each atom 

less than 0.01 eV/Å. Brillouin-zone integration was performed with a Gaussian 

broadening of 0.2 eV during all relaxations. Since we are dealing with a large cell 

system, the G-point alone was sufficient for sampling the Brillouin zone. 

For UiO series, each Zr6 cluster is coordinated to 12 organic ligands to form a 

face-centered cubic unit cell. The cell contains four Zr6 clusters and 456, 696, and 728 

atoms for UiO-66, UiO-67, and compound 5, respectively. By contrast, with each Zr6 

cluster coordinated to eight TCPP ligands, the cell of PCN-222 has hexagonal symmetry, 

containing three Zr6 clusters and 624 atoms. The initial structures used for calculation 

were obtained by hydroxylating the experimental structures determined from PXRD 

data.45, 73, 95 The theoretical structures are optimized firstly by relaxing the atomic 

positions by keeping the lattice constant and cell volume fixed to experimental values. 

Then the ground-state volume was determined from total energy minimization by 

varying the cell volume with the atom positions relaxed for each volume step. The 

theoretical ground-state lattice parameters were calculated to be 20.96 Å (UiO-66), 

27.14 Å (UiO-67), 30.20 Å (compound 5), and a=b=41.93 Å, c=17.156 Å (PCN-222), 

respectively, which are within 2% discrepancy with the experiments and in consistent 

with previous calculations.105-106  
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Essentially, the MOF crystal growth process is ligand substitution on metal ions 

or clusters. Equilibrium of the formation of MOF and Gibbs free energy of the reaction 

can be expressed as below: 

 

 

 

Scheme III-4. Equilibrium of the formation of MOF and Gibbs free energy of the 

reaction. 

To begin with, we constructed a Zr6 cluster coordinated to 12 BA (named for R), 

which has a formula of Zr6O4(OH)4(C6H5COO)12. The DFT total energy method was 

applied to calculate the enthalpy of the reaction. During the reaction process, terminal 

BA were substituted by BDC/BPDC/EDDB/NiTCPP ligand to form corresponding 

MOFs. The enthalpies of these ligand exchange processes were calculated on a unit cell 

for each MOF according to the following equations: 
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Scheme III-5. Equations of the formation of MOFs used for DFT calculations. 

In order to make these results comparable, we divided the calculated enthalpies 

by a factor of 4 for UiO series (equation (1) to (3)) and 3 for PCN-222 (equation (4)) to 

obtain the enthalpies assigned to each Zr6 cluster for each MOF. 

The bond length (Å) and cell parameters (Å) of the structures used in DFT 

calculations were summarized in Table III-1. And the atoms used for bond length 

calculations were assigned according to Figure III-1. 

 

 

Figure III-1. Schematic illustration of Zr6 cluster coordinated to the benzoate part of the 

organic ligands used for DFT calculations. 
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Table III-1. Bond length (Å) and cell parameters (Å) of the structures used in DFT 

calculations 

Structure Bond length and cell parameters / Å 

R Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.247 2.087 2.275 0.969 1.28 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.497 1.406 1.096 - This work 

UiO-66 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.245 2.086 2.276 0.97 1.279 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.497 1.403 1.09 20.96 This work 

UiO-66 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.245 2.086 2.277 0.971 1.278 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.498 1.404 1.089 20.962 106 

UiO-66 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.248 2.09 2.286 0.963 1.273 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.499 1.402 1.084 20.9784 107 

UiO-67 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.249 2.086 2.275 0.971 1.282 
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Table III-1. Continued 

Structure Bond length and cell parameters / Å 

 C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.492 1.401 1.091 27.14 This work 

UiO-67 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.249 2.087 2.277 0.971 1.282 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.493 1.401 1.09 27.14 106 

UiO-67 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.252 2.089 2.285 0.963 1.273 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.496 1.401 1.085 27.094 108 

Compound 5 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.203 2.108 2.277 0.97 1.279 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.496 1.404 1.09 30.2 This work 

Compound 5 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.207 2.11 - - 1.3 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.467 1.414 0.951 30.203 95 
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Table III-1. Continued 

Structure Bond length and cell parameters / Å 

PCN-222 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.21/2.238 2.178 2.277 0.971 1.244/1.253 

 C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.513 1.381 1.083 a=b=41.928 

c=17.156 

This work 

PCN-222 Zr-O1 Zr-O2 Zr-O3 O3-H1 C3-O1 

2.21/2.24 2.179 - - 1.245/1.253 

C3-C2 C2-C1 C1-H2 Cell parameters Ref. 

1.515 1.382 1.083 a=b=41.968 

c=17.143 

73 

 

 

Figure III-2. Photographs of the products obtained with different amounts of BA used 

for the synthesis of UiO series of MOFs. (a) UiO-66 (BA 600 mg), (b) UiO-67 (BA 600 

mg), (c) compound 5 (BA 300 mg). 
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According to the expression of ΔG, when the amount of BA added increases up 

to a certain value, ΔG becomes positive, and the formation of the MOF can be totally 

inhibited since the reaction is nonspontaneous. For example, only a clear solution was 

obtained with 600 mg (4.9 mmol) BA added during the synthesis of UiO-67 (Figure III-

2b). However, UiO-66 can still be obtained with the same amount of BA used for the 

synthesis (Figure III-2a). The highest amount of BA used to synthesize compound 5 is 

300 mg (2.5 mmol), which is the lowest among these three MOFs (Figure III-2c). 

Therefore, the amount of BA required to fully inhibit the formation of the MOF may 

indicate the relative value of ΔH and thus ∆G∅ to some degree. 

ICP Analyses. Samples were prepared in duplicate with weights of around 3 mg. 

Each sample was dissolved in J.T. Baker Ultrex® II Ultrapure 70% nitric acid at 70 °C 

for 12 hours. Samples were then diluted to 150x in 1% nitric acid and 18.2 MΩ water 

from a Millipore Milli-Q® water purification system. Calibration standards were 

prepared from certified reference standards from RICCA Chemical Company. Samples 

were further analyzed with a Perkin Elmer Optima 8000 ICP spectrometer. Resulting 

calibration curves have minimum R2 = 0.9999. Additionally, to maintain accuracy, 

quality control samples from certified reference standards and internal standards were 

utilized. The individual results of the duplicate samples were averaged to determine the 

metal ratios. 
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Table III-2. Ni to Zr atomic ratio in NiTCPP⊂UiO-67 samples when using different 

amounts of porphyrin ligand for the synthesis 

TCPP / mg 2 3 4 

Trial 1 0.017 0.023 0.028 

Trial 2 0.019 0.024 0.028 

Average 0.018 0.024 0.028 

 

Table III-3. Ni to Zr atomic ratio in NiTCPP⊂compounds 1-6 and Mn to Zr atomic ratio 

in the sample of UiO-67 after PSM with porphyrin 

Compound 1 2 3 4 5 6 PSM sample 

Trial 1 0.022 0.028 0.023 0.016 0.020 0.027 0.001 

Trial 2 0.023 0.025 0.024 0.019 0.026 0.029 0.001 

Average 0.023 0.027 0.024 0.018 0.023 0.028 0.001 

 

TGA Analyses. About 10.0 mg of the MOF samples were heated on the 

Shimadzu TGA-50 instrument from room temperature to 900 °C at a ramp rate of 

2 °C/min under nitrogen flow of 25 mL/min. The decomposition temperature of each 

material was obtained according to corresponding TGA data, which suggested the 

excellent thermal stability of these MOF samples. 
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Figure III-3. Thermogravimetric analysis of NiTCPP⊂Compound 1, 

NiTCPP⊂Compound 3, and NiTCPP⊂Compound 6. 
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Figure III-4. Thermogravimetric analysis of NiTCPP⊂Compound 2, 

NiTCPP⊂Compound 3(BPyDC), NiTCPP⊂Compound 4, and NiTCPP⊂Compound 5. 

3.3 Results and Discussion 
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Functionalization of UiO-67 through ISLI. As an example of UiO-66 

analogues, UiO-67 was firstly selected as the parent MOF to implement the in situ 

secondary ligand incorporation (ISLI) strategy. Solvothermal reaction of ZrOCl2∙8H2O, 

H2BPDC, and benzoic acid (BA) in N,N-dimethylformamide (DMF) at 120 ℃ for 22 

hours yielded white powders of UiO-67 (Figure III-5a). And solvothermal reaction of 

ZrOCl2∙8H2O, H2BDC, [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) 

(NiTCPP), and BA in DMF at 120 ℃ for 22 hours yielded red powders of 

NiTCPP⊂UiO-67. After washing with DMF and acetone, the product remained red, 

suggesting the presence of porphyrin (Figure III-5b). Moreover, the PXRD pattern of the 

product was identical to that of UiO-67 (Figure III-5c), indicating that the framework of 

UiO-67 was well maintained after functionalization of UiO-67 with porphyrin.  

 

 

Figure III-5. Photographs of (a) UiO-67 (white) and (b) NiTCPP⊂UiO-67 (red). (c) The 

PXRD patterns for UiO-67 and NiTCPP⊂UiO-67. 



 

81 

 

The morphology and phase purity of the product NiTCPP⊂UiO-67 were tested 

by SEM. The SEM image showed that the obtained powders were octahedral 

microcrystals with the size of about 2 μm (Figure III-6a). Moreover, the elemental 

mappings of a single crystal by energy dispersive X-ray spectroscopy (EDS) 

demonstrated an even distribution of all the elements (Figure III-6b), especially Zr and 

Ni, implying that porphyrin was incorporated into UiO-67 homogeneously.  

 

Figure III-6. (a) SEM image of NiTCPP⊂UiO-67. Scale bar: 2 μm. (b) SEM image of a 

NiTCPP⊂UiO-67 single crystal and the corresponding elemental EDS-mappings. 
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In order to assess the permanent porosity of the product, we directly activated the 

sample by removing the solvent and then carried out N2 uptake test at 77 K (Figure III-

7). Type І isotherms that are typical for microporous solids were acquired. Compared 

with pristine UiO-67 (600 cm3 g-1), NiTCPP⊂UiO-67 exhibited lower N2 uptake at 1 bar 

(520 cm3 g-1) (Figure III-7), suggesting the incorporation of porphyrin ligand into the 

framework of UiO-67. 

 

Figure III-7. N2 adsorption isotherms of UiO-67 and NiTCPP⊂UiO-67 at 77 K. 

The amount of incorporated porphyrin ligand was tested by ICP experiments. 

When increasing the amount of NiTCPP ligand added into the reaction system, the 

amount of porphyrin incorporated into UiO-67 increased accordingly (Table III-2). 

Therefore, by adjusting the reaction conditions, different amounts of porphyrin species 

can be introduced into UiO-67.  
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Stability Test. In the next step, the chemical stability of NiTCPP⊂UiO-67 was 

tested by immersing the sample (100 mg) into a series of aqueous solutions (50 mL), 

including 1 M HCl, deionized water, 0.1 mM NaOH, and 1 mM NaOH aqueous 

solutions. After 24 h, all the samples were centrifuged and then washed with water, 

DMF, and acetone three times. These samples were dried in oven and characterized by 

PXRD. The PXRD patterns of all the samples were identical to that of the product before 

the chemical stability test (Figure III-8), implying that the framework of UiO-67 was 

maintained very well after treatment with acid and base solutions.  
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Figure III-8. PXRD patterns for NiTCPP⊂UiO-67 without treatment of any aqueous 

solutions and the samples treated with deionized water, 1 M HCl, 0.1 mM NaOH and 1 

mM NaOH aqueous solutions for 24 h. 

To further confirm that NiTCPP⊂UiO-67 was stable under the selected chemical 

conditions, the samples after the treatment were tested by N2 uptake experiments at 77 K. 
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All the samples were degassed on ASAP 2020 adsorption system at 100 °C for 5 h prior 

to N2 adsorption measurement at 77 K. According to Figure III-9, N2 uptake experiments 

further proved that the framework of all these samples were preserved during the 

chemical stability test. 
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Figure III-9. N2 adsorption isotherms of NiTCPP⊂UiO-67 at 77 K after treatment with 

different aqueous solutions. 

In addition to the chemical stability, the thermal stability of the sample (about 

10.0 mg) was tested by Shimadzu TGA-50 instrument. According to Figure III-3, the 

decomposition of material was observed at around 420 °C, showing high thermal 

stability of NiTCPP⊂UiO-67. 

Phase Purity Control. A challenge encountered to synthesize UiO-67 

functionalized with porphyrin is the formation of competing phases (e.g. porphyrin-

based Zr-MOF) along with the desired product. Impure products were obtained under 
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some reaction conditions. For example, increasing the amount of MnTCPPCl promotes 

the formation of impurity phase PCN-222 (Figure III-10). Therefore, judicious control of 

the reaction conditions plays an importane role to force the system towards phase-pure 

MnTCPPCl⊂UiO-67. 
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Figure III-10. PXRD patterns for PCN-222 and the products obtained with different 

amounts of MnTCPPCl used for the synthesis. 

Under our synthetic condition, the incorporation of porphyrinic species is mainly 

achieved by the connectivity reduction of ideally 12-connected Zr6 clusters in UiO-67, 

which generates unsaturated coordination sites for the carboxylate groups on porphyrin 

ligands to coordinate. Owing to high symmetry and connectivity of the Zr6 clusters, 

UiO-67 can preserve its three-dimensional (3-D) framework even when the Zr6 cluster is 

partially coordinated to TCPP species, which might interrupt the connection between Zr6 

clusters in a 3-D space and create defects (Figure III-11). On the other hand, lower 
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concentration of porphyrin ligands in the system as well as faster nucleation of UiO-67 

hinder the nucleation of PCN-222. Consequently, formation of phase-pure UiO-67 with 

the incorporation of porphyrinic functionality can be controlled. 

 

Figure III-11. Schematic illustration of TCPP⊂UiO-67 generated by ISLI strategy and 

possible competing phases. Yellow sphere indicates the pore cavity. 

Comparison of ISLI with PSM. In order to compare the ISLI strategy with 

widely studied post-synthetic modification (PSM) method,76, 109-111 we attempted to post-

synthetically functionalize UiO-67 by immersing it in the DMF solution of MnTCPPCl. 

The PXRD pattern of the PSM product suggested that the framework was maintained 

well after the modification (Figure III-12). However, the small window size of UiO-67 

impedes the incorporation of the bulky porphyrinic species. Consequently, porphyrin is 

more likely to attach on the outer surface of UiO-67 than incorporate into the framework, 

which is verified by highly reduced content of Mn in the post-synthetically modified 

product from the ICP test (Table III-3). This control experiment demonstrated that 
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increased variety of functionalities can be introduced into the MOF through our ISLI 

strategy, which cannot be achieved by PSM method due to size limitation.  
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Figure III-12. PXRD patterns for UiO-67 before and after PSM with MnTCPPCl. 

Construction of UiO-67 with Multiple Functionalities. A series of 

functionalities were then selected to introduce into UiO-67 by ISLI strategy, taking 

advantage of the synthetic versatility of designing diverse organic ligands. By mixing 

BPDC or its derivatives and porphyrin ligands with different metals in the center, a 

series of multifunctional UiO-67 were synthesized successfully, including X⊂UiO-67, 

X⊂UiO-67-2NO2, X⊂UiO-67-2OH, X⊂UiO-67-2I, X⊂UiO-67-2OMe and X⊂UiO-

67(BPyDC) (X = NiTCPP, FeTCPPCl, MnTCPPCl, CuTCPP, H2TCPP, ZnTCPP, and 

CoTCPP) (Figure III-13 and Figure III-14). Hence, introducing porphyrin ligands into 
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UiO-67 adds another dimension to the synthetic flexibility and expand the scope of 

functionality for MOF modification. 

 

Figure III-13. PXRD patterns for (a) X⊂UiO-67 (X = NiTCPP, FeTCPPCl, MnTCPPCl, 

CuTCPP, H2TCPP, ZnTCPP, and CoTCPP) and (b) NiTCPP⊂UiO-67-2NO2, 

NiTCPP⊂UiO-67-2OH, NiTCPP⊂UiO-67-2I, NiTCPP⊂UiO-67-2OMe and 

NiTCPP⊂UiO-67(BPyDC). 
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Figure III-14. Schematic illustration of constructing multifunctional UiO-67 by ISLI 

strategy. 
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Functionalization of UiO Series of MOFs through ISLI. The above studies 

showed that multifunctional UiO-67 can be successfully synthesized by ISLI strategy, 

taking advantage of the available coordination sites of Zr6 clusters. And the the original 

crystal structure, morphology and high stability of the parent MOF were well preserved. 

In light of the ubiquity of unsaturated coordination sites in UiO series of MOFs, we then 

attempted to extend the ISLI strategy to these Zr-MOFs. A series of linear ditopic 

organic ligands were selected as the strut of the MOF (Figure III-15). 

 

Figure III-15. (a) Schematic illustration of the octahedral cage in UiO series of MOFs. 

(b) Chemical structures of linear ditopic ligands used for ISLI. 

Through ISLI strategy, a series of functionalized UiO series of MOFs were 

obtained. Compounds 1 to 6 represent Zr-MOFs with ditopic 1,4-benzenedicarboxylate 

(BDC), 2,6-naphthalene dicarbox-ylate (NDC), BPDC, azobenzene-4,4’-dicarboxylate 

(AZDC), 4,4’-(ethyne-1,2-diyl) dibenzene dicarboxylate (EDDB), and 2',3',5',6'-

tetramethyl-(1,1':4',1''-terphenyl)-4,4''-dicarboxylate (TPDC-4Me) serving as the strut of 

the framework, respectively. The PXRD patterns of each product remained consistent 

with that of the corresponding parent MOF (Figure III-5c and Figure III-16), indicating 
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that the crystal structure of the parent MOF was well preserved after introducing a 

secondary functionality through our ISLI strategy. 

 

Figure III-16. (a) and (b) represent selected PXRD patterns of functionalized UiO series 

of MOFs obtained by ISLI strategy. 
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The morphology of each MOF was observed under SEM. And SEM images 

showed that these MOFs were octahedral microcrystals (Figure III-17). 

 

Figure III-17. SEM images of (a) compound 1, (b) compound 2, (c) compound 3, (d) 

compound 4, (e) compound 5, and (f) compound 6. 
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In addition, the permanent porosity of each sample was assessed by N2 

adsorption experiments at 77 K (Figure III-18). According to the reticular chemistry, the 

MOF synthesized from a longer organic strut possesses larger pores and thus shows 

higher N2 uptake. As expected, when the parent UiO series of MOF was constructed 

from longer ditopic linear ligands, its functionalized product also exhibited higher N2 

uptake. 

 

Figure III-18. (a) N2 adsorption isotherms of parent and NiTCPP-functionalized UiO 

series of MOFs at 77 K. (b) Comparison of total N2 uptake of these MOFs. 
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Moreover, ICP tests were conducted to determine the amount of incorporated 

porphyrin in the synthesized MOFs (Table III-3). These results showed that the structure 

of MOF as well as the variety and amount of incorporated functionality can be adjusted 

at the same time by the ISLI strategy without destructing the original framework 

integrity. Consequently, this ISLI strategy is of great value to synthesize MOFs with 

desired functionality for a wide range of applications. 

Mechanism Studies of ISLI. Having applied ISLI strategy to synthesize UiO 

series of MOFs successfully, we attempted to understand the thermodynamics and 

kinetics aspects of this strategy from both experimental and computational studies. 

Essentially, the crystal growth of MOF is ligand substitution on metal ions or 

clusters.30 Since the concentration of BA is much higher than the ditopic ligand and 

tetratopic ligand in the reaction system, Zr6 clusters are most likely connected by BA at 

the beginning, and then gradually substituted by the ditopic or tetratopic ligand to form 

UiO phase or PCN phase in the end.  

Taking into consideration of the above reaction processes, we carried out DFT 

calculations to measure the enthalpy of formation (ΔH) of a series of MOFs, including 

UiO-66 (Compound 1), UiO-67 (Compound 3), Compound 5, and PCN-222. The Zr6 

cluster coordinated to 12 BA with the formula of Zr6O4(OH)4(C6H5COO)12 (R) was 

selected as the initial structure for calculation to compare the ΔH value of our selected 

MOFs. After the reaction process, all the terminal BA were substituted by 

BDC/BPDC/EDDB/NiTCPP ligands to form the corresponding MOFs. The ΔH value of 
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these MOFs were calculated on a unit cell for each MOF (Figure III-19) according to the 

equations shown in Scheme III-5. 

 

Figure III-19. The structures of MOFs used for DFT calculations. (a) UiO-66; (b) UiO-

67; (c) Compound 5; and (d) PCN-222. 

In order to make results comparable, we divided the calculated enthalpies by a 

factor of 4 for UiO series and 3 for PCN-222 to obtain the enthalpies assigned to each 

Zr6 cluster for each MOF (Table III-4). 
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Table III-4. Calculated enthalpies of formation of the selected MOFs 

MOF UiO-66 UiO-67 Compound 5 PCN-222 

ΔH (kJ mol-1) -51.1 -36.2 -33.4 -62.6 

 

Influence of BA. Since many parameters could influence the product obtained, 

we firstly examined the effect of BA on the formation of MOF. According to Scheme 

III-4, if the MOF formation is expressed as an equilibrium reaction of ligand substitution 

(Equation 1), adding BA into the system increases Gibbs free energy (ΔG) of the 

reaction (Equation 2) and shifts the reaction equilibrium to the left (starting materials). 

As a result, the formation of MOF can be significantly suppressed with an increasing 

amount of BA in the system. In addition, BA could slow down the ligand substitution 

process by inhibiting deprotonation of the ligands, and thus improve the crystallinity of 

the obtained products. Given this, we carried out some experiments to demonstrate our 

hypothesis. For example, different amounts of BA was used to synthesize 

NiTCPP⊂UiO-66. These products were then tested under SEM. The SEM images 

showed that the morphology of NiTCPP⊂UiO-66 altered from intergrown aggregates to 

octahedral microcrystals with increasing amount of BA used for the synthesis (Figure 

III-20). 
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Figure III-20. Representative SEM images of NiTCPP⊂UiO-66 with (a) no BA; (b) 100 

mg BA; (c) 200 mg BA; (d) 300 mg BA; (e) 400 mg BA; and (f) 600 mg BA used for the 

synthesis. 

Our hypothesis also suggested that when the amount of BA added increases up to 

a certain value, the formation of the MOF can be totally inhibited since the reaction 

becomes nonspontaneous (ΔG > 0). Indeed, when an increased amount of BA (600 mg, 

4.9 mmol) did not fully suppress the growth of UiO-66 (Figure III-21c), the growth of 

UiO-67 was completely inhibited (Figure III-21c). In addition, even less amount of BA 
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was enough to fully inhibit the growth of compound 5 (Figure III-2c). Interestingly, the 

tolerance of BA for each MOF is correlated to the ΔH value determined by calculation 

(Table III-4). This correlation may suggest that the difference of the entropy of 

formation (ΔS) value between our selected UiO series of MOFs are neglectable, and thus 

their relative ΔG value can be reflected by ΔH value.  

 

Figure III-21. Energy diagrams of the reaction towards (a) UiO-66 and (b) UiO-67. (c) 

Photographs of the products obtained with 600 mg BA used for the synthesis of (i) UiO-

66 (white precipitate); and (ii) UiO-67 (clear solution). 

Furthermore, formation of impurity phase (PCN-222) was observed with 500 mg 

(4.1 mmol) BA used for the synthesis of MnTCPPCl⊂UiO-67 (Figure III-22). This is 

most likely because large amount of BA greatly suppressed the formation of UiO-67 

thermodynamically, leaving more available Zr species in the system. Despite low 
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concentration of porphyrin ligands, PCN-222 can still be generated probably due to more 

favorable thermodynamic driving force. 
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Figure III-22. PXRD patterns for PCN-222 and the products obtained with different 

amount of BA used for the synthesis of MnTCPPCl⊂UiO-67. 

            Influence of TCPP. In addition to the modulating reagent (BA), the effect of 

porphyrin ligand was investigated. During the reaction, TCPP ligand can compete with 

the ditopic ligand to coordinate to the Zr6 cluster due to comparable coordination ability 

(Figure III-23). As we mentioned above, formation of impurity was observed with 

increased amount of TCPP used for the synthesis (Figure III-10). One possible reason is 

that with higher concentration of the porphyrin ligand, the rate of ligand substitution on 

Zr6 cluster is faster and the nucleation process of the impurity phase can be accelerated. 

In addition, the impure phase is thermodynamically more favorable to form with more 

TCPP due to decreased ΔG. Therefore, to prevent the formation of impurities, we 



 

100 

 

judiciously adjust the amount of mixed ligands used for the synthesis. By increasing the 

amount of ditopic ligand and decreasing the amount of TCPP ligand, the reaction system 

can be both kinetically and thermodynamically driven towards porphyrin-functionalized 

UiO phase and away from the competing PCN-222 phase. 

 

Figure III-23. The energy diagram of the formation of competing phases in the reaction 

system. 

The above computational and experimental results showed that the modulating 

reagent BA can be used to improve the crystallinity of the product. However, when the 

concentration of BA increased to a certain amount, impurity phases began to form in the 

system. Therefore, the concentration of BA should be adjusted in a cerain range to 

achieve the balance between high crystallinity and purity of the MOF product. Secondly, 

for different UiO series of MOFs, different amounts of BA can be tolerated in the 

reaction system while preserving the phase purity of the obtained product. Moreover, the 

generation of impurity phases was observed with increasing amount of TCPP ligand 

added in the system. Consequently, it is very important to adjust the concentration of BA, 

ditopic ligands and tetratopic ligands to both thermodynamically and kinetically control 
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the reaction system towards the formation of phase-pure UiO series of MOFs with the 

incorporation of desired porphyrin functionality. 

3.4 Conclusions 

A comprehensive study of the in situ secondary ligand incorporation (ISLI) strategy 

was presented in this chapter to construct highly stable UiO series of MOFs (e.g. UiO-66, 

UiO-67, and UiO-68) with the incorporation of multiple functionalities. Firstly, UiO-67 

functionalized with porphyrin was synthesized by mixing ditopic BPDC ligands and 

tetratopic TCPP ligands in a one-pot synthesis, while maintaining the original crystal 

structure, morphology, and stability of the parent MOF (UiO-67). By combining diverse 

porphyrin ligands with different metals in the center as well as BPDC ligand or its 

derivatives, UiO-67 was successfully modified with multiple functionalities. In addition, 

the amount of incorporated porphyrin can be gradually adjusted by adding different 

amounts of porphyrin ligand into the reaction system. Then, the ISLI strategy was 

successfully applied to functionalize many UiO series of MOFs (e.g. compounds 1-6). 

Moreover, both computational and experimental studies were carried out to understand 

the mechanism aspect of our ISLI strategy. Firstly, adding the modulating reagent (BA) 

could slow down the growth of the MOF and thus improve its crystallinity. However, 

when the amount of BA increased to a certain value, ΔG of the MOF formation turns to 

positive and thus the reaction becomes nonspontaneous. Given this, theoretically MOF 

with lower ΔG could tolerate more BA, which was further confirmed by experimental 

studies. Secondly, due to the competition of mixed ligands to connect to the metal 
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clusters, the formation of impurity phases (e.g. PCN-222) can be eliminated with lower 

concentration of porphyrin ligands. Consequently, the reaction conditions (e.g. the 

concentration of mixed ligands and BA) should be carefully adjusted to 

thermodynamically and kinetically drive our reaction system towards phase-pure UiO 

series of MOFs incorporated with porphyrin. 
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CHAPTER IV 

IN SITU SECONDARY LIGAND INCORPORATION STRATEGY TOWARDS 

ZIRCONIUM MOFS CONSTRUCTED FROM MULTITOPIC LIGANDS 

 

4.1 Introduction 

So far, many studies have shown that the structural features (e.g. pore size and 

window size) of MOFs could influence their performance in various applications, such 

as gas storage and separation,4, 112 catalysis,113-114 and enzyme immobilization.115 For 

example, Feng’s group reported the generation of new pores inside the framework 

through a ligand insertion pore space partition strategy.112 After fine tailoring of the 

framework structure, the MOF exhibited superior CO2 uptake capacity. Although there 

were no open metal sites in the framework, the MOF still showed CO2 uptake capacity 

comparable to MOF-74 at 298 K and 1 bar. 

For highly stable Zr-MOFs, depending on their structural features, their 

applications in many fields have also been investigated. For instance, MOF-808 is 

constructed from tritopic benzene-1,3,5-tricarboxylate (BTC) ligands and 6-connected 

Zr6 clusters to form a 6,3-connected 3-D framework with a spn topology, which contains 

tetrahedral cages (4.8 Å) and larger adamantane cages (18.4 Å).116 MOF-808 has been 

studied for water adsorption in recent years, and its sulfated analogue shows 

superacidity.117 On the other hand, NU-1000, in which each Zr6 cluster is coordinated to 

eight tetratopic 1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy) ligands, exhibits large pores 

of 31 Å and high BET surface area of 2320 m2g-1.118 Taking advantage of the available 
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coordination sites of Zr6 clusters in the framework, NU-1000 has been widely 

investigated for various applications, such as CO2 capture118 and destruction of chemical 

warfare agents.119-120 

Therefore, exploring more Zr-MOF platforms suitable for introducing 

multifunctionality is crucial to broaden the potential applications of MOFs. Previously, 

we have demonstrated the construction of multifunctional UiO series of MOFs through 

an in situ secondary ligand incorporation strategy. Taking advantage of the ubiquity of 

available coordination sites in Zr-MOFs, this strategy was further applied to a series of 

Zr-MOFs constructed from multitopic ligands (e.g. MOF-808 and NU-1000). The 

synthesized MOFs were characterized by many techniques, such as PXRD, N2 uptake, 

SEM, EDS mappings, TGA, and ICP. Studies showed that ISLI is a very general 

strategy to construct highly stable Zr-MOFs with multiple functionalities, which 

provides a useful tool to investigate advanced applications of MOFs. 

4.2 Experimental Section 

Materials and Instrumentation. Commercially available reagents and solvents 

were used as received without further purification. Tetrakis(4-carboxyphenyl)porphyrin 

(H2TCPP), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Mn(III) chloride 

(MnTCPPCl), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Fe(III) chloride 

(FeTCPPCl), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Zn(II) (ZnTCPP), 

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), [5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrinato]-Co(II) (CoTCPP), [5,10,15,20-tetrakis(4-
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carboxyphenyl)porphyrinato]-Cu(II) (CuTCPP) were synthesized according to the 

procedure in previous reports with slight modifications.73 

Powder X-ray diffraction (PXRD) experiment was carried out with a BRUKER 

D8-Focus Bragg−Brentano X-ray powder diffractometer equipped with a Cu-sealed tube 

(λ = 1.54178) at 40 kV and 40 mA. Thermogravimetric analysis (TGA) were conducted 

on a Shimadzu TGA-50 thermogravimetric analyzer at a ramp rate of 2 °C/min in a 

flowing nitrogen atmosphere. Nuclear magnetic resonance (NMR) spectra were 

collected on a Mercury 300 spectrometer. Inductively coupled plasma (ICP) tests were 

conducted on a Perkin Elmer Optima 8000 ICP spectrometer. N2 adsorption/desorption 

isotherms were measured on a Micrometritics ASAP 2020 system at 77 K. The sample 

was activated by solvent exchange (in several cycles using fresh acetone), followed by 

degassing at elevated temperature (100 °C) for 5 h. Scanning electron microscope (SEM) 

analysis was performed on QUANTA 450 FEG and energy dispersive X-ray 

spectroscopy (EDS) analysis was carried out by X-Max20 with Oxford EDS system 

equipped with X-ray mapping.  

Synthesis of 1,3,6,8-Tetrakis(p-Benzoic Acid)pyrene (H4TBAPy). As shown 

in Scheme IV-1, 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy) was synthesized 

according to the reference.121  

Synthesis of 1,3,6,8-tetrakis(4-(methoxycarbonyl)phenyl)pyrene: to a mixture of 

(4-(methoxycarbonyl)phenyl)boronic acid (5.200 g, 29.00 mmol), 1,3,6,8-

tetrabromopyrene (2.500 g, 4.85 mmol), tetrakis(triphenylphosphine) palladium(0) 

(0.150 g 0.130 mmol), and potassium phosphate tribasic (5.500 g, 26.50 mmol) was 
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added dry dioxane (100 mL). Then, the mixture was stirred under nitrogen atmosphere 

for 72 h at 130 °C in an oil bath. The reaction mixture was evaporated to dryness and the 

solid residue was washed with water to remove inorganic salts. The insoluble material 

was extracted with chloroform (three times by 50 mL). Next, the extract was dried over 

magnesium sulfate, and the solvent volume was reduced under vacuum. The residue was 

boiled in tetrahydrofuran for 2h and filtered. The resulting filtrate contained majority of 

the impurities. Finally, 2.90 g of 1,3,6,8-tetrakis(4-(methoxycarbonyl)phenyl)pyrene was 

obtained (82% yield). 1H NMR (CDCl3, 300 MHz): δ 3.99 (s, 12H), 7.75 (d, 8H), 8.01 

(s, 2H), 8.15 (s, 4H), 8.23 (d, 8H).  

Synthesis of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy): 1.16 g (1.56 

mmol) of solid 1,3,6,8-tetrakis(4-(methoxycarbonyl)phenyl)pyrene, 3.0 g (75.0 mmol) 

NaOH, and 150 mL of a THF/water (ratio 1:1) mixture was added to a 250 mL round 

bottom flask. Then, the resultant suspension was vigorously stirred under reflux 

overnight. The solvents were removed under vacuum and water was added to the residue, 

which formed a clear yellow solution. The clear yellow solution was stirred at room 

temperature for 2 h and the pH value was adjusted to 1 by adding concentrated HCl. The 

resulting yellow solid was collected by filtration and then washed with water several 

times. The crude product was recrystallized from DMF, filtered, washed with 

chloroform and dried under vacuum. Finally, 0.98 g of the pure product H4TBAPy was 

obtained (91% yield). 1H NMR (DMSO, 300 MHz): δ 7.86 (d, 8H), 8.09 (s, 2H), 8.17 (d, 

8H), 8.21 (s, 4H), 13.12 (s, 4H). 
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Scheme IV-1. Synthesis of H4TBAPy ligand. 

Synthesis of 4',4''',4''''',4'''''''-(Ethene-1,1,2,2-Tetrayl)tetrakis(([1,1'-

Biphenyl]-4-Carboxylic Acid)) (H4ETTC). As shown in Scheme IV-2, 4',4''',4''''',4'''''''-

(ethene-1,1,2,2-tetrayl)tetrakis(([1,1'-biphenyl]-4-carboxylic acid)) (H4ETTC) was 

synthesized according to the reference.122-123 

Synthesis of tetrakis(4-bromophenyl)ethylene: powder tetraphenylethylene 

(15.00 g, 45.2 mmol) was grinded carefully and reacted with bromine (15.0 mL, 0.3 mol) 

vapor at room temperature for two weeks. The resulting solid was then recrystallized in 

methanol and dichloromethane to yield white product (26.2 g, 40.8 mmol, 90% yield). 

1H NMR (CDCl3, 300 MHz): δ 6.85 (d, 8H), 7.28 (d, 8H). 
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Synthesis of tetramethyl 4',4''',4''''',4'''''''-(ethene-1,1,2,2-tetrayl)tetrakis([1,1'-

biphenyl]-4-carboxylate): tetrakis(4-bromophenyl)ethylene (2.0 g, 3.1 mmol), 4-

methoxycarbonylphenylboronic acid (2.8 g, 15.5 mmol), cesium fluoride (6.0 g, 39.5 

mmol) and tetrakis(triphenylphosphine)palladium (0.4 g, 0.3 mmol) were added to a 500 

mL round bottom flask equipped with a condenser and a stir bar. Then 250 mL degassed 

dioxane solvent was transferred carefully to the flask through cannula, and the solution 

was refluxed for 48 h. After the reaction mixture was cooled to room temperature. Then, 

the solvent was removed under vacuum, and the residue was dissolved in 

dichloromethane and washed with water three times. The organic layer was dried with 

magnesium sulfate. After removing the dichloromethane under vacuum, the solid was 

recrystallized from acetone to yield light yellow product. (1.6 g, 1.8 mmol, 80% yield). 

1H NMR (CDCl3, 300 MHz): δ 3.93 (s, 12H), 7.19 (d, 8H), 7.44 (d, 8H), 7.62 (d, 8H), 

8.05(d, 8H). 

Synthesis of 4',4''',4''''',4'''''''-(ethene-1,1,2,2-tetrayl)tetrakis(([1,1'-biphenyl]-4-

carboxylic acid)) (H4ETTC). 4',4''',4''''',4'''''''-(ethene-1,1,2,2-tetrayl)tetrakis([1,1'-

biphenyl]-4-carboxylate) (1.6 g, 1.8 mmol) and sodium hydroxide (1.7 g, 42.5 mmol) 

were added into a solvent mixture of THF, methanol and water (v/v/v=1:1:1). The 

solution was stirred and refluxed overnight. After removing the organic solvent, the 

aqueous phase was acidified with 6M HCl to yield yellow precipitate of 4',4''',4''''',4'''''''-

(ethene-1,1,2,2-tetrayl)tetrakis(([1,1'-biphenyl]-3-carboxylic acid)) (H4ETTC), which 

was filtered, washed with water, and dried under vacuum. Finally, 1.4 g (1.7 mmol) 
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product was obtained (95% yield). 1H NMR (DMSO-d6, 300 MHz): δ, 7.19 (d, 8H), 7.61 

(m, 8H), 7.75 (d, 8H), 7.95 (s, 8H). 

 

Scheme IV-2. Synthesis of H4ETTC ligand. 

Synthesis of 1,2,4,5-Tetrakis(4-Carboxyphenyl)benzene (H4TCPB). As 

shown in Scheme IV-3, 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (H4TCPB) was 

synthesized according to the reference by Suzuki coupling of 1,2,4,5-tetrabromobenzene 

and 4-ethoxycarbonylphenylboronic acid.124 Firstly, to mixture of 1,2,4,5-

tetrabromobenzene (1.01 g, 2.54 mmol), 4-ethoxycarbonylphenylboronic acid (2.42 g, 

11.5 mol) and K3PO4 (2.70 g, 12.70 mmol) were added degassed 1,4-dioxane (100 mL) 
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under nitrogen. Then, Pd(PPh3)4 (0.09 g, 0.08 mmol) was added to the mixture and 

heated to 85 °C for 4 days under nitrogen atmosphere. The solution was evaporated to 

dryness and extracted with CHCl3. The CHCl3 was removed by evaporation under 

vacuum, and the final product H4TCPB was obtained by hydrolysis of the crude product 

under reflux overnight with 2M NaOH aqueous solution (200 mL) followed by 

acidification with concentrated HCl (1.23 g, 86% yield).1H NMR (DMSO-d6, 300 MHz): 

δ, 8.08 (d, 8H), 7.83 (d, 8H), 7.80 (s, 2H). 

 

Scheme IV-3. Synthesis of H4TCPB ligand. 

Synthesis of Compound 7 (MOF-808). ZrOCl2∙8H2O (8.0 mg, 0.025 mmol), 

H3BTC (5.5 mg, 0.026 mmol), and formic acid (1 mL) in 1 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 
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precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 7 (NiTCPP⊂MOF-808). ZrOCl2∙8H2O (8.0 

mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), NiTCPP (5 mg, 0.006 mmol) and 

formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of FeTCPPCl⊂Compound 7 (FeTCPPCl⊂MOF-808). 

ZrOCl2∙8H2O (8.0 mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), FeTCPPCl (5 mg, 

0.006 mmol) and formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 120 °C for 22 h. After cooling down to 

room temperature, the precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of MnTCPPCl⊂Compound 7 (MnTCPPCl⊂MOF-808). 

ZrOCl2∙8H2O (8.0 mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), MnTCPPCl (5 mg, 

0.006 mmol) and formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 120 °C for 22 h. After cooling down to 
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room temperature, the precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of CuTCPP⊂Compound 7 (CuTCPP⊂MOF-808). ZrOCl2∙8H2O 

(8.0 mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), CuTCPP (5 mg, 0.006 mmol) and 

formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of H2TCPP⊂Compound 7 (H2TCPP⊂MOF-808). ZrOCl2∙8H2O (8.0 

mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), H2TCPP (5 mg, 0.006 mmol) and 

formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of ZnTCPP⊂Compound 7 (ZnTCPP⊂MOF-808). ZrOCl2∙8H2O 

(8.0 mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), ZnTCPP (5 mg, 0.006 mmol) and 
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formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of CoTCPP⊂Compound 7 (CoTCPP⊂MOF-808). ZrOCl2∙8H2O 

(8.0 mg, 0.025 mmol), H3BTC (5.5 mg, 0.026 mmol), CoTCPP (5 mg, 0.006 mmol) and 

formic acid (1 mL) in 1 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 8 (NU-1000). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (17.1 mg, 0.025 mmol), and benzoic acid (800 mg, 6.551 mmol) in 2 mL of 

DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 

120 °C for 22 h. After cooling down to room temperature, the precipitates were collected 

by centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 
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Synthesis of NiTCPP⊂Compound 8 (NiTCPP⊂NU-1000). ZrOCl2∙8H2O (24.2 

mg, 0.075 mmol), H4TBAPy (17.1 mg, 0.025 mmol), NiTCPP (10 mg, 0.012 mmol) and 

benzoic acid (800 mg, 6.551 mmol) in 2 mL of DMF were ultrasonically dissolved in a 

Pyrex vial. The mixture was heated in an oven at 120 °C for 22 h. After cooling down to 

room temperature, the precipitates were collected by centrifugation. The solids were 

washed with DMF three times to remove unreacted precursors, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of FeTCPPCl⊂Compound 8 (FeTCPPCl⊂NU-1000). ZrOCl2∙8H2O 

(24.2 mg, 0.075 mmol), H4TBAPy (17.1 mg, 0.025 mmol), FeTCPPCl (5 mg, 0.006 

mmol) and benzoic acid (800 mg, 6.551 mmol) in 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 22 h. After 

cooling down to room temperature, the precipitates were collected by centrifugation. The 

solids were washed with DMF three times to remove unreacted precursors, and then 

solvent-exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of MnTCPPCl⊂Compound 8 (MnTCPPCl⊂NU-1000). 

ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), H4TBAPy (17.1 mg, 0.025 mmol), MnTCPPCl (5 

mg, 0.006 mmol) and benzoic acid (800 mg, 6.551 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 
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precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of Compound 9. ZrOCl2∙8H2O (21.5 mg, 0.067 mmol), H4TCPB 

(18.6 mg, 0.033 mmol), and benzoic acid (400 mg, 3.275 mmol) in 2 mL of DMF were 

ultrasonically dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 

22 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times to remove unreacted 

precursors, and then solvent-exchanged with acetone three times. The resulting powder 

was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 9. ZrOCl2∙8H2O (21.5 mg, 0.067 mmol), 

H4TCPB (18.6 mg, 0.033 mmol), NiTCPP (5 mg, 0.006 mmol) and benzoic acid (400 

mg, 3.275 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of MnTCPPCl⊂Compound 9. ZrOCl2∙8H2O (21.5 mg, 0.067 mmol), 

H4TCPB (18.6 mg, 0.033 mmol), MnTCPPCl (5 mg, 0.006 mmol) and benzoic acid (400 

mg, 3.275 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 120 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 
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with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Compound 10. ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), H4ETTC 

(20.3 mg, 0.025 mmol), and TFA (0.2 mL) in 2 mL of DMF were ultrasonically 

dissolved in a Pyrex vial. The mixture was heated in an oven at 120 °C for 22 h. After 

cooling down to room temperature, the precipitates were collected by centrifugation. The 

solids were washed with DMF three times to remove unreacted precursors, and then 

solvent-exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Synthesis of NiTCPP⊂Compound 10. ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4ETTC (20.3 mg, 0.025 mmol), NiTCPP (5 mg, 0.006 mmol) and TFA (0.2 mL) in 2 

mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in an 

oven at 120 °C for 22 h. After cooling down to room temperature, the precipitates were 

collected by centrifugation. The solids were washed with DMF three times to remove 

unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

Synthesis of X⊂NU-1000 (X = NiTCPP, FeTCPPCl, MnTCPPCl, CuTCPP, 

ZnTCPP, and CoTCPP). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), H4TBAPy (17.1 mg, 

0.025 mmol), NiTCPP (1.0 mg, 0.001 mmol), FeTCPPCl (1.0 mg, 0.001 mmol), 

MnTCPPCl (1.0 mg, 0.001 mmol), CuTCPP (1.0 mg, 0.001 mmol), ZnTCPP (1.0 mg, 

0.001 mmol), CoTCPP (1.0 mg, 0.001 mmol) and benzoic acid (700 mg, 5.732 mmol) in 
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2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The mixture was heated in 

an oven at 120 °C for 22 h. After cooling down to room temperature, the precipitates 

were collected by centrifugation. The solids were washed with DMF three times to 

remove unreacted precursors, and then solvent-exchanged with acetone three times. The 

resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

ICP Analyses. Samples were prepared in duplicate with weights of around 3 mg. 

Each sample was dissolved in J.T. Baker Ultrex® II Ultrapure 70% nitric acid at 70 °C 

for 12 hours. Samples were then diluted to 150x in 1% nitric acid and 18.2 MΩ water 

from a Millipore Milli-Q® water purification system. Calibration standards were 

prepared from certified reference standards from RICCA Chemical Company. Samples 

were further analyzed with a Perkin Elmer Optima 8000 ICP spectrometer. Resulting 

calibration curves have minimum R2 = 0.9999. Additionally, to maintain accuracy, 

quality control samples from certified reference standards and internal standards were 

utilized. The individual results of the duplicate samples were averaged to determine the 

metal ratios. 

Table IV-1. Mn to Zr atomic ratio in MnTCPPCl⊂NU-1000 with different amounts of 

porphyrin ligand used for the synthesis 

TCPP / mg 3 4 5 

Trial 1 0.019 0.034 0.045 

Trial 2 0.020 0.034 0.045 

Average 0.020 0.034 0.045 
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Table IV-2. Ni to Zr atomic ratio in NiTCPP⊂compounds 7-10 

Compound 7 8 9 10 

Trial 1 0.015 0.050 0.018 0.062 

Trial 2 0.015 0.050 0.025 0.062 

Average 0.015 0.050 0.022 0.062 

 

Phase Diagram Determination. High-throughput screening is applied to plot 

the phase diagram of Compound 9. The reactions were carried out under the conditions 

shown in Table IV-3 (DMF 2 mL at 120 °C). The product obtained was characterized by 

PXRD to determine the phase purity. Figure IV-1 shows an example of impurity product, 

the composition of which can be determined by comparing with the simulated one. 

Table IV-3. The reaction conditions carried out to determine the phase diagram 

Entry ZrOCl2∙8H2O / mg TCPB / mg TCPP /mg BA / mg 

1 21.5 18.6 5 250 

2 21.5 18.6 10 250 

3 21.5 18.6 15 250 

4 21.5 18.6 20 250 

5 21.5 18.6 25 250 

6 21.5 18.6 30 250 

7 21.5 18.6 35 250 

8 21.5 18.6 5 370 

9 21.5 18.6 10 370 

10 21.5 18.6 15 370 

11 21.5 18.6 20 370 
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Table IV-3. Continued 

Entry ZrOCl2∙8H2O / mg TCPB / mg TCPP /mg BA / mg 

12 21.5 18.6 25 370 

13 21.5 18.6 30 370 

14 21.5 18.6 35 370 

15 21.5 18.6 5 490 

16 21.5 18.6 10 490 

17 21.5 18.6 15 490 

18 21.5 18.6 20 490 

19 21.5 18.6 25 490 

20 21.5 18.6 30 490 

21 21.5 18.6 35 490 

22 21.5 18.6 5 610 

23 21.5 18.6 10 610 

24 21.5 18.6 15 610 

25 21.5 18.6 20 610 

26 21.5 18.6 25 610 

27 21.5 18.6 30 610 

28 21.5 18.6 35 610 

29 21.5 18.6 5 730 

30 21.5 18.6 10 730 

31 21.5 18.6 15 730 

32 21.5 18.6 20 730 

33 21.5 18.6 25 730 

34 21.5 18.6 30 730 

35 21.5 18.6 35 730 

36 21.5 18.6 5 850 

37 21.5 18.6 10 850 

38 21.5 18.6 15 850 

39 21.5 18.6 20 850 
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Table IV-3. Continued 

Entry ZrOCl2∙8H2O / mg TCPB / mg TCPP /mg BA / mg 

40 21.5 18.6 25 850 

41 21.5 18.6 30 850 

42 21.5 18.6 35 850 

43 21.5 18.6 5 970 

44 21.5 18.6 10 970 

45 21.5 18.6 15 970 

46 21.5 18.6 20 970 

47 21.5 18.6 25 970 

48 21.5 18.6 30 970 

49 21.5 18.6 35 970 

50 21.5 18.6 5 1090 

51 21.5 18.6 10 1090 

52 21.5 18.6 15 1090 

53 21.5 18.6 20 1090 

54 21.5 18.6 25 1090 

55 21.5 18.6 30 1090 

56 21.5 18.6 35 1090 

57 21.5 18.6 5 1210 

58 21.5 18.6 10 1210 

59 21.5 18.6 15 1210 

60 21.5 18.6 20 1210 

61 21.5 18.6 25 1210 

62 21.5 18.6 30 1210 

63 21.5 18.6 35 1210 

 



 

121 

 

10 20 30 40

Impure product (MnTCPPCl 30 mg)

PCN-222

Compound 9

MnTCPPCl⊂Compound 9 (MnTCPPCl 20 mg)

 

 

In
te

n
s
it
y
 (

a
.u

.)

2 (degree)

 

Figure IV-1. PXRD patterns for PCN-222, compound 9 and the products obtained with 

different amount of MnTCPPCl added in the system. 

TGA Analyses. About 10.0 mg of the MOF samples were heated on the 

Shimadzu TGA-50 instrument from room temperature to 800 °C at a ramp rate of 

2 °C/min under nitrogen flow of 25 mL/min. The decomposition temperature of each 

material was obtained according to corresponding TGA data, which suggested the 

excellent thermal stability of these MOF samples. 
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Figure IV-2. TGA analyses of NiTCPP⊂compound 7, NiTCPP⊂compound 8, 

NiTCPP⊂compound 9, and NiTCPP⊂compound 10. 

4.3 Results and Discussion 

Functionalization of MOF-808 through ISLI. In order to extend the ISLI 

strategy, we firstly selected MOF-808 (compound 7) as an example of Zr-MOFs 

constructed from tritopic ligands. Solvothermal reaction of ZrOCl2∙8H2O, H3BTC, and 

formic acid in N,N-dimethylformamide (DMF) at 120 ℃ for 22 hours yielded white 

powders of MOF-808 (Figure IV-3a). And solvothermal reaction of ZrOCl2∙8H2O, 

H3BTC, [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), and 

formic acid in DMF at 120 ℃ for 22 hours yielded red powders of NiTCPP⊂MOF-808. 

After washing with DMF and acetone, the product remained red, indicating the presence 
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of porphyrin (Figure IV-3b). In addition, the PXRD pattern of the red powder was in 

consistent to that of MOF-808 (Figure IV-3c), suggesting that the framework of MOF-

808 was well preserved after functionalization of MOF-808 with porphyrin. 

 

Figure IV-3. Photographs of (a) MOF-808 and (b) NiTCPP⊂MOF-808. (c) PXRD 

patterns for MOF-808 and NiTCPP⊂MOF-808. 

In order to assess the permanent porosity of the product, we directly activated the 

sample by removing the solvent and then carried out N2 uptake test at 77 K. Type І 

isotherms that are typical for microporous solids were acquired. Compared with pristine 

MOF-808 (537 cm3 g-1), NiTCPP⊂NOF-808 exhibited lower N2 uptake at 1 bar (437 

cm3 g-1) (Figure IV-4a), indicating the incorporation of porphyrin ligand into the 

framework of MOF-808. In addition, the morphology and phase purity of the product 

NiTCPP⊂MOF-808 were tested by SEM. The SEM image showed that the obtained 

powders were octahedral microcrystals with the size of about 1 μm (Figure IV-4b).  
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Figure IV-4. (a) N2 adsorption/desorption isotherms of MOF-808 and NiTCPP⊂MOF-

808. (b) SEM image of NiTCPP⊂MOF-808. 

Taking advantages of the synthetic versatility by designing organic ligands in this 

system, a series of functionalities were incorporated into MOF-808 through ISLI 

strategy. Porphyrin ligands with different metals in the center were utilized to 

functionalize MO-808. And the phase purity of these products was verified by their 
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PXRD patterns, which were identical to that of the pristine MOF-808 (Figure IV-5). 

These functionalized MOF-808 were promising for a series of applications (e.g. CO2 

reduction125-128  and oxidative cyclization129). 
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Figure IV-5. PXRD patterns for X⊂MOF-808 (X = NiTCPP, FeTCPPCl, MnTCPPCl, 

CuTCPP, H2TCPP, ZnTCPP, and CoTCPP). 

Functionalization of NU-1000 through ISLI. In the next step, we tried to 

extend the ISLI strategy to Zr-MOFs constructed from tetratopic ligands. Firstly, NU-

1000 (compound 8) was selected as an example. Solvothermal reaction of ZrOCl2∙8H2O, 

H4TBAPy, and benzoic acid in N,N-dimethylformamide (DMF) at 120 ℃ for 22 hours 

yielded yellow powders of NU-1000 (Figure IV-6a). And solvothermal reaction of 

ZrOCl2∙8H2O, H4TBAPy, [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) 

(NiTCPP), and benzoic acid in DMF at 120 ℃ for 22 hours yielded red powders of 
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NiTCPP⊂NU-1000. After washing with DMF and acetone, the product remained red, 

indicating the presence of porphyrin (Figure IV-6b). Moreover, the PXRD pattern of the 

red powder was in consistent to that of simulated and experimental NU-1000 (Figure IV-

6c), suggesting that the framework of NU-1000 was well preserved after 

functionalization of MOF-808 with porphyrin. 

 

Figure IV-6. Photographs of (a) NU-1000 and (b) NiTCPP⊂NU-1000. (c) PXRD 

patterns for NU-1000 and NiTCPP⊂NU-1000. 

Next, the samples were activated directly by removal of the solvent. And N2 

uptake experiment at 77 K was conducted to assess the permanent porosity of the 

products. Type ІV isotherms that are typical for mesoporous solids were acquired from 

ASAP 2020 instrument. Compared with the parent MOF (NU-1000) (943 cm3 g-1), 

NiTCPP⊂NU-1000 exhibited lower N2 uptake at 1 bar (777 cm3 g-1) (Figure IV-7a), 

suggesting the integration of NiTCPP ligands into the framework of NU-1000. In 

addition, the morphology and phase purity of the product NiTCPP⊂NU-1000 were 
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tested by SEM. Its SEM image showed that the obtained powders were rods with a 

uniform length of about 10 μm (Figure IV-7b). 

 

Figure IV-7. (a) N2 adsorption/desorption isotherms of NU-1000 and NiTCPP⊂NU-

1000. (b) SEM image of NiTCPP⊂NU-1000. 
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So far, many studies have investigated the application of NU-1000 for CO2 

capture and destruction of chemical warfare agents.118-119 Moreover, since NU-1000 has 

high stability and contains mesopores, introducing multiple functionalities into NU-1000 

is of great significance to broaden the scope of its applications (e.g. separation, enzyme 

immobilization, and drug delivery). By adjusting the amount of TCPP ligands used for 

the synthesis, different amounts of porphyrin can be incorporated into the framework of 

NU-1000 (Table IV-1), which is very important for the applications where the 

concentration of functionality matters. 

Synthesis of Multivariate NU-1000. Through ISLI strategy, up to seven 

functionalities can be incorporated into NU-1000 (Figure IV-8). It is worth noting that 

the pore size of NU-1000 is larger than the porphyrin ligand, which further confirms that 

porphyrin ligands are coordinated to the Zr6 clusters of NU-1000 instead of purely 

encapsulated in the framework. 

 

Figure IV-8. Schematic illustration of multifunctional NU-1000 synthesized through 

ISLI by mixing up to seven organic ligands. 
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Functionalization of Compound 9 through ISLI. After successfully applied 

ISLI strategy to functionalize MOF-808 and NU-1000, we further expand this strategy to 

incorporate multiple functionalities into other Zr-MOFs (compound 9 and compound 10). 

Solvothermal reaction of ZrOCl2∙8H2O, H4TCPB, and benzoic acid in N,N-

dimethylformamide (DMF) at 120 ℃ for 22 hours yielded yellow powders of compound 

9 (Figure IV-9a). And solvothermal reaction of ZrOCl2∙8H2O, H4TCPB, [5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), and benzoic acid in DMF at 

120 ℃ for 22 hours yielded red powders of NiTCPP⊂compound 9. After washing with 

DMF and acetone, the product remained red, indicating the presence of porphyrin 

(Figure IV-9b). Moreover, the PXRD pattern of the red powder was in consistent to that 

of the parent MOF (compound 9) (Figure IV-10c), suggesting that the framework of 

compound 9 was well preserved after functionalization with porphyrin. 

 

Figure IV-9. Photographs of (a) compound 9 and (b) NiTCPP⊂compound 9. (c) PXRD 

patterns for compound 9 and NiTCPP⊂compound 9. 
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Next, the samples were activated directly by removal of the solvent. And N2 

uptake experiment at 77 K was conducted to assess the permanent porosity of the 

products. Type ІI isotherms that are typical for microporous solids were acquired from 

ASAP 2020 instrument. Compared with the parent MOF (compound 9) (444 cm3 g-1), 

NiTCPP⊂compound 9 exhibited decreased N2 uptake at 1 bar (411 cm3 g-1) (Figure IV-

10a), suggesting the integration of NiTCPP ligands into the framework of compound 9. 

In addition, the morphology and phase purity of the product NiTCPP⊂compound 9 were 

tested by SEM. Its SEM image showed that the obtained powders were octahedral 

microcrystals with the size of about 150 nm (Figure IV-10b). 
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Figure IV-10. (a) N2 adsorption/desorption isotherms of compound 9 and 

NiTCPP⊂compound 9. (b) SEM image of NiTCPP⊂compound 9. 

Phase Diagram Determination. Take compound 9 as an example, in order to 

investigate appropriate synthetic conditions, we tested the product obtained with 

different amounts of BA and TCPP used for the synthesis and summarized the results in 
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a phase diagram (Figure IV-11). In consistent with our previous studies, impurity phases 

appeared with higher concentration of BA and TCPP. 

 

Figure IV-11. The phase diagram showing the product obtained with different amounts 

of TCPP and BA used for the synthesis. 

Functionalization of Compound 10 through ISLI. To further extend the ISLI 

strategy, solvothermal reaction of ZrOCl2∙8H2O, H4ETTC, and TFA in N,N-

dimethylformamide (DMF) at 120 ℃ for 22 hours yielded yellow powders of compound 

10. And solvothermal reaction of ZrOCl2∙8H2O, H4ETTC, [5,10,15,20-tetrakis(4-
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carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), and TFA in DMF at 120 ℃ for 22 hours 

yielded red powders of NiTCPP⊂compound 10. After washing with DMF and acetone, 

the product remained red, indicating the presence of porphyrin. Moreover, the PXRD 

pattern of the red powder was in consistent to that of the parent MOF (compound 10) 

(Figure IV-12), suggesting that the framework of compound 10 was well preserved after 

functionalization with porphyrin. 
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Figure IV-12. The PXRD patterns for compound 10 and NiTCPP⊂compound 10. 

In order to assess the permanent porosity of the products, the samples were 

activated directly by removal of the solvent. Then, they were tested by N2 uptake 

experiment at 77 K. Type ІV isotherms that are typical for mesoporous solids were 

acquired from ASAP 2020 instrument. Compared with the parent MOF (compound 10) 

(1092 cm3 g-1), NiTCPP⊂compound 10 exhibited lower N2 uptake at 1 bar (730 cm3 g-1) 
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(Figure IV-13), suggesting the introduction of NiTCPP ligands into the framework of 

compound 10.  
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Figure IV-13. N2 adsorption isotherms for compound 10 and NiTCPP⊂compound 10. 

ISLI towards Multifunctional Zr-MOFs. As a brief summary, the ISLI 

strategy has been applied to a series of Zr-MOFs constructed from multitopic organic 

ligands (Figure IV-14). For example, L7 and L8 represent the organic structs for the 

construction of MOF-808 and NU-1000, respectively. 

 

Figure IV-14. Chemical structures of multitopic ligands used for ISLI. 
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Figure IV-15. (a) N2 adsorption isotherms and (b) total N2 uptake of compounds 7-10 

and NiTCPP⊂compounds 7-10. 

The N2 adsorption isotherms and total N2 uptake of all the parent Zr-MOFs and 

their functionalized products obtained through ISLI were summarized in Figure IV-15. 

After functionalization, the MOFs exhibited decreased N2 uptake compared with that of 

their corresponding parent MOFs. 



 

136 

 

 

Figure IV-16. Schematic illustration of the construction of multifunctional Zr-MOFs 

through ISLI. 

Construction of highly stable Zr-MOFs with multiple functionalities through 

versatile and general ISLI strategy was summarized in Figure IV-16. Compared with 

ISLI strategy, PSM strategy has several disadvantages for functionalization of MOFs, 

such as damaging the framework integrity, and impeding the access of interior 

framework because of small pore size and window size. By mixing ligands of different 

size, shape and connectivity to synthesize phase-pure MOFs, ISLI strategy also 

overcomes the limitations of conventional mixed-ligand strategy. Therefore, this ISLI 

strategy provides a very useful tool to synthesize Zr-MOFs with multifunctionalities and 

investigate their potential applications. 
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4.4 Conclusions 

In this chapter, the ISLI strategy was further extended to synthesize Zr-MOFs 

constructed from multitopic organic ligands (compounds 7-10). By mixing 

tritopic/tetratopic ligands and tetratopic porphyrin ligands, a series of  Zr-MOFs 

incorporated with multiple functionalities have been successfully synthesized. And the 

crystal structure and morphology of their corresponding parent MOFs were well 

preserved after applying ISLI strategy. Depending on the synthetic conditions, the 

porphyrin ligands can be introduced into the framework homogeneously with a tunable 

amount. Interestingly, up to seven functionalities have been integrated into NU-1000 

through ISLI strategy. Moreover, taking compound 9 as an example, the product 

obtained under different synthetic conditions were investigated and summarized in a 

phase diagram, which demonstrated the importance of ISLI to thermodynamically and 

kinetically tune the reaction system towards the formation of phase-pure product with 

desired functionality. Therefore, ISLI has been proved to be a versatile and general 

strategy to construct highly stable Zr-MOFs with multiple functionalities, which is 

challenging for PSM strategy due to several limitations (e.g. MOF stability, small pore 

size, and small window size). In addition, since ligands of different size, shape and 

connectivity can be used for the synthesis without generating mixed phases, the ISLI 

strategy overcomes the limitations of conventional mixed-ligand strategy. Consequently, 

this ISLI strategy provides a feasible route to synthesize highly stable Zr-MOFs with 

multiple functionalities for a wide range of potential applications. 
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CHAPTER V  

THERMODYNAMICALLY GUIDED SYNTHESIS OF MIXED-LIGAND MOFS 

WITH MULTIFUNCTIONALITY  

 

5.1 Introduction 

In recent years, tremendous efforts have been made to synthesize multifunctional 

MOFs through a one-pot synthesis, taking advantage of the retained framework integrity 

and straightforward synthesis. One of the most commonly used methods is to mix 

inorganic metal salts with organic ligands of the same backbone connected to different 

functional groups (e.g. organic ligand derivatives) that cannot be distinguished during 

the synthesis.130-133 Although this method can effectively eliminate the formation of 

mixed phases, it is very difficult to located the position of each organic ligand precisely 

at the molecular level since these ligands are distributed randomly inside the framework. 

So far, solid-state nuclear magnetic resonance (NMR) measurements combined with 

molecular simulations have been applied to determine the heterogeneous mesoscale 

spatial arrangement of functional groups in a series of multivariate metal-organic 

frameworks (MTV-MOF-5).134 However, it remains quite challenging to map different 

functional groups that are integrated in a disordered manner in ordered materials.  

To address this issue, attempts were made to functionalize MOFs by mixing 

organic ligands of different size, shape, or connectivity that can be differentiated.135-142 

In this way, each of the ligand can be located accurately by solving the MOF structure 

based on crystallography. One of the most typical examples are the synthesis of pillar-
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layered MOFs by mixing a ditopic ligand and a tetratopic ligand.44, 143 Generally, the 

tetratopic ligands coordinate to the metal clusters to form 2-D layers, which are pillared 

by the ditopic ligands to form 3-D networks. However, most of the reported pillar-

layered MOFs are constructed from low-valent metal ions or clusters. Therefore, they 

are unstable under many conditions, including moisture, acid, and base. 

Given this, it is of great significance to synthesize highly stable Zr-MOFs with 

multiple functionalities by mixing distinguishable organic ligands via a one-pot reaction. 

However, most of the reported Zr-MOFs only contain a single-typed organic ligand, 

which limits the varitey of functional groups that can be introduced into the 

framework.45, 144-146 One possible reason is that when a Zr-MOF can be constructed from 

a single organic ligand, mixed phases tend to form in general when additional organic 

ligands are added for the synthesis, unless the mixed-ligand MOF product is 

thermodynamically more favorable. In addition to the difficulty in synthesizing mixed-

ligand Zr-MOFs, even using the same inorganic salt and organic ligand could generate 

different products.29, 51, 147-150 

In this chapter, through a thermodynamically guided synthesis, a series of highly 

stable mixed-ligand Zr/Hf-based MOFs (PCN-555) with a novel topology have been 

synthesized by mixing tetratopic tetrakis(4-carboxyphenyl)porphyrin (TCPP) and 

1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy) ligands. By solving the crystal structure of 

PCN-555, the positions of porphyrin and pyrene functionalities were precisely located 

inside the framework. Moreover, with the presence of coordinatively available sites on 

Zr6 clusters, additional functionalities (e.g. amino group, hydroxyl group, and carboxylic 
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group) were incorporated into PCN-555 through a solvent-assisted ligand incorporation 

(SALI) strategy. Therefore, this mixed-ligand MOF (PCN-555) provides an ideal 

platform for further functionalization and exploration of new structures. 

5.2 Experimental Section 

Materials and Instrumentation. Commercially available reagents and solvents 

were used as received without further purification. Tetrakis(4-carboxyphenyl)porphyrin 

(H2TCPP), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Mn(III) chloride 

(MnTCPPCl), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Fe(III) chloride 

(FeTCPPCl), [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Zn(II) (ZnTCPP), 

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), [5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrinato]-Co(II) (CoTCPP), [5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrinato]-Cu(II) (CuTCPP) were synthesized according to the 

procedure in previous reports with slight modifications.73 2-Azido terephthalic acid was 

synthesized according to the procedure in the literature.74 

Powder X-ray diffraction (PXRD) experiment was carried out with a BRUKER 

D8-Focus Bragg−Brentano X-ray powder diffractometer equipped with a Cu-sealed tube 

(λ = 1.54178) at 40 kV and 40 mA. Thermogravimetric analysis (TGA) were conducted 

on a Shimadzu TGA-50 thermogravimetric analyzer at a ramp rate of 2 °C/min in a 

flowing nitrogen atmosphere. Nuclear magnetic resonance (NMR) spectra were 

collected on a Mercury 300 spectrometer. N2 adsorption/desorption isotherms were 

measured on a Micrometritics ASAP 2020 system at 77 K. The sample was activated by 

solvent exchange (in several cycles using fresh acetone), followed by degassing at 
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elevated temperature (100 °C) for 5 h. Scanning electron microscope (SEM) analysis 

was performed on QUANTA 450 FEG and energy dispersive X-ray spectroscopy (EDS) 

analysis was carried out by X-Max20 with Oxford EDS system equipped with X-ray 

mapping. Transmission electron microscope (TEM) analysis was performed on a JEOL 

JEM2100 microscope. 

Synthesis of 1,3,6,8-Tetrakis(p-Benzoic Acid)pyrene (H4TBAPy). As shown 

in Scheme V-1, 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy) was synthesized 

according to the reference.121 

 

 

Scheme V-1. Synthesis of H4TBAPy ligand. 
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Synthesis of 1,3,6,8-tetrakis(4-(methoxycarbonyl)phenyl)pyrene: to a mixture of 

(4-(methoxycarbonyl)phenyl)boronic acid (5.200 g, 29.00 mmol), 1,3,6,8-

tetrabromopyrene (2.500 g, 4.85 mmol), tetrakis(triphenylphosphine) palladium(0) 

(0.150 g 0.130 mmol), and potassium phosphate tribasic (5.500 g, 26.50 mmol) was 

added dry dioxane (100 mL). Then, the mixture was stirred under nitrogen atmosphere 

for 72 h at 130 °C in an oil bath. The reaction mixture was evaporated to dryness and the 

solid residue was washed with water to remove inorganic salts. The insoluble material 

was extracted with chloroform (three times by 50 mL). Next, the extract was dried over 

magnesium sulfate, and the solvent volume was reduced under vacuum. The residue was 

boiled in tetrahydrofuran for 2h and filtered. The resulting filtrate contained majority of 

the impurities. Finally, 2.90 g of 1,3,6,8-tetrakis(4-(methoxycarbonyl)phenyl)pyrene was 

obtained (82% yield). 1H NMR (CDCl3, 300 MHz): δ 3.99 (s, 12H), 7.75 (d, 8H), 8.01 

(s, 2H), 8.15 (s, 4H), 8.23 (d, 8H).  

Synthesis of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy): 1.16 g (1.56 

mmol) of solid 1,3,6,8-tetrakis(4-(methoxycarbonyl)phenyl)pyrene, 3.0 g (75.0 mmol) 

NaOH, and 150 mL of a THF/water (ratio 1:1) mixture was added to a 250 mL round 

bottom flask. Then, the resultant suspension was vigorously stirred under reflux 

overnight. The solvents were removed under vacuum and water was added to the residue, 

which formed a clear yellow solution. The clear yellow solution was stirred at room 

temperature for 2 h and the pH value was adjusted to 1 by adding concentrated HCl. The 

resulting yellow solid was collected by filtration and then washed with water several 

times. The crude product was recrystallized from DMF, filtered, washed with 
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chloroform and dried under vacuum. Finally, 0.98 g of the pure product H4TBAPy was 

obtained (91% yield). 1H NMR (DMSO, 300 MHz): δ 7.86 (d, 8H), 8.09 (s, 2H), 8.17 (d, 

8H), 8.21 (s, 4H), 13.12 (s, 4H). 

Synthesis of Porphyrin Ligands (MTCPP). Porphyrin ligands with different 

metals in the center (MTCPP) were synthesized according to the synthetic routes shown 

in Scheme V-2. 

 

 

 

Scheme V-2. Synthetic routes for MTCPP ligands. 
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Synthesis of 5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrin 

(TPPCOOMe). To propionic acid (100 mL) in a 500 mL three-necked flask were added 

pyrrole (3.0 g, 0.043 mol) and methyl p-formylbenzoate (6.9 g, 0.042 mol). Then the 

solution was refluxed for 12 h in darkness. After the reaction mixture was cooled to 

room temperature, crystals were collected by suction-filtration to afford purple crystals 

(1.9 g, 2.24 mmol, 21%). 1H NMR (300 MHz, CDCl3), δ 8.81 (s, 8H), 8.43 (d, 8H), 8.28 

(d, 8H), 4.11 (s, 12H), 2.83 (s, 2H). 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Ni(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and NiCl2∙6H2O (3.1 g, 12.8 

mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with 1 M HCl and twice with water. The organic layer 

was dried over anhydrous magnesium sulfate and evaporated to afford quantitative 

crimson crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Fe(III) Chloride. A solution of TPPCOOMe (0.854 g, 1.0 mmol) and FeCl2∙4H2O (2.5 g, 

12.8 mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to 

room temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with 1 M HCl and twice with water. The organic layer 

was dried over anhydrous magnesium sulfate and evaporated to afford quantitative dark 
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brown crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Mn(III) Chloride. A solution of TPPCOOMe (0.854 g, 1.0 mmol) and MnCl2∙4H2O 

(2.5 g, 12.8 mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was 

cooled to room temperature, 150 mL of H2O was added. The resultant precipitate was 

filtered and washed with 50 mL of H2O for two times. The obtained solid was dissolved 

in CHCl3, followed by washing three times with water. The organic layer was dried over 

anhydrous magnesium sulfate and evaporated to afford quantitative dark green crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Cu(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and CuCl2∙2H2O (2.2g, 12.8 

mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with water. The organic layer was dried over anhydrous 

magnesium sulfate and evaporated to afford quantitative dark red crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Zn(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and ZnCl2 (1.75 g, 12.8 mmol) 

in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with water. The organic layer was dried over anhydrous 

magnesium sulfate and evaporated to afford quantitative violet crystals. 
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Synthesis of [5,10,15,20-Tetrakis(4-Methoxycarbonylphenyl)porphyrinato]-

Co(II). A solution of TPPCOOMe (0.854 g, 1.0 mmol) and CoCl2∙6H2O (3.1 g, 12.8 

mmol) in 100 mL of DMF was refluxed for 6 h. After the mixture was cooled to room 

temperature, 150 mL of H2O was added. The resultant precipitate was filtered and 

washed with 50 mL of H2O for two times. The obtained solid was dissolved in CHCl3, 

followed by washing three times with water. The organic layer was dried over anhydrous 

magnesium sulfate and evaporated to afford quantitative red crystals. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Ni(II) 

(NiTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The crimson solid was collected by filtration, washed with 

water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Fe(III) 

Chloride (FeTCPPCl). The obtained corresponding ester (0.75 g) was stirred in THF 

(25 mL) and MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 

mmol) in H2O (25 mL) was added. The mixture was then refluxed for 12 h. After 

cooling down to room temperature, THF and MeOH were evaporated under vacuum. 

Additional water was added to the resulting water phase and the mixture was heated 
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until the solid was fully dissolved, then the homogeneous solution was acidified with 1 

M HCl until no further precipitate was detected. The brown solid was collected by 

filtration, washed with water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Mn (III) 

Chloride (MnTCPPCl). The obtained corresponding ester (0.75 g) was stirred in THF 

(25 mL) and MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 

mmol) in H2O (25 mL) was added. The mixture was then refluxed for 12 h. After 

cooling down to room temperature, THF and MeOH were evaporated under vacuum. 

Additional water was added to the resulting water phase and the mixture was heated 

until the solid was fully dissolved, then the homogeneous solution was acidified with 1 

M HCl until no further precipitate was detected. The dark green solid was collected by 

filtration, washed with water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Cu(II) 

(CuTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The dark red solid was collected by filtration, washed with 

water and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Zn(II) 



 

148 

 

(ZnTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The violet solid was collected by filtration, washed with water 

and dried in vacuum. 

Synthesis of [5,10,15,20-Tetrakis(4-Carboxyphenyl)porphyrinato]-Co(II) 

(CoTCPP). The obtained corresponding ester (0.75 g) was stirred in THF (25 mL) and 

MeOH (25 mL) mixed solvent, to which a solution of KOH (2.63 g, 46.95 mmol) in H2O 

(25 mL) was added. The mixture was then refluxed for 12 h. After cooling down to room 

temperature, THF and MeOH were evaporated under vacuum. Additional water was 

added to the resulting water phase and the mixture was heated until the solid was fully 

dissolved, then the homogeneous solution was acidified with 1 M HCl until no further 

precipitate was detected. The red solid was collected by filtration, washed with water 

and dried in vacuum. 

Synthesis of Zr-based PCN-555(Ni). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), NiTCPP (20 mg, 0.024 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 
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with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Zr-based PCN-555(Fe). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), FeTCPPCl (20 mg, 0.024 mmol) and benzoic acid 

(850 mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Zr-based PCN-555(Mn). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), MnTCPPCl (20 mg, 0.024 mmol) and benzoic acid 

(850 mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Zr-based PCN-555(Cu). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), CuTCPP (20 mg, 0.023 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 
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mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Zr-based PCN-555(no). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), H2TCPP (20 mg, 0.025 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Zr-based PCN-555(Zn). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), ZnTCPP (20 mg, 0.023 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 
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Synthesis of Zr-based PCN-555(Co). ZrOCl2∙8H2O (24.2 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), CoTCPP (20 mg, 0.024 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(Ni). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), NiTCPP (20 mg, 0.024 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(Fe). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), FeTCPPCl (20 mg, 0.024 mmol) and benzoic acid 

(850 mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 
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acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(Mn). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), MnTCPPCl (20 mg, 0.024 mmol) and benzoic acid 

(850 mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. 

The mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(Cu). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), CuTCPP (20 mg, 0.023 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(no). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), H2TCPP (20 mg, 0.025 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 
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temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(Zn). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), ZnTCPP (20 mg, 0.023 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Synthesis of Hf-based PCN-555(Co). HfOCl2∙8H2O (30.7 mg, 0.075 mmol), 

H4TBAPy (11.5 mg, 0.017 mmol), CoTCPP (20 mg, 0.024 mmol) and benzoic acid (850 

mg, 6.960 mmol) in 2 mL of DMF were ultrasonically dissolved in a Pyrex vial. The 

mixture was heated in an oven at 160 °C for 22 h. After cooling down to room 

temperature, the precipitates were collected by centrifugation. The solids were washed 

with DMF three times to remove unreacted precursors, and then solvent-exchanged with 

acetone three times. The resulting powder was obtained by centrifugation, and dried in 

an oven at 80 °C. 

Activation of PCN-555. PCN-555 (50 mg) was immersed in 15 mL of 0.3 M 

HCl solution in DMF, and heated in an oven at 100 °C for 12 h. After cooling down to 
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room temperature, the precipitates were collected by centrifugation. The solids were 

washed with water and DMF three times, and then solvent-exchanged with acetone three 

times. The resulting powder was obtained by centrifugation, and dried in an oven at 

80 °C. 

SALI of NH2-BDC into PCN-555(Ni). A 50 mg of activated PCN-555 was 

loaded in a Pyrex vial. Then, 10 mL of 0.1 M solution of 2-aminoterephthalic acid (1 

mmol) in DMF was added to the reaction vial, which was sealed and heated at 65 °C for 

24 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

SALI of DOBDC into PCN-555(Ni). A 50 mg of activated PCN-555 was loaded 

in a Pyrex vial. Then, 10 mL of 0.1 M solution of 2,5-dihydroxyterephthalic acid (1 

mmol) in DMF was added to the reaction vial, which was sealed and heated at 65 °C for 

24 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

SALI of 2Me-BDC into PCN-555(Ni). A 50 mg of activated PCN-555 was 

loaded in a Pyrex vial. Then, 10 mL of 0.1 M solution of 2,5-dimethylterephthalic acid 

(1 mmol) in DMF was added to the reaction vial, which was sealed and heated at 65 °C 

for 24 h. After cooling down to room temperature, the precipitates were collected by 
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centrifugation. The solids were washed with DMF three times, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

SALI of Monosodium Salt of 2-Sulfonyl Terephthalic Acid into PCN-555(Ni). 

A 50 mg of activated PCN-555 was loaded in a Pyrex vial. Then, 10 mL of 0.1 M 

solution of monosodium salt of 2-sulfonyl terephthalic acid (1 mmol) in DMF was added 

to the reaction vial, which was sealed and heated at 65 °C for 24 h. After cooling down 

to room temperature, the precipitates were collected by centrifugation. The solids were 

washed with DMF three times, and then solvent-exchanged with acetone three times. 

The resulting powder was obtained by centrifugation, and dried in an oven at 80 °C. 

SALI of H4BTeC into PCN-555(Ni). A 50 mg of activated PCN-555 was loaded 

in a Pyrex vial. Then, 10 mL of 0.1 M solution of 1,2,4,5-benzenetetracarboxylic acid (1 

mmol) in DMF was added to the reaction vial, which was sealed and heated at 65 °C for 

24 h. After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times, and then solvent-

exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

SALI of N3-BDC into PCN-555(Ni). A 50 mg of activated PCN-555 was loaded 

in a Pyrex vial. Then, 10 mL of 0.1 M solution of 2-azido terephthalic acid (1 mmol) in 

DMF was added to the reaction vial, which was sealed and heated at 65 °C for 24 h. 

After cooling down to room temperature, the precipitates were collected by 

centrifugation. The solids were washed with DMF three times, and then solvent-
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exchanged with acetone three times. The resulting powder was obtained by 

centrifugation, and dried in an oven at 80 °C. 

Transmission Electron Microscopic (TEM) Analysis. Samples for 

transmission electron microscopy observation were dispersed in acetone. A droplet of 

the suspension was transferred onto a carbon-coated copper grid. Observation was 

performed on a JEOL JEM2100 microscope, and operated at 200 kV (Cs 1.0 mm, point 

resolution 0.23 nm). Images were recorded with a Gatan Orius 833 CCD camera 

(resolution 2048 x 2048 pixels, pixel size 7.4 µm) under low dose conditions. Electron 

diffraction patterns were recorded with a Timepix pixel detector QTPX-262k (512 x 512 

pixels, pixel size 55 µm, Amsterdam Sci. Ins.). 

 

Figure V-1. TEM images of PCN-555. 

Continuous Rotation Electron Diffraction (cRED) Collection. The crystal size 

of PCN-555 is too small to be solved by single crystal X-ray diffraction. Therefore, 

continuous rotation electron diffraction (cRED) was applied for solving and refining 

their structures. Samples of as-made PCN-555 for TEM investigations were dispersed in 
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acetone. A droplet of the suspension was transferred onto a carbon-coated copper grid. 

cRED data collection was performed on a JEOL JEM2100 microscope and operated at 

200 kV (Cs 1.0 mm, point resolution 0.23 nm). Images were recorded with a Gatan 

Orius 833 CCD camera (resolution 2048 x 2048 pixels, pixel size 7.4 µm) under low 

dose conditions. Electron diffraction patterns were recorded with a Timepix pixel 

detector QTPX-262k (512 x 512 pixels, pixel size 55 µm, Amsterdam Sci. Ins.). The 

data were collected using the software cREDCollection. A single-tilt tomography sample 

holder was used for the data collection, which could tilt from -70° to +70° in the TEM. 

The aperture used for cRED data collection was about 1.0 μm in diameter.  The speed of 

goniometer tilt was 0.45° s-1, and the exposure time was 0.5 s per frame. Data was 

collected within 3 min to minimize the beam damage and to maximize the data quality. 

The covered tilt angle is 91.26°. 

Structure Solution and Refinement from cRED. Figure V-2 presents the 

reconstructed 3D reciprocal lattice from the cRED data that PCN-555 has a primitive 

unit cell with the parameters of a = 27.25 Å, b = 26.74 Å, c = 16.46 Å, α = 89.64°, β = 

90.37°, γ = 91.54°. As the lattice parameters a and b are close, and α, β, γ are near 90°, it 

indicates that the possible crystal system could be tetragonal. Figures V-2a-c show the 

two-dimensional (2D) slices cut of the 3D reciprocal lattice reconstructed from the 

cRED data. No special reflection condition can be deduced. This indicates several 

possible space groups for PCN-555: P4 (No. 75), P-4 (No. 81), P4/m (No. 83), P422 (No. 

89), P4mm (No. 99), P-4m2 (No. 115), P-42m (No. 111) and P4/mmm (No. 123). The 
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space group P4/mmm with the highest symmetry was chosen for further structure 

determination. 

 

Figure V-2. 2D slices cut from the reconstructed 3D reciprocal lattice of PCN-555 show 

the (a) hk0, (b) 0kl and (c) hhl plane. (d) Reconstructed 3D reciprocal lattice of PCN-555 

from cRED data. Insert is the crystal from which the cRED data was collected. 

The ED dataset was collected by the cRED method with an improved resolution 

of 1.10 Å for structure solution. The data was processed by using XDS package. The 
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completeness is 78.9% and the Rint value is 0.173. The framework structure of PCN-555 

was determined by direct methods using the program Shelx-2014. All of the framework 

atoms were found directly. The final refinement was done by using Shelxl-2014, and 

data converged to R1 = 0.261. The high Rint and R1 value are mainly caused by the 

dynamical effects. In the refinement, the structure factor was calculated in a kinematic 

way, while the electron diffraction data is dynamic. The details of data collection and 

refinement were summarized in Table V-1. 

Table V-1. Experimental parameters for cRED data collection and crystallographic data 

for PCN-555 (λ = 0.0251 Å) 

Tilt range (o) -57.0° to 34.3° 

Tilt rate (o/s) 0.45 

Exposure time/frame (s) 0.5 

Total number of frames 380 

Data collection time (min) 3 

Crystal system Tetragonal 

Possible space group P4/mmm (No. 123) 

Unit cell parameter a= 27.7 Å, c= 16.7 Å 

Volume (Å3) 12791 

Resolution (Å) 1.10 

Completeness 0.789 

No. unique reflections 2297 
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Table V-1. Continued 

No. observed reflections (I > 2 sigma(I)) 1347 

R1 (I > 2 sigma(I)) 0.261 

R1 (all reflections) 0.295 

Goof 1.96 

* Hydrogen atoms were not included in the refinement. 

 

Rietveld Refinement. The structures of PCN-555 obtained from cRED method 

were further refined against synchrotron powder X-ray diffraction (PXRD, Figure V-3). 

High resolution PXRD data of PCN-555 was collected at room temperature at beamline 

(X-ray wavelength 0.45220 Å). Rietveld refinement was performed using TOPAS 

Academic V4.1. The background was fitted with a 16th order Chebychev polynomial. 

The refinement was conducted using a modified Thompson-Cox-Hastings pseudo-Voigt 

type peak profile function, followed by refinement of unit cells and zero-shift. The Zr-O 

distances were soft-restrained to 2.18 Å. Rigid bodies were applied on ligands. Terminal 

benzoic acid that bonded to the Zr clusters was located from difference Fourier maps. 

The guest species in the cages could not be located due to their partial occupancies and 

low symmetry. Instead, several oxygen atoms were added at random positions inside the 

cages to compensate for the contributions of the guest species, and refined subsequently. 

Finally, R-value was converged to Rp= 0.04416, Rwp= 0.06132, Rexp= 0.04418, and 

GOF= 1.389. The details of PXRD data collection and refinement were summarized in 

Table V-2. 
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Figure V-3. Rietveld refinement of powder X-ray diffraction (wavelength 0.45220 Å) 

for PCN-555. The curves are simulated (red), observed (black), and difference profiles 

(blue), respectively; the bars below curves indicate peak positions. 

Table V-2. Crystallographic data, powder X-ray collection conditions, and Rietveld 

refinement results of PCN-555 

Name PCN-555 

Chemical formula C58.10H29.20Cu0.25NO42.73Zr3 

Formula weight 1714.50 

Crystal system Tetragonal 

Space group P4/mmm 
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Table V-2. Continued 

Name PCN-555 

a/Å 27.459(5) 

c/Å 16.450(3) 

Z 4 

Temperature/K 298(2) 

Wavelength/Å 0.45220 

2θ range/° 0.79 – 11.15 

Number of reflections 130 

Number of structural variables 70 

Rp 0.04108 

Rwp 0.06132 

Rexp 0.04418 

GOF 1.389 

 

As shown in Figure V-4, the structure of PCN-555 is consisted by Zr6O8 clusters, 

TCPP and TBAPy ligands. The benzoic acid acts as a modulator that competitively 

coordinates with the metals and slows down the crystal growth process to help generate 

highly crystalline products. Some of the BA were bonded to the Zr6 cluster, replacing 

hydroxyl groups as terminals. 
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Figure V-4. Structural model of PCN-555 showing along [001] (a) and [100] (b) 

directions. 

5.4 Results and Discussion 

Thermodynamically Guided Synthesis of PCN-555. Although huge numbers 

of MOFs have been synthesized in recent years, reports on the synthesis of mixed-ligand 

Zr-MOFs are still very rare. Generally, mixing inorganic metal salts and distinguishable 

organic ligands tends to generate mixtures of Zr-MOFs containing a single organic 

ligand, unless the mixed-ligand Zr-MOF product is thermodynamically more favorable. 

Moreover, many studies have shown that Zr-MOFs with different structures can be 

obtained even when using the same starting materials (metal salt and organic ligand). 

For example, PCN-222 and PCN-224 are both synthesized from ZrCl4 and TCPP 

ligand,29, 73 while NU-901 and NU-1000 are both synthesized from ZrCl4 and TBAPy 
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ligand.150 One possible reason is that the Zr6 cluster has versatile symmetry and 

connectivity (Figure V-5a). In addition, the conformation of the organic ligand can be 

altered upon bond rotation (Figure V-5b).  

 

Figure V-5. (a) Versatile symmetry and connectivity of Zr6 cluster. (b) Conformation 

change of TCPP and TBAPy ligand upon bond rotation. 

Although it is very difficult to control the product obtained from a one-pot 

reaction, the flexibility of the Zr6 cluster as well as the TCPP and TBAPy ligands makes 

it topologically possible to construct a mixed-ligand Zr-MOF based on these 

compositions. Given this, a mixed-ligand Zr-MOF (PCN-555) has been obtained 
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successfully through a thermodynamically guided synthesis. Solvothermal reaction of 

ZrOCl2∙8H2O, 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy), [5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrinato]-Ni(II) (NiTCPP), and benzoic acid (BA) in 

DMF at 160 ℃ for 22 hours yielded red powders of PCN-555. 

 

Figure V-6. Structure of PCN-555 viewing along (a) b axis, and (b) c axis. (c) Novel 

zpp topology of PCN-555. PCN-555 contains porphyrin planes (yellow), pyrene planes 

(red), and Zr6 clusters (cyan) in the framework. 

The structure of PCN-555 was solved from cRED data, followed by Rietveld 

refinement. As shown in Figure V-6, PCN-555 is constructed from 10-connected Zr6 

clusters, tetratopic NiTCPP ligands, and tetratopic TBAPy ligands. Each Zr6 cluster is 
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coordinated to eight TBAPy ligands and two TCPP ligands. Moreover, PCN-555 

exhibits a novel topology (zpp) (Figure V-6c). 

The conformation of TCPP and TBAPy ligands in PCN-555 are shown in Figure 

V-7. The TBAPy ligand has a symmetry of C2v, and the dihedral angle between the 

pyrene plane and the plane of outer benzene ring is about 50° (Figure V-7a). On the 

other hand, TCPP ligand in PCN-555 adopts D4h symmetry, and the outer benzene ring 

is perpendicular to the plane of porphyrin center (Figure V-7b). 

 

Figure V-7. The conformation and symmetry of (a) TBAPy ligand and (b) TCPP ligand 

in PCN-555. 

Characterization of PCN-555. Firstly, PXRD analysis was carried out to 

characterize PCN-555. Its diffraction pattern was shown in Figure V-8, which matched 

very well with the simulated one. 
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Figure V-8. The PXRD patterns for simulated and experimental PCN-555. 
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Figure V-9. N2 adsorption isotherms for PCN-555 at 77 K.  
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To assess the permanent porosity of the material, PCN-555 was directly activated 

by removal of the solvent and tested by ASAP 2020 instrument. Type І isotherms that 

are typical for microporous solids were acquired. PCN-555 exhibited N2 uptake of 555 

cm3 g-1 at 77 K and 1 bar (Figure V-9).  

The morphology of PCN-555 was observed under SEM to be square slices 

(Figure V-10a). And all of the elements (e.g. Zr and Ni) were distributed evenly in the 

material, which was confirmed by EDS mappings (Figure V-10b-d). 

 

Figure V-10. (a) The SEM image of PCN-555. (b) The SEM image of PCN-555 

showing the region used for EDS mappings. (c) EDS mapping of Zr. (d) EDS mapping 

of Ni. 

Stability Tests. The thermal stability of PCN-555 was tested by TGA analysis. 

About 10.0 mg of the sample was heated on the Shimadzu TGA-50 instrument from 
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room temperature to 750 °C at a ramp rate of 2 °C/min under nitrogen flow of 25 

mL/min. The decomposition of material was observed at around 450 °C (Figure V-11), 

showing high thermal stability of the material. 
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Figure V-11. TGA analysis of PCN-555. 

In the next step, the chemical stability of PCN-555 was tested by immersing the 

sample (100 mg) into a series of aqueous solutions (50 mL), including 1 M HCl, 6 M 

HCl, deionized water, 0.1 mM NaOH, and 1 mM NaOH aqueous solutions. After 24 h, 

all the samples were centrifuged and then washed with water, DMF, and acetone three 

times. These samples were dried in oven and characterized by PXRD. The PXRD 

patterns of all the samples were identical to that of PCN-555 before the chemical 

stability test (Figure V-12), implying that the framework of PCN-555 was maintained 

very well after treatment with these acid and base solutions. 



 

170 

 

5 10 15 20 25 30 35 40

after 1 mM NaOH treatment

after 0.1 mM NaOH treatment

after water treatment

after 6 M HCl treatment

after 1 M HCl treatment

without treatment

 

 

In
te

n
s
it
y
 (

a
.u

.)

2 (degree)

 

Figure V-12. PXRD patterns for PCN-555 before and after treatment with different 

aqueous solutions. 

To further confirm that PCN-555 was stable under the selected chemical 

conditions, the samples after the treatment were tested by N2 uptake experiments at 77 K. 

All the samples were degassed on ASAP 2020 adsorption system at 100 °C for 5 h prior 

to N2 adsorption measurement at 77 K. According to Figure V-13, N2 uptake 

experiments further proved that the framework of all these samples were preserved 

during the chemical stability test. 
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Figure V-13. N2 adsorption isotherms for PCN-555 before and after treatment with 

different aqueous solutions. 

Construction of PCN-555 with Multiple Functionalities. Taking advantage of 

the synthetic versatility of PCN-555, we attempted to incorporate various functionalities 

into PCN-555.  

Firstly, different functionalities can be introduced into the framework through the 

organic ligand moiety. Given this, porphyrin ligands with different metals in the center 

were used for the synthesis, including NiTCPP, FeTCPPCl, MnTCPP, CuTCPP, 

H2TCPP, ZnTCPP, and CoTCPP. And a series of functional mixed-ligand Zr-MOFs 

were obtained. These products exhibited PXRD patterns identical to that of the simulated 

PCN-555 (Figure V-14). 
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Figure V-14. PXRD patterns for Zr-based PCN-555 containing various porphyrin 

ligands, including NiTCPP, FeTCPPCl, MnTCPPCl, CuTCPP, H2TCPP, ZnTCPP, and 

CoTCPP. 

Secondly, a series of Hf-based PCN-555 were synthesized by replacing the 

secondary building block of Zr6 cluster with Hf6 cluster. In recent years, many studies 

have shown that Hf6 cluster can adopt the same symmetry and connectivity compared 

with Zr6 cluster.151-157 Therefore, Hf-based MOFs with the structure similar to Zr-based 

MOFs can be obtained under similar synthetic conditions. With that in mind, we 

synthesized Hf-based PCN-555 by adding Hf salt instead of Zr salt. In addition, by 

mixing TBAPy ligand and various TCPP ligands with different metals in the center, 

multiple functionalities were incorporated into Hf-based PCN-555. Their PXRD patterns 

were shown in Figure V-15, which were in consistent with that of the simulated PCN-

555. 
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Figure V-15. PXRD patterns for Hf-based PCN-555 containing various porphyrin 

ligands, including NiTCPP, FeTCPPCl, MnTCPPCl, CuTCPP, H2TCPP, ZnTCPP, and 

CoTCPP. 

In addition to functionalization through the organic ligand moiety and 

replacement of the secondary building block, the available coordination sites on the Zr6 

cluster can be utilized for introducing additional functionalities. For example, solvent-

assisted ligand incorporation (SALI) strategy has been widely applied to post-

synthetically functionalize MOFs.149, 158-161 For PCN-555, each Zr6 cluster is coordinated 

to eight TBAPy ligands and two TCPP ligands, leaving two available coordination sites 

for further modification of the framework (Figure V-16a). Therefore, it is possible to 

incorporate additional ligands into PCN-555 through the post-synthetic modification 

method. 
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Figure V-16. (a) The structure of PCN-555 containing two coordinatively available sites 

for PSM. (b) Ligands of BDC derivatives used for SALI. 

In the next step, SALI of BDC derivatives (Figure V-16b) were carried out on 

PCN-555. After immersing PCN-555 in the DMF solution of each BDC derivative, a 

series of secondary functionalities were introduced into the framework of PCN-555. 

Their PXRD patterns were in consistent with that of the pristine PCN-555 (Figure V-

17a), confirming that the framework integrity was maintained very well after the SALI 
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process. In addition, the N2 adsorption isotherms of these products were summarized in 

Figure V-17b. The N2 uptake of these materials decreased after incorporation of 

additional functionalities. 

 

Figure V-17. (a) The PXRD patterns of the samples after SALI. (b) N2 adsorption 

isotherms of the samples after SALI. 
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5.5 Conclusions 

Through a thermodynamically guided synthesis, a series of highly stable 

mixed-ligand Zr/Hf-based MOFs (PCN-555) have been successfully synthesized 

by mixing tetratopic TCPP ligands and TBAPy ligands. In PCN-555, each of the 

Zr6 cluster is coordinated to eight TBAPy ligands and two TCPP ligands. The 

position of both porphyrin and pyrene functionalities can be precisely located in 

the framework. PCN-555 exhibited very high thermal and chemical stability. 

Through mixing organic ligands of different functionalities (e.g. NiTCPP, 

FeTCPPCl, MnTCPPCl, CuTCPP, H2TCPP, ZnTCPP, and CoTCPP) and 

replacement of the secondary building units (inorganic metal clusters), a series of 

Zr/Hf-based PCN-555 with multiple functionalities have been synthesized. 

Moreover, taking advantage of the available coordination sites on the metal 

clusters, SALI strategy was applied to post-synthetically introduce multiple 

functionalities into PCN-555. Therefore, PCN-555 provides an ideal platform for 

further functionalization and exploration of new structures. 
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CHAPTER VI 

SUMMARY  

 

In this dissertation, different strategies to construct highly stable MOFs with 

multiple functionalities have been presented.  

In the first project, a facile one-pot synthetic strategy was developed to introduce 

porphyrin into highly stable UiO-66 homogeneously. The amount of incorporated 

porphyrin can be tuned gradually. In addition, the crystal structure, morphology, and 

ultrahigh chemical stability of UiO-66 were all well maintained after functionalization of 

UiO-66. By mixing ditopic BDC ligand and/or its derivatives and various tetratopic 

porphyrin ligands, 49 MOFs with multiple functionalities were obtained. This synthetic 

strategy combines the framework robustness of UiO-66 as well as the desired 

functionalities. 

In the second project, a comprehensive study of the in situ secondary ligand 

incorporation (ISLI) strategy was presented to construct highly stable UiO series of 

MOFs (e.g. UiO-66, UiO-67, and UiO-68) with the incorporation of multiple 

functionalities with a tunable amount. The crystal structure, morphology, and stability of 

the parent MOF were well preserved. Moreover, both computational and experimental 

studies were carried out to understand the mechanism aspect of the ISLI strategy. The 

influence of the modulating reagent (BA) and the porphyrin ligand were discussed, 

demonstrating the importance of adjusting the reaction conditions to thermodynamically 
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and kinetically drive the reaction system towards phase-pure UiO series of MOFs 

integrated with multiple functionalities.  

In the third project, the ISLI strategy was further extended to synthesize Zr-

MOFs constructed from multitopic organic ligands (compounds 7-10). Depending on the 

synthetic conditions, tunable amount of porphyrin ligands can be incorporated into the 

parent MOF homogeneously. Significantly, up to seven functionalities have been 

introduced into NU-1000 through ISLI strategy. In addition, taking compound 9 as an 

example, the product obtained under different synthetic conditions were studied and 

summarized in a phase diagram. Generation of phase-pure product with desired 

functionality can be achieved by ISLI strategy to thermodynamically and kinetically tune 

the reaction system. Overall, ISLI strategy overcomes the limitations of PSM and 

traditional mixed-ligand strategy, providing a feasible route to construct highly stable 

Zr-MOFs with multiple functionalities for advanced applications. 

In the last project, a series of highly stable mixed-ligand Zr/Hf-based MOFs 

(PCN-555) have been synthesized through a thermodynamically guided synthesis. Both 

porphyrin and pyrene functionalities can be located precisely. Various functionalities 

were introduced into PCN-555 through the organic ligand moiety and the inorganic 

metal clusters. Moreover, additional functional groups were incorporated post-

synthetically via SALI strategy. Therefore, PCN-555 provides an ideal scaffold for 

further functionalization and exploration of new structures. 

In summary, different strategies to synthesize highly stable MOFs with 

multifunctionality have been presented in this dissertation. Firstly, ISLI demonstrates a 
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facile and general strategy for doping multiple functionalities into Zr-MOFs 

homogeneously with a tunable amount, while maintaining the original structural features 

of the parent MOF. ISLI strategy overcomes the limitations of PSM strategy and 

conventional mixed-ligand strategy (Figure VI-1a). Secondly, unlike ISLI strategy that 

introduces porphyrin in a disordered manner, through a thermodynamic control, 

porphyrin can be introduced into a pyrene-based MOF periodically through a de novo 

synthesis, resulting in the formation of a mixed-ligand structure with a novel topology 

(Figure VI-1b). Consequently, these strategies provide useful tools to investigate highly 

stable MOFs with desired multifunctionality for a wide range of potential applications. 

 

Figure VI-1. Strategies to construct highly stable MOFs with multiple functionalities. 

(a) ISLI strategy; (b) thermodynamically guided synthesis. 
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