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ABSTRACT 

 

Complex natural systems usually have a hierarchical organization of multiple 

components at various scales. The well-defined hierarchical modules and their sequences 

in natural systems, such as brain networks, enable complicated functions and behaviors. 

These features have inspired me to engineer heterarchy and hierarchy in metal-organic 

frameworks (MOFs) for complicated applications involving cooperative behaviors.  

Chapter I of this dissertation discusses the general concepts and motivations to 

design tailored MOF architectures with controllable hierarchy and heterogeneity. MOFs 

are a well-developed class of porous crystalline materials that are constructed from 

metal-ligand coordination bonds. The modular features of building blocks enable us to 

organize these units into well-organized porous framework materials. 

Strategies to engineer heterarchy and hierarchy of MOFs are firstly introduced 

from a molecular level in Chapter II to IV. Chapter II of the dissertation describes the 

methods to introduce compositional heterogeneity into multicomponent MOFs through 

imprinted synthesis. In this chapter, controllable apportionment of functional groups 

inside MOFs can be obtained by utilizing flexible linker templates with tunable lengths. 

Chapter III of this dissertation further explores the effects of functional group 

apportionment on the formation of hierarchical pores inside MOFs via post-synthetic 

selective linker thermolysis. It was found that mixed-linker MOFs with a domain-based 

apportionment could be transformed into hierarchically porous MOFs upon selective 

thermolysis. To study dynamic behaviors inside hierarchically porous MOFs, Chapter IV 
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discusses strategies such as linker reinstallation to induce lattice expansion and 

contraction of a whole framework.  

This is followed by Chapter V and VI, where chemistry at a mesoscopic level is 

explored in a series of multicomponent and hierarchical composites. Chapter V of the 

dissertation introduces the concept of retrosynthesis into the preparation of MOF-on-

MOF structures with internal sequences. Chapter VI of the dissertation further extends 

the scope of modular synthesis, and emphasizes the power of modular programming in 

preparing MOF@polymer composites. In the last Chapter VII, a summary of current 

work and a trend description of future direction are provided, while my humble thoughts 

and outlooks on future smart MOF system are also presented.  
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CHAPTER I  

INTRODUCTION 

 

Materials science has witnessed the development and commercialization of 

several important classes of materials, including metal oxides, polymers, zeolites, 

silicons, carbons, and their composites.1-5 These materials, mainly constructed from 

irreversible metallic, ionic, or covalent bonds, have been a tremendous boon, not only 

for the development of fundamental science, but also for the generation of new 

commercial and industrial products and processes. However, new and upcoming 

applications that focus on energy efficiency and low environmental impact require a 

shift in material design principles that focus on advanced tunability, precise functionality 

control, and synergism between structures and functionality. In particular, there is a 

growing interest in taking inspiration from biological systems for their ability to perform 

self-directed organization, replication, sorting, and correcting of both themselves and 

their substrates.   

As a well-established class of porous materials, metal-organic frameworks 

(MOFs) have attracted great attention in the last two decades.6-11 Their permanent pores, 

often in the nanometer scale, provide ideal spaces for molecular recognition, chemical 

storage, and the directed conversion of substrates. Additionally, their modular nature 

imparts designable topologies, adjustable porosities, tunable functionalities, and variable 

 

 Reproduced with permission from: Feng, L.; Wang, K.-Y.; Gregory, D.; Zhou, H.-C. The Chemistry 

of Multi-component and Hierarchical Framework Compounds, Chem. Soc. Rev. 2019, 48, 4823-4853. 

Copyright 2019 by The Royal Society of Chemistry.  
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surface moieties within a single material, which allows for a variety of  potential 

applications in many areas, including gas storage, separation, and catalysis.12-13 The 

quest for sophisticated functionalities in framework materials and their related 

composites typically requires hierarchical structures and specific sequences of multiple 

building units within the crystal.14-15 In particular, MOFs have been targeted due to the 

 

 

Scheme 1. Programmable pore environment in multi-component hierarchical metal-

organic frameworks. 
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ease of introducing synergistic effects originating from the alignment and apportionment 

of specific functional groups in the proper proximity, something that is highly desired 

for areas such as cooperative catalysis. To expand upon these ideas, new synthetic 

methodologies geared towards precisely engineering heterarchy and hierarchy are 

urgently needed.  

Heterarchy, also known as heterogeneity, requires the construction of complex 

structures with multiple organic and/or inorganic components.16 The heterarchical 

features of porous framework materials allow them to operate in parallel on the 

molecular level due to the specific functionalities compartmentalized within their 

structures (Scheme 1). Usually, MOFs are prepared through the self-assembly of metal 

ions and organic ligands under solvothermal conditions in a “one-pot” reaction, and 

while this facile and effective method has led to the discovery of numerous framework 

materials, it possesses inherent limitations. The generation of complex frameworks with 

multiple ligands or metals in a one pot reaction remains difficult as these structures tend 

to be less symmetric and therefore stable, with many multicomponent “one-pot” 

syntheses resulting in a mixture of MOF products. At that same time, multi-component 

framework materials show promise for advanced applications, particularly in catalysis, 

where having multiple functional groups in close proximity can result in alteration of 

products or product ratios. In addition, the “one-pot” method is less effective for the 

preparation of stable frameworks with inert metal–ligand bonds.6 This gap between 

framework design and synthesis has become a critical limitation: with the “one-pot” 
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solvothermal reaction process essentially being a black box, necessitating new means of 

rationally designing and building new heterarchical frameworks.  

Hierarchy refers to the incorporation of multi-level or multi-domain 

organizations within a system. Hierarchy is well-known within biological systems and is 

of particular interest for artificial materials.17 Tuning the hierarchical structure of a 

material for targeted binding behaviors involves not only optimizing the environment of 

the binding center, but also improving the selectivity of the porous framework as a 

whole.4 This is chiefly done via tuning the order, sequence, and interactivity within the 

hierarchical network. For example, catalytic activity is primarily focused on the 

geometry and electronics of the active metal centers, typically using the design 

philosophies found within homogeneous catalyst design.  However, while incorporation 

of catalytically active moieties within MOFs can allow for improved geometric control, 

it does also introduce problems associated with the slow diffusion of large reactants into 

the micropores of the structure.  Furthermore, when a microporous framework is used to 

immobilize bulky catalysts, the active-site accessibility and catalytic activity will 

plummet due to pore blockage. As such, the incorporation of hierarchical, or multi-scale 

size, porosity is expected to allow for the well-organized transport of substrates within 

the pore structures.18 

With increased attention on expanding the diversity and properties of porous 

materials, there has been an extensive increase in the study of pore engineering 

strategies, controlling the compositions, defects, and apportionment within the porous 

structures.18 The simplest and most efficient method to control these pore structures is 
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through enriching the diversity of metal and linker compositions available for the 

structures. Linkers with various functional groups, with their tunable steric and 

electronic effects, can be incorporated into the pore walls. Meanwhile metal ions with 

varying redox activity and Lewis acidity are also able to be integrated at the metal nodes 

adjacent to the functionalized linkers, allowing for the simple incorporation of tandem 

methodologies. As such, controlling the arrangement of these structures becomes an 

important concern for improving their overall performance. Theoretically, when multiple 

linkers or clusters are incorporated into one framework backbone, they are expected to 

exhibit one of five common classes of distribution: alternating, random, domain, core-

shell, or Janus-particle types. Among these five classes, core-shell and Janus-particle 

types are usually considered as hierarchical structures due to their macroscopic multi-

level arrangement. Additionally, defects are another important component for framework 

materials. Missing-linker or missing-cluster defects can also lead to the colossal changes 

in adsorption or catalytic properties. When there are mesoporous or macroporous defects 

created inside a traditional microporous material, the resulting material is dubbed a 

hierarchically porous materials, as the defects result in secondary domains of pores that 

can affect diffusion and transportation. The apportionment of these multi-level defects 

dispersed inside the frameworks is also vital for enhancing our understanding on the 

fundamentals of molecular diffusion within these framework materials.  
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CHAPTER II 

CONTROLLING COMPOSITION HETEROGENEITY                                                 

IN MULTICOMPONENT MOFS 

 

2.1 Introduction 

The well-defined sequences and apportionment of multiple building units in 

biomolecules have inspired researchers to develop tailored architectures with 

controllable heterogeneity in polymers, nanomaterials and porous materials.5, 19-22 For 

example, multi-component MOFs have recently gained increasing attention due to their 

enhanced sorption and separation behaviors, efficient cooperative catalytic activities and 

programmable luminescence or guest delivery behaviors.8, 11, 14-15, 23-27 For multi-

component MOFs with linkers taking different crystallographic positions, functional 

groups can be precisely placed into predetermined positions (Scheme 2a).28-31 Although 

the positions and arrangements of functional groups are fixed and ordered in this case, 

placement of linkers in fixed positions presents a lack of tunability over linker distances, 

interactions, apportionments and thus overall properties. Another set of mixed-linker 

MOFs, known as multivariate (MTV) MOFs, contains multiple types of linkers at 

identical crystallographic positions. MTV-MOF-5 and MTV-UiO-66 are representative 

MTV-MOFs synthesized using a one-pot approach (Scheme 2b).32-33 In this case, the 

 

 This chapter is reproduced with permission from Feng, L.; Wang, K.; Lv, X.-L; Powell, J.; Yan, T.; 

Willman, J.; Zhou, H.-C., Imprinted Apportionment of Functional Groups in Multivariate Metal–

Organic Frameworks, J. Am. Chem. Soc. 2019, 141, 37, 14524-14529, Copyright 2019 by American 

Chemical Society. 
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apportionment of the newly introduced functionalities is usually determined by 

characterization after synthesis, while ab initio construction of MTV-MOFs with 

predictable arrangement is almost impossible to achieve during the “black-box” 

synthesis.23 In addition, post-synthetic linker exchange can alter the apportionment 

modes depending on the diffusion and exchange kinetics.34-35 However, the mechanism 

of linker exchange and the influence of ligand sterics on the apportionment are far from 

fully understood. Therefore, novel strategies to regulate apportionment of functional 

 

Scheme 2. Types of mixed-linker MOFs: (a) MOFs with mixed-linkers taking 

different crystallographic positions; (b) MTV-MOFs with multiple linkers taking 

identical crystallographic positions; (c) Imprinted MTV-MOFs should enable control 

over linker sequence and apportionment within one framework. 
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groups in MTV-MOFs are an urgent need and will create new and unexpected 

opportunities for data recognition, replication, storage and delivery. 

One possible solution is to synthesize MTV-MOFs ab initio with enhanced 

interactions between various functional groups.36-38 For instance, cleavable covalent 

links between the functional groups on linkers can be judiciously introduced during a 

pre-synthetic step, and maintain this pre-interlocked sequence during the incorporation 

step. Subsequent cleavage of interlocking groups in the resultant heterogeneity-

controlled imprinted MTV-MOFs will produce an MTV-MOF with precisely 

apportioned functional groups (Scheme 2c). Herein, we introduce a novel strategy to 

regulate apportionment of functional groups in MTV-MOFs by forming a pre-

interlocked template (Scheme 3). Initially, a pre-interlocked linker with cleavable links 

is incorporated inside the MTV-MOF under mild post-synthetic conditions. The control 

of apportionment and sequence is directed and ensured by the fixed covalent links within 

frameworks. These labile linkages between functionalized linkers are then selectively 

cleaved in the framework through hydrolysis, leading to the exposure of functional 

groups at correlated positions. Eventually, controlled heterogeneity in MTV-MOFs can 

be easily achieved by regulating apportionment of functionalities.  

 

2.2 Experimental Section 

Materials and Instrumentation 

         All the reagents and solvents were commercially available and used as received. 

Powder X-ray diffraction (PXRD) was carried out with a Bruker D8-Focus Bragg-
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Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube (λ = 1.54178 Å) 

at 40 kV and 40 mA. Nuclear magnetic resonance (NMR) data were collected on an 

Inova 500 spectrometer. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) data 

were collected with a Perkin Elmer NexION® 300D ICP-MS. For thermogravimetric 

analysis (TGA), about 10 mg of the sample was heated on a TGA-50 (SHIMADZU) 

thermogravimetric analyzer from room temperature to 600 °C at a rate of 5 °C·min-1 

under O2 flow of 15 mL·min-1. Diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) measurements were performed on a SHIMADZU IR Affinity-1 

spectrometer equipped with DRS-8000A drift diffuse reflectance attachment. Gas 

sorption measurements were conducted using a Micromeritics ASAP 2020 system. Prior 

to gas sorption measurements, about 50 mg MOF materials were washed thoroughly 

with N,N-dimethylformamide (DMF) to remove any remaining solvent or uncoordinated 

linker, and exchanged by methanol for 3 times. The solvent was then removed under 

vacuum at 85 oC for 12 h, yielding porous material.   

 

Ligand Synthesis 

Synthesis of L2. 2-imidazolecarboxaldehyde (1.92 g, 20 mmol), ethylenediamine 

(C2, 0.60 g, 10 mmol) and 50 mL ethanol were mixed in a 250 mL flask and refluxed for 

12 h under continuous stirring. After cooling to room temperature, the precipitates were 

collected by filtration and washed with cold ethanol (2.31 g, yield: 92%). 1H-NMR (500 

MHz, dimethyl sulfoxide-d6/DMSO-d6) δ 12.68 (s, 2H), 8.16 (s, 2H), 7.17 (s, 2H), 7.03 

(s, 2H), 3.87 (s, 4H). 
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Synthesis of L3. 2-imidazolecarboxaldehyde (1.92 g, 20 mmol), 1,3-

 

Scheme 3. Controlled heterogeneity in MTV-MOFs: (a) The synthesis of pre-locked 

linkers (LX, X = 2, 3, 4, 6, 8 and 12). (b) The dissociation and association of imine 

bonds in pre-locked linker (L2); (c, d) Illustration of the sequential linker exchange 

and dissociation processes. 
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diaminopropane (C3, 0.74 g, 10 mmol) and 50 mL ethanol were mixed in a 250 mL flask 

and refluxed for 12 h under continuous stirring. After cooling to room temperature, the 

precipitates were collected by filtration and washed with cold ethanol (2.52 g, yield: 

95%). 1H-NMR (500 MHz, DMSO-d6) δ 12.67 (s, 2H), 8.18 (s, 2H), 7.19 (s, 2H), 7.05 

(s, 2H), 3.65 (m, 4H), 1.96 (m, 2H). 

Synthesis of L4. 2-imidazolecarboxaldehyde (1.92 g, 20 mmol), 1,4-

diaminobutane (C4, 0.88 g, 10 mmol) and 50 mL ethanol were mixed in a 250 mL flask 

and refluxed for 12 h under continuous stirring. After cooling to room temperature, the 

precipitates were collected by filtration and washed with cold ethanol (2.46 g, yield: 

89%). 1H-NMR (500 MHz, DMSO-d6) δ 12.63 (s, 2H), 8.17 (s, 2H), 7.18 (s, 2H), 7.04 

(s, 2H), 3.59 (m, 4H), 1.68 (m, 4H). 

Synthesis of L6. 2-imidazolecarboxaldehyde (1.92 g, 20 mmol), 1,6-

diaminohexane (C6, 1.16 g, 10 mmol) and 50 mL ethanol were mixed in a 250 mL flask 

and refluxed for 12 h under continuous stirring. After cooling to room temperature, the 

precipitates were collected by filtration and washed with cold ethanol (2.71 g, yield: 

88%). 1H-NMR (Figure 1, 500 MHz, DMSO-d6) δ 12.65 (s, 2H), 8.14 (s, 2H), 7.18 (s, 

2H), 7.04 (s, 2H), 3.55 (m, 4H), 1.61 (m, 4H), 1.34 (m, 4H). 

Synthesis of L8. 2-imidazolecarboxaldehyde (1.92 g, 20 mmol), 1,8-

diaminooctane (C8, 1.44 g, 10 mmol) and 50 mL ethanol were mixed in a 250 mL flask 

and refluxed for 12 h under continuous stirring. After cooling to room temperature, the 

precipitates were collected by filtration and washed with cold ethanol (2.96 g, yield: 

88%). 1H-NMR (500 MHz, DMSO-d6) δ 12.64 (s, 2H), 8.13 (s, 2H), 7.17 (s, 2H), 7.03 
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(s, 2H), 3.52 (m, 4H), 1.59 (m, 4H), 1.29 (m, 8H). 

Synthesis of L12. 2-imidazolecarboxaldehyde (1.92 g, 20 mmol), 1,12-

diaminododecane (C12, 2.00 g, 10 mmol) and 50 mL ethanol were mixed in a 250 mL 

flask and refluxed for 12 h under continuous stirring. After cooling to room temperature, 

the precipitates were collected by filtration and washed with cold ethanol (3.53 g, yield: 

90%). 1H-NMR (500 MHz, DMSO-d6) δ 12.65 (s, 2H), 8.13 (s, 2H), 7.17 (s, 2H), 7.03 

(s, 2H), 3.53 (m, 4H), 1.58 (m, 4H), 1.24 (m, 16H). 

 

 

 
Figure 1. 1H NMR spectroscopy of L6.  
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Figure 2. 1H NMR spectroscopy of L6 in DMSO for 24 h.  

 

 

 

 
Figure 3. 1H NMR spectroscopy (DMSO-d6) of L6 in MeOH at 65 oC for 24 h.  
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MOF Synthesis 

Synthesis of ZIF-8 microcrystals. Zeolitic imidazolate framework-8 (ZIF-8) 

microcrystals were synthesized according to the literature with slight modification.39 

Zn(NO3)2·4H2O (0.210 g) and 2-methylimidazole (2-MeIm) (0.060 g) were dissolved in 

18 mL DMF in a 20-mL vial. The vial was then capped and placed in a 140oC oven for 

24 h to yield colorless polyhedral crystals. The crystals were then washed with fresh 

DMF three times. 

 

 

 
Figure 4. 1H NMR spectroscopy of L6 in D2O at 25oC for 24 h. 

 

 

Synthesis of mixed-linker ZIF-8 with pre-locked linkers through linker 
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exchange. The procedure of linker exchange in ZIF-8 was conducted according to the 

literature with slight modification.40 ZIF-8-LX-R% (X = 2, 3, 4, 6, 8 and 12) were 

synthesized by the linker exchange of ZIF-8 with pre-locked linker (L2, L3, L4, L6, L8 

and L12) solution of various concentrations (15 and 30 mM, respectively). Generally, 

crystals of ZIF-8 (100 mg) were incubated with the linker L solution in methanol 

(MeOH, 20 mL) at 60 ºC for 4 - 288 h. The crystals of ZIF-8-LX-R% were collected by 

filtration and washed with fresh MeOH for 3 times. The exchange ratio in MOFs (R%) 

was calculated from 1H-NMR results of digested samples. For 1H NMR spectroscopy, 

the dry samples (around 5 mg) were dissolved in about 1 mL 5% DCl/DMSO-d6. The 

pre-locked linker (LX) was decomposed into Im-CHO (2-imidazolecarboxaldehyde) and 

diamines after hydrolysis. Therefore, the exchange ratio can be calculated by the 

integration of H from 2-MeIm and Im-CHO.  

 

 

 
Figure 5. 1H NMR spectroscopy of L6 in D2O at 50oC for 24 h. 
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Linker dissociation analysis. We proposed that labile imine bonds in pre-locked 

linker (LX) are dissociated and removed during water treatment to create exposed 

aldehyde groups (Figure 4-8). The stability of imine bonds in various solvent conditions 

was verified by 1H NMR. 

 

Figure 6. 1H NMR spectroscopy of digested ZIF-8. 

 

 

 

Figure 7. 1H NMR spectroscopy of digested ZIF-8-L6-26%.  
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Figure 8. 1H NMR spectroscopy of digested iZIF-8-L6-18%. 

 

Calculation Methods 

The DFT calculation was performed by DMol3 program. To describe 

approximation of exchange-correction energy, gradient-corrected functional developed 

by Perdew et al (GGA-PBE) was chosen for geometry optimization.41 The weak van der 

Waals interaction was considered by introduction of semi-empirical Grimme dispersion 

correction method.42 Besides, double numerical plus polarization basis set in version 4.4 

(DNP 4.4) was applied and all core electrons of atoms were taken into consideration.43 

The convergence tolerance of total energy, maximum force, and displacement were set 

as 2×10-5 Ha, 0.004 Ha Å-1, and 0.005 Å. Due to the complexity and high number of 

atoms in the ZIF lattice, only a limited number of atoms were considered to simplify the 

calculations. To simulate constraint of framework, nitrogen atoms of terminal imidazoles 

and zinc atoms are fixed. 
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2.3 Results and Discussion 

 

 
Figure 9. PXRD patterns of ZIF-8-L6-R%. 

 

 

 
Figure 10. PXRD patterns of ZIF-8-LX-R%.  
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One of the most studied MOFs, ZIF-8, was introduced as a model to demonstrate 

our strategy because of its excellent stability and strong tolerance towards post-synthetic 

modification.40, 44-45 An aldehyde-based linker, denoted as Im-CHO, was chosen as a 

prototype to study the controlled heterogeneity within the framework while 2-MeIm is 

main matrix for dispersion. In order to form a pre-locked linker template (LX, X = 2, 3, 

4, 6, 8 and 12), Im-CHO was firstly linked to diamines (CX, X = 2, 3, 4, 6, 8 and 12), to 

form a pre-labile linker, which can easily dissociate into the corresponding monomers in 

a single step through hydrolysis (Scheme 3).46-47 Post-synthetic linker exchange at a mild 

condition (LX/MeOH solutions at 60 °C) was adopted (Figure 2-3), which shall maintain 

the integrity of the imine bonds in pre-locked linker templates (LX).48 Relatively low 

concentration solutions of LX (15-30 mM) were utilized to minimize the possibility of a 

“dangling” exchange mode (Figure 11). After exchange, the crystals underwent a color 

change from white to light yellow as indicated by the optical images. The preservation of 

the imine bonds after soaking in MeOH at 60°C for 24 h was verified by 1H NMR 

spectroscopy (Figure 3). 1H NMR spectroscopy of digested samples also demonstrated 

that both imidazoles of LX successfully replaced the original 2-MeIm linkers, verifying 

that the exchange of LX happens in a locking/bridging mode. The exchanged ZIF-8 was 

denoted as ZIF-8-LX-R%, where the exchange ratio (R%) was defined as moles of 

imidazole from pre-locked linkers (LX) divided by the moles of total imidazole in 

exchanged ZIF-8. It was found that the exchange ratio R% of ZIF-8-L6-R% gradually 

increased as incubation time increased and leveled off after 300 min. Further elongation 

of incubation time did not increase the L6 content, indicating that a dynamic equilibrium 
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is reached between the solid and the solution. The exchange ratios of ZIF-8-L6 vary 

from 18% to 26%, when incubated with different concentrations of L6/MeOH solutions 

 

 

 
Figure 11. Studies on exchange modes of template linkers LX. (a) If the exchange of 

template LX happens in a locking mode, the ratio between 2-MeIm and Im-CHO will 

remain even after the hydrolysis of LX; (b) If the exchange of template LX happens 

in a dangling mode, the ratio between 2-MeIm and Im-CHO will double after the 

hydrolysis of LX since the dangling imidazole linkers will be removed; (c) 

Experimental results of digested ZIF-8-L6-18% and iZIF-8-L6-18% shown the 

locking mode happens mainly during the given exchange condition.   
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(15 and 30 mM, respectively) for 10 h. The supernatants after linker exchange were 

analyzed by ICP-MS, which showed no detectable Zn2+. ZIF-8-LX-R% samples also 

maintain crystallinity as revealed by the PXRD patterns (Figure 9-10) and the 

microscope images of the respective crystals. The N2 adsorption isotherms of ZIF-8-L6-

R% after post-synthetic linker exchange showed a clear decrease of N2 total uptake 

compared with as-synthesized ZIF-8, corresponding to the cavity being filled by the 

newly-introduced bulky linkers with removable diamine linkages. Additionally, the BET 

(Brunauer, Emmett and Teller) surface areas of ZIF-8 decreased after exchange because 

of the partially occupied pore spaces.  

The successful incorporation of pre-locked linkers in MTV-ZIF-8 can also be 

confirmed by comparing the DRIFTS of ZIF-8 and ZIF-8-LX-R%. The appearance of 

imine bonds in ZIF-8-LX-R% is confirmed by the associated peaks [ν(C=N) at ~1651 

cm-1]. The composition of exchanged ZIF-8 was further analyzed by TGA (Figure 14). 

The initial weight loss before 200 °C is attributed to the removal of the solvent 

molecules in the pores whereas the removal of organic linkers corresponds to the weight 

loss from 200 to 500 °C. Notably, ZIF-8-L6-26% shows much higher weight loss than 

ZIF-8 without post-synthetic treatment between 200 to 500 °C, due to the removal of the 

pre-locked linkages inside frameworks. These results show that the exchange ratio of 

ZIF-8 can be tuned with retention of framework integrity and porosity, which ensures 

the imprinted apportionment of functional groups in MTV-MOFs. Solid-state NMR 

spectroscopy of exchanged ZIFs indicates the complete deprotonation of templated 
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linkers, which rules out the dangling possibility during the exchange process (Figure 12-

13).  

 

 

 

Figure 12. 13C CP-MAS NMR spectra of various functionalized ZIFs. Spinning 

sidebands are indicated by *.  

 

 

When exposed to aqueous solution, the pre-locked linkers (LX) in the framework 

were expected to dissociate into 2-methylimidazole and diamines (CX) through 

hydrolysis. When performed at room temperature for 24 h, the reaction between L6 and 

water does not go to completion (Figure 4). However, when the hydrolysis is performed 

at 50 °C, nearly quantitative cleavage of the imine bonds was observed, generating 



 

23 

 

exposed aldehyde functional groups and released diamines (Figure 5). The cleaved 

diamines can be easily removed from the framework with sufficient washing, while the 

exposed functional groups (-CHO) are apportioned in a controlled fashion and 

manipulated by the tunable pre-locked chains. The resulting imprinted MTV-MOFs were 

donated as iZIF-8-LX-R%, where i stands for “imprinted”. Note that the coordination 

bonds between Zn nodes and imidazole linkers are robust enough to survive from the 

mild water treatment.6  

ZIF-8 samples with various exchange ratios were prepared and treated with 

aqueous solution at 50 °C for 24 h. PXRD patterns of the resulting iZIF-8-LX-R% 

showed that the MOF materials after hydrolysis possessed the same diffraction patterns 

as the parent ZIF-8. The microscope images of the respective crystals demonstrated that 

the crystal morphology was not affected by the template cleavage process. The porosity 

of iZIF-8-LX-R% was also studied by N2 sorption measurements, which confirm an 

increase in pore size due to the release of template molecules. Compared to ZIF-8-LX-

R%, the N2 sorption isotherms of microporous iZIF-8-LX-R% at 77 K demonstrated 

increased uptakes with a type-I isotherm, indicating the release of template molecules 

from the framework. No notable mesopores were observed in the N2 sorption isotherms, 

ruling out the possibility of partial decomposition of ZIF-8 during post-synthetic 

treatment. The subsequent cleavage of pre-locked linkers significantly changed the pore 

volume and corresponding environment.  

To examine whether the imine bonds were successfully dissociated during the 

hydrolysis treatment, DRIFTS absorption spectroscopy was utilized to confirm the linker 
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dissociation process. A clear blue shift of the stretching bands of the imine group 

[ν(C=N), ~1651 cm-1] to aldehyde group [ν(C=O), ~1683 cm-1] was observed. Besides, 

there are also appearance of peaks around 2768 cm-1 and 2733 cm-1, associated with ν(C-

H, aldehyde) and δ(C-H, aldehyde) modes, respectively, which indicates successful 

cleavage of the imine bond. In addition, the composition of iZIF-8 was further analyzed 

by TGA and compared with 1H NMR results (Figure 14). The weight losses 

corresponding to the thermal decomposition of organic fragments match well with the 

calculation.  

 

 

 

Figure 13. 15N CP-MAS NMR spectra of linkers and ZIFs. Spinning sidebands are 

indicated by *. 
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Figure 14. TGA of pre-locked linker L6, ZIF-8, ZIF-8-L6-18%, ZIF-8-L6-26%, iZIF-8-

L6-18%, and iZIF-8-L6-26%. 

 

 

Table 1. Summary of energy changes (unit: kcal/mol) after the exchange of 2-

methylimidazole pairs with a chain template (LX, X = 2, 3, 4, 6, 8 and 12). 

 
I II III IV V VI VII VIII IX 

2 26.05 12.32 30.47 
      

3 24.98 8.13 37.72 13.08 
     

4 30.90 10.53 24.29 9.51 
 

15.55 
   

6 41.02 7.23 33.25 −1.94 25.93 24.84 
   

8 38.66 5.57 27.59 −1.99 1.44 22.13 −14.04 −11.13 9.20 

12 33.87 6.94 9.66 −9.07 
 

−20.43 −12.64 −17.92 -12.85 
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We further extended the strategy to other diamines with various chain lengths to 

investigate the versatility of regulated apportionment of pre-locked linkers. Six pre-

locked linkers were introduced with variable lengths to regulate the distribution of 

functional groups in the ordered frameworks. The successful sequential linker exchange 

and dissociation were achieved in these systems with well-maintained crystallinity, as 

indicated by optical images, N2 sorption isotherms, and PXRD patterns. To gain insights 

into the controlled linker apportionment in iZIF-8-LX-R%, we inspected the possible 

models of linker apportionment to study the distances and distributions of ZIF 

frameworks. We found that spatial distributions of pre-locked linker templates (LX) 

could be influenced by the distance and orientation of imidazole ligands in original 

frameworks. The ZIF cage was modelled as a truncated octahedron, with the zinc nodes 

represented by the vertices and the ligands represented by the edges of the polyhedron 

(Figure 15). Faces of the polyhedron are comprised of squares and hexagons. For 

conciseness, the spatial relationship between ligands can be displayed through a 

projection on the polyhedron. The orientations of two imidazole ligands can be described 

as one of four different patterns: opposite, inverse, parallel, and anti-parallel. According 

to the calculation results, the opposite and parallel patterns are the most favored, while 

the inverse pattern is almost impossible because of the torsional strain it imposes on LX. 

Therefore, a total of nine possible apportionment patterns, labeled from I to IX, can be 

found within a ZIF cage (Figure 15).  
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According to density-functional calculations performed by the DMol3 program of 

Materials Studio, relative energies of substitution can be obtained by subtracting the 

energy of ZIF-8 and LX from that of ZIF-8-LX (Figure 15, Table 1).49 Remarkably, for 

 
Figure 15. (a) The cage structure of ZIF-8 and nine possible apportionment types 

with linked template linkers LX; (b-c) Illustration of energy changes (unit: kcal/mol) 

after the exchange of 2-methylimidazole pairs with a chain template (LX, X = 2, 3, 4, 

6, 8 and 12); (d-f) Illustration of possible link modes of L2, L6 and L12 within ZIF-8 

cages. 
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LX with a longer chain length, more diverse substitution patterns can be accessed. In 

general, the results shown that a shorter linker tends to connect adjacent positions with 

parallel ligands because of the length limitation, while for a longer linker, although with 

increased freedom and length, its torsion strain becomes a dominant factor for spatial 

distribution, as a result, it prefers a non-distortion pattern and substitutes two distant 

opposite ligands (Table 1). Our results here exemplify the idea of ab initio synthesis with 

predictable arrangement of functional groups within MTV-MOFs, which provides a tool 

for sequence manipulation in multi-component materials.  

 

2.4 Conclusions 

In conclusion, our results here exemplify the idea of ab initio synthesis with 

predictable arrangement of functional groups within MTV-MOFs. The imprinted 

apportionment within ZIF-8 was achieved by pre-incorporating interlocked linkers into 

framework materials and subsequent cleavage, leading to the formation of architectures 

with controlled heterogeneity. The detailed apportionment of functional groups was 

further analyzed by computational methods, showing that the programmable distribution 

of template linkers can be regulated by the variable linker lengths. This synthetic 

approach also enables investigations into other ZIF materials, or even carboxylate-based 

MOFs such as UiO-66, which is a vital design feature of future materials for precise 

control over pore environment and functionality sequences.  
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CHAPTER III 

CREATING HIERARCHICAL PORES IN MULTICOMPONENT MOFS 

 

3.1 Introduction 

Most MOFs exhibit microporosity, which impedes the diffusion of large 

molecules. Their structural integrity is often compromised when they are exposed to 

moisture, aqueous solution or high temperature, which limits their utility in catalysis and 

other applications.50 Furthermore, when a microporous MOF is used to immobilize 

enzyme and other large-size catalysts, the active-site accessibility and catalytic activity 

will plummet because of pore blockage.51 Thus, sufficient pore size, appropriate stability 

and hierarchical porosity are three prerequisites for open frameworks designed for drug 

delivery, enzyme immobilization and catalysis involving large molecules.  

Currently, two main approaches, direct or templated synthesis, have been 

developed to build hierarchically porous MOFs (HP-MOFs). PCN-222, PCN-333 and 

NU-1000 are HP-MOFs from direct synthesis.52-54 Yet the number of such MOFs, whose 

pore size distribution is predetermined by the linker length and MOF topology, is limited. 

In the latter approach, templates are incorporated at random in the framework during the 

in situ MOF synthesis.55-61 Although the removal of template molecules may create 

mesopores inside the MOF, it often triggers partial or even total collapse of the 

 

 This chapter is reproduced with permission from Feng, L.; Yuan, S.; Zhang, L.-L.; Tan, K.; Li, J.-L.; 

Kirchon, A.; Liu, L.-M., Zhang, P.; Han, Y.; Chabal, Y. J.; Zhou, H.-C., Creating Hierarchical Pores 

by Controlled Linker Thermolysis in Multivariate Metal-Organic Frameworks, J. Am. Chem. Soc. 

2018, 140 (6), 2363-2372, Copyright 2018 by American Chemical Society. 
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framework, leading to reduced crystallinity, low porosity, and poor stability. An 

unconventional alternative is to judiciously utilize labile chemical bonds or linkers 

susceptible to cleavage for the construction of porous materials, which should play an 

essential role in making HP-MOFs that could not be obtained otherwise.62, 48, 63-64 

This pore engineering strategy based on labile chemical bonds has been explored 

extensively recently, leading to MOF construction strategies such as linker installation, 

linker labilization, solvent-assisted ligand incorporation and modulator removal in Zr-

MOFs.28-29, 65-66 Linker installation and solvent-assisted ligand incorporation both utilize 

acid-base chemistry between the hydroxyl groups on the coordinatively-unsaturated 

Zr6O4(OH)8(H2O)4 clusters and linear linkers or terminal ligands. The terminal –

OH/H2O on these positions are further replaced by carboxylates in the solution 

postsynthetically. Linker labilization and modulator removal are two reverse processes 

to linker installation and solvent-assisted ligand incorporation. In modulator removal, a 

MOF is initially constructed with coordinatively-saturated clusters and modulator as 

terminal ligands; the terminal ligands are subsequently removed by activation under 

vacuum at high temperatures. This method leads to the formation of a more open 

framework with a large number of open coordination sites, which could act as catalytic 

centers in Lewis acid catalyzed reactions. However, the pore size of this resulting 

microporous framework increases only slightly, which is still unsuitable for applications 

involving large molecules. In contrast, linker labilization is a powerful tool to produce 

hierarchically porous structures with precisely controllable pore size distributions. A 

mixed-linker MOF is constructed with a “pre-labile” linker, which represents a non-
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labile linker that can be converted to a labile one in a single step. The defects are created 

subsequently by splitting the “pre-labile” linker into two labile monocarboxylates under 

acidic conditions. Yet, several concerns still remain in linker labilization. First, the 

relatively long ligand used in PCN-160 would lead to an overall compromised 

stability.67 Secondly, linker labilization has only been successful in a few particular 

examples, which highly restricts its application scope. This is because the “pre-labile” 

linker used in the framework is intrinsically reactive, and therefore decomposes under 

common synthetic conditions. This in turn makes it challenging to incorporate the “pre-

labile” linkers into the framework. Therefore, it is urgent to find highly stable 

prototypical MOFs with relatively stable substitutes for previously reported imine-based 

linker, which can still undergo linker decomposition post-synthetically, in order to 

prepare ultrastable HP-MOFs with large pore sizes. 

Herein, we introduce a powerful and general strategy, called linker thermolysis, 

to create mesopores in a series of microporous MOFs controllably. Initially, a 

multivariate MOF (MTV-MOF) is built from ordinary and thermal-sensitive 

(thermolabile) linkers (Scheme 4). The thermolabile linker can then be selectively 

cleaved in the framework through a decarboxylation process, by carefully controlling the 

decomposition temperature (Scheme 5). Hierarchical pores are created while the 

crystallinity and chemical stability remain after linker thermolysis. It is analogous to the 

modulator removal process, a thermal method to remove terminal ligands instead of 

bridging ones as in linker thermolysis. There exists a stark contrast between the stability 

of common and thermolabile linkers due to their distinct functional groups, which leads 
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to selective thermolysis.68-69 Not only does linker thermolysis allow for the generation of 

tunable hierarchically porous structures in a series of ultrastable MOFs with various 

clusters and functional groups, but it can also produce ultrasmall metal oxide (MO) 

nanoparticles immobilized in the framework. This resulting composite material, denoted 

as MO@HP-MOF, offers new opportunities for large molecule adsorption and catalysis. 

 

 

 

Scheme 4. Organic linkers (A-J) used in this work.  

 

 

3.2 Experimental Section 

Synthesis of UiO-66-NH2-R% (R= 0, 9, 17, 26, 32, 41, 100). ZrOCl2 (300 mg), 

H2BDC (200, 180, 160, 140, 120, 100, 0 mg, respectively), H2BDC-NH2 (0, 20, 40, 60, 

80, 100, 200 mg, respectively), acetic acid (10 mL) and DMF (10 mL) were charged in a 

Pyrex vial. The mixture was heated in a 120ºC oven for 24 h. After cooling to room 
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temperature, the resulted powder was separated by centrifugation and washed several 

times with aliquots of DMF and EtOH, respectively. The solvent was removed under 

vacuum at 150oC for 12 h.  

 

 

 

Scheme 5. Mechanism of hierarchically porous structure formation. (a) The amino 

functionalized linker tends to undergo a decarboxylation process under relatively low 

temperature; (b) Zr6O4(OH)4(CO2)12 clusters are transformed into decarboxylated Zr6O6 

clusters after linker thermolysis; (c) Overall, the microporous MTV-MOF, UiO-66-NH2-

R%, is converted into ultrasmall MO@HP-MOFs composites through controlled linker 

thermolysis. 
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Synthesis of HP-UiO-66-NH2-R%-Temp-Time. Activated samples UiO-66-

NH2-R% (about 120 mg) were placed in a thermostatic furnace. The samples were 

heated at a certain temperature (300 ºC, 325 ºC, 350 ºC, 375 ºC, 400 ºC, respectively) for 

a certain period of time (15 min, 30 min, 60 min, 120 min, 180 min, 240 min, 

respectively) under air. After cooling to room temperature, the samples were activated 

again under vacuum at 150 oC for 12 h before gas sorption experiments.  

N2 sorption isotherm. Gas sorption measurements were conducted using a 

Micrometritics ASAP 2020 system. Prior to gas sorption measurements, about 100 mg 

MOF materials UiO-66-NH2-R% were washed thoroughly with DMF and water to 

remove any remaining acetic acid, and exchanged by ethanol for 3 days, during which 

the solvent was decanted and freshly replenished three times every day. The solvent was 

then removed under vacuum at 150 oC for 12 h, yielding porous material. After linker 

thermolysis, about 100 mg UiO-66-NH2-R%-Temp-Time was treated under vacuum at 

150 oC for 8 h before gas sorption experiment.  

          BET Analysis. The determination of the BET surface of UiO-66-NH2-26% and 

UiO-66-NH2-26%-350oC-120 min is demonstrated as an example in Figure 16-17. The 

nitrogen adsorption isotherm obtained is displayed in part a) of the figure. The data 

presented in the rest of the figure is derived from this isotherm. Part b) of the figure 

concerns the 1st consistency criterion. As indicated, 𝑽(𝟏−𝑷/𝑷𝟎) increases continuously 

as a function of the relative pressure 𝑷/𝑷𝟎 until 𝑷/𝑷𝟎 = 0.050, a value highlighted by the 

vertical dashed line on the figure. In accordance with the 1st consistency criterion, the 
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entire 𝑷/𝑷𝟎 range used for the BET analysis must be ≤ 0.050. Displayed in part c) of the 

figure is the BET plot in which the linear range was chosen. In order to maximize the 

correlation (R2 = 0.9999), only the points shown in the plots were included in the fit. In 

accordance with the 2nd consistency criterion, the value for 𝟏/(√𝑪+𝟏) (= 0.034, as 

highlighted by the vertical dashed line) is well within the chosen pressure range (𝑷/𝑷𝟎 = 

0.004 - 0.050). Finally, the table in the figure provides all the information relevant to the 

BET analysis. In accordance with the 3rd consistency criterion, the value of the BET 

constant, 𝑪, is positive (= 843.4). 

 

 

 

Figure 16. BET analysis of UiO-66-NH2-26%. 
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Figure 17. BET analysis of UiO-66-NH2-26%-350oC-120 min. 

 

 

In situ infrared (IR) spectroscopy. In situ IR measurements upon annealing 

were performed on a Nicolet 6700 FTIR spectrometer (purchased from Thermo 

Scientific Inc., USA) equipped with a liquid N2 -cooled mercury cadmium telluride 

MCT-A detector. The MOFs (powder, ~5 mg) were gently pressed onto a KBr pellet (~1 

cm diameter, 1–2 mm thick) and placed in the pressure cell, which is installed in the 

sample compartment of the infrared spectrometer with the sample at the focal point of 

the beam and connected to the nitrogen purge. 

X-ray photoelectron spectroscopy (XPS). XPS measurements were performed 
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with a Perkin Elmer PHI system. The sample after thermal treatment at 350 °C for 5 min 

and 3.5 h respectively was transferred into the XPS chamber with a base pressure of 

<1.0 × 10−9 Torr. Al Kα (1486.6 eV) X-ray source at a chamber was used to excite 

photoelectrons. The spectra were recorded by using a 16-channel detector with a 

hemispherical analyzer. 

Thermogravimetric analysis. About 10 mg of the sample was heated on a TGA 

Q500 thermogravimetric analyzer from room temperature to 600 °C at a rate of 

5 °C·min–1 under air flow of 20 mL·min–1 (Figure 18). TGA-MS analyses were 

performed in STA449C-QMS403 C Thermal Analysis-Quadrupole Mass Spectrometer.  

 

 

 

Figure 18. Thermogravimetric analyses of UiO-66-NH2-R%.  
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Powder X-ray diffraction (PXRD). PXRD was carried out with a Bruker D8-

Focus Bragg-Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube (λ 

= 1.54178 Å) at 40 kV and 40 mA (Figure 19).  

 

 

 

Figure 19. PXRD patterns of UiO-66-NH2-R%-Temp-Time. 

 

 

1H NMR spectroscopy. Nuclear magnetic resonance (NMR) data were collected 

on a Mercury 300 spectrometer (Figure 20, Table 2). For 1H NMR spectroscopy, the 

activated samples (around 10 mg) were dissolved in 600 µL DMSO-d6 solution 
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containing 20 µL HF.  

Transmission electron microscopy (TEM). TEM experiments were conducted 

on a FEI Tecnai G2 F20 ST microscope (America) operated at 200 kV.  

ICP-MS analysis. Calibration standards were prepared from certified reference 

standards from RICCA Chemical Company. Samples were further analyzed with a 

Perkin Elmer NexION® 300D ICP-MS. Resulting calibration curves have minimum R2 = 

0.9999. Additionally, in order to maintain accuracy, quality control samples from 

certified reference standards and internal standards were utilized. The individual results 

of the triplicate samples were averaged to determine the metal concentration. 

 

 

 

Figure 20. Photographs images of UiO-66-NH2-R% and UiO-66-NH2-R%-Temp-Time 

(R=9, 26, 41). 
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Table 2. The ratio of thermolabile linker BDC-NH2 in MOFs calculated by 1H-NMR 

spectra.  

Starting weight of 

BDC-NH2/BDC (mg/mg) 

0 20/180 40/160 60/140 80/120 100/100 

Starting ratio of 

BDC-NH2 (mol%) 

0 9% 19% 28% 38% 48% 

Actual ratio of 

BDC-NH2 (mol%) 

0 9% 17% 26% 32% 41% 

 

 

Synthesis of UiO-66-BD and HP-UiO-66-BD. UiO-66-BD was prepared through 

post-synthetic modification based on the reported procedure with minor modifications.70 

Activated UiO-66-NH2-26% (about 300 mg) was suspended in 10 ml toluene solution 

containing 50 mg salicylaldehyde. After standing for seven days, the powder shown a 

noticeable yellow hue; the resulted powder then was separated by centrifugation and 

washed several times with toluene and EtOH, respectively. The solvent was removed 

under vacuum at 150 oC for 12 h, yielding microporous material. Activated samples 

UiO-66-BD (about 120 mg) were placed in a thermostatic furnace. The samples were 

heated at 350 ºC for 120 min under air. After cooling down to room temperature, the 

samples were activated again under vacuum at 150oC for 12 h before gas sorption 

experiment (Figure 21).  
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Figure 21. N2 uptakes (a), pore size distributions (b), TGA curve (c) and PXRD patterns 

(d) of UiO-66-BD and HP-UiO-66-BD. The dashed line in (c) indicates the thermal 

treatment temperature. 

 

 

Synthesis of UiO-66-CD and HP-UiO-66-CD. ZrOCl2 (300 mg), H2BDC (140 

mg), H2BDC-NO2 (70 mg), acetic acid (10 mL) and DMF (10 mL) were charged in a 

Pyrex vial. The mixture was heated in 120 ºC oven for 24 h. After cooling down to room 

temperature, the resulted powder was separated by centrifugation and washed several 

times with DMF and EtOH, respectively. The solvent was removed under vacuum at 150 

oC for 12 h, yielding microporous material. Activated samples UiO-66-CD (about 120 



 

42 

 

mg) were placed in a thermostatic furnace. The samples were heated at 400 ºC for 60 

min under air. After cooling down to room temperature, the samples were activated 

again under vacuum at 150 oC for 12 h before gas sorption experiment (Figure 22).  

 

 

 

Figure 22. N2 uptakes (a), pore size distributions (b), TGA curve (c) and PXRD patterns 

(d) of UiO-66-CD and HP-UiO-66-CD. The dashed line in (c) indicates the thermal 

treatment temperature. 
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Synthesis of UiO-66-AE and HP-UiO-66-AE. ZrOCl2 (300 mg), H2BDC-Br (160 

mg), H2BDC-NH2 (50 mg), acetic acid (10 mL) and DMF (10 mL) were charged in a 

Pyrex vial. The mixture was heated in 120 ºC oven for 24 h. After cooling down to room 

temperature, the resulted powder was separated by centrifugation and washed several 

times with DMF and EtOH, respectively. The solvent was removed under vacuum at 150 

oC for 12 h, yielding microporous material. Activated samples UiO-66-AE (about 120 

mg) were placed in a thermostatic furnace. The samples were heated at 350 ºC for 60 

min under air. After cooling down to room temperature, the samples were activated 

again under vacuum at 150 oC for 12 h before gas sorption experiment (Figure 23).  

 

 

 

Figure 23. N2 uptakes (a), pore size distributions (b), and PXRD patterns (c) of UiO-66-

AE and HP-UiO-66-AE. 
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Synthesis of UiO-66-AF and HP-UiO-66-AF. ZrOCl2 (300 mg), 1,4-H2NDC 

(160 mg), H2BDC-NH2 (50 mg), acetic acid (10 mL) and DMF (10 mL) were charged in 

a Pyrex vial. The mixture was heated in 120 ºC oven for 24 h. After cooling down to 

room temperature, the resulted powder was separated by centrifugation and washed 

several times with DMF and EtOH, respectively. The solvent was removed under 

vacuum at 150 oC for 12 h, yielding microporous material. Activated samples UiO-66-

AF (about 120 mg) were placed in a thermostatic furnace. The samples were heated at 

350 ºC for 60 min under air. After cooling down to room temperature, the samples were 

activated again under vacuum at 150 oC for 12 h before gas sorption experiment (Figure 

24).  

 

 

 

Figure 24. N2 uptakes (a), pore size distributions (b), and PXRD patterns (c) of UiO-66-

AF and HP-UiO-66-AF. 
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Synthesis of UiO-67-GH and HP-UiO-67-GH. ZrCl4 (200 mg), H2BPDC (100 

mg), TFA (2.0 mL) and DMF (20 mL) were charged in a Pyrex vial. The mixture was 

heated in 120 ºC oven for 5 days. After cooling down to room temperature, the resulted 

single crystals UiO-67 was separated by centrifugation and washed several times with 

DMF. UiO-67 (120 mg), H2BPDC-(NO2)2 (50 mg), and DMF (20 mL) were charged in a 

Pyrex vial. The mixture was heated in 85 ºC oven for 24 h. After linker exchange, the 

crystals were separated by centrifugation and washed several times with DMF and 

EtOH, respectively. The solvent was removed under vacuum at 150 oC for 12 h, yielding 

microporous material. The ratio of thermolabile linker G in MOFs was calculated by 1H-

NMR spectra. Activated samples UiO-67-GH (about 120 mg) were placed in a 

thermostatic furnace. The samples were heated for 30 min under air at 420 ºC. After 

cooling down to room temperature, the samples were activated again under vacuum at 

150 oC for 12h before gas sorption experiment (Figure 25).  

 

 

 

Figure 25. TGA curve (a) and PXRD patterns (b) of UiO-67-GH and HP-UiO-66-GH. 

The dashed line in (a) indicates the thermal treatment temperature. 
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3.3 Results and Discussion 

UiO-66, one of the most studied MOFs, was firstly introduced as an example to 

illustrate our strategy because of its excellent stability and strong tolerance towards 

defects.71-74 The linker, 2-Amino-1,4-benzenedicarboxylate (BDC-NH2), was applied as 

the thermolabile linker, which can be easily removed under relatively low temperature 

(300 oC) through thermal decomposition. In contrast, UiO-66 with BDC as linker shows 

high thermal stability, starting decomposition at nearly 480 oC. The remarkable thermal 

stability differences provide an excellent platform to study the aforementioned selective 

linker thermolysis strategy. MTV-UiO-66-NH2-R%, where R% stands for the percentage 

of the thermolabile linker determined by 1H-NMR (Table 2, Figure 27), were 

synthesized with good crystallinity as indicated from PXRD patterns and TEM images. 

N2 sorption isotherms indicated that MTV-UiO-66 samples were microporous as 

expected with an extra reo-type75 micropore diameter of ~15 Å due to missing-cluster 

defects, which is very common in Zr- and Hf-MOFs.  

Thermal stability of UiO-66-NH2-R% was accessed by TGA (Figure 18). TGA 

plots indicate thermal stability of UiO-66-NH2-R% decreases with increasing R%. UiO-

66 samples with BDC-NH2 ratios varying from 0 to 41% were prepared and treated with 

various temperatures for certain periods of time. The resulting materials are denoted as 

UiO-66-NH2-R%-Temp-Time, where Temp represents the thermal treatment temperature 

and Time represents the thermal treatment time. PXRD measurements showed that the 

MOF materials after thermolysis possessed the same diffraction patterns as the parent 
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UiO-66 MOF (Figure 19). The crystal morphology was not affected by the relatively 

mild heating process as indicated by the TEM images of the respective particles (Figure 

28). The N2 sorption isotherms at 77 K demonstrated the formation of HP-MOF 

materials, which possess both micro- and mesopores (Figure 26).  

In general, the porosities and pore sizes of these MOFs could be easily tuned 

through varying the thermolabile linker ratio, temperature and heat time (Figure 29). 

When sample UiO-66-NH2-26%-350oC was held under the temperature for different 

periods of 15 min, 30 min, 60 min, and 120 min, the porosities and N2 uptakes increased 

as heating time became longer. Noticeable mesopores with an average diameter of 5.5 

nm emerged after thermal treatment. The ratio of meso- to micropore volume increased 

proportionally with the elongated time period as indicated by N2 uptake and pore size 

distribution. The effects of thermolysis temperature and thermolabile linker ratio on the 

porosity and pore size distribution were also studied. When UiO-66-NH2-26%-120 min 

was set as the basis, the overall porosity and N2 uptake increased as the thermolysis 

temperature elevated. A pronounced hysteresis loop, corresponding to mesopores with 

average diameter of 5.5 nm, arose when temperature reached 325oC. Further temperature 

increase to 350 oC led to the augmentation of the proportion of 5.5 nm mesopores, 

however, the average pore size remained almost unchanged. When the temperature was 

raised to 375 oC, BDC-NH2 decomposed completely, which caused the porosity 

expansion to 13 nm. In addition, when the thermolabile linker ratio increased, so did the 

porosity and N2 uptake as expected.  
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Figure 26. Pores size distribution of UiO-66-NH2-26%-350oC treated with different 

times calculated by DFT method. 

 

 

The hierarchical porosity is also corroborated by TEM images (Figure 28). After 

linker thermolysis, the HP-UiO-66 MOFs display a sponge-like morphology with 

defects randomly arranged throughout each particle. The crystallinity of all samples after 

thermal treatment remains intact as indicated by PXRD, although slightly broader PXRD 

peaks were observed for frameworks with a larger portion of mesopores (Figure 19). The 

stability of HP-MOFs toward aqueous solution has also been investigated. Although a 

large number of defects have been created inside the framework, HP-UiO-66 retained 

the chemical stability of the pristine UiO-66. The ultrastable nature of HP-UiO-66 is 

encouraging as MOF with hierarchical pores and high stability should be ideal for 

practical applications. Additionally, nanoparticles with ultrasmall sizes (1-3 nm) were 

generated from the linker thermolysis process. TEM images showed that the ultrasmall 
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ZrO2 nanoparticles are well-dispersed in the framework by the clear lattice fringes with a 

lattice spacing of 0.295 nm, corresponding to a stack of the [101] planes of the tetragonal 

ZrO2 lattice.76-77  

 

 

 

Figure 27. Linker ratio in UiO-66-NH2-26%-350oC calculated by 1H NMR of digested 

samples. The blue bar indicates the mol% of BDC and the red bar indicates the mol% of 

BDC-NH2. 

 

 

The decarboxylation mechanism of linker thermolysis was elucidated through 

many in situ and ex situ techniques. Combined TGA/MS studies were performed in air to 
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determine the products of linker thermolysis. The TGA plots and corresponding MS 

signals under two conditions were summarized (Figure 30): (a) increasing temperature 

from 30 oC to 600 oC and (b) holding at a constant temperature of 350 oC. As indicated 

in Figure 30, a small amount of water and DMF solvent trapped inside the pores or 

coordinated on Zr6 cluster firstly came out before temperature reached 300 oC. Between 

300 oC and 400 oC (controlled linker thermolysis range), the amount of CO2 dramatically 

increased while no other signal was detected, which clearly indicated a decarboxylation 

process before the collapse of the framework. When temperature reached 400 oC, a sharp 

peak with MS signal m/z = 78 appeared, corresponding to the cracking residue of the 

MOF linker. Additionally, to investigate the formation of mesopores, UiO-66-NH2-26% 

was held at 350oC and the gaseous products were analysed with TGA/MS. Only the 

signal of CO2 could be detected after the removal of solvents, which confirmed the 

decarboxylation process of BDC-NH2 in the framework.  

 

 

 

Figure 28. TEM images of UiO-66-NH2-26% after thermal treatment (350oC, 2h). 
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Figure 29. Hysteresis loop in type IV N2 sorption isotherms of UiO-66-NH2-R%-Temp-

Time: UiO-66-NH2-26%-350oC treated with different time (a), UiO-66-NH2-R%-350oC-

2h containing R% BDC-NH2 (b), UiO-66-NH2-26%-2h treated at different temperature 

(c). 
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Figure 30. Linker thermolysis of UiO-66-NH2-26% holding at a constant temperature of 

350oC investigated by TGA-MS.  
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Figure 31. In-situ Variable Temperature PXRD patterns of UiO-66-NH2-26%; 

Temperature interval 100oC-550oC; Step length 25oC; samples are hold on each 

temperature for 15 min. 

 

 

 

Figure 32. Decrease of relative intensity at (111) plane as indicated by VT-PXRD.    
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In situ infrared (IR) spectroscopy and ex situ X-ray photoelectron spectroscopy 

(XPS) were used to monitor the decarboxylation process of the sample upon thermal 

treatment. The losses (negative features) in the differential IR absorption spectra before 

300 oC anneal are associated with solvent molecules including H2O [ν(OH)] and DMF 

[ν(-CH3) and ν(C=O)]. The process starts with dehydration of bridging µ3-OH of 

Zr6O4(OH)4 (loss of the 3676 cm-1 mode above 250 ˚C) and proceeds with a transition to 

a Zr6O6 cluster, as evidenced by a slight blue shift of the symmetric and asymmetric 

stretching bands78 of the COO- group bound to Zr metal center. Above 300 °C, there is a 

gradual loss of carboxylate bands (1582, 1428, 1393 cm-1), particularly at 350 oC over 

the time observed, which was consistent with TGA-MS results. Ex situ XPS 

measurements, performed on UiO-66-NH2-41%, after thermal treatment of sample at 

350°C for ~5 min and 3.5 h, clearly show a decrease of the COO-/Zr ratio from ~41% to 

~25% after linker thermolysis at 350 °C for 3.5 h, which directly supports the 

decarboxylation inside the framework. Besides decarboxylation, there are also losses 

between 3500 to 3300 cm-1 and at 1257 cm-1, associated with ν(-NH2) and ν(C-N) modes, 

respectively, at 350 ˚C.78 These observations indicate that the amino-functionalized 

linker is a thermolabile part of the framework. Finally, variable-temperature PXRD was 

also used to monitor the in situ transformation of MOF structure (Figure 31-32). The 

dramatic decline of the diffraction intensity of the [111] planes began at nearly 300 oC, 

which can be attributed to a structure change caused by the decarboxylation process 

(Scheme 6).  
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Scheme 6. Proposed mechanism of linker thermolysis: (a) decarboxylation process; (b) 

linker decomposition at high temperature; (c) terminal ligand removed by treatment in 

HCl/DMF solution at 85oC. 

 

 

Investigating compositions of UiO-66-NH2-R%-Temp-Time. Combing the results 

from 1H NMR and TGA, we could calculate the composition of these materials 

approximately (Figure 33-34, Table 3). The total weight of linkers (BDC and BDC-NH2) 

in the framework was determined by the TGA results. XBDC% and XBDC-NH2% were 

obtained from the 1H NMR result. 

mBDC + mBDC−NH2 

mZrO2
=

nBDC ∙ MBDC + nBDC−NH2 ∙ MBDC−NH2

nZrO2 ∙  MZrO2
 

nTotal ∙ XBDC% = nBDC 

   nTotal ∙ (1 − XBDC%) = nTotal ∙ XBDC−NH2% = nBDC−NH2 
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For samples after thermal treatment, the amount of BDC is fixed with the original 

sample before linker thermolysis because of the unlikely decomposition of this 

thermostable linker at 350oC. The amount of BDC-NH2 and its derivatives were 

calculated based on the rest weight loss. The results are shown in Table 3. 

 

 

 

Figure 33. Thermogravimetric analyses of UiO-66-NH2-26% before and after linker 

thermolysis. The green dash line refers to ideal defect-free UiO-66-NH2-26%. 
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Figure 34. 1H NMR of digested samples (a) UiO-66-NH2-26% and (b) UiO-66-NH2-

26%-350oC-120 min.  

 

 

Table 3. Approximate composition and CN of cluster of UiO-66-NH2 -R%-Temp-Time.  

Sample Name  Average Composition 

CN of 

Cluster 

UiO-66-NH2-26%  Zr12O8(OH)8 BDC7.6 (BDC-NH2)2.6·(H2O)3.6(OH)3.6 10.2 

UiO-66-NH2-26% 

-350oC-2h 

 

Zr12O8(OH)8 BDC7.6 (D-BDC-

NH2)0.9(H2O)7.0(OH)7.0*, † 

8.5 

UiO-66-NH2-26% 

-400oC-2h 

 Zr12O8(OH)8 BDC7.3 (H2O)9.4(OH)9.4
† 7.3 

*D-BDC-NH2 refers to BDC-NH2 and its related derivatives. 
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†Although -OH and H2O coordinated on the Zr6 cluster would be removed above 300oC, 

when cooling to room temperature, these -OH and H2O could easily be coordinated to 

Zr6 cluster reversibly due to the presence of trace water in the environment.  

 

 

 

Figure 35. Composition analysis of MOF thermolysis showing thermal decomposition 

equation of UiO-66 (a) and UiO-66-NH2 (b) in air or oxygen atmosphere. 

 

 

Figure 36. Illustration of linker thermolysis of UiO-66-NH2-26% from a chemical 

equation perspective.  
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Figure 37. Versatility of controlled linker thermolysis. (a) Versality of linker 

thermolysis to construct HP-MOFs with various linkers A-J showing different thermal 

stability. Combination of relatively thermolabile and relatively thermostable linkers 

resulted in MTV-MOFs capable of controllable linker thermolysis. (b)(c) Images of 

UiO-67-GH crystals before and after linker thermolysis; (d)(e) N2 sorption isotherms and 

pore size distributions of UiO-67-GH before and after linker thermolysis. Scale bar is 

500 µm in (b)(c) and 100 µm in (b)(c) insert figures. 
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As described above, thermally susceptible linkers tend to go through a 

decarboxylation process at relatively low temperatures while the other parts of the 

frameworks remain intact, as vacancies are created after the removal of CO2 (Figure 35-

36). Unlike the creation of missing linker and cluster defects by linker labilization that 

takes place in solution, linker thermolysis goes through a cluster aggregation process. An 

interesting phenomenon in solid solution called Ostwald ripening may help explain the 

cluster aggregation. This occurs because the freshly formed decarboxylated Zr6O6 

clusters79, with the assistance of oxygen species, tend to aggregate to form a “giant” 

ZrO2 cluster (ultra-small ZrO2 nanoparticle), which is a thermodynamically driven and 

spontaneous process. The oxygen species presumably originate from the reduced oxygen 

during the oxidation of organic species. Based on the proposed mechanism, after 

thermolabile linkers undergo a decarboxylation process, the resulting fragments, 

terminal ligands, are still coordinated to the cluster. Two methods were then adopted to 

remove these terminal ligands in order to achieve even larger pore sizes: (1) thermal 

activation at high temperatures; (2) treatment with diluted acid solution.   

To examine whether linker thermolysis could function as a general approach, we 

extended the strategy to other common linkers and other types of clusters for developing 

various highly stable HP-MOFs (Figure 37). The influences of different functional 

groups on the thermal stabilities of the UiO-66 series were investigated. Herein we 

introduced six ligands, BDC and its derivatives (donated as A-F), and combined two 

linkers to form the corresponding sets of MTV-MOFs. Each MTV-MOF possesses 

relative thermolabile and relative thermostable linkers. It is noteworthy that the TGA 
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plots provided us direct information about the linker thermal stability.68-69 Guided by the 

weight loss information of MTV-MOFs from TGA curves, appropriate thermal treatment 

parameters including temperature and treatment time were chosen carefully to avoid the 

complete collapse of the framework. As expected, all sets of the UiO-66 series have 

been transformed from microporosity to hierarchical porosity without the loss of 

crystallinity or porosity (Table 4). By further extending the linker length, a single-

crystalline MTV-UiO-67-GH was synthesized through linker exchange. The pore size of 

UiO-67 was successfully tuned from 1.2 to 15 nm by controlled linker thermolysis. 

Optical images of UiO-67-GH crystals shown the well-maintained single crystallinity 

after linker thermolysis, which was extremely difficult to achieve by conventional 

template-based methods. 

 

 

Table 4. Porosity parameters of HP-MOFs created by linker thermolysis.  

HP-MOF SBET
† (cm3g-1) DMeso

‡ (nm) V(meso)§/V(micro)|| 

HP-UiO-66-AD 1022 9.8 0.83 

HP-UiO-66-BD 1012 7.5 0.60 

HP-UiO-66-CD 825 7.2 0.82 

HP-UiO-66-AE 702 5.5 0.79 

HP-UiO-66-AF 571 6.0 1.00 

HP-UiO-67-GH 2185 14.8 0.66 

HP-MOF-5-AD (Zn) 1736 9.8 0.55 

HP-MIL-125-AD (Ti) 1038 2.0, 21 0.28 
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To further verify the versatility of linker thermolysis, MTV-MOFs with different 

metal clusters, including MOF-5(Zn), MIL-53(Fe), MIL-125(Ti), and UiO-66(Hf), were 

also tested. It is evident that the mesopores arose after the thermal treatment as indicated 

by gas sorption studies. Note that postsynthesis annealing of single-linker MOF‑5, 

companied by the formation of mesopores, has been previously reported by Gadipelli et 

al.80 However, controlled linker thermolysis in MTV-MOFs could achieve better 

tunability on  both the amount and the distribution of mesopores by selectively removing 

thermolabile linkers, whose distribution could be tuned by controlling synthetic 

conditions. 

Realizing the arrangement of various functional groups within MTV-MOFs was 

found to be critical for understanding the formation of hierarchically porous structures. 

Inspection of the possible models of linker apportionment would help us gain better 

insight into the mesoscale mechanism of nanodomain defect formation. Theoretically, 

when two linkers are mixed to form an MTV-MOF, the nondominant linker is 

considered to disperse in a matrix formed by the dominant linker, leading to domains 

with different sizes. Four scenarios of MTV-MOFs are categorized based on the size of 

domain: (a) Large Domain, (b) Small Domain, (c) Random and (d) Ordered model with 

no domain formed (Scheme 7).23 Linker thermolysis proceeds through the 

decarboxylation process, which enables us to selectively remove the thermolabile linkers 

inside frameworks. This leads to the formation of defects, whose distribution is almost 

identical to that of the untreated linkers. Further analysis of the defect distribution 

through porosity measurements and imaging techniques would enable us to deduce the 
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original linker distribution. Conversely, by controlling the linker distribution through 

tuning synthetic conditions, a series of HP-MOFs with a variety of defect distributions 

and defect domain sizes could be constructed. From this perspective, in order to prepare 

HP-MOFs through linker thermolysis, the linker arrangement must follow the domain 

distribution models (a) and (b).  

To further support the foregoing hypothesis, three typical examples of MTV-

MOFs were investigated in order to show the relationship between linker distribution 

and vacancy apportionment. UiO-66-NH2-26% prepared from one-pot synthesis exhibits 

a small-domain linker distribution throughout the framework. After linker thermolysis, 

mesopores from 2 to 20 nm began to arise due to the decomposition of thermolabile 

linkers. As indicated from TEM, the mesopores are well dispersed inside each particle. It 

also shows similar distribution from particle to particle. These defect apportionment 

information gives us a reflection about how BDC-NH2 is dispersed within the matrix 

formed by BDC in the original MTV-UiO-66. In contrast, PCN-700-BDC-NH2, where 

BDC-NH2 was orderly distributed inside MOF frameworks through linker installation28-

29, displays no formation of mesopores after linker thermolysis due to the ordered 

distribution of the thermolabile linkers. This is consistent with our previous conclusion 

that only missing linker vacancies would not result in the formation of mesopores, while 

missing cluster accompanied by pore propagation would be the reason for the formation 

of mesopores.81 Another example, MTV-UiO-66-TCPP (TCPP = tetrakis(4-

carboxyphenyl)porphyrin), reported by us recently82, was shown to maintain evenly 

mixed linker distribution as indicated from SEM-EDS mapping. After linker thermolysis, 
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TCPP was completely removed from the framework and mesopores from 2-4 nm arose, 

ruling out the possibility of domain formation inside MTV-UiO-66-TCPP.  

Overall, the analysis of linker distribution from vacancy apportionment in MTV-

MOFs is analogous to the analysis of basic unit (amino acid/nucleotide unit) sequencing 

in multivariate biosystem (peptides/DNA). On one hand, the complicated assembly 

process from multiple linkers with various functional groups to a uniform framework is 

similar to that of protein or DNA from a limited number of amino acids or nucleotides, 

respectively. On the other hand, selective removal of the functionalized linkers from the 

MTV-MOFs through thermolysis is analogous to the selective removal of terminal 

amino acids from peptides through Edman degradation, or the selective breakage of 

chemically labelled sites along DNA chains through Maxam–Gilbert sequencing. The 

conceptual similarity among MTV-MOFs, peptides and DNA provides an inspiring 

solution for analysing the unit distribution by utilizing the relationship between the 

integrated multivariate systems and the selectively removable individual parts. 
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Scheme 7. Relationship between linker spatial apportionment in MTV-MOFs and 

vacancy spatial distribution in HP-MOFs.  

 

 

3.4 Conclusion  

In conclusion, we report a general approach, linker thermolysis, to construct 

ultrastable hierarchically porous structures from a series of MTV-MOFs. The 

thermolabile linker in the frameworks can be removed selectively through a 

decarboxylation process, leading to the formation of ultra-small MO@HP-MOF 

composites. The pore sizes can be tuned from 0.8 to 15 nm by controlling the 

temperature of thermolysis, time of heating, and ratio of thermolabile linker. The 

relationship between linker distribution in MTV-MOFs and vacancy apportionment in 
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HP-MOFs was further explored. A domain linker distribution inside MTV-MOF 

structures plays a pivotal role to create mesopores from a microporous framework. The 

resulting MO@HP-MOFs exhibited enhanced adsorption properties and catalytic 

performances. This work not only offers a synthetic approach toward hierarchically 

porous structures, but also opens a door to a tunable catalytic platform for various 

MO@HP-MOF composites. Most importantly, linker thermolysis provides a unique tool 

for deciphering unit distribution in multivariate systems, mimicking biological methods 

by selectively removing individual parts from integrated multivariate systems. 
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CHAPTER IV 

DYNAMIC BEHAVIORS IN HIERARCHICALLY POROUS MOFS 

 

4.1 Introduction 

Design and synthesis of highly porous MOFs with large pore sizes have attracted 

significant interest during the past two decades.7-8, 10, 13, 33, 46, 48, 83 The nanoscale voids 

inside porous materials enable small molecules such as gases and even large molecules 

such as proteins and enzymes to be trapped and transported.9, 84 In order to expand the 

pore sizes of MOFs, several techniques have been developed, but none more applicable 

than isoreticular expansion.13, 18 For example, the isoreticular MOF-74 series was 

obtained by liner elongation, leading to the expansion of pore sizes from 1.4 nm to 9.8 

nm.85 However, large-pore MOFs are not always preferred when longer linkers are 

applied in a solvothermal synthesis. In many cases, the reaction between clusters and 

elongated linkers often results in interpenetrated structures or undesired topologies, 

which in turn reduces the pore sizes of the obtained MOFs. Over the years, many 

different methods were attempted in order to control the structure and topology of MOFs 

by designing non-interpenetrated networks or using templates.86 One successful example 

is a stepwise linker exchange strategy, in which the short linkers of small-pore MOFs are 

replaced by progressively longer ones via postsynthetic linker exchange. Eventually, the 

 

 This chapter is reproduced with permission from Feng, L.; Yuan, S.; Qin, J.-S.; Wang, Y.; Kirchon, 

A.; Qiu, D.; Cheng, L.; Madrahimov, S.; Zhou, H.-C., Lattice Expansion and Contraction in Metal-

Organic Frameworks by Sequential Linker Reinstallation, Matter, 2019, 1, 156-167, Copyright 2019 

by Elsevier Inc. 
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cavity of MOFs was expanded while the topology and non-interpenetrated network was 

maintained. This method was proven effective for Zn-based MOFs including bio-MOF-

100 and a series of layer-pillared structures.87-89  

Although successful, the application of stepwise linker exchange is limited to 

low valent metal-based MOFs, in which the M(II)-carboxylate coordination bonds are 

relatively labile. However, the high valent metal based MOFs are not able to undergo the 

exchange process of longer linkers due to the strong M(III/IV)-carboxylate bonds and 

rigid framework structures.6 To date, controlling interpenetration of high valent metal 

based MOFs, such as Zr(IV), has yet to be explored. For instance, linker elongation of 

Zr-MOFs with the UiO (University of Oslo) structure often results in interpenetrated 

structures, known as porous interpenetrated zirconium–organic frameworks (PIZOF).71, 

90-91 The interpenetrated Zr-MOFs yield smaller cavities and more densely packed 

framework fragments, which are expected to be thermodynamically more favorable than 

the non-interpenetrated ones. Therefore, a one-pot synthesis typically ends up with 

interpenetrated framework structures as the thermodynamic products, while post-

synthetic methods are considered to be favorable over one-pot syntheses when preparing 

non-interpenetrated structures. Ideally, non-interpenetrated Zr-MOFs with short linkers 

could be used as templates for linker exchange with longer linkers allowing for highly 

porous Zr-MOFs as kinetic products to be isolated by circumventing the undesirable 

thermodynamic sink in a one-pot reactions.  

However, direct linker exchange of UiO-type MOFs by slightly longer linkers 

was proven unsuccessful due to extremely low linker exchange rates. The slow linker 
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exchange rate within UiO-type MOFs  is attributed to the kinetic barrier caused by the 

stable Zr(IV)-carboxylate bonds and the rigid framework.92 We proposed that the kinetic 

barrier of linker exchange can be overcome by first destabilizing the parent Zr-MOFs. 

By labilizing and removing the original linkers, secondary linkers with different lengths 

can be subsequently reinstalled into the unsaturated coordination sites. Herein, we 

demonstrate that the exchange of Zr-MOFs with linkers of different lengths can be 

achieved by sequential linker labilization and reinstallation. A stable, non-

interpenetrated Zr-MOF was initially synthesized as a template. Subsequently, labile 

linkers with imine bonds were post-synthetically introduced into the structure to 

destabilize the Zr-MOF, followed by the progressive dissociation and removal of imine-

based linker, which allows for the continuous incorporation of secondary linkers with 

different lengths. This method enables pore expansion and contraction by reinstalling 

longer or shorter linkers (Scheme 8), giving rise to a series of non-interpenetrated 

isoreticular Zr-MOFs. 

 

4.2 Experimental Section 

Materials and Instrumentation 

All reagents and solvents were commercially available and used as received. 

PXRD was carried out with a Bruker D8-Focus Bragg-Brentano X-ray Powder 

Diffractometer equipped with a Cu sealed tube (λ = 1.54178 Å) at 40 kV and 40 mA. 

NMR data were collected on an Inova 500 spectrometer. The UV-vis absorption spectra 

were recorded on a Shimadzu UV-2450 spectrophotometer. ICP-MS data were collected 
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with a Perkin Elmer NexION® 300D ICP-MS. TGA was conducted on a TGA-50 

(SHIMADZU) thermogravimetric analyzer. Gas sorption measurements were conducted 

using a Micromeritics ASAP 2020 system. Prior to gas sorption measurements, about 50 

mg MOF materials were washed thoroughly with DMF, and exchanged with acetone for 

two days, during which the solvent was decanted and freshly replenished three times 

every day. The solvent was then removed under vacuum at 100oC for 12 h, yielding 

porous material. For UiO-69, PCN-162 and PCN-164-inter, a two-step exchange 

procedure was carried out.93 About 50 mg MOF materials were washed thoroughly with 

DMF and exchanged with CH2Cl2 (3 × 20 mL) and n-hexane (3 × 20 mL), during which 

the solvent was decanted and freshly replenished three times every hour. The solvent 

was then removed under vacuum at 100oC for 12 h, yielding porous material. 

 

Ligand Synthesis  

Synthesis of L2’. In separate beakers, hydrazine (0.16 g, 5 mmol) and 4-

formylbenzoic acid (1.5 g, 10 mmol) were dissolved respectively in 50 mL methanol. 

The solutions were mixed in a 500 mL flask and refluxed for 3 h under continuous stir. 

After cooling to room temperature, the precipitates were collected by filtration and 

washed with methanol (1.4 g, yield: 94%). 1H-NMR (500 MHz, DMSO-d6) δ 8.80 (s, 

2H), 8.06 (d, 4H), 8.00 (d, 4H). 
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Scheme 8. Stable (L0-L4) and labile linkers (L1’-L4’) used in this work. 

 

 

Synthesis of L3’. In separate beakers, 4-amino benzoic acid (1.4 g, 10 mmol) and 

4'-formyl-[1,1'-biphenyl]-4-carboxylic acid (2.3 g, 10 mmol) were dissolved respectively 

in 50 mL methanol. The solutions were mixed in a 500 mL flask and refluxed for 3 h 

under continuous stir. After cooling to room temperature, the precipitates were collected 

by filtration and washed with methanol (2.9 g, yield: 83%). 1H-NMR (500 MHz, 

DMSO-d6) δ 8.71 (s, 1H), 8.06 (q, 4H), 8.00 (d, 2H), 7.91 (q, 4H), 7.35 (d, 2H). 

Synthesis of L4’. In separate beakers, p-phenylenediamine (0.5 g, 5 mmol) and 4-

formylbenzoic acid (1.5 g, 10 mmol) were dissolved respectively in 50 mL methanol. 

The solutions were mixed in a 500 mL flask and refluxed for 3 h under continuous stir. 

After cooling to room temperature, the precipitates were collected by filtration and 

washed with methanol (1.6 g, yield: 86%). 1H-NMR (500 MHz, DMSO-d6) δ 8.82 (s, 

2H), 8.09 (d, 8H), 7.45 (d, 4H). 
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MOF Synthesis  

Synthesis of UiO-67.5 or PCN-160. ZrCl4 (200 mg), L1 (100 mg), trifluoroacetic 

acid (1.0 mL) and DMF (20 mL) were charged in a Pyrex vial. The mixture was heated 

in 120 °C oven for 72 h. After cooling down to room temperature, the red crystals were 

harvested. 

Synthesis of PCN-161. PCN-161 was synthesized by repeatedly linker exchange 

of PCN-160 with L1’ DMF solution. Generally, crystals of PCN-160 (100 mg) were 

incubated with the solution of L1’ in DMF (80 mM, 20 mL) at 85°C for 24 h. The 

supernatant was replaced with fresh solution of L1’ in DMF (80 mM, 20 mL) every 6 h. 

Synthesis of UiO-68. UiO-68 was synthesized by repeatedly linker reinstallation 

of PCN-161 with L2 DMF solution. Generally, crystals of PCN-161 (100 mg) were 

incubated with the solution of L2 in DMF (80 mM, 20 mL) at 85°C for 48 h. The 

supernatant was replaced with fresh solution of L2 in DMF (80 mM, 20 mL) every 12 h. 

Synthesis of UiO-67. UiO-67 was synthesized by repeatedly linker reinstallation 

of PCN-161 with L0 DMF solution. Generally, crystals of PCN-161 (100 mg) were 

incubated with the solution of L0 in DMF (80 mM, 20 mL) at 85°C for 48 h. The 

supernatant was replaced with fresh solution of L0 in DMF (80 mM, 20 mL) every 12 h. 

Synthesis of PCN-162. PCN-162 could be synthesized through two routes. (1) 

PCN-162 was synthesized by repeatedly linker exchange of UiO-68 with L2’ DMF 

solution. Generally, crystals of UiO-68 (100 mg) were incubated with the solution of L2’ 

in DMF (80 mM, 20 mL) at 85°C for 24 h. The supernatant was replaced with fresh 

solution of L2’ in DMF (80 mM, 20 mL) every 6 h. (2) PCN-162 could also be obtained 
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by directly linker reinstallation with PCN-161. Generally, crystals of PCN-161 (100 mg) 

were incubated with the solution of L2’ in DMF (80 mM, 20 mL) at 85 °C for 48 h. The 

supernatant was replaced with fresh solution of L2’ in DMF (80 mM, 20 mL) every 12 h. 

Synthesis of PCN-163. PCN-163 was synthesized by repeatedly linker 

reinstallation of PCN-162 with L3’ DMSO solution. Generally, crystals of PCN-162 

(100 mg) were incubated with the solution of L3’ in DMSO (80 mM, 20 mL) at 85°C for 

72 h. The supernatant was replaced with fresh solution of L3’ in DMSO (80 mM, 20 mL) 

every 12 h. DMSO is chosen as reinstallation solution because L3’ shows better 

solubility in DMSO than in DMF or DEF. 

Synthesis of PCN-164. PCN-164 was synthesized by repeatedly linker 

reinstallation of PCN-163 with L4’ DMF solution. Generally, crystals of PCN-163 (20 

mg) were incubated with the solution of L4’ in DMF (80 mM, 20 mL) at 85°C for 72 h. 

The supernatant was replaced with fresh solution of L4’ in DMF (80 mM, 20 mL) every 

12 h.  

Synthesis of UiO-69. UiO-69 was synthesized by repeatedly linker exchange of 

PCN-164 with L4 DMF solution. Generally, crystals of PCN-164 (100 mg) were 

incubated with the solution of L4 in DMF (80 mM, 20 mL) at 85°C for 72 h. The 

supernatant was replaced with fresh solution of L4 in DMF (80 mM, 20 mL) every 12 h.  

Synthesis of PCN-163-inter. PCN-163-inter was synthesized through one-pot 

reaction. ZrCl4 (20 mg), L3’ (200 mg), benzoic acid (100 mg) and DMF (2 mL) were 

charged in a Pyrex vial. The mixture was heated in 120 °C oven for 48 h. After cooling 

down to room temperature, the microcrystalline crystals were harvested. 
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Synthesis of PCN-164-inter. PCN-163-inter was synthesized through one-pot 

reaction. ZrCl4 (20 mg), L4’ (200 mg), benzoic acid (100 mg) and DMF (2 mL) were 

charged in a Pyrex vial. The mixture was heated in 120 °C oven for 48 h. After cooling 

down to room temperature, the microcrystalline crystals were harvested. 

Synthesis of UiO-69-inter. UiO-69-inter was synthesized through one-pot 

reaction. ZrCl4 (20 mg), L4 (20 mg), benzoic acid (200 mg) and DMF (2 mL) were 

charged in a Pyrex vial. The mixture was heated in 120 °C oven for 48 h. After cooling 

down to room temperature, the microcrystalline crystals were harvested. 

 

Single Crystal X-Ray Diffraction 

All as-synthesized crystals were taken from the mother liquid without further 

treatment, transferred to oil, and mounted onto a loop for single crystal X-ray data 

collection. Diffraction data were measured on a Bruker Smart Apex diffractometer 

equipped with a Mo-Kα microfocus X-ray source (λ = 0.71073 Å) and Cu-Kα 

microfocus X-ray source (λ = 1.54184 Å) and a low temperature device (100 K). The 

data frames were recorded using the program APEX2 and processed using the program 

SAINT routine within APEX2.5 The data were corrected for absorption and beam 

corrections based on the multi-scan technique as implemented in SADABS. The 

structures were solved by direct method using SHELXS and refined by full-matrix least-

squares on F2 using SHELXL software.6 The contribution of disordered solvent 

molecules was treated as diffuse using SQUEEZE procedure implemented in PLATON.7 

The diffraction of some MOF crystals can be weak because of the large unit cell, 
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disordered atom and solvents (Table 5).8   

 

 

Table 5. Crystal data and structure refinements of PCN-16X and UiO-6X. 

 PCN-161 PCN-162 PCN-164-inter 

Formula C180H108N12O64Zr12  C48H30N6O16Zr3 C66H42N6O16Zr3 

Formula weight 4557.42 1220.44 1448.72 

Color/Shape Light Yellow Light Yellow Yellow 

Crystal system Cubic Cubic Cubic 

Space group Fm-3m Pn-3 Fd-3m 

a (Å) 29.3907(4) 32.8112(2) 38.4025(5) 

b (Å) 29.3907(4) 32.8112(2) 38.4025(5) 

c (Å) 29.3907(4) 32.8112(2) 38.4025(5) 

α (º) 90.00 90.00 90.00 

β (º) 90.00 90.00 90.00 

γ (º) 90.00 90.00 90.00 

V (Å3) 25388.1(10) 35323.7(6) 56634(2) 

Z 2 8 16 

T (K) 100 100 100 

Wavelength (Å) 0.71073 (MoKα) 1.54184 (CuKα) 0.71073 (MoKα) 

dcalcd. (g/cm3) 0.596 0.459 0.680 

μ(mm-1) 0.269 1.611 0.250 

F(000) 4528.0 4864.0 11648.0 

θmax [deg] 27.480 74.743 26.371 

Parameters 30 136 50 

Reflections 1502 12116 2744 

Completeness 0.998 0.999 0.999 

R1 (all data) 0.1308 0.0914 0.1802 

wR2 (all data) 0.2942 0.2620 0.3575 

GOF on F2 1.740 1.138 1.275 
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Table 5. Continued 

 

 UiO-67 UiO-68 

Formula C42H24O16Zr3 C132H84O32Zr6 

Formula weight 1058.27 2729.31 

Color/Shape Colorless Colorless 

Crystal system Cubic Cubic 

Space group Fm-3m Fm-3m 

a (Å) 26.742(3) 32.7670(7) 

b (Å) 26.742(3) 32.7670(7) 

c (Å) 26.742(3) 32.7670(7) 

α (º) 90.00 90.00 

β (º) 90.00 90.00 

γ (º) 90.00 90.00 

V (Å3) 19124(6) 35181(2) 

Z 8 4 

T (K) 100 100 

Wavelength (Å) 0.71073 (MoKα) 0.40651 

dcalcd. (g/cm3) 0.735 0.515 

μ(mm-1) 0.353 0.257 

F(000) 4192.0 5488.0 

θmax [deg] 29.580 15.306 

Parameters 37 66 

Reflections 1399 2034 

Completeness 0.982 0.991 

R1 (all data) 0.0434 0.0518 

wR2 (all data) 0.1245 0.1639 

GOF on F2 1.146 1.148 
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4.3 Results and Discussion 

Although the linker exchange of Zr-MOFs has been reported, linkers with the 

same lengths are often required. Linker exchange of Zr-MOFs with longer linkers has 

been attempted but to no avail. Considering the strong Zr(IV)-carboxylate bonds and the 

rigid framework, the linker exchange process needs to overcome a high kinetic barrier. 

In order to accelerate the linker exchange process, the parent Zr-MOF needs to be 

destabilized. As shown in Scheme 9, a stable Zr-MOF is labilized by introducing organic 

linkers that contain labile imine bonds. The creation of missing linker defects by the 

subsequent removal of imine-linkers introduces flexibility to the rigid framework, which 

in turn allows for the installation of longer linkers into the defect sites. In other words, 

the labilized MOF will act as a reaction intermediate, which allows for mild insertion of 

longer linkers to complete the linker reinstallation process. 

 

  

 

Scheme 9. Introducing labile bonds into robust Zr-MOFs in order to achieve sequential 

linker reinstallation.  
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Scheme 10. Lengths of various linkers (L0-L4 and L1’-L4’) used in this work. 

 

 

To prove our hypothesis, a previously reported Zr-MOF, namely Zr6-AZDC or 

UiO-67.5 was chosen as the parent MOF.94-98 UiO-67.5 is constructed by 12-connected 

Zr6 clusters and azobenzene-based linkers (L1, azobenzene-4,4’-dicarboxylic acid). The 

orange color and distinctive ultraviolet–visible (UV-vis) absorption of azobenzene 

moieties allows for easy monitoring of the linker exchange process by UV-vis 

spectroscopy. Initially, direct linker exchange for longer linkers was attempted for UiO-

67.5 by incubating the crystal of UiO-67.5 in a N,N’-dimethylformamide (DMF) 

solution containing L2 (terphenyl-4,4''-dicarboxylic acid, 50 mM) at 85°C. The color of 

the UiO-67.5 crystals as well as the solution was unchanged after 24 h. The PXRD of the 

sample was also maintained, indicating a failed linker exchange process.  

Instead, UiO-67.5 can be labilized by replacing the stable L1 linker with an 

imine-based linker of identical length (L1’, 4-carboxybenzylidene-4-aminobenzoic acid, 

Scheme 10). The labilized analogue of UiO-67.5 is denoted as PCN-161. According to 
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the literature, L1’ can be dissociated into 4-amino benzoic acid and 4-formylbenzoic 

acid through hydrolysis by breaking the imine bond to create missing-linker defects 

(Scheme 9).99 As expected, the labile imine-linker in PCN-161 can be easily and 

successfully exchanged by L2 when incubated in the solution of L2/DMF at 85 °C. The 

linker exchange process was monitored by 1H-NMR spectra. 1H-NMR spectra of 

digested samples revealed that the L1’ were completely replaced by L2 after 24 h. The 

final product was known as UiO-68 and the corresponding PXRD matched well with the 

simulations based on single structure of UiO-68.  

 

 

 

Scheme 11. Scheme of the transformation from UiO-67.5 (PCN-160) to other Zr-MOFs. 
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Scheme 12. Scheme of the transformation from PCN-161 to other Zr-MOFs.  

 

 

Scheme 13. Scheme of the transformation from PCN-162 to other Zr-MOFs. 

 

 

Furthermore, the transformation occurred in a single-crystal to single-crystal 

manner, so that the structure of product can be clearly characterized by single-crystal X-

ray diffraction (SCXRD, Table 5). The structures and lattice parameters of the product 

are consistent with the reported values for UiO-68. The morphology of crystals was 

unchanged after the linker reinstallation process was performed, although an obvious 
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color change from yellow to colorless was observed (Figure 38). Additionally, the 

supernatant was analyzed by ICP-MS, which showed no Zr leaching during the linker 

reinstallation process. All of the evidence clearly shows a single-crystal to single-crystal 

transformation process occurs without dissolving or destructing the parent framework.  

To further examine the possibility of continuously expanding the unit cell 

dimensions of non-interpenetrated Zr-MOFs, stepwise linker labilization and 

reinstallation was carried out by iteratively applying linker labilization and reinstallation 

(Scheme 11-13). A series of stable linkers were selected (L1 to L4) and their imine-

based labile analogues with identical lengths were also designed and synthesized (L1’ to 

L4’, Scheme 8). Sequential linker reinstallation was realized by replacing the short 

imine-linker with progressively longer ones (Scheme 11-13). For example, PCN-162 

was obtained by incubating the crystal of PCN-161 in the solution of L2’. Sequential 

exchange of PCN-162 with L3’ and L4’ further give rise to PCN-163 and PCN-164. The 

complete exchange of each step was characterized by 1H-NMR spectra of digested 

samples. The gradually enlarged unit cell dimensions were clearly reflected by the peak 

shift in PXRD patterns (Figure 39). The unit cell parameters were determined by PXRD 

and shown in Table 6.  

Single crystal structures of PCN-161 and PCN-162 were successfully obtained, 

providing direct evidence of linker exchange (Table 5). SCXRD experiments revealed 

that the PCN-161 crystallizes in cubic space group Fm-3m. Each Zr6-cluster is connected 

to twelve L1’ linkers, giving rise to a non-interpenetrated framework with fcu topology. 

The L1’ was 4-fold disordered due to the high symmetry. PCN-162 shows the same 
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network structure as PCN-161. However, it crystallizes in the lower symmetry space 

group Pn-3. As a result of the reduce symmetry, the conformation of L2’ can be clearly 

determined. The replacement of L1’ by L2’ was clearly observed in single crystal 

structures. The cell-edge length of PCN-162 increased by 2.65 Å compared to that of 

PCN-161. The unit cell parameters determined by SCXRD matched well with the PXRD 

results.  

 

 

 

Figure 38. Microscopic images of PCN-16X crystals.  
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Figure 39. Experimental and simulated PXRD patterns of PCN-16X.  

 

 

Note that PCN-163 and PCN-164 were obtained with non-interpenetrated 

structures, which would be extremely difficult to obtain from a one-pot synthesis. In 

contrast, one-pot synthesis of Zr-MOFs from L3’, L4’ or linkers with similar lengths 

always generate interpenetrated structures, as indicated by SCXRD and PXRD (Figure 

40-42). Single crystal structure of interpenetrated PCN-164 was obtained, denoted as 

PCN-164-inter. PCN-164-inter crystalizes in the cubic space group Fd-3m. It consists of 

two sets of independent and mutually interpenetrating UiO-type frameworks and similar 

structures have been previously reported, known as PIZOFs.71, 90-91 Due to the low 

solubility of L3’, only microcrystalline powders, denoted as PCN-163-inter, were 
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obtained from one-pot synthesis, and the resulting structural model was built in 

Materials Studio by isoreticular contraction of PCN-164-inter. Experimental PXRD 

patterns of PCN-163-inter and PCN-164-inter indicate the absence of the second 

diffraction peaks, corresponding to the extinction of (200) plane diffraction and this 

matches well with the simulated PXRD patterns. The sequential linker labilization and 

reinstallation allows for the isolation of non-interpenetrated structures that are 

thermodynamic unfavorable during one-pot synthesis. 

 

 

 

Figure 40. The PXRD patterns of PCN-161, PCN-162 and PCN-164-inter in various 

solvents and under activation condition. 
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To further explore the scope of the linker labilization and reinstallation method, 

the labilized MOFs with imine linkers (i.e. PCN-16X series) were treated with the 

solutions of linear linkers with different lengths. The products were digested and 

analyzed by 1H-NMR to verify the linker reinstallation (Figure 43-44). Generally, the 

labilized MOFs can tolerate a linker difference within approximately 2.50 Å. This 

distance represents the maximum flexibility of the framework (Scheme 11-13). For 

example, the imine linker in PCN-161 (L1’ 13.12 Å) can be replaced by L0 (biphenyl-

4,4’-dicarboxylic acid, 11.00 Å), L1 (13.24 Å), L2 (15.70 Å), and L2’ (15.74 Å) through 

singe crystal to single crystal transformation. However, longer linkers such as L3’ (17.90 

Å) or L4’ (19.40 Å) cannot be accommodated by PCN-161. For comparison, the 

exchange of stable MOFs (i.e. UiO-6X series) requires the linker length to be identical. 

This indicates that the labile linkers enhance the flexibility of the framework so that 

linkers with different lengths can be easily incorporated.    

The incorporation of labile imine bonds into the PCN-16X series reduced the 

chemical and mechanical stability of the framework (Figure 45-46). Although the PCN-

16X series are stable in common organic solvents including DMF, methanol, ethanol and 

acetone, the frameworks are sensitive towards water. PXRD patterns show that PCN-

16X partially lost its crystallinity after immersing in water for 24 h. The mechanical 

stability of PCN-16X series is also compromised, as indicated by the collapsed 

framework after solvent removal. Indeed, direct activation of PCN-162 from acetone 

leads to framework collapse as indicated by N2 sorption isotherms. In order for PCN-162 

to retain its porosity, the as-synthesized sample needs to be exchanged with low-surface 
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tension solvents before activation. Following the literature,93 PCN-162 was exchanged 

with CH2Cl2 and hexane, leading to the successful activation. Additionally, we fail to 

activate PCN-163 and PCN-164, possibly due to the large pore sizes and labile imine 

linkers.  

 

 

Table 6. Unit cell parameters obtained from powder X-ray diffraction. 

Unit Cell Parameters Cell length Cell Angle 

UiO-67 a = b = c = 26.74 Å α = β = γ = 90o 

UiO-67.5 a = b = c = 29.86 Å α = β = γ = 90o 

UiO-68 a = b = c = 32.77 Å α = β = γ = 90o 

UiO-69 a = b = c = 38.55 Å α = β = γ = 90o 

UiO-69-inter a = b = c = 38.40 Å α = β = γ = 90o 

PCN-161 a = b = c = 29.39 Å α = β = γ = 90o 

PCN-162 a = b = c = 32.81 Å α = β = γ = 90o 

PCN-163 a = b = c = 35.08 Å α = β = γ = 90o 

PCN-163-inter a = b = c = 34.96 Å α = β = γ = 90o 

PCN-164 a = b = c = 38.56 Å α = β = γ = 90o 

PCN-164-inter a = b = c = 38.40 Å α = β = γ = 90o 
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The stability of PCN-16X series can be enhanced by replacing the labile imine 

linkers with stable ones. The resulting materials, known as the UiO series, display good 

chemical stability in water as indicated by PXRD patterns. Furthermore, the UiO series 

can be directly activated without losing any crystallinity or porosity (Table 7). N2 

sorption isotherms at 77 K shows progressively elevated N2 total uptakes, which is in 

line with the change of unit cell dimensions. The pore sizes distribution derived from 

adsorption isotherms further indicates the gradual increase of pore sizes from 1.5 nm to 

2.2 nm. These data further verified the non-interpenetrated structure obtained by 

sequential linker labilization and reinstallation. The density change of the samples was 

also studied during the linker exchange process. The height of the samples inside an 

NMR tube increased from 0.51 cm to 0.68 cm (PCN-162, pale yellow) after linker 

reinstallation. Furthermore, the density difference between PCN-161 and PCN-162 can 

be directly observed during the exchange process, as the lighter PCN-162 layer lies 

above the heavier PCN-161. 
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Figure 41. (a) The PXRD patterns of PCN-161 before and after soaking in L3’ solution; 

(b) The PXRD patterns of PCN-162 before and after soaking in L4’ solution. 

 

 

Figure 42. (a) The PXRD patterns of PCN-161 before and after soaking in L2 solution 

at 85oC as a function of time periods; (b) The PXRD patterns of PCN-162 before and 

after soaking in L3’ solution at 85oC as a function of time periods.  
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We proposed that labile CBAB linker is partially dissociated and removed during 

acid treatment to generate terminal ligands. Most likely, these terminal ligands would be 

replaced by TPDC linkers to compensate for the charge loss. The exchange ratio in 

MOFs were confirmed by the 1H-NMR results of digested samples. For 1H NMR 

spectroscopy, the dry samples (around 5 mg) were dissolved in about 1 mL 5% 

D2SO4/DMSO-d6. The CBAB was decomposed into 4-amino benzoic acid and 4-

formylbenzoic acid under acetic condition. Therefore, the exchange ratio was calculated 

by the integration of H from TPDC and 4-formylbenzoic acid.  

The conventional linker exchange process relies on the reversible 

dissociation/association of coordination bonds. In contrast, sequential linker labilization 

and reinstallation takes advantage of the dynamic covalent bonds as well. The dynamic 

imine bond in the PCN-16X series not only facilitates linker the exchange process, but 

also provides additional opportunities to introduce new functional groups into MOFs. 

Reactions based on imine bonds have been well developed in organic chemistry, which 

is an essential component in dynamic covalent chemistry.100-102 We show that the 

reversible dissociation/association of the imine bonds in PCN-164 enables the 

substitution of phenylenediamine fragments. The linker-fragment exchange was carried 

out by immersing PCN-164 crystals in the solution of substitute diamines at 85 oC for 24 

h. PXRD measurements showed that the crystallinity was maintained after fragment 

exchange. 1H-NMR of the digested samples further verifies the exchange with the 

diamine fragment. The substituents on the diamine fragment can affect the basicity of 

the resulting imine moieties, which in turn alters the pore environment of PCN-164. As a 
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proof of concept, the catalytic activity of functionalized PCN-164 was tested in 

Knoevenagel condensation reactions. The Knoevenagel condensation reaction is a model 

of C-C bond-forming reactions catalyzed using basic conditions. It also plays an 

important role in the synthesis of organic intermediate such as coumarins and their 

derivatives.103-105 Among functionalized PCN-164 samples, the diaminocyclohexane 

modified sample shows the highest activity due to the enhanced basicity of the imine 

sites. Substrates with various functional groups (-H, -Me, -NO2 and -OH) were 

converted to their corresponding products in substantial conversion percentages. 

Furthermore, the catalytic activity of the MOF catalyst was well maintained after three 

catalytic cycles. Our postsynthetic approach brings new opportunities into the 

preparation of high-crystalline M(IV) based MOFs combining the reversible formation 

of imine bonds during postsynthetic process. Considering the diversity of both MOFs 

and dynamic covalent chemistry, a large family of MOFs with various metal clusters and 

dynamic linkers can be expected. This work also provides a route to activate the inert 

framework using dynamic covalent chemistry, which can be potentially applied to a 

variety of materials including supramolecular cages and COFs.  
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Figure 43. 1H-NMR spectrum of digested PCN-161 showing complete conversion from 

UiO-67.5 (PCN-160) to PCN-161. 

 

 

Figure 44. 1H-NMR spectrum of digested PCN-162 showing complete conversion from 

PCN-161 to PCN-162. 
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Figure 45. N2 sorption isotherms and pore size distributions of PCN-161, PCN-162 and 

PCN-164-inter. 

 

 

 

Figure 46. Successful activation of PCN-162 and PCN-164-inter through hexane with 

low surface tension. 
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Table 7. Pore features of UiO-6X materials prepared by linker reinstallation.  

Entry Samples SBET
a (m2g-1) Vt

b (cm3g-1) 

1 UiO-67 2245 0.86 

2 UiO-67.5 2759 1.21 

3 UiO-68 3301 1.45 

4 UiO-69 3809 1.63 

5 UiO-69-inter 2831 1.23 

SBET
a: Brunauer-Emmett-Teller (BET) specific surface area; Vt

b: total specific pore 

volume determined by using the adsorption branch of the N2 isotherm at P/P0 = 0.95.  

 

 

4.4 Conclusion 

In conclusion, we report the sequential linker labilization and reinstallation as a 

powerful tool to tailor pore environments and control interpenetration of isoreticular 

MOFs. Continuous expansion (or contraction) of unit cell dimensions of Zr-MOFs was 

realized by installing progressively longer (or shorter) linkers into the labilized parent 

framework. This method not only allows the construction of non-interpenetrated Zr-

MOFs with large pore size, but also facilities the functionalization of pore environments 

by modifying the imine-bonds. Furthermore, the idea of utilizing dynamic covalent 

chemistry to manipulate the properties of MOFs shall lead to new discoveries in the field 

of MOFs and beyond.  
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CHAPTER V 

ENGINEERING HIERARCHY AND HETERARCHY                                                   

IN MOF@MOF COMPOSITES 

 

5.1 Introduction 

The precise location engineering of building units in proteins and nucleic acids is 

essential for chemical processes in cells such as recognition, bio-catalysis, and 

information storage. These well-defined sequences and distributions have inspired 

researchers to develop tailored architectures with controllable heterogeneity in polymers, 

nanomaterials and porous materials.106-108 For example, recent work on bimetallic 

nanoparticles synthesized through surface inorganometallic chemistry demonstrated 

enhanced catalytic performance due to the synergistic effect between constituent 

metals.109 Precise molecular encoding on multi-component polymers has also made a 

substantial influence on their macroscopic properties.5, 110-111  

MTV-MOFs constructed from multiple metal clusters and linkers promise 

fascinating advances in fields such as gas separation, size-selective catalysis, and 

controlled drug delivery.7-9, 11, 14-16, 112-114 Among these MOFs, MTV-MOF-5, developed 

by Yaghi and coworkers, contains up to eight different functionalities in a disordered 

arrangement in an overall ordered backbone framework.32 Furthermore, we have 

 

 This chapter is reproduced with permission from Feng, L.; Yuan, S.; Li, J.-L.; Wang, K.-Y.; 

Gregory, D.; Zhang, P.; Wang, Y.; Zhou, H.-C., Uncovering Two Principles of Multivariate 

Hierarchical Metal-Organic Framework Synthesis via Retrosynthetic Design, ACS Cent. Sci. 2018, 4, 

12, 1719-1726, Copyright 2018, The Authors; published by the American Chemical Society. 
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demonstrated that the installation of linear linkers and inorganic clusters in 

coordinatively unsaturated MOFs can post-synthetically arrange functionalities into 

predicted positions.28-29, 115 Alternatively, the construction of hierarchical MTV-MOFs 

from multiple components is considered a viable pathway for achieving advanced 

applications that require sophisticated architectures.33, 103, 116-120 However, the growing 

gap between the design and synthesis of hierarchical MOFs has become a critical 

limitation mainly because lattice matching (similar crystallographic parameters) has 

typically been required for the epitaxial growth method (EGM) necessary to achieve 

hierarchical MOF-on-MOF hybrids growth. Yet, as most MOFs have distinct 

crystallographic parameters, EGM has been severely limited in applicability. A recently 

developed method by Kitagawa and coworkers involves the introduction of a polymer to 

connect the two different MOF phases with varying crystallographic parameters into one 

unified composite.121 However, this method cannot achieve full coverage of the core-

MOFs with the shell-MOFs necessary for size selective applications. Besides, the 

introduction of the polymer into the interface between the lattice mismatched core and 

shell-MOFs can potentially undermine the intricate MOF-MOF interface, which often 

includes defect sites and coordinatively unsaturated metal sites. Recently, our group 

reported a one-step synthesis of hybrid core–shell MOFs with mismatched lattices under 

the guidance of nucleation kinetic analysis.122 Yet, the versatility of this one-pot 

nucleation kinetic control strategy is limited because it is challenging to generate clusters 

with different metal species under one-pot synthetic conditions. Thus, the development 

of a novel and facile method for the rational design and synthesis of hierarchical MOFs 
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without additives, while still being able to overcome the restrictions of the lattice 

matching rule, is quite urgent.  

 

Scheme 14. Preparation of multivariate hierarchical metal-organic frameworks through 

retrosynthetic design.  

 

 

In this work, we report two principles for preparing hierarchical MOFs with 

mismatched lattices through retrosynthetic design: surface functionalization and 

retrosynthetic stability considerations115, 123. Retrosynthetic analysis has been mainly 

utilized in the synthesis of organic molecules based on covalent bonds by transformation 

of a target molecule into simpler precursors and sequential assembly through a set of 

known chemical reactions. We believe that the conceptual scope of retrosynthetic 

analysis can be extended to coordination bond based complicate systems, for example, 

MTV hierarchical MOFs (Scheme 14). Retrosynthetically assembled metal precursors 

and ligands, placed inside the designed MOF structures with intrinsic defects, can lead to 
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sophisticated structures by utilizing kinetic control and post-synthetic modifications. 124-

125 Similarly, the kinetically controlled synthesis of hierarchical MOFs is designed to 

proceed in the presence of the coordination processes occurring during surface 

functionalization. The hierarchical structure forms after the self-assembly of the shell 

MOF outside the core MOFs. The whole process is controlled by kinetics so that 

different components can be precisely placed outside the original core MOF crystal 

lattice while maintaining the structural integrity of the core MOF.  

 

5.2 Experimental Section 

       General synthetic condition for hierarchical MOFs. Relative stable core MOFs 

were placed in the precursor solution containing linkers of shell MOFs. After the linker 

preloading and surface functionalization, solution containing metals of shell MOFs was 

added into the mixtures, allowing the formation of shell MOFs outside core MOFs. 

       Synthesis of MOF-5. MOF-5 was synthesized on the basis of previous reports with 

slight modifications.13 Zn(NO3)2·6H2O (41.6 mg), BDC (8.8 mg) and DEF (2 mL) were 

charged in a Pyrex vial. The mixture was heated in an 85 ºC oven for 24 h to generate 

the cubic crystals of MOF-5. The crystals of MOF-5 were collected by centrifugation 

and washed with fresh DMF for 3 times (Figure 47-48). Synthesis of MOF-5 under 100 

ºC also generates similar cubic crystals.  
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Figure 47. Microscopic images of MOF-5 crystals. 

 

 

 

Figure 48. SEM images of MOF-5. 

 

 

         Synthesis of PCN-222. PCN-222(No Metal) was synthesized on the basis of 

previous reports with slight modifications.52 ZrCl4 (70 mg), TCPP (50 mg) and benzoic 

acid (2700 mg) in N,N-diethylformamide (8 mL) were ultrasonically dissolved in a 20 

mL Pyrex vial. The mixture was heated at 120 °C in an oven for 48 h. After cooling 
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down to room temperature, needle-shaped crystals were harvested by filtration (Figure 

49). 

 

 

 

Figure 49. SEM images and PXRD patterns of PCN-222.  

 

 

       Synthesis of PCN-222(Zn)@MOF-5. Activated PCN-222 (12 mg), BDC (8.8 mg) 

and DEF (1 mL) were charged in a Pyrex vial. The mixture was heated in an 85 ºC oven 

for 24 h. Zn(NO3)2·6H2O (41.6 mg) and DEF (1 mL) were further added into the vial. 
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The mixture was heated in an 85 ºC oven for 24 h to generate the crystals of PCN-

222(Zn)@MOF-5. The crystals were collected by centrifugation and washed with fresh 

DMF for 3 times (Figure 50-51, Table 8).  

 

 

 

Figure 50. SEM images and corresponding SEM-EDS mapping of hierarchical PCN-

222@MOF-5-(8%).  



 

101 

 

Table 8. Approximate composition of PCN-222@MOF-5. 

Sample Name  Average Composition 

PCN-222  Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(ZnTCPP)2  

MOF-5  Zn4O(BDC)3 

PCN-222@MOF-5-(14%)  [Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(ZnTCPP)2]1 [Zn4O(BDC)3]5.9 

PCN-222@MOF-5-(8%)  [Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(ZnTCPP)2]1 [Zn4O(BDC)3]11.5 

PCN-222@MOF-5-(1%)  [Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(ZnTCPP)2]1 [Zn4O(BDC)3]86.5 

 

 

Figure 51. The full DRIFTS spectra of MOF-5, PCN-222@MOF-5-8%, PCN-

222@MOF-5-14% and PCN-222.  
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5.3 Results and Discussion 

A zirconium-MOF, PCN-222 (also known as MOF-545),52, 126 was used as a core 

scaffold for the growth of a MOF shell because the high chemical stability of PCN-222 

ensures its structural integrity under post-synthetic modification conditions. Based on 

Pearson’s hard/soft acid/base (HSAB) principle, MOFs based on different metal clusters 

should have distinct stabilities determined by the M—O bond strength.122 Generally, the 

harsh solvothermal synthetic conditions of Zr-MOFs are not suitable for Zn-MOFs. 

Zhong and coworkers reported that Zn-MOFs gradually dissolve and become metal-

linker complexes under the synthetic condition of UiO-66 (Zr).127 In contrast, Zr-MOFs 

are robust frameworks that should be able to survive under the synthetic conditions of 

Zn-MOFs. However, due to the increased energy barrier caused by the mismatched 

lattice parameters, MOF-512 tends to grow separately when its precursor components are 

directly mixed with PCN-222. The heterogeneous nucleation of the Zn-MOF is not 

favored, leading to the formation of Zn- and Zr- MOF mixtures (Scheme 14).   

To lower the energy barrier of heterogeneous nucleation during hierarchical MOF 

formation, the surfaces of the core MOFs were functionalized by pretreating with excess 

linker under solvothermal conditions (Scheme 14). This allowed for the coordination of 

the linkers on the surface of the core MOFs, and also resulted in the capture of preloaded 

linkers inside the MOF pores. Further addition of metal precursors to the system allowed 

for the gradual formation of shell MOFs on the surface of the core MOFs. The crystals 

of PCN-222 were further treated with an excess of benzene-1,4-dicarboxylic acid (BDC) 

as a dimethylformamide (DEF) solution for 24 h, followed by a DEF solution of 
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Zn(NO3)2 for another 24 h. As a result, a hierarchical MOF-on-MOF composite, PCN-

222@MOF-5, was obtained. 

 

 

 

Figure 52. Tunable compositions in hierarchical PCN-222@MOF-5. (a) Models and 

optical images showing controlled incorporation of PCN-222 inside MOF-5, from 0% to 

14%. (b-c) SEM images of the surface (b) and interior (c) of PCN-222@MOF-5-(8%). 

The internal areas of PCN-222@MOF-5-(8%) was accessed by physically crushing 

samples. (d-e) N2 sorption isotherms and PXRD patterns of PCN-222@MOF-5-(R%, R 

= 1, 8 and 14). 
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Scheme 15. Conceptual illustration of stepwise construction of multivariate hierarchical 

MTV-MOFs under the guidance of retrosynthetic design. 

 

 

The formation of hierarchical MOFs could be clearly distinguished from optical 

microscopy images of the respective crystals (Figure 52). The core MOF, porphyrinic 

PCN-222 constructed from the four connected linker tetrakis(4-carboxyphenyl)porphyrin 

(TCPP), exhibited a purple color and a needle-like shape, whereas the shell MOF-5 
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exhibited colorless cubic features. Scanning electron microscopy (SEM) revealed that 

the needle-like PCN-222 crystals were well dispersed both inside and outside MOF-5. 

The morphology of PCN-222 was well maintained in the hierarchical structure. Powder 

X-ray diffraction (PXRD) patterns of the hierarchical MOFs demonstrated the well-

maintained crystallinity of both core and shell MOFs. 

Scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDS) 

and confocal laser scanning microscopy indicated that Zr was well dispersed in the 

lattice of the Zn-MOFs. The Zr/Zn ratio of both the internal and external structures of 

PCN-222@MOF-5 calculated from EDS mapping were consistent with the results from 

ICP-MS data of the digested MOF samples.  

The PCN-222 to MOF-5 ratio could be well tuned in the hierarchical PCN-

222@MOF-5 composites by adjusting the feed ratios, producing PCN-222@MOF-5-

(R%), where R% is the mole percentage of PCN-222 as determined by 1H-NMR (Table 

8). The N2 adsorption isotherms of the hierarchical PCN-222@MOF-5 were measured, 

showing hierarchical porosity as expected (Figure 52). The total N2 uptakes were close 

to those of the shell MOFs, while a noticeable hysteresis loop near P/P0 = 0.3 confirmed 

the presence of the core MOFs. The pore size distributions of hierarchical MOFs were 

calculated from the N2 adsorption isotherms using a DFT model, showing the 

characteristic 32 Å peak of PCN-222. In contrast to our previously reported top-down 

approaches for hierarchical structures, linker labilization46 and thermolysis33, this 

retrosynthetic design showcases an alternative bottom-up approach for the design of 

sophisticated hierarchical structures.  
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Figure 53. Versatility of kinetically guided retrosynthesis of hierarchical MOFs. (a) 

Sequence-defined combinations of clusters and linkers into hierarchical MOFs with 

controllable compositions and distributions. (b-d, f-j) Optical images of hierarchical 

MOFs with sequence-defined combinations guided by retrosynthetic stability 

consideration. Scale bar is 100 µm in all optical images. (e) Unlimited combination of 

multivariate hierarchical MOFs that can be synthesized under the guidance of the two 

principles. 

 

 

To examine whether kinetically guided synthesis could function as a general 

strategy, we extended this approach to other common MOF systems to develop 

sophisticated hierarchical MOF composites (Scheme 15, Figure 53). We chose M(II) 

based carboxylate MOFs as the shell MOFs, for example, the MOF-5 (Zn) series, MOF-
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177 (Zn), HKUST-1 (Cu), and MOF-1114 (Yb) due to their mild synthetic conditions, 

relative poor stability in acidic environments, and relatively large crystal sizes. 

Meanwhile, stable MOFs, including UiO-66 (Zr), UiO-67 (Zr), PCN-160 (Zr), MOF-808 

(Zr), PCN-222 (Zr), PCN-250 (Fe), and MIL-125 (Ti) were selected as core MOFs 

because of their high chemical stability. Based on the principles discussed above, we 

were able to construct multi-component hierarchical MOFs with in a large number of 

combinations. The presence of both core MOFs and shell MOFs was confirmed by 

optical imaging and PXRD patterns. Our retrosynthetic design exhibits a general and 

powerful tool to control the distribution inside multivariate hierarchical MOFs. 

Interestingly, by controlling the apportionment of core MOFs dispersed in shell 

MOFs, we were able to get three types of hierarchical MOF-on-MOF structures: well-

mixed, center-concentrated, and half-half asymmetric distribution (Figure 54). Through 

centrifugal precipitation, core MOF (PCN-222) powders could be well stabilized at the 

bottom of the reaction vessels, allowing for the subsequent anisotropic growth of MOF-5. 

After the heterogenous nucleation and growth, asymmetric apportionment  (similar to 

Janus particles) were generated as a result. In contrast, dispersing PCN-222 nanocrystals 

in a MOF-5 precursor solution through ultrasonic mixing followed by the crystallization 

process could lead to the formation of well-mixed “solid solutions” (PCN-222@MOF-5). 

Applying higher concentrations of MOF-5 precursors to the synthesis of hierarchical 

PCN-222@MOF-5 would further promote the formation of center-concentrated core-

shell structures, as indicated by optical imaging. In this case, the cubic core was 

observed as the well mixed PCN-222@MOF-5, which facilitated the further growth of 
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lattice matched shell MOF-5. Additionally, if both the core and shell MOFs have 

comparable sizes, core-shell structures, instead of solid solutions, would form directly.  

 

 

 

Figure 54. Tuning spatial distributions in hierarchical PCN-222@MOF-5. (a-b) 

Evolution of well-mixed and center-concertrated PCN-222@MOF-5 hierarchical MOFs. 

(c-d) Preparation of an asymmetric dispersion of PCN-222 in MOF-5 shell (similar to 

Janus particles). Scale bar is 100 µm in inserted images. 

 

 

By utilizing the two principles described herein, numerous hierarchical MTV-

MOFs could be designed and synthesized, with even multi-layer MTV MOFs being 
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formed, expanding the scope of traditional MTV strategy for multi-component materials. 

Among the prepared hierarchical MOFs, PCN-222@ZIF-8 shows extraordinary stability 

in water, maintaining structural integrity in boiling water for more than 24 h. Compared 

with the traditional one-pot introduction of functionality inside of MOFs, this 

retrosynthetic synthesis of PCN-222@ZIF-8 provides a method for introducing linkers 

with various functional groups and connectivities without interfering with the growth 

process. This heterogenous growth (without TCPP competition) helped us obtain highly 

crystalline MOFs and overcome the impurity problems associated with the homogenous 

nucleation process (resulting from TCPP competition). Porphyrins or metalloporphyrins 

show wide applications in areas such as catalysis, photo-chemistry, and biological 

applications; therefore, the efficient immobilization of porphyrins in porous supports 

with controllable pore environment is highly desired for targeted applications. In 

contrast, we have shown that TCPP@ZIF-8, synthesized by a one-pot solvothermal 

reaction between TCPP, Zn2+, 2-methylimidazole (mIM) and DMF, shows a relative low 

level of crystallinity for ZIF-8, possibly due to the competitive coordination between 

TCPP and mIM under homogenous conditions. However, the introduction of 

heterogenous PCN-222 as seeds can effectively avoid the competition, generating highly 

crystalline ZIF-8 with porphyrin units well dispersed inside of ZIF-8. In addition, TCPP 

is more firmly immobilized in PCN-222@ZIF-8 than in TCPP@ZIF-8 when exposed to 

harsh conditions due to the presence of the more robust coordination bonds between 

TCPP and Zr clusters. 
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5.4 Conclusion 

Altogether, these results exemplify the capability of retrosynthetically guided 

preparation of multivariate hierarchical systems with tailored pore environment and 

cooperative behaviors, giving an unparalleled level of control over guest storage and 

transportation. This kinetically guided synthesis of hierarchical MOFs offers an ideal 

platform for the systematic tuning of pore environments and guest penetration behavior 

by the judicious choosing of clusters and linkers on core and shell MOFs. The current 

results already show the benefit of systems such as these for substrate selectivity 

processes. The incorporation of size selective components as a shell over a catalytically 

active porphyrinic MOF core has already shown applicability for the size selective 

oxidation of organic substrates. These results show the possibility of these core shell 

structures and provide a general method that should allow for the controlled growth of 

tailored catalytic and capture materials. Potential applications include using a core MOF 

designed as a mesoporous MOF with preloaded drugs, while the shell MOF could be 

constructed with multiply functional groups that engage in favorable interactions with 

either the guest molecules or particular cell environments. This would allow for the 

controlled release of drug molecules to areas of interest in the body. In addition, the 

heterogeneous nucleation of the shell MOF on the core MOF can allow for the 

controlled growth of materials that would be incompatible in a one-pot systems, such as 

growing an acidic MOF onto the surface of a basic MOF.  



 

111 

 

CHAPTER VI 

ENGINEERING HIERARCHY AND HETERARCHY                                                   

IN MOF@POLYMER COMPOSITES 

 

6.1 Introduction 

The concept that complex systems have a hierarchical, or multi-level, 

organization has been widely observed at various scales, from the atomic to astronomical 

level, and from cells to society.128-129 For example, the well-defined hierarchical modules 

and their sequences in human brain networks have enabled our ability to perform 

complicated functions and engage in well-controlled behaviors.130 These features have 

inspired chemists to design tailored architectures with controllable hierarchy and 

heterogeneity in a wide range of materials including polymers, porous materials, and 

nanomaterials.5, 32, 131-132 For example, recent works on hierarchical metal-organic 

frameworks (MOFs) have demonstrated unusual properties and behaviors which are 

accomplished through the precise placement of functionalities that can complete tandem 

chemical processes.8, 18, 24, 121, 133 

MTV polymer/MOF composites have also been regarded as promising 

hierarchical systems due to their combination of a soft system with high processability 

and a robust system with well-controlled pore environments, which has shown wide 

 

 This chapter is reproduced with permission from Feng, L.; Lv, X.-L; Yan, T.-H.; Zhou, H.-C., 

Modular Programming of Hierarchy and Diversity in Multivariate Polymer/Metal−Organic 

Framework Hybrid Composites, J. Am. Chem. Soc. 2019, 141 (26), 10342-10349, Copyright 2019 by 
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applications in adsorption, separation, and catalysis.134-141 One effective way to prepare 

the polymer/MOF composites is through post-synthetic polymerization.137, 142 For 

example, Wang and coworkers demonstrate the initiator functionalization of UiO-66-

NH2 with a methacrylate monomer.143 Matzger and coworkers studied the formation of 

MOF-5-polystyrene via a controlled styrene polymerization process that resulted in the 

polystyrene being uniformly distributed throughout the cubic MOF-5 crystals.144 

However, in these examples, the internal porosity is partially blocked by the polymers, 

leading to decreased surface areas and accessible pore volumes. In order to selectively 

functionalize the MOF surfaces, Kokado and Sada et al. chose poly(N-

isopropylacrylamide) (PNIPAM), a polymer whose monomer is significantly larger than 

the pore sizes of UiO-66-NH2, to modify the MOF surfaces while preserving the bulk 

porosity.145 In addition, a preformed polymer backbone can also be utilized to construct 

polymer/MOF composites according to reports by Cohen group.146 In this case, the 

linkers are incorporated into a polymer backbone and subsequently coordinated with 

metal clusters to form “polyMOFs”. The covalent immobilization of polymer chains 

onto MOF surfaces can be achieved without disturbing the majority of the framework 

structure. However, the precise hierarchical engineering of modular compositions, the 

controlling of the ratios and distributions of polymer and MOF within the composites, 

has not been reached. The controlled developed of these designer materials has become a 

persistant challenge mainly due to the incompatibilities of the two parent materials.   
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Scheme 16. Illustration of the concept of modular programming on the synthesis of 

multivariate (MTV) hierarchical polymer/metal-organic framework (MOF) composites. 

 

 

In this work, we introduce the concept of modular programming to tailor the 
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hierarchy and diversity in MTV polymer/MOF hybrid composites (Scheme 16). The idea 

of modular programming, inspired by C++ software design principles, emphasizes 

isolating the functionalities of a system into independent, interchangeable modules. Each 

module contains all the information necessary to execute only one desired functionality 

without interrupting the other modules. Guided by modular programming, a system with 

multiple compatible components including modules A, B, C, etc. can be constructed 

initially. Subsequently modification of each module into modules A’, B’, C’, etc. can be 

conducted independently without affecting the behaviors of the other modules. As a 

proof of concept, a series of MTV hierarchical MOFs with various compositions, ratios, 

and distributions can be prepared to showcase the compatibility of the modular approach. 

Sequential click reactions and acid treatments can be utilized to selectively modify a 

certain modular MOF into a polymer, while other modular MOFs either remain in their 

original states or dissolve upon treatment. As a result, a series of polymer/MOF 

composites with tailored properties and behaviors that would be traditionally viewed as 

incompatible can be prepared. The programmed hierarchy and diversity enable the 

possibility of biomimic cascade and cooperative processes commonly observed in cells, 

which typically require multiple components working coordinately. We envision that 

future materials should behave like a multi-functional living organism that aims to solve 

extremely complex and diverse tasks, including those related to transportation, 

movement, catalysis, detoxification, and response. All these functions are carried out by 

specialized modules, such as the individual flexible polymers and multivariate MOFs, 

while the cooperation of several modules with various functions acting in a coordinated 
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way is needed. 

 

6.2 Experimental Section  

Synthesis of Zn-AzTPDC. Zn-AzTPDC was synthesized on the basis of previous 

reports with slight modifications.147 AzTPDC (28 mg, 0.065 mmol) and Zn(NO3)2·6H2O 

(57 mg, 0.19 mmol) were dissolved in 5 mL of N,N-diethylformamide (DEF) in a screw 

top vial. The vial was kept standing at 80 °C for 3 days. The solution was decanted, and 

yellow cubic crystals were repeatedly washed with DMF. 

Synthesis of PCN-222. PCN-222(No Metal) was synthesized on the basis of 

previous reports with slight modifications. ZrCl4 (70 mg), TCPP (50 mg) and benzoic 

acid (2700 mg) in N,N-diethylformamide (8 mL) were ultrasonically dissolved in a 20 

mL Pyrex vial. The mixture was heated at 120 °C in an oven for 48 h. After cooling 

down to room temperature, needle-shaped crystals were harvested by filtration. 

Synthesis of PCN-222@Zn-AzTPDC. Activated PCN-222 (3 mg), AzTPDC (28 

mg) and DEF (2.5 mL) were charged in a Pyrex vial. The mixture was heated in an 80 

ºC oven for 24 h. Zn(NO3)2·6H2O (57 mg) and DEF (2.5 mL) were further added into 

the vial. The mixture was heated in an 80 ºC oven for 3 days to generate the crystals of 

PCN-222@Zn-AzTPDC-(3%). The solution was decanted, and the crystals were 

repeatedly washed with DMF. 

Synthesis of Janus PCN-222@Zn-AzTPDC. Activated PCN-222 (12 mg), 

AzTPDC (28 mg) and DEF (2.5 mL) were charged in a Pyrex vial. The mixture was 

heated in an 80 ºC oven for 24 h. The solid was further precipitated at the bottom of the 
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vial by centrifugation for 10 min. Zn(NO3)2·6H2O (57 mg) and DEF (2.5 mL) were 

further added into the vial slowly. The mixture was heated in an 80 ºC oven for 3 days to 

generate the crystals. The solution was decanted, and the crystals were repeatedly 

washed with DMF.  

Polymerization of hierarchical MOFs (PCN-222@Zn-AzTPDC-CL4). The 

polymerization was conducted on the basis of previous reports with slight 

modifications.147 PCN-222@Zn-AzTPDC was immersed in 5 mL of 0.1 M CL4 solution 

(DMF) in a screw top vial, and 250 μL of saturated CuBr solution (DMF) was added to 

the mixture. The vial was kept standing at 80 °C for 3 days. The supernatant was 

decanted, and the cubic crystals, PCN-222@Zn-AzTPDC-CL4, were repeatedly washed 

with DMF. 

Synthesis of hierarchical polymer/MOFs (PCN-222@poly-AzTPDC-CL4). 

The hydrolysis was conducted on the basis of previous reports with slight 

modifications.147 PCN-222@Zn-AzTPDC was immersed in a mixed solvent of 

HCl/DMF (1:5, v/v) in a screw top vial. The vial was kept standing at room temperature 

for 3 h. The supernatant was decanted, and cubic crystals were repeatedly washed with 

DMF.  

Synthesis of HKUST-1@(PCN-222@Zn-AzTPDC). 0.49 g Cu(NO3)2·3H2O was 

dissolved in 3 mL of deionized water. 0.24 g H3BTC was dissolved in 3 mL of ethanol. 

The Cu(NO3)2 solution was first mixed with 3 mL of DMF in a 20 mL scintillation vial. 

The H3BTC solution and 12 mL of glacial acetic acid were subsequently added to the 

mixed solution. The mixture was heated in a 55 ºC oven for 72 h to generate the crystals 
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of HKUST-1. Activated HKUST-1 (5 mg), PCN-222 (5 mg), AzTPDC (28 mg) and 

DEF (2.5 mL) were charged in a Pyrex vial. The mixture was heated in an 80 ºC oven 

for 24 h. Zn(NO3)2·6H2O (57 mg) and DEF (2.5 mL) were further added into the vial. 

The mixture was heated in an 80 ºC oven for 3 days to generate crystals of HKUST-

1@(PCN-222@Zn-AzTPDC). The solution was decanted, and the crystals were 

repeatedly washed with DMF. 

Synthesis of (PCN-222@HKUST-1)@Zn-AzTPDC. PCN-222@HKUST-1 was 

first synthesized as the core MOF. PCN-222 (5 mg), H3BTC (24 mg), EtOH (0.3 mL) 

and DMF (0.3 mL) were charged in a 4 mL Pyrex vial. The mixture was heated in a 

55ºC oven for 24 h resulting in the surface coordination of BTC to PCN-222. 

Cu(NO3)2·3H2O (49 mg), H2O (0.3 mL) and HAc (1.2 mL) were further added into the 

vial. The mixture was heated in a 55 ºC oven for 3 d to generate the crystals of PCN-

222@HKUST-1. The crystals were collected by centrifugation and washed with fresh 

DMF for 3 times. Activated PCN-222@HKUST-1 (5 mg), AzTPDC (28 mg) and DEF 

(2.5 mL) were charged in a Pyrex vial. The mixture was heated in an 80 ºC oven for 24 

h. Zn(NO3)2·6H2O (57 mg) and DEF (2.5 mL) were further added into the vial. The 

mixture was heated in an 80 ºC oven for 3 days to generate the crystals of (HKUST-

1@PCN-222)@Zn-AzTPDC. The solution was decanted, and the crystals were 

repeatedly washed with DMF. 

Synthesis of hierarchical polymer/MOF Composites. The polymerization and 

hydrolysis were conducted on the basis of previous reports with slight modifications.147 

Generally, the MOF-on-MOF composites were immersed in 5 mL of a 0.1 M CL4 
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solution (DMF) in a screw top vial, and 250 μL of saturated CuBr solution (DMF) was 

added to the mixture. The vial was kept standing at 80 °C for 3 days. The supernatant 

was decanted, and the cubic crystals were repeatedly washed with DMF. Subsequently, 

the MOF-on-MOF composites were immersed in a mixed solvent of HCl/DMF (1:5, v/v) 

in a screw top vial. The vial was kept standing at room temperature for 3 h. The 

supernatant was decanted, and cubic crystals were repeatedly washed with DMF (Figure 

55-56).  

 

 

 

Figure 55. (a) Sequential polymerization and hydrolysis from PCN-224@Zn-AzTPDC 

to PCN-224@poly-AzTPDC-CL4. (b) Optical images of the stepwise removal of Zn4O 

clusters in hierarchical PCN-224@Zn-AzTPDC-CL4 during treatment with acid 

solutions, and polarized optical images of crystals placed in between crossed polarizers 

during the transformation from PCN-224@Zn-AzTPDC-CL4 to PCN-224@poly-

AzTPDC-CL4. 
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Figure 56. Optical images of the stepwise polymerization and hydrolysis in hierarchical 

PCN-222@Zn-AzTPDC-R% (R% is the mole percentage of PCN-222 in the hierarchical 

MOFs determined by 1H-NMR of digested samples). (a) R = 0; (b) R = 3; (c) R = 7; (d) 

R = 12.  
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6.3 Results and Discussion   

We first investigated module-independent behaviors in a simple two-module 

system. An MTV hierarchical PCN-222@Zn-AzTPDC was used as a scaffold for the 

preparation of polymer/MOF composites because of the significant difference in the 

chemical stability of the Zr-based PCN-222 and the Zn-based Zn-AzTPDC (PCN stands 

for porous coordination network, AzTPDC stands for diazide-triphenyldicarboxylate, 

Scheme 16). PCN-222 has been reported to be remarkably stable in an 8 M HCl solution 

as indicated by a well-maintained PXRD pattern and N2 uptake. Zn-AzTPDC is 

isoreticular to the interwoven IRMOF-16148 and shows limited chemical stability only 

when in common organic solvents. When exposed to water or acidic solutions, the Zn-

AzTPDC framework quickly degrades and dissolves. In terms of mechanical stability, 

the framework of Zn-AzTPDC is not robust after the removal of guest solvents, leading 

to framework collapse as observed by PXRD and the corresponding N2 sorption 

isotherm. We hypothesized that the stability contrast should enable the modular 

programming: when exposed to stimuli, specific modules will respond independently 

without affecting the behavior of the other modules. 

Guided by a retrosynthetic design, the surface of chemical stable PCN-222 crystals 

were functionalized initially, allowing for the further growth of the relatively labile Zn-

AzTPDC as a shell MOF.24 The crystals of PCN-222 were treated with an excess of 

AzTPDC diethylformamide (DEF) solution for 24 h at 80 oC, followed by a DEF 

solution of Zn(NO3)2 for another 24 h at 80 oC. As expected, a MTV hierarchical PCN-

222@Zn-AzTPDC, was obtained. The hierarchical PCN-222@Zn-AzTPDC MOF 
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crystals could be clearly distinguished via optical micrsocopy (Figure 56). The core 

PCN-222, constructed from porphyrinic linkers, exhibited purple needle-like crystals, 

whereas the shell Zn-AzTPDC exhibited a colorless cubic morphology. The well-

maintained crystallinity of both core PCN-222 and shell Zn-AzTPDC has been 

demonstrated by the PXRD patterns of the hierarchical MOFs. 

 

 

 

Figure 57. Tuning spatial distributions of PCN-222 in MTV hierarchical PCN-

222@poly-AzTPDC-CL4 composites. (a) Preparation of center-concertrated PCN-

222@Zn-AzTPDC. (b) Models and optical images of PCN-222@poly-AzTPDC-CL4. 

(c) Preparation of an asymmetric dispersion of PCN-222 in Zn-AzTPDC shell. (d) 

Models and optical images of Janus PCN-222@poly-AzTPDC-CL4. Scale bar is 100 µm 

in (a-d). 
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Next, we demonstrated that the PCN-222 to Zn-AzTPDC ratio could be adjusted 

in the hierarchical PCN-222@Zn-AzTPDC composites by simply tuning the feed ratios 

of the two MOF precursors. The optical images of the resulting PCN-222@Zn-

AzTPDC-(R%) are shown in Figure 56, where R% is the mole percentage of PCN-222 

as determined by the 1H-NMR of the digested samples. The N2 sorption isotherm of the 

hierarchical PCN-222@Zn-AzTPDC-(12%) was measured, showing a much lower N2 

uptake as compared to pure PCN-222, due to the presence of nonporous Zn-AzTPDC as 

the dominated shell MOF in the hierarchical composite. 

The independent module behavior was further utilized to prepare MTV 

polymer/MOF hybrid composites via polymerization and hydrolysis. The preformed 

hierarchical PCN-222@Zn-AzTPDC templates were reacted with a tetra-acetylene 

cross-linker (CL4, Scheme 16b) through a copper-catalyzed azide–alkyne cycloaddition 

(CuAAC) click reaction that has a well-established procedure.147, 149-151 After three days, 

the product crystals, PCN-222@Zn-AzTPDC-CL4, were washed repeatedly with fresh 

DMF. As a result, tunable ratios of PCN-222 crystals inside click-formed Zn-AzTPDC-

CL4 were obtained (Figure 56). The polymerized PCN-222@Zn-AzTPDC-CL4 was 

subsequently treated with a HCl/dimethylformamide (DMF) (1/5, v/v) solution to 

selectively remove the Zn clusters in the hierarchical structures while maintaining the 

stable Zr-based PCN-222. The ratio and apportionment of the core PCN-222 remains in 

the resulting PCN-222@poly-AzTPDC-CL4 as indicated by the optical images (Figure 

56). 
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Figure 58. N2 sorption isotherms of (a) PCN-222, Zn-AzTPDC, and PCN-222@Zn-

AzTPDC-12%; (b) PCN-222, Zn-AzTPDC-CL4, and PCN-222@Zn-AzTPDC-CL4; (c) 

PCN-222, poly-AzTPDC-CL4, and PCN-222@poly-AzTPDC-CL4.  

 

 

Figure 59. Thermogravimetric analysis of PCN-222@Zn-AzTPDC, PCN-222@Zn-

AzTPDC-CL4, and PCN-222@poly-AzTPDC-CL4. 
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As indicated by optical images (Figure 55), the hierarchical MOF composite 

gradually expands in volume. Due to the limited acid diffusion rate, an interface between 

the edge polymer (poly-AzTPDC-CL4) and the center cubic MOF (Zn-AzTPDC-CL4) 

could be easily distinguished. Within 10 min, the hierarchical MOFs can be transformed 

into hierarchical polymer/MOF composites without a noticeable change in the 

apportionment and cubic morphology. It should be noted that without polymerization, 

PCN-222@Zn-AzTPDC could not maintain its morphology after hydrolysis. The Zn-

AzTPDC shell MOFs tended to gradually dissolve and the immobilized PCN-222 were 

gradually released from the hierarchical structures, which emphasizes the importance of 

polymerization during the modular programming process. Similar decomposition of 

hierarchical MOFs, for example PCN-224@MOF-5, have also been recorded in previous 

reports.24  

The transformation process was monitored by FT-IR spectroscopy and PXRD 

analysis. An azide stretching band at 2095 cm-1 was observed in the spectra of PCN-

222@Zn-AzTPDC, while that same peak disappears in the spectra of the clicked PCN-

222@Zn-AzTPDC-CL4 and PCN-222@poly-AzTPDC-CL4. This feature indicates that 

all the azide groups in PCN-222@Zn-AzTPDC have clicked with acetylene groups of 

the cross-linker. The peak at 1405 cm-1 of PCN-222@Zn-AzTPDC, associated with the 

carboxylate C=O symmetric vibration band, is well-maintained after the click reaction, 

demonstrating that the click reaction did not influence the Zn-carboxylate bonds under 

the mild conditions. After the hydrolysis of PCN-222@Zn-AzTPDC-CL4, the intensity 

of the carboxylate C=O peak at 1405 cm-1 decreases significantly, while a new peak at 
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1706 cm-1, associated with carboxylic acid appears. This indicated the successful 

acidification of the carboxylate groups into carboxylic acids after the hydrolysis. The 

PCN-222@poly-AzTPDC-CL4 functionalized with carboxylic acid groups can be 

further modified with Zn ions, allowing for the coordination of Zn ions and the 

transformation from carboxylic acid to carboxylate groups again. In addition, the PXRD 

patterns show the well-maintained crystallinity of both the core PCN-222 and the shell 

Zn-AzTPDC after the click reaction, with the characteristic peaks of Zn-AzTPDC 

disappearing and the PCN-222 peaks remaining after acid treatment. This result supports 

the proposed modular programming of hierarchical two-module MOF structures.  

Porosity and stability analysis of the resulting MTV hierarchical polymer/MOF 

composites were further conducted. It should be noted that the mechanical stability of 

Zn-AzTPDC is very poor. Thus, after activation, Zn-AzTPDC, its clicked, and acidified 

versions are nonporous (Figure 58). Notably, after the click reaction, the total N2 uptake 

of PCN-222@Zn-AzTPDC-CL4 decreased slightly, possibly due to the trapped species 

inside the PCN-222 channels. These trapped molecules can be further removed 

alongside the labile Zn4O clusters upon treatment with a HCl/DMF solution. The 

resulting composites also shown excellent chemical stability in various solvents with 

reversible flexible behaviors. Interestingly, the polymer network can undergo an 

adaptive guest inclusion: selective adsorption of a cationic dye (methylene blue) into the 

polymer network can be achieved while the anionic dye (methyl orange) cannot. 

Therefore, the polymer shell can function as a door to control the size and charge 

selectivity of guests. In terms of thermal stability, PCN-222@poly-AzTPDC-CL4 is 
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stable up to around 300 oC (Figure 59). The weight loss at around 200 oC, associated 

with the azide group decomposition, in the TGA curve of PCN-222@Zn-AzTPDC is 

absent in the TGA curve of PCN-222@Zn-AzTPDC-CL4 and PCN-222@poly-

AzTPDC-CL4, which also supports the completion of the CuAAC reaction between Zn-

AzTPDC and CL4. 

The manipulating MOF ratios, apportionment, and compositions in MTV 

polymer/MOF composites, usually deemed difficult or impossible to accomplish due to 

their incompatibility, has been achieved by the modular programming guided synthesis. 

Remarkably, half-half Janus-like and center-concentrated hierarchical PCN-222-on-Zn-

AzTPDC structures can be fabricated by tuning the distribution of core MOFs within 

shell MOFs. After centrifugal precipitation, core PCN-222 powders stabilized at the 

bottom of the vials allows for the heterogenous nucleation and anisotropic growth of Zn-

AzTPDC. This diffusion-limited solvothermal envioronment enables the formation of 

Janus-like PCN-222@Zn-AzTPDC crystals. The Janus-like PCN-222@Zn-AzTPDC 

crystals used as templates can further enable the sequential transformation into Janus 

PCN-222@poly-AzTPDC-CL4 with an asymmetric dispersion of PCN-222 in the 

polymer phase through the facile polymerization and hydrolysis treatment.  

Additionally, increasing the concentration of Zn-AzTPDC precursors in the 

hierarchical MOF synthesis promotes the evolution of center-concentrated core-shell 

PCN-222@Zn-AzTPDC structures, as indicated by optical imaging (Figure 57), whereas 

well-mixed PCN-222@Zn-AzTPDC seeds facilitated the further growth of shell Zn-

AzTPDC. Modular treatments on the stable PCN-222 phase and labile Zn-AzTPDC 
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phase produce the correpounding polymer/MOF composites with controllable 

distributions. Thus, the positions of PCN-222 crystals inside polymer netwrok can be 

easily predetermined.  

To examine whether modular programming could function as a general synthetic 

strategy, we extended this approach to various representative MOF systems and studied 

the related formation of sophisticated hierarchical polymer/MOF composites (Figure 55). 

For example, we chose a chemically stable cubic MOF, PCN-224, as the core MOF, and 

stepwise installed organic linkers and Zn4O clusters outside the Zr-based PCN-224, 

leading to the formation of a PCN-224@Zn-AzTPDC structure. A time-resolved optical 

record, from the polymerized hierarchical MOFs to the hydrolyzed hierarchical 

polymer/MOF composites, were obtained within 10 min. The slight expansion of the 

cubic gels and the well-maintained PCN-224 crystals were observed. Microscopic 

images of the corresponding samples between crossed polarizers also indicated that the 

crystalline features of the core Zn-AzTPDC MOF and the amorphous feature of the shell 

polymer during the transformation. The PXRD patterns also support the independent 

modular modification during the polymerization and acidification process. Meanwhile, 

other stable MOFs, including MOF-801(Zr), UiO-66(Zr), UiO-67(Zr), PCN-160(Zr) and 

PCN-250 (Fe) were also selected as core MOF variants to enhance the diversity of the 

MTV hierarchical polymer/MOF composites.122 Based on the underlying principles 

explored above, we were capable to construct MTV polymer/MOF composites with a 

large number of combinations. The pairing of stable MOF modules with labile while 

clickable Zn-MOF modules enables the programming of both hierarchy and diversity in 
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the polymer/MOF composites. The formation of various composites including PCN-

224@poly-AzTPDC-CL4, MOF-801@poly-AzTPDC-CL4, UiO-66@poly-AzTPDC-

CL4, UiO-67@poly-AzTPDC-CL4, PCN-160@poly-AzTPDC-CL4 and PCN-

250@poly-AzTPDC-CL4 were confirmed by optical images and PXRD patterns. 

Therefore, our modular programming here exhibits a general and powerful tool to 

manipulate hierarchy and diversity in MTV polymer/MOF hybrid composites. 

To further enhance the complexity of the hierarchical systems, we introduce the 

concept of modularization into an integrated three-module system. Aiming to endow the 

third module with different stimulus-responsive behaviors from the other two modules, 

we chose HKUST-1 as the compatible component to tailor the diversity and hierarchy in 

the resulting composites. Unlike the non-responsive behavior of PCN-222 and the 

polymerization behavior of clickable Zn-AzTPDC, HKUST-1 can be selectively 

hollowed out after sequential click and acid treatments. 
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Figure 60. Modular programming on MTV hierarchical polymer/MOF composites. (a) 

Scheme illustration of the evolution of hollow@(PCN-222@poly-AzTPDC-CL4). (b) 

Optical images of HKUST-1 single crystals. (c) Optical images of HKUST-1@(PCN-

222@Zn-AzTPDC) crystals. (d) Optical images of hollow@(PCN-222@poly-AzTPDC-

CL4). (e) Optical images of HKUST-1@(PCN-222@Zn-AzTPDC-CL4) crystals. (f) 

Scheme illustration of the evolution of (PCN-222@hollow)@poly-AzTPDC-CL4. (g) 

Optical images of PCN-222@HKUST-1 crystals. (h-i) Optical images of (PCN-

222@HKUST-1)@Zn-AzTPDC crystals. (j) Optical images of (PCN-
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222@hollow)@poly-AzTPDC-CL4. (k-l) Optical images of (PCN-222@HKUST-

1)@Zn-AzTPDC-CL4 crystals. Scale bar is 100 µm in (b-l). 

 

When considering the retrosynthetic design principles of hierarchical MOFs, the 

synthesis sequences should be conducted in the order of decreasing bond strengths of 

these three modules (Zr-O > Cu-O > Zn-O).122, 151 In other words, Zr-MOFs that require 

harsh synthetic conditions should be prepared first, and then installed with Cu-based and 

Zn-based coordination compounds sequentially (Figure 60). The multiple post-synthetic 

steps were achieved from Zr-based PCN-222 to PCN-222-BTC, PCN-222@HKUST-1, 

and PCN-222@HKUST-1-AzTPDC resulting in the final three-module hierarchical 

MOF (PCN-222@HKUST-1)@Zn-AzTPDC. The immobilization of PCN-222 insides 

the single crystals of HKUST-1 leads to the formation of purple cubes, while pure 

HKUST-1 possesses blue cubic features.  The successful fabrication of the three-module 

core-shell MOF (PCN-222@HKUST-1)@Zn-AzTPDC with the PCN-222@HKUST-1 

functioning as a seed for the epitaxial growth of Zn-AzTPDC. In this case, the 

apportionment of PCN-222 was strongly confined within the lattice of HKUST-1. After 

click modification, the morphology and color of the resulting (PCN-222@HKUST-

1)@Zn-AzTPDC-CL4 remained. After acid exposure, the three modules displayed three 

totally different and independent behaviors: module A (Zn-AzTPDC) was transformed 

into an amorphous polymer while the cubic morphology was maintained; module B 

(PCN-222) was well preserved throughout all treatment; and module C (HKUST-1) was 

gradually dissolved and a hollow void was generated insides the composites. After 
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selectively removing labile deep blue HKUST-1 crystals, the original dark PCN-

222@HKUST-1 cores were turned into purple PCN-222@hollow cores. Overall, the 

integration of these individual modules together enables the successful fabrication of 

(PCN-222@hollow)@poly-AzTPDC-CL4 hierarchical structure.  

Alternatively, the Zr-based PCN-222 and Cu-based HKUST-1 can both act as 

seeds for the epitaxial growth of a Zn-AzTPDC shell, resulting in the formation of 

HKUST-1@(PCN-222@Zn-AzTPDC). Different from the confined apportionment of 

PCN-222 in the previous (PCN-222@HKUST-1)@Zn-AzTPDC-CL4, PCN-222 is well 

dispersed in the hierarchical HKUST-1@(PCN-222@Zn-AzTPDC) structure. By 

sequential polymerization and acidification, HKUST-1 was selectively hollowed out 

while PCN-222 and Zn-AzTPDC were transformed into their desired forms. Eventually, 

a hollow@(PCN-222@poly-AzTPDC-CL4) with controlled hierarchy and diversity can 

be obtained. It should be noted that other synthetic sequences in the three-module system 

are impossible or extremely difficult to achieve due to the required retrosynthetic 

principles.  

 

6.4 Conclusions 

Overall, our results here exemplify the idea of modular programming on the 

hierarchy and diversity in MTV polymer/MOF composites. The engineering of the 

component ratio, spatial apportionment, and modular composition in polymer/MOF 

composites was achieved, giving an unparalleled level of control over guest 

transportation and recognition. The approach here utilizes the instability of modular 
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MOFs, a generally unwanted feature, to transform a certain module A into A’, resulting 

in the construction of polymer/MOF composites that are traditionally viewed as 

incompatible. These results show the possibility of the tailored fabrication of 

multivariate materials with hierarchical structures. This general synthetic approach 

guided by modular programming also enables investigations into hierarchy and its 

structured control flow, which is a critical design feature of future materials for their fast 

adaptivity and responses to variable environmental conditions. Potential applications 

involving the cooperative effects between the multiple modules could be further 

developed.  
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CHAPTER VII  

SUMMARY 

 

With increasing requirements for multifunctionalities and hierarchical structures 

in various applications, the study of multi-component hierarchical MOFs have prospered 

in recent years. Extensive efforts have been made to develop synthetic strategies for 

multi-component hierarchical MOFs with tunable linker or metal compositions and 

distributions, to decrypt the apportionment of these building blocks insides functional 

materials, and to utilize the cooperative effects among the multiple components and 

domains for specific applications. The one-pot or post-synthetic preparation of multi-

component MOFs with tunable apportionment can be achieved, which allows us to 

fabricate sophisticated structures with synergic effects. Investigating the local pore 

environments insides multi-component hierarchical MOFs is critical to enhancing our 

understanding of the “structure-property-application” relationship, which shall guide the 

state-of-art design and synthesis of well-controlled porous materials. However, current 

characterization methods are still limited, lagging far behind the level of characterization 

seen in the biological systems, such as protein and DNA, that MTV-MOFs are 

attempting to imitate.  In this respect, more systematic and precise characterization 

procedures are required to obtain more information in the local pore environment of 

multi-component hierarchical framework compounds. Based on currently utilized 

 

 Reproduced with permission from: Feng, L.; Wang, K.-Y.; Gregory, D.; Zhou, H.-C. The Chemistry 

of Multi-component and Hierarchical Framework Compounds, Chem. Soc. Rev. 2019, 48, 4823-4853. 
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techniques discussed above, the current batch of MTV-MOFs have shown wide 

applications including gas storage, separation, heterogeneous catalysis, guest delivery 

and luminescence behavior, exhibiting unexpected advantages over conventional single-

component materials. MTV-MOFs can also serve as precursors for the preparation of 

other advanced functional materials including hierarchically porous structures, which 

also provides new routes to tune the porosity and functions of the resulting materials.   

Programable pore environments have made major progress in the past decade. 

With growing research interests in multi-component hierarchical materials, an increasing 

number of related compounds have been reported, which show great applications in the 

area of selective binding and cooperative processes. However, the diversity and 

hierarchy of these materials have yet to reach the level of similarly complex biomaterials 

such as proteins and DNAs. From a synthetic perspective, future investigations should 

involve the “total synthesis” of complex frameworks from simple, basic building units 

through sequential chemical steps. The synthetic methodology in inorganic chemistry 

based on coordination bonds should be systematically designed and developed in the 

future. Additionally, the detailed characterization on the local porous environment, as 

well as their broader commercial and industrial scale applicability still need to be 

addressed. Despite the existing challenges in the development of both multi-component 

and hierarchical materials, advances in both new synthetic methodologies and 

characterization methods will continue to accelerate the discovery of multi-component 

hierarchical porous materials. When considering the high designability and diversity of 
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these structures, it is promising to imagine a coming era filled by smart materials with 

unlimited tunability, synergism, and precision.  
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