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ABSTRACT 

 

Synthesis and Characterization of Iso-Reticular Metal-Organic Frameworks  

and Their Applications for Gas Separations. (August 2010) 

Yeonshick Yoo, B.S., Hanyang University; 

M.S., Hanyang University  

Chair of Advisory Committee: Dr. Hae-Kwon Jeong 

 

Nanoporous metal-organic frameworks (MOFs) have attracted tremendous 

interest due to their potential applications in gas-storage, gas separation, gas sensing, and 

catalysis. MOFs consist of metal-oxygen polyhedera interconnected with a variety of 

organic linker molecules, resulting in tailored nanoporous materials. With a judicious 

choice of organic linker groups, it is possible to fine-tune size, shape, and chemical 

functionality of the cavities and the internal surfaces. This unique structural feature 

offers unprecedented opportunities in small-molecule separations as well as chiral 

separations and catalysis.  

Prototypical iso-reticular metal-organic frameworks (IRMOFs) have been 

extensively studied among MOFs due to the simplicity of their synthesis and the variety 

of their potential applications. IRMOFs are a specific series of metal-organic 

frameworks developed by Yaghi and his coworkers. All IRMOFs are composed of 

oxygen-centered Zn4O tetrahedra interconnected with dicarboxylate linkers, forming a 

cubic type three dimensional (3D) porous network with high surface area.  



 iv

 Despite a great deal of research in the synthesis and characterization of MOFs, 

there have been relatively few reports on the development of their applications, such as 

the fabrication of MOF thin films and membranes for gas separations. This is mainly due 

to the challenges associated with relatively difficult heterogeneous nucleation (seeding) 

and growth of MOFs on supports, and crack formation compared to their counterparts. 

Thin films and membranes of MOFs have great potentials for applications in membrane-

based gas separations, reactors, chemical sensors, and nonlinear optical devices.  

In this dissertation, the fabrication of IRMOF-1 membrane using a novel seeding 

method and its gas diffusion properties has been demonstrated. Introduction of the new 

seeding method for MOFs using microwaves resulted in well inter-grown IRMOF 

membranes showing Knudsen type transport of small gases through its pore. The hetero-

epitaxial growth of one IRMOF on another produced multi-layered IRMOF membranes. 

In addition, postsynthetic modification (PSM) of IRMOFs created functionalized 

membranes with enhanced stability against water as well as reduced crack formation 

during membrane fabrication. Lastly, hierarchical IRMOFs with improved CO2 

adsorption properties were synthesized via PSM with cyanuric chloride. 
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CHAPTER I 

INTRODUCTION AND OVERVIEW 

 

 Nanoporous metal-organic framework (MOF) materials have drawn tremendous 

interest due to their potential applications in gas-storage,1-3 gas separation,4-6 gas 

sensing,7 and catalysis.8-11 Metal-organic framework materials consist of metal-oxygen 

polyhedera interconnected with a variety of organic linker molecules, resulting in 

tailored nanoporous materials. With a judicious choice of organic linker groups, it is 

possible to fine-tune size, shape, and chemical functionality of the cavities and the 

internal surfaces.12 This unique structural feature offers unprecedented opportunities in 

small-molecule separations as well as chiral separations and catalysis.3,13-15  

Unlike their structurally related counterparts, zeolite molecular sieves where 

metal atoms (Si, or Ti) are inter-connected via oxygen atoms within a limited number of 

frameworks, MOFs allow numerous flexible organic linkers such as benzencarboxylates 

connect metal atoms to form open framework structures. As such, MOFs display rich 

structural diversity, tunable pore size and chemical functionality through unique 

combined metal and organic structures. For those reason, MOF materials are of 

particular interest for other advanced applications such as sensors and membrane-based 

separation with their exceptionally higher adsorption ability and porous properties.16 

 
 
____________ 
This dissertation follows the style of Journal of the American Chemical Society. 
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Among those MOFs, prototypical iso-reticular metal-organic frameworks 

(IRMOFs) have been most extensively studied due to the simplicity of their synthesis 

and their potential applications for gas storage.1,12,17 IRMOFs are a series of metal-

organic frameworks developed by Yaghi and his coworkers.12 All IRMOFs consist of 

oxygen-centered Zn4O tetrahedra interconnected with carboxylate linkers, forming a 

cubic type three dimensional (3D) porous network.12 Especially, IRMOF-3, one of 

highly porous IRMOFs has amine functional groups in the structure which can be 

modified by postsynthetic modification (PSM) in order to expand its functionalities.  

Membrane-based separations have been attracted as a potential technology in a 

wide variety of industrial applications from biomedical to petrochemicals since 

membrane processes generally need low capital investment, low energy consumption 

and potential ease of operation than other conventional processes.18 Membrane processes 

typically engage transport of components from a feed side to a permeate side, caused by 

various driving forces such as pressure, temperature, concentration, or electric potential. 

Gas separation membranes are being exploited for commercial use in hydrogen recovery, 

enrichment of refinery gas, isomer separations and olefin/paraffin separations.19  

Despite the strong potential of membrane processes, there are still several 

obstacles to overcome such as development of high-efficiency modules and creation of 

advanced materials with tunable capabilities and functionalities to improve separation 

efficiency.20 Polymers in general can offer economical and flexible modules, but have 

problems not only with plasticization when exposed to unfavorable conditions such as 

high pressure and temperature, but also with fouling by highly sorbing components.21 
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Inorganic materials, such as zeolites, however, tend to be brittle and difficult to control 

the surface properties and functionalities. For those reasons, metal-organic frameworks 

(MOFs) are potentially attractive materials due to unique structural features such as 

extremely high surface area, high diffusivity, and tailorable functionalities to overcome 

limitations of other materials.22 

MOF materials as thin films and membranes are of particular interest for 

membrane-based separation and other advanced applications such as sensors.23 Despite 

substantial efforts in the synthesis of MOFs, there have been relatively few reports on 

the fabrication of MOF thin films24-29 and membranes.30-33 Continuous thin films and 

membranes of MOFs were prepared by both an in situ growth method24,27,30-31 and a 

secondary growth method.28,32-33 Liu et al.31 and Yoo et al.32 reported the first MOF 

membranes (MOF-5 also known as IRMOF-1) grown by an in situ and a secondary 

growth method, respectively.  

Due to the easier control of membrane microstructures as well as the less 

dependence on the nature of supports, secondary growth method is preferred to in situ 

growth method. When using the secondary growth method, however, it is of critical 

importance to anchor seed crystals on supports (often porous oxide supports such as 

porous α-alumina). For instance, zeolite seed crystals can be strongly attached on oxide 

supports by reacting surface hydroxyl groups of both zeolites and supports via simple 

calcination.  

In order to achieve well fabricated MOF membranes and maximize their ability 

for gas separations, there are several challenges to be considered. First challenge is the 
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seeding of MOF materials on porous supports for fabrication of MOF membranes. The 

second challenge is preventing formation of defects and cracks during secondary growth 

and/or the activation process (i.e., removal of solvents). Lastly, the third challenge is the 

functionalization of MOFs in order to control their pore size and functionalities.  

To address these challenges associated with seeding, crack formation, and 

functionalization, this study work has three objectives:  

1) Development of novel seeding method for fabrication of MOF membranes 

2) Prevention of crack formation during membrane synthesis or activation process 

3) Functionalization of MOFs via postsynthetic modification (PSM). 

This dissertation consists of IX Chapters, including literature reviews, research 

methods and results. Details are as follows.  

Chapter I introduces the motivations and aims of this work with a brief outline. 

Chapter II reviews MOFs in terms of their origin, chemistry, types, and applications, 

such as thin films, membranes, and postsynthetic modifications (PSM) and presents the 

background of gas diffusion and mechanism through membranes in order to understand 

gas separations. Crack formation and prevention are also considered via general drying 

process in Chapter II.   

For the detailed researches, experimental methods for MOF properties, such as 

separation and adsorption properties via permeance and adsorption testers are explained 

in Chapter III. Novel seeding method for MOF membrane using microwaves has been 

demonstrated in Chapter IV. IRMOF-1 membrane has been fabricated and its small gas 
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transport has been reported in Chapter V. Fabrication of IRMOF-3 membrane has been 

demonstrated via heteroepitaxial method in Chapter VI. Preventing crack formation via 

postsynthetic modification and addition of surfactant has been discussed in Chapter VII. 

Selectively etched hierarchical IRMOF-3 and its CO2 adsorption properties has been 

demonstrated in Chapter IV ~ VIII.  

Finally the conclusions and future work are provided in Chapter IX. 
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CHAPTER II 

LITERATURE REVIEWS 

 

Recently, nanoporous metal-organic frameworks (MOFs) have drawn 

tremendous interest due to their potential applications in gas-storage,1-2,34 gas 

separation,4-5,11 gas sensing,7 and catalysis8-11 as Figure 2-1 shows the exponential 

growth of MOF research.6 Unlike their structurally related counterparts, zeolite 

molecular sieves where metal atoms (Si, Al or Ti) are inter-connected via oxygen atoms 

within a limited number of frameworks, MOFs allow numerous flexible organic linkers 

such as benzenecarboxylates connect metal atoms to form open framework structures. 

As such, MOFs display rich structural diversity, tunable pore size and chemical 

functionality through unique combined metal and organic structures. For those reason, 

MOF materials are of particular interest for advanced applications such as membrane-

based separations due to their exceptionally higher adsorption ability and porous 

properties.16 

Despite the versatile potential of MOFs for separation applications, it is yet 

difficult to utilize them as a substitute of current commercial materials such as polymer 

or inorganic ones for separations due to their some drawbacks, for instances, difficult 

film formations on supports (whether nonporous or porous materials), easier crack 

formation of films, and weaker stability against water. 

In this Chapter MOFs are briefly reviewed and compared to their counter parts. 

In addition, current technology of thin film and membrane fabrications of MOFs are 



 

 
Figure 2-1 Number of metal

Cambridge Structural Database (CSD) from 1978 to 2006. Adapted from Ref.

 

Number of metal-organic framework (MOF) structures reported in the 

Cambridge Structural Database (CSD) from 1978 to 2006. Adapted from Ref.

 

7

 

organic framework (MOF) structures reported in the 

Cambridge Structural Database (CSD) from 1978 to 2006. Adapted from Ref.6 
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discussed in order to describe difficulties of thin film and membrane fabrications of 

MOFs. Postsynthetic modifications of MOFs are reviewed as alternate methods for their 

enhanced functionality. Lastly drying process is discussed in order to find good methods 

of preventing crack formation on MOF films and membranes. 

2-1  Metal-organic Frameworks (MOFs) 

2-1-1  What are the MOFs? 

Metal-organic frameworks mainly consist of two parts, metal-oxygen 

polyhedera, as nodes and a variety of organic linker molecules as spacers, resulting in 

tailored nanoporous materials.  Figure 2-2 shows examples which showed illustrated 

synthesis of MOFs in a simple way for two representative MOFs, IRMOFs and MILs, 

connecting metal clusters (Zn or Cr) to dicarboxylate.1,35  

While hundreds of zeolites have been developed for several decades, MOFs have 

shown numerous numbers of different structures due to their unlimited choice of nodes 

and spacers. Especially, one of the most striking features of metal organic frameworks is 

that one can finely tune size, shape, and chemical functionality of their cavities and 

internal surfaces.3,15 In Table 2-1, major differences between zeolites and MOFs are 

compared.  

The unique structural feature of MOFs offers unprecedented opportunities in 

engineering frameworks for specific applications, particularly in gas storage and 

separation. There are several prominent MOFs leading this research area such as 

IRMOFs, MILs, HKUST-1, ZIFs and MAMS series showing excellent ability of gas 

adsorption or gas separation with high porosity and functionality.  



 

 

Figure 2-2 Examples of m

metal clusters form IRMOFs and MILs with dicarboxylates, respectively. 

 

ples of metal-organic framework synthesis. Zn and Cr (or Al) based 

metal clusters form IRMOFs and MILs with dicarboxylates, respectively.  
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Table 2-1 Comparison of zeolites and MOFs

 

Comparison of zeolites and MOFs. 
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2-1-2  Chemistry of MOFs 

2-1-2-1  Secondary building units (SBUs) 

The concept of secondary building units (SBUs) had been used for zeolites in 

order to easily understand their complex 3-D structures.36-37 SBUs were basically 

considered as pre-existing units in the solution which act as a nucleation point providing 

a growth of zeolites with their sequential addition. This concept is now naturally 

transferred to MOFs in order to categorize MOF structures using nodes and spacers as 

zeolites did. Yaghi and co-workers summarized the geometries of 131 SBUs38 and some 

of samples as illustrated in Figure 2-3.  

 

2-1-2-2  Self-assembled process from molecules to solids 

Despite Yaghi and co-workers strongly insisted SBUs and their role for the 

formation of MOFs, Ramanan and co-workers proposed a different intuitive and rational 

mechanism of MOFs using point zero charge molecules (PZC) as a ‘true building 

blocks’.39 According to their proposal, a soluble metal complex is immediately formed, 

when a metal salt is dissolved in solvent and then this complex organizes with organic 

group. It is important that how metal complex can organize with organic groups in the 

solvent. In order to understand the transformation of molecules into the solid, hydrolysis 

and condensation are needed. Figure 2-4 is one of examples of the above mechanism 

using formation of IRMOF-1 (known as MOF-5) via dehydrative condensation. 

Condensation might play a significant role when molecules form a structure in this 

figure. 



 

 

Figure 2-3 Illustration of various SBUs.

 
 

Figure 2-4 Formation of MOF
from Ref.39 
 

 

Illustration of various SBUs. Adapted from Ref.38  

Formation of MOF-5, [Zn4O(BDC)3] via dehydrative condensation
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] via dehydrative condensation. Adapted 
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2-1-3  MOF-5 and IRMOFs (Isoreticular Metal-Organic Frameworks) 

Since O’Keeffe has used the term ‘MOFs (Metal-Organic Frameworks)’ it has 

been distinguished from the term ‘CPs (Coordination Polymers)’ which contain weaker 

bonds resulting in lower stability when they are dried.40 O’Keeffe want MOFs to be 

considered as more stable hybrid frameworks built by strong directional covalent bonds 

between metal atoms and organic linkers resulting in 2-D or 3-D porous frameworks 

which has been considered impossible for a long time41 until Yaghi made the Zn based 

MOF series. (MOF-2, 2-D42 and MOF-4, 3-D43) 

Yaghi group reported a 2-D zinc-benzendicarboxylate, known as MOF-2 in 

1998, showing the ability to absorb gases with microporosity and high surface area.42 It 

consisted of Zn atoms and benzendicarboxylate in a periodic square array. One year 

before, Yaghi and co-works reported the first 3-D framework of covalent bonds 

containing zinc atoms and benzentricarboxylate.43 In that paper they discussed the 

design and rationale of a strategy for effecting crystallization. 

While early MOFs from Yaghi’s group showed less stability and porosity, MOF-

5 had truly unprecedented properties such as high surface area, porosity and stability 

with zinc oxide cluster connected to the six carboxylates forming a regular octahedron.1 

In order to maximize the clarity of the cavity of the MOF-5 structure, now-famous 

‘yellow ball’ was introduced for the first time in Figure 2-5. This MOF-5 with 

tetrahedral symmetry of 3-D pore structure maintaining crystallinity and stability even if 

when it was desolvated and heated up to 300 °C. The van der Waals radii of MOF-5 is 
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15.1 Å and the aperture would allow the passage of a sphere of diameter 8.0 Å showing 

2,900 m2/g (Langmuri surface area).  

While early MOFs from Yaghi’s group showed less stability and porosity, MOF-

5 had truly unprecedented properties such as high surface area, porosity and stability 

with zinc oxide cluster connected to the six carboxylates forming a regular octahedron.1 

In order to maximize the clarity of the cavity of the MOF-5 structure, now-famous 

‘yellow ball’ was introduced for the first time in Figure 2-5. This MOF-5 with 

tetrahedral symmetry of 3-D pore structure maintaining crystallinity and stability even if 

when it was desolvated and heated up to 300 °C. The van der Waals radii of MOF-5 is 

15.1 Å and the aperture would allow the passage of a sphere of diameter 8.0 Å showing 

2,900 m2/g (Langmuri surface area).  
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Table 2-2 Differences between MOF (IRMOF-1, known as MOF-5) and CP. Adapted 

from Ref.38 

 

 

 

  



 

 

 

 

Figure 2-5 Construction of the MOF

layer (right) . Adapted from Ref.

 

Construction of the MOF-5 framework (left) and representation of a (

dapted from Ref.1 
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(left) and representation of a (100) 
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According to Yaghi’s reticular concept, isoreticular series of MOFs (IRMOFs) 

were designed by the same topology.44 The same inorganic cluster and different 

dicarboxylate-type organic linkers could produce a variety of MOFs with ‘designed’ 

manner (Figure 2-6). The importance of this concept is the following. The crystalline 

materials can be synthesized by predetermined functionality and cavity size. Internal 

void space increases while organic linkers extends including special case of several 

catenated forms (IRMOF-9, -11, -13, and -15)3. Many applications of IRMOFs have 

been reported so far, for example, specific gas adsorptions, such as hydrogen and 

methane. IRMOF-1, known as MOF-5 is one of famous MOF among this series having 

high hydrogen capacity (4.7 wt%, 1bar, 77 K)45 with the simplest connection of Zn-

based metal cluster and diabenzenecarboxylate.  

 

  



 

 

 

Figure 2-6 A large series of IRMOFsA large series of IRMOFs. Adapted from Ref.3 
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2-1-4  Other MOFs: MILs, HKUST-1, ZIFs and MAMS 

Although IRMOFs have a permanent porosity with rigid structure after removal 

of solvent and structural diversity, they are less stable under moisture than other MOFs 

synthesized later such as MILs, HKUST-1, ZIFs, and MAMS. Details are as follows.    

 Since Ferey and co-workers have created a open-framework, MIL-1 (MIL, 

Matérial Institut Lavoisier)46 in 1998, a number of MILs were reported. The most 

interesting material, MIL-101, a highly porous chromium terephthalate, having a giant 

cell volume (~702,000 Å3), large surface area (~5,900 m2/g) and extra-large pore sizes 

(~30 to 34 Å)35 was reported by the same group in 2005. In order to get MIL-101, Cr(III) 

and dicarboxylate were hydrothermally treated for 8h in an autoclave at 220 °C after 

computational design. A trimer building block and carboxylate constructed a super 

tetrahedron (noted ST) and this ST was connected to each other in order to construct an 

augmented MTN (Mobil Thirty-Nine) zeotype architecture. 

The stability of MIL-101 under atmosphere and various organic solvents over 

several months, as well as the high adsorption capacity make MIL-101 an attractive 

candidate for the gas adsorption and separation. Moreover, some of MILs such as MIL-

47, -53, -6847-50 breathe. MIL-53 contained guest molecules (solvents, and unreacted 

chemicals) in the tunnels (V=1440 Å3). After heating the material at 573 K, MIL-53-ht 

was created with empty tunnels (V=1486 Å3). By cooling in air, MIL-53-lt was formed 

by reabsorbing water in the tunnels (V=1012 Å3). The breathing effect of MILs as well 

as high adsorption capacity lead MILs as a curious material in various research fields, 

such as gas adsorption, separation, catalysis, drug storage and delivery. 
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HKUST-1, originally reported by Chui et al.,51 consists of Cu2(H2O)2 dimer units 

linked by benzene-1,3,5-tricarboxylate groups, forming a 3D open framework. HKUST-

1 contains intersecting three dimensional channels of ~ 9 Å in diameter surrounded by 

tetrahedral side pockets of ~ 5 Å in diameter. The channels and the side pockets are 

interconnected via triangular windows of ~ 3.5 Å. Owing to their microporous structure 

and robustness as well as open coordination sites, HKUST-1 has been widely studied 

experimentally,52-53 and computationally54-56 for gas purification and separation. 

ZIFs (Zeolitic Imidazolate Frameworks) are a subset of MOFs showing zeolitic 

topologies due to their bond angle of metal-imidazolate-metal similar to that of Si-O-Si 

in zeolites. Particularly, ZIFs exhibit dramatically increased thermal and chemical 

stability compared to other MOFs because of their strong bond of metal-N.38,57-59  

MAMS (Mesh-adjustable molecular sieves)5 are a special class of MOF that 

exhibit temperature-tunable molecular gates60 within their pores, affording control over 

the gases absorbed into the material by discriminating based on molecular size. 

 

2-1-5 MOF films and membranes 

The membrane based separation is more energy efficient process than traditional 

process such as distillation or crystallization which need energy intensive process. In 

order to obtain a separation, traditional processes need the phase change of chemicals 

which consumes more energy than membrane based separations. There are some good 

materials for membrane based separations. Polymers are most dominant materials for 

membranes due to their cheap price and production cost. Although polymeric 



 21

membranes have great advantages in an economic point of view they are being used in 

few applications of gas separations because of their instability at high temperature and 

severe chemical conditions. Zeolites are also prominent materials for membranes due to 

their uniform pore size distribution and porous properties, however, there are not many 

applications of zeolite membranes because of their limited number of frameworks (size 

of molecular sieves) and brittleness. 

MOF materials as thin films and membranes are of particular interest for 

membrane-based separation and other advanced applications such as sensors due to their 

exceptionally high adsorption ability and high porous properties.16  

 

2-1-5-1  Thin films 

The MOF thin films have great potential for applications, such as gas sorption, 

separation and sensors, however there are only a few reports of following MOFs as thin 

films: MOF-5,24,29,61 HKUST-1,26-28,62-63 Zn2(bdc)2(dabco),26 Mn(HCOO),25 MIL-53(Fe) 

and MIL-88B.64 There are several approaches for making MOF thin films such as direct 

growth (or deposition), SAMs and stepwise layer-by-layer.  

For the direct growth/deposition, one can use the different surface charge of 

supports as a simple method of thin film fabrication. Zacher et al. used SiO2 and Al2O3 

surfaces as a support for MOF thin films on which HKUST-1 can deposit differently due 

to the isoelectric points of these surfaces resulting in more deposition on Al2O3 (IEP, 

8~9) than SiO2 (IEP, 1.7~3.5).26 The reason for more dense coatings on Al2O3 is the 

following. Surface charge of Al2O3 in HKUST-1 precursor solution, mainly water and 
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alcohol, is more likely positive which can attract more organic ligand, carboxylic acid (-

COO-) and finally show denser coatings on Al2O3 than SiO2. 

Another example of making a thin film is using an organic monolayer treated 

SAMs (Self Assembled Monolayers). Hermes and co-workers reported selectively 

oriented HKUST-1 thin films on SAM modified Au surface.24 COOH-, OH-, CH3- and 

CF3- terminated SAM were tested and shown crystallographic preferred orientation of 

[100] direction, [111], random and no coating respectively. It is speculated that the 

organic-terminated crystal faces might be connected to alkyl-terminated SAM. 

 

2-1-5-2  Membranes 

Membrane-based separations have been attractive as a potential technology in a 

wide variety of industrial applications from biomedical to petrochemicals since 

membrane processes generally need low capital investment, low energy consumption 

and potential ease of operation than other conventional processes.18 Membrane processes 

typically engage transport of components from a feed side to a permeate side, caused by 

various driving forces such as pressure, temperature, concentration, or electric potential. 

Gas separation membranes are being exploited for commercial use in hydrogen recovery, 

enrichment of refinery gas, isomer separations and olefin/paraffin separations.19  

Despite the strong potential of membrane processes, there are still several 

obstacles to overcome such as development of high-efficiency modules and creation of 

advanced materials with tunable capabilities and functionalities to improve separation 

efficiency.20  
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Polymers in general can offer economical and flexible modules, however, they 

have problems not only with plasticization when exposed to unfavorable conditions such 

as high pressure and temperature, but also with fouling by highly sorbing components.21 

Inorganic materials, such as zeolites, however, tend to be brittle and especially it is 

difficult to control the surface properties and functionalities. Another example, using Pd-

based membranes, has the drawbacks to be overcome, a deactivation by sulfur, chlorine, 

or even olefin.65  

For those reasons, metal-organic frameworks (MOFs) are potentially attractive 

materials with unique structural features such as extremely high surface area, high 

diffusivity, and tailorable functionalities and can overcome the limitations of other 

materials.22 MOF materials as thin films and membranes are of particular interest for 

membrane-based separation and other advanced applications such as sensors.23 Despite 

substantial efforts in the synthesis of MOFs, there have been relatively few reports on 

the fabrication of MOF thin films24-29 and membranes.30-33 Continuous thin films and 

membranes of MOFs were prepared by both an in situ
24,27,30-31 and a secondary growth 

method.28,32-33 Liu et al.31 and Yoo et al.32 reported MOF-5 (also known as IRMOF-1) 

membranes grown by an in situ and a secondary growth, respectively.  

  



 

Table 2-3 Material properti

 

 

 

Material properties of polymetric and zeolite membranes.  
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2-1-5-3  In-situ growth method 

Liu and co-workers31 reported the first study of MOF (IRMOF-1) membrane via 

the in-situ growth method. Soaking a flat bare α-Al2O3 disc for half an hour before 

adding Zn precursor solution enabled the MOF growth on support via solvothermal in-

situ growth. It also had shown that gas permeation of MOF results in Knudsen type 

transportation of small gases through the MOF membrane. Arnold et al.25 demonstrated 

in-situ growth of Mn(II) formate crystals on graphite support. It was one of the first 

MOF film and membrane, however there was no result of membrane-based gas 

permeance test.  

 

2-1-5-4  Seeded growth method 

Due to the easier control of membrane microstructures as well as the less 

dependence on the nature of supports, secondary growth is preferred to in situ growth. 

When using the secondary growth method, however, it is of critical importance to anchor 

seed crystals on supports (often porous oxide supports such as porous α-alumina). For 

instance, zeolite seed crystals can be strongly attached on oxide supports by reacting 

surface hydroxyl groups of both zeolites and supports via simple calcination.  

In order to achieve well fabricated MOF membranes for challenging gas 

separations, there are several challenges to be considered. First challenge is the seeding 

of MOF materials on porous supports for fabrication of MOF membrane (Figure 2-7). 

Second challenge is preventing the formation of defects and cracks during secondary 

growth and/or activation process (i.e., removal of solvents).  



 

 

Figure 2-7 Illustration of seeded growth process for zeolite and MOF film or membrane 

fabrication. 

 

 

 

 

Illustration of seeded growth process for zeolite and MOF film or membrane 
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Illustration of seeded growth process for zeolite and MOF film or membrane 
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2-1-6  Postsynthetic modification (PSM) 

Giving chemical functionality to materials is of interest due to their extended 

functionality which enhances their catalytic reactivity,66 adsorption properties,67-70 and 

enantioselectivity.8 Postsynthetic modification (PSM) is one of the effective ways to 

coordinate materials, for instance, amine-graft mesoporous MCM or SBA series 

IRMOF-3 which contains amino functional group in the structure allowing 

catalytic property66 and various postsynthetic modification for giving functionality on 

MOFs.69     

The concept of PSM to coordination polymer was already proposed in early 

1990,71 however, it was very limited to report the introduction of PSM to porous MOFs 

due to the difficulty of breaking and reforming covalent bonds on MOFs.  Figure 2-8 

show a general illustration of postsynthetic modification of MOFs.69 Firstly metal 

clusters and organic linkers were synthesized, either hydrothermally or solvothermally, 

and then MOF crystals were modified by postsynthetic methods. In this Chapter, the 

modification of MOFs via postsynthetic fashion will be briefly reviewed. 
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Figure 2-8 A general illustration of postsynthetic modification of MOFs. Adapted from 

Ref.69 
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2-1-6-1  Using non-covalent bond 

The postsynthetic non-covalent modifications of MOFs usually consists of three 

forms including guest removal, guest exchange, and ion exchange. The first two forms 

are more general because ion exchange is limited to charged structures.  

Lee and co-workers reported a case of guest removal (Ag based 2-D MOFs), 

resulting in single-crystal-to-single-crystal reversible transformation by releasing guests 

(benzene) like as zeolite host-guest behavior.72 Yaghi et al. also demonstrated in a 

similar report, a 2-D Co-BTC MOF showing stability after removing the guest.73 

MOFs can be modified by exchange of ion species inside MOFs just like their 

counter-part zeolite. While zeolite can only be exchanged by cations, MOFs can be 

modified by both anion71 and cation.74-75 

 

2-1-6-2  Using coordination bond 

There are a number of MOFs which release auxiliary ligands from metal ions 

under appropriate conditions such as drying.42,51,76-79 Importantly, these MOFs can 

generate unsaturated metal centers which can permit modification sites for further 

functionalization of MOFs. HKUST-1, known as Cu-BTC, reported by Williams and co-

workers, consists of the Cu-paddle wheel SBUs and aqua ligands which can allow their 

substitution when aqua ligands are removed. 51 Interestingly, pyridine containing 

HKUST-1 cannot be obtained directly while dehydration of HKUST-1 can have pyridine 

as a new axial ligand.   
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Ferey and co-workers also investigated PSM on their famous materials, MILs. 

(MIL-101,35 MIL-100,80) Both MOFs have water molecules on their potential open 

metal sites at Cr and can be modified after dehydration. All characterization confirmed 

new ligands of amine functionality on both materials implying open new possibility of 

catalysis. The modified MILs shown improved catalytic activity for Knoevenagel 

condensation of benzaldehyde and ethyl cyanoacetate than their unmodified structure.81 

 

2-1-6-3  Using covalent bond 

It may seem challenging to modify MOFs via covalent routes because of their 

relatively difficult breaking and reforming of covalent bonds on MOFs than coordination 

bonds less strong and stable. The importance of PSM via covalent routes, however is to 

maintain thermal and chemical stability as well as their own structures. Thus there are 

many kinds of successful trials via covalent transformation applied to MOFs such as N-

alkylation,8 amide coupling,67-68,70,82-84 click reactions,85-86 urea formation,84,87 imine 

condensation,84,88-91 and reduction.90    
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The first trial of PSM through covalent route was reported by Seo and co-

workers in 2000 for enantioselective separation and catalysis with POST-1, 2-D 

homochiral MOF.8 POST-1 contains Zn trimers, carboxylate groups, half of pyridine 

moiety engaged in coordinate bond and the other half of pyridine units exposed in 

channels. Chiral MOF and excess CH3I in DMF at room temperature resulted in N-

methylpyridinium ions in MOF, called POST-1-Me. 1H NMR analysis indicated the 

conversion of pyridine, PXRD confirmed maintained structure after modification and 

Raman spectroscopy revealed the presence of I3
- counterions. Interestingly modified 

POST-1-Me showed better catalytic activity of transesterification reaction than 

unmodified one. 

Recently Cohen and co-workers ignite a systematic research on PSM of MOFs 

via covalent manner.67-70,82,87 They initially used IRMOF-3 as a model material for the 

covalent PSM of MOFs because IRMOF-3 has a high surface area, rigid structure and 

amine functional group in the structure which can allow secondary reaction via PSM 

manner. Wang and Cohen reported the first postsynthetic modification of IRMOF-3 with 

acetic anhydride resulting IRMOF-3-AM1 (Figure 2-9), consisted of >85% acetylated 

NH-BDC ligand.67 
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Figure 2-9 Illustration of postsynthetic modification of IRMOF-3 with various 

anhydrides. Adapted from Ref.67,69 
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2-2  Gas Diffusion  

In order to describe gas permeation through various membranes, we consider 

mechanisms of gas transportation through membranes. These mechanisms can be 

described by either different pore sizes or materials. Figure 2-10 shows the illustration 

of various membranes. Gas flow mechanisms via various materials can be categorized 

by several examples shown Figure 2-10.92 In this chapter, the principles of the gas 

diffusion will be described. 

 

2-2-1 Classification of gas diffusions via various membranes 

2-2-1-1  Poiseuille (viscous) flow 

When the pore size is much greater than  gas molecules which may not be 

affected by potential of pore wall, gas flow through porous medium including defect- or 

pinhole, is governed by Poiseuille (viscous) flow.93 This model is defined by the ratio 

r/λ>>1, where pore radius, r, the mean path length of the gas molecule, λ.  

The mean path length of the gas molecule is defined by Equation 2-1, where η is 

the viscosity of the gas, P is the pressure, R is the universal gas constant, T is the 

temperature and M is the molecular weight of the gas molecule. 
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Figure 2-10 Gas diffusion mechanisms via various pore sizes and materials

 

 

Gas diffusion mechanisms via various pore sizes and materials
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Gas diffusion mechanisms via various pore sizes and materials.92 
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The gas flux governed by Poiseuille (viscous) flow (Jp) is shown Equation 2-2, 

where r is the pore radius, l is the pore length, R is the universal gas constant, T is the 

temperature, M is the molecular weight of the gas molecule, Pf  and Pp are the pressure 

of feed and permeate side, respectively. 
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The gas selectivity for Poiseuille (viscous) flow is defined as the ration of gas 

fluxes and can be expressed in Eq. (3) due to the lack of pressure differences between 

two gas fluxes. 
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Thus, when Poiseuille (viscous) flow predominates (presence of pinholes or 

defects), there is no gas separation. 

 

2-2-1-2  Knudsen diffusion 

When the size of pore diameter is smaller than its mean free path (r/λ < 1), 

typically within the range of 2 to 100 nm pore sizes, the diffusion of gas molecule obeys 

the Knudsen diffusion law, which can be expressed by Equation 2-4 (Kennard, 1938). 

Physically it means that each molecule in Knudsen diffusion regime bumps into the pore 
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wall and moves depending on its molecular weight. Heavier molecules move slow while 

lighter molecules move fast. Permeance of the gas (Qk) is 
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Where N (m-2) is the pore density, rp (m) is the pore radius, M (kg/mol) is the 

molecular weight, R (m3 Pa/(mol K) is the gas constant, T(K) is the absolute 

temperature, and ∆P (Pa) is the transemembrane pressure difference. 

The gas selectivity for Knudsen Diffusion is following, 
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Thus permeance of gas molecule is proportionally related to its inversed square 

root. This is ideal selectivity corresponding to the maximum selectivity in this regime.  
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2-2-1-3  Surface diffusion  

When gas has high boiling point or is very condensable, gas molecule can easily 

adsorb on the pore wall and move along the pore wall, this is so-called surface diffusion. 

The flux by surface diffusion is usually expressed in the form of Fickian diffusion 

equation described below, that is proportional to the concentration gradient of adsorbed 

layer. 

 

, � -./0 12
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Total flux, Jt through the membrane can be described by summation of viscous 

flow, Jv, Knudsen flux, JK and surface diffusion flux, Js 

 

Jt = Jv + JK + Js     (2-7) 

 

Here viscous flow through the membrane means cracks or defects of membrane 

because viscous flow can occur in the relatively larger size regime of pore than 

molecular size. If contribution of viscous flow through the membrane can be negligible, 

we can simply separate the contribution of each flux by temperature controlled 

permeation test. At high temperature molecular adsorption will be minimized resulting 

total flux approaches the value of Knudsen flux.   

 

 



 38

2-2-1-4  Capillary condensation 

The Kelvin equation can explain quantitatively the condensation of gas in the 

pore which can occur easily when the diameter of pore becomes small. 
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Where, Pc (Pa) is the condensation vapor pressure and Psv (Pa) is the saturated 

vapor pressure, Vm (m3/mol) is the molar volume of condensate, γ (N/m) is the surface 

tension of condensate,  θ is the contact angle, r (m) is the pore radius,  R (m3 Pa/(mol K) 

is the gas constant, T(K) is the absolute temperature. 

 

Once vapor gas molecule condenses within pores, the capillary condensation can 

not allow the permeation of the other gas resulting better selectivity than when it is not 

condensed.  

 

2-2-1-5  Activated diffusion 

When the pore size is less than 2 nm, molecule must overcome an energy barrier 

from wall for diffusion or permeation.  In other words, as the pore size becomes 

molecule size, an excess kinetic energy is needed for a molecule to pass a narrow pore. 

High temperature can help this kind of diffusion so called activated diffusion, since 

kinetic energy is came from molecular motion 
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2-2-1-6  Molecular sieving 

When the pore size becomes more small, gas molecules larger than pore diameter 

cannot pass through the pore. Zeolites are well known materials as a molecular sieve 

with pore range of 0.3 to 1nm  

 

2-2-1-7  Solution-diffusion 

The Solution-Diffusion mechanism has been more widely accepted in dialysis, 

reverse osmosis, gas permeation and pervaporation as the basic model94-96 showing that 

the overall driving force which inter-relates other driving forces of pressure, 

temperature, concentration, and electromotive force is the chemical potential gradient 

related to the gas concentration gradient within the membranes with constant pressure 

(Figure 2-11). Thus, flux is generally defined as Equation 2-9, where L is the 

proportional constant, µ is chemical potential, and C is concentration. It can be converted 

into Fick’s First Law in the Solution-Diffusion Model, due to the assumption of 

equilibrium based in thermodynamics. 
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Figure 2-11 Schematic illustration of permeation process of membrane. 

represent chemical potential of feed and permeate side, and 

at the membrane interfaces for the feed and permeate side. 

membrane, and pf and pp represent the pressure of each side.

 

Schematic illustration of permeation process of membrane. 

represent chemical potential of feed and permeate side, and Cf and Cp are concentrations 

at the membrane interfaces for the feed and permeate side. l is the thickness of 

represent the pressure of each side. 
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Schematic illustration of permeation process of membrane. µp and µf 

are concentrations 

is the thickness of 
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It used the relationship between the solubility coefficient, S and the concentration 

gradient, C with basic thermodynamic principles. Now the concentration gradient 
A2
AC can 

be expressed by Equation 2-10, where l is the thickness of the membrane. 
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The permeability coefficient P is defined by following Equation 2-11. 
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Thus flux (Equation 2-10) can be expressed Equation 2-12. 
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2-2-1-8  Dissociative solution 

In Figure 2-12, mechanism of dissociative H2 permeation through dense metal 

membranes was illustrated.  
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Figure 2-12 Mechanism of dissociative H

(a) adsorption, (b) dissociation, (c) dissolution, (d) diffusion, (e) recombination, and (f) 

desorption. 

 

Mechanism of dissociative H2 permeation through dense metal membranes. 

(a) adsorption, (b) dissociation, (c) dissolution, (d) diffusion, (e) recombination, and (f) 

 

42

 

permeation through dense metal membranes. 

(a) adsorption, (b) dissociation, (c) dissolution, (d) diffusion, (e) recombination, and (f) 
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2-2-2  Modeling gas diffusions 

Gas diffusion through the porous membranes can be described by the five 

consecutive steps following below and Figure 2-13, as Barrer had used.97 

 

a) Gas adsorption on the feed side of external membrane surface 

b) Gas diffusion from the external surface to the internal pores 

c) Intracrystalline diffusion via the internal pores  

d) Getting away from the internal pores to the permeate side 

e) Gas desorption from the permeate side of external membrane surface 

 

These steps can all be described by molecular jump correlated to activation 

energy. Step 1, 2, 4 and 5 are interfacial processes and step 3 is intracrystalline diffusion. 

There are several approaches to describe intracrystalline diffusion. 

  



 

 

 

 

Figure 2-13 The five consecutive diffusion steps via porous membrane.

 

 

 

The five consecutive diffusion steps via porous membrane.97 
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2-2-2-1  Fick’s Law 

The Fick’s first law has been used as a common equation for the diffusion 

process via the membranes. The molar flux is proportional to the gradient of the 

component concentration. 

  

"E � -∑ .EH>IEJHKL      (2-14) 

 

Where .EH is the Fick’s diffusivity of species of i and j. IE is the concentration of 

species of i. 

 

2-2-2-2  Onsager of irreversible thermodynamics 

As an alternative approach to Fickian diffusion, Onsager used the chemical 

potential as the true driving force for diffusion. The molar flux is associated to the 

chemical potential gradient of the component. 

 

"E � -∑ =EHJHKL >?E     (2-15) 

  

Where Lij is the Onsager coefficients and µi is the chemical potential of the 

sorbed species i. Assuming equilibrium between the sorbed species and the bulk phase, 

the chemical potential can be expressed by following equation. 

 

?E � ?EM N OP34QRES     (2-16) 
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Where µi
0    is the chemical potential in the standard state and fi is the fugacity. 

The chemical potential gradients can be expressed in terms of the occupancy gradient. 

 

<T

� >?E � ∑ ΓEHJHKL >UE , ΓEH V UE A�JWTA<X  ; Z, [ � 1,2, … , 4  (2-17) 

 

Where Γij is the thermodynamic factors, and θi is the fractional occupancy, which 

obeys 

 

UE � ^T
^T,6_` �

aTWT
Lb∑ aTWTFXc�

    (2-18) 

 

Where qi is the molar loading of component i, qi,sat is the saturation loading of 

component i, and bi is the parameter in the Langmuir adsorption isotherm. In this 

equation, the extended Langmuir isotherm can be used to relate the fugacity to the 

adsorbed phase concentration. 

 

Using the Langmuir adsorption isotherm, the thermodynamic factor for a single 

component can be obtained by following equation, 

 

ΓEE � L
L�<T     (2-20) 
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2-2-2-3  The Generalized Maxwell-Stefan equations 

In the Generalized Maxwell-Stefan equations the sorbent is considered as the 

(n+1)th components. The interrelation between the Fick and Onsager coefficient is  

 

dTX
<TX �

eTX
fTX V .EH      (2-21) 

 

Where Dij is the corrected diffusivity and is also identical to the Generalized 

Maxwell-Stefan diffusivity. 

With the concept of Maxwell-Stefan diffusivity, the behaviors of mixture gases 

can be explained which cannot be taken into account by both Fickian and Onsager 

approaches. 

 

2-3  Drying Process of Thin Films and Membranes  

 Prior to the trials of preventing cracks in IRMOF-3 membranes, the drying 

process is reviewed in this section. Most of knowledge was adapted from the classic 

work of Sherwood,98-100 several texts,101-103 and reviews.104-105 Brinker’s ‘Sol-gel 

science’ (Chapter 8)106 also well reviewed this problem. 

 

2-3-1  Phenomenology 

Drying process of porous materials is consisted of several stages as described 

below.  
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2-3-1-1  Constant rate period (CRP) 

According to Dwivedi’s report about rate of water loss vs. water content in gel 

for various thickness, shown in Figure 2-14, there is a period in which rate of water loss 

does not change in the first stage of drying, so called the constant rate period (CRP). In 

this CRP, the rate of evaporation per unit area of the drying surface is independent of 

time, thus which make rate of water loss independent of time. When liquid (i.e., solvent) 

is covered both surface and pore (or grain boundary) of material, the chemical potentials 

in both sides are same.   

 

gh/gM � jkgQ ∆B
l�S     (2-22) 

 

Where gh is the vapor pressure, gM is the vapor pressure of bulk liquid, Om is the 

ideal gas constant, and P is the temperature. The rate of evaporation is proportional to 

the difference between vapor and ambient pressure. Where  n is a constant determined 

by drying chamber. 

 

opq � nQgh - grS     (2-23) 

 

2-3-1-2  Critical point 

Critical point is placed at the end of the first stage, when shrinkage stops and 

cracking is to occur. As the porous material shrinks due to removal of solvent in pore, 

the tension increases and the vapor pressure decreases according to Equation 2-24. 



 

 

 

Figure 2-14 Rate of water loss vs. water content in gel for various thicknesses. Adapted 

from Ref.106 

 

Rate of water loss vs. water content in gel for various thicknesses. Adapted 
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Rate of water loss vs. water content in gel for various thicknesses. Adapted 
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gh � gMjkgQ- �8&

l�S     (2-24) 

 

Where os  is the molar volume of the liquid and D is the tensile stress in the 

liquid. 

In practice, the network of porous material becomes inflexible as it shrinks and at 

some point becomes able to endure the capillary pressure. Thus shrinkage stops at 

critical point. 

The capillary stress at the critical point can be drawn as  

 

D
 � td8cos QUSQxyzL�yS    (2-25) 

 

Where / is the specific surface area of the drained network, {a is its bulk density, 

and { is its relative density. 

 

2-3-1-3  First falling rate period (1
st
 FRP) 

The meniscus moves into the body due to the further evaporation of solvent after 

stopping of shrinkage as shown in Figure 2-15. After the critical point, there are linear 

decrease of temperature and vapor pressure from inside to outside because most of 

evaporation is still occurring at the surface and liquid flows to outside from meniscus. 

This period is called the first falling rate period (1st FRP).  
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Figure 2-15 Schematic illustration of transport during the first falling rate period. 

Temperature and vapor pressure decrease toward the outside. There are liquid flow and 

diffusion toward the exterior. Adapted from Ref.106 
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2-3-1-4  Second falling rate period (2
nd

 FRP) 

In second falling rate period (2nd FRP) where evaporation occurs inside the pore, 

most of surface is dried and pore is still wet. There are two states, funicular and pendular 

state in the pore as shown in Figure 2-16. The temperature of the surface is smiliar to 

the ambient temperature and the rate of evaporation is less sensitive to external 

conditions.    
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Figure 2-16 Schematic illustration of transport during the second falling rate period. 

Adapted from Ref.106 
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2-3-2  Drying stress 

During the CRP the tension in the liquid compresses the network and induces 

flow from the interior. The rate of evaporation should be equal the flux of liquid to the 

surface shown in Equation 2-26.  

 

,|�W}:~ � e
�� >D,|�W}:~ � opq     (2-26) 

Where . is the permeability of the network and �dis the viscosity of the liquid. 

The distribution of pressure can be written in Equation 2-27. 

 

 D � �D� N ��8p�
d ������ Q

��
� S

���� Q�S - 1�    (2-27) 

 

Where �D� is the average tension in liquid and ��  is the viscosity of the network. 

If there is uniform pressure in the liquid, the network would be compressed 

uniformly during drying process and there is no crack formation. However, there is 

pressure gradient between the drying surfaces.  The tension in wet pore is greater than 

that in the drying surface, thus crack would be formed. The tensile stress, �C , equal to 

Equation 2-28. 

�C � D - �D�     (2-28) 

 

Thus,  �C � ��8p�
d ������ Q

��
� S

���� Q�S - 1�    (2-29) 
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Or, when � � 1,   �CQ=S � =�dopq/3.    (2-30) 

 

The stress is proportional to viscosity, evaporation rate, thickness, and inverse 

diffusivity of liquid. 

 

2-4  Characterizations of Surface Area and Pore Size  

Gas adsorption as one of effective characterization tools is needed to reviews for 

my research of MOFs in order to verify the surface and pore size analysis. In gas/solid 

interface the gas is called adsorptive and the solid is called the adsorbent. According to 

IUPAC (International Union of Pure and Applied Chemistry) definition, there are mainly 

three different pore sizes, i.e., ‘Macropore’, ‘Mesopore’ and ‘Micropore’. The range of 

macropore is greater than 50 nm of internal width, mesopore means between 2 and 50 

nm of internal width, and micropore has an internal width less than 2 nm. Recently 

IUPAC classified micropore into two other ranges, ‘Ultramicropore’: less than 7 Å and 

supermicropores: 7 Å to 2 nm.  

The adsorption behavior of gas molecules is governed by adsorption potential, ε, 

and shown in Figure 2-17. Basically the sorption behavior is related to the interaction of 

molecules and pore walls, however that shows quite different behavior, i.e., macropores 

which can be considered as flat surface. Interestingly the sorption behaviors in 

micropore which has overlapped potentials distinct from that in mesopore which has two 

wall potentials.  
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Figure 2-17 Adsorption behavior of gas molecules governed by adsorption potential, ε. 

Adapted from Ref.107 

 

The IUPAC published in 1985 a classification of six adsorption isotherms 

according to an extensive survey. (Figure 2-18) Reversible type I isotherm, type II, type 

III, type IV for mesopore, type V weak attractive interactions between the adsorbent and 

the adsorbate. Type VI isotherm, special case of stepwise multilayer 

adsorptionspherically symmetrical, non-polar adsorptive. 
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Figure 2-18 A classification of six adsorption isotherms. Adapted from Ref.107 
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2-4-1  Basic adsorption mechanisms in mathematical point of view 

The Langmuir isotherm can explain the type I isotherm with the assumption of 

monolayer adsorption of adsorbate. There are basic assumptions of this adsorption 

mechanism. 

 

1. The surface is perfectly flat plane 

2. The gas adsorbs into an immobile state 

3. All site are equivalent 

4. Each site can hold at most one molecule 

5. There are no interactions between adsorbate molecules on adjacent sites.  

Using a kinetic approach, the number of molecules, N is given by Equation 2-31. 

 

" � ��
��	�
�     (2-31) 

 

Where "  is Avogadro’s number, P is the pressure of adsorbate, �  is the 

molecular weight of adsorbate, R is the gas constant and T is the absolute temperature. 

 

1�
1% � nDUM     (2-32) 

 

Where k is "/�2!�OP.  

"}1, � nDUM0L    (2-33) 
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"1~, � "sUL�Lj�q 
��     (2-34) 

nDUM0L � "sUL�Lj�q 
��     (2-35) 

UM � 1 - UL      (2-36) 

UL � ��r�
�&��~��  ¡� b��r�

� '�
Lb'�    (2-37) 

¢ � �r�
�&��~��  ¡�      (2-38) 

 

Again 

 

UL � '�
Lb'� � �

�& � £
£&    (2-39) 

�
£ � L

'£& N �
£&     (2-40) 

 

The plot of D ¤�  as a y-axis vs. D  as a x-axis shows a linear line of slope, 

1 ¤s� with intercept, 1 ¢¤s� . Now ¢ and ¤s can be calculated. 
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The surface area /% can be calculated from following equation. 

 

/% � "s0C � £&�r¥
�¦      (2-41) 

 

Where 0C is the cross-sectional are and �¦  is the molecular weight of adsorbate, 

and  " is Avogadro’s number. 

 

The BET theory was introduced by Brunauer, Emmett and Teller who extended 

Langmuir’s kinetic theory to multilayer adsorption. There are three more assumptions in 

Langmuir theory. 

 

a. Gas molecules physically adsorb on a solid in layers infinitely 

b. There is no interaction between each adsorption layer 

c. The Langmuir theory can be applied to each layer 

 

nDUJ�L0J � "sUJ�Jj�qF 
��     (2-42) 

nDUJ�L0 � "sUJ�j�d 
��      (2-43) 

 

�
�& � 2Q� �§� S

*L�� �§� +¨L�� �§� b2Q� �§� S©     (2-44) 
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Recall  

 

�
�& � £

£&     (2-39) 

L
£¨� �§� �L© �

L
£&2 N 2�L

£&2 * ��§+    (2-45) 

 

¤s and ª can be calculated by the plotting of 1 ¤ ¨D DM� - 1©«  and D DM�  from slope and 

intercept. 

 

The surface area /% can be calculated from following equation. 

 

/% � "s0C � £&�r¥
�¦      (2-46) 

 

Where 0C is the cross-sectional are and �¦  is the molecular weight of adsorbate, 

and  " is Avogadro’s number. 

 

2-4-2  Multilayer adsorption, pore condensation and hysteresis in mesopore 

As mentioned earlier, range of mesopore is 2 – 50 nm and the sorption behavior 

in these sizes will be dominated by gas-gas and gas-wall interactions. These two 

attractions occur pore condensation and hysteresis. These are well illustrated in Figure 

2-19. Once gas molecules adsorbed in the wall(A) forming multilayers after completing 



 62

monolayer adsorption (B), pore will be condensed in a pressure P1, less than a saturation 

pressure P0 of same molecule due to capillary condensation (C to D). When saturated 

gases evaporate in the pore (E), adsorption amount suddenly decreased at a pressure P2, 

less than capillary condensation pressure, P1 resulting hysteresis in 

adsorption/desorption isotherm curves (E to F).   

 

2-4-3  Micropore analysis 

Typically microporous materials show type I isotherms, whereas a stiff increase 

at low P/P0 and a long plateau as P/P0 �1, while mesoporous ones exhibit type IV and 

type V isotherms. These characteristic patterns can be occurred by few layer adsorption 

and explained well by Langmuir equation. Despite good fitting experimental data with 

Langmuir equation, a true surface area and pore size analysis did not correct well. Some 

of historical approaches were studied in order to match obtained data into real. 

  



 63

 

 

 
 
Figure 2-19 The illustrations of pore condensation and hysteresis. Adapted from Ref.107
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CHAPTER III 

EXPERIMENTAL METHODS 

 

Research area of MOFs (metal-organic frameworks) is an emerging class in 

nanoporous materials compared to previously famous porous ones such as zeolites or 

activated carbons. In order to characterize basic properties of these materials, many of 

techniques introduced to former researches such as, XRD, SEM, IR, XPS, TGA and N2 

isotherm analysis can be used in the same way.  

In this chapter, gas permeance and gas adsorption tester designed for this 

dissertation are introduced for the verification of separation properties such as 

permeance, selectivity, diffusivity and adsorption ability.     

 

3-1  Permeation Test of Single Gas Using Time-lag Method 

The time lag is the delivery of time required for a gas to permeate via a 

membrane. It is determined by pressure increase of permeate side, previously evacuated 

space as a function of time (pressure vs. time). This void space (permeation cell and 

buffer in Figure 3-1 is degassed before testing, which is separated from gas feed side by 

a membrane. Figure 3-1 shows the diagram of measurement tester for gas permeation. 

Membrane is installed in the middle of permeation cell and then once testing gas passes 

from feed side to permeate side (vacuum), the pressure of permeate side will be recorded 

as a function of time (Figure 3-1). Time Lag is defined as an intercept of a line 

extrapolated to the time axis from the linear part of the pressure curve. In this graph 
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there are two regions of unsteady-state diffusion region showing the initial transient rise 

in pressure and steady-state diffusion region, which is the linear portion of the line. 

In order to model this permeation process, Fick’s second law of diffusion 

(Equation 3-1) can be used with below boundary conditions.  

A2
A% � . A�2

AC�       (3-1) 

t < 0   0 ≤ x ≤ l  C = 0 

t ≥ 0   x = 0   C = a constant 

t ≥ 0   x = l   C = 0 

Applying above boundary conditions results in Equation 3-2 ~5.  

(
�2� �

e%
�� - L

¬- �
	�∑ Q�LSF

J�
∞JKL jkg *- eJ�	�%

�� +     (3-2) 

 �	�∑ Q�LSF
J�

∞JKL jkg *- eJ�	�%
�� +%®∞ � 0      (3-3) 

(
�2� �

e%
�� - L

¬         (3-4) 

� � e2�%
� - �2�

¬ � e2�
� *° - ��

¬e+ �
e2�
� Q° - US    (3-5) 

U � ��
¬e      (3-6) 

 



 

Figure 3-1 Schematic illustration of permeation 

 

Schematic illustration of permeation tester. 
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Equation 3-6 and Figure 3-2 provide the value of diffusivity from the time lag 

(intercept). 

Now, the solution of the flux  converted to STP conditions and the slop obtained 

Figure 3-2 within the steady-state region provide permeability of membrane from the 

experiment via Equation 3-7 and 3-8, where o is the volume of the evacuated chamber 

of permeate side, 0  is the cross-sectional area of the membrane g±  is the feed side 

pressure and O is the ideal gas constant.  

 

 � D ∆�� � D �²
� � J

r% �
³´
% µ L


� µ 8
r � ,�;�~


� µ 8
r      (3-7) 

D � ,�;�~

� µ 8

r µ �
�²         (3-8) 

 

With the Time Lag experiment and Equation 3-6, the diffusivity, solubility and 

permeability can be all calculated with one set of experiment. It is very useful method 

with polymer membranes as well as porous membranes such as MOF membranes. 

 

 

 

  



 

 

 

Figure 3-2 Schematic example of response curve of pressure as a function of time at 

permeate side. 

 

Schematic example of response curve of pressure as a function of time at 
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Schematic example of response curve of pressure as a function of time at 
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3-2 Adsorption Test via Fixed Bed System  

In order to test CO2 adsorption ability of sorbents micro reactor type of fixed bed 

adsorption system was used. This system is illustrated in Figure 3-3. Fixed bed 

adsorption processes are mainly used in chemical process and other industries due to 

their well know n mathematics and simplicity of process.  

 

3-2-1 Experimental procedure 

Approximately 10 % of CO2 and 90 % of Ar mixtures were prepared in a 

cylinder and introduced into the reaction cell in which 100 mg of sand as a inert and 30 

mg of sorbate were mixed and placed after 3 hr activation process under Ar flow. GC 

traced mixture gases from the outlet of reactor and monitored. These data can be used by 

following calculation.  

 

3-2-2 Calculation CO2 loading from adsorption breakthrough curve 

 Equation 3-8 is the total time, °%, calculated from adsorption breakthrough curve 

by integrating of relative concentration of CO2. 

 

°% � ¶ *1 - :
:§+ ·°

∞

M      (3-8) 

:
:§ �

r��r�
Lb~Q¥�¥§S ¸¥� N 0�     (3-9) 
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Figure 3-3 Schematic illustration of adsorption tester. 
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In order to get total time,  
:
:§  as a function of time, should be obtained from 

experimental adsorption data using adsorption breakthrough curve. Some of parameters 

in Equation 3-9 can be calculated by Boltzman correlation in Origin program. 

 Finally the amount of adsorbed CO2 can be taken by Equation 3-10 driven by 

simple mass balance of system. 

 

¹ �
º�»�``�6

 ¡6 �º�¼¡½z�z ¡z
s5      (3-10) 

Where ¾� � ¾a N Q1 - ¾aS¾�     (3-11) 
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CHAPTER IV 

RAPID FABRICATION OF METAL ORGANIC FRAMEWORK THIN FILMS 

USING MICROWAVE-INDUCED THERMAL DEPOSITION (MITD) 

 

4-1 Introduction 

Nanoporous metal organic framework materials pioneered by Yaghi and co-

workers1 have drawn tremendous interest due to their potential applications in gas-

storage,2-3 gas separation,108-109 gas sensing,7 and catalysis8,110. Metal-organic framework 

materials (MOF) generally consist of metal clusters (Zn4O for Yaghi’s MOF and Cr3O 

for Ferey’s MIL structures35) interconnected with a variety of organic linker molecules 

(typically aromatic di-carboxylic acids), resulting in tailored nanoporous materials. 

Unlike zeolite materials, whose pores consist of tetrahedral metal oxide building blocks, 

it is possible to fine-tune size, shape, and chemical functionality of the cavities and the 

internal surfaces with a judicious choice of organic linker groups.12 This unique 

structural feature offers unprecedented opportunities in small-molecule separations as 

well as chiral separations and catalyses.3,13-15,111  

While MOF materials are currently available in powder forms as adsorbents and 

catalysts, there are strong interests to fabricate uniform, defect-free films for continuous 

membrane-based separations, membrane reactors, and other advanced applications such 

as optical, electronic, and magnetic applications.24,61,63,112 Despite the current explosion 

in the chemistry of MOF materials,113 there have been only a few reports on the growth 
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of MOF crystals on atomically smooth non-porous solid surfaces such as silicon wafers 

so far.24,61,63 Among other issues, one major obstacle to growing MOF films on 

substrates is the organic linkers in MOF materials, which make the materials unique and 

extremely versatile as described above, yet can be problematic.24 These organic linkers 

typically do not provide additional linkage groups that can form bonds with linkage 

groups on the surface of the supports (i.e., hydroxyl groups in case of metal oxides). As 

a result, in previous work the surfaces of the support had to be either chemically 

modified or electro-statically activated in order to grow MOF films.24,61,114  In addition 

to the preparation of the substrates, laborious processing steps were required to prepare 

precursor solutions containing the so-called secondary building blocks, thereby typically 

taking several days.24 Besides, none of the previous reports addressed the binding 

strength of MOF crystals on the substrates, which are of critical importance for practical 

applications. Despite Fischer and co-workers’ substantial efforts,24,61 it is yet to be 

demonstrated that in order to develop highly selective MOF membranes, one can rapidly 

fabricate thin MOF films on porous substrates in a practical manner in terms of 

simplicity of the protocol and choice of the substrates (i.e., porous). 

Microwave-assisted homogeneous as well as heterogeneous nucleation of 

zeolites and their derivatives have been proved to be an effective way to prepare 

powders and films of zeolitic materials.115-116 Rapid production of metal organic 

framework crystals via microwave-assisted solvothermal synthesis has been recently 

reported by a couple of research groups.117-118 Carbon nanotubes119 and silicon 

nanowires120 were grown using microwave heating-assisted chemical vapor deposition 
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processes. However, there have been no reports on the fabrication of MOF films on 

porous support under microwave irradiation.  

We have developed a new method, microwave-induced thermal deposition 

(MITD), to prepare MOF thin films on porous substrates in a facile manner. Unlike 

conventional microwave-assisted method,121 our method, MITD, utilizes the capability 

of microwave to selectively heat electrically-isolated thin conductive surfaces through 

resistive joule heating which dramatically increases the kinetics of heterogeneous 

nucleation and growth of MOF-5 crystals (typically less than 30 seconds). MITD is 

conceptually similar to microwave heating-assisted CVD119-120 in that both methods 

exploit microwave joule heating. However, the deposition in MITD is carried out in a 

liquid-phase, thus enabling the deposition of materials that are difficult or impossible to 

grow in CVD and also making the properties (such as dielectric constants and boiling 

points) of the solution important. MOF-5 crystals grown on a substrate using MITD 

show strong adherence on the support as evidenced by the fact that about 80% of the 

crystals remains on the surface after 1 hour under ultrasonication. Since microwave’s 

selective heating of thin conductive layers induces nucleation process, in principle 

MITD does not depend on the nature of substrates as long as thin conductive layers can 

be deposited. To prove the versatility of our method, the selective patterned deposition 

of a MOF-5 crystals as well as a multi-layer film (a MOF-5/zeolite silicalite-1 film) on a 

substrate are presented. 
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4-2  Experimental Section 

4-2-1  Materials 

Zinc(II) nitrate hexahydrate, benzene-1,4-dicarboxylic acid(BDC), and N,N-

dimethylformamide(DMF) were purchased from Fluka and used without further 

purification. ½ inch anodized aluminum oxide (AAO) discs were purchased from 

Whatman (Anodisc 13, 0.2µm pore size, 60µm thickness) and used as received as 

substrates for the film preparation. 

 

4-2-2  Preparation of Zn-MOF-5 films 

In a typical preparation of Zn-MOF-5 films, the precursor solution was prepared 

by first dissolving 1 mmol of zinc(II) nitrate hexahydrate in 8 g of DMF. 1 mmol of 

BDC was dissolved in 11 g of DMF separately. After stirring the two solutions 

vigorously for about 10 minutes, the zinc solution was added dropwise into the BDC 

solution followed by additional stirring for 10 min. Typically 5 g of the precursor 

solution was used for an experiment in a 30 ml borosilicate vial. An AAO disc with or 

without a conductive coating was then mounted vertically on a home-made Teflon 

sample holder to prevent MOF crystals formed in the bulk solution from sedimenting on 

the substrate.  MOF-5 crystals were grown on the substrate under microwave irradiation 

in a domestic microwave oven (Kenmore, 1 kW) with 500 W power for 5 ~ 30 seconds 

as illustrated in Figure 4-1. After the synthesis, the vial was quickly removed from the 

microwave oven and transferred to a water bath for cooling. MOF-5 powder and MOF-5 
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film were recovered from the vial. The film was rinsed in DMF under sonication for 10 

seconds to remove any crystals settled from the bulk solution. The powder and film were 

then dried under vacuum for 6 hours at room temperature. The samples were then stored 

in a vacuum desiccator to prevent contact with moisture for further analysis.    

 

4-2-3  Preparation of substrates 

Conductive coatings on AAO discs were prepared using a thermal evaporator and 

a plasma sputterer for amorphous carbon and Au/Pd coating, respectively. Graphite-

coated substrates were made by painting the substrates with a HB pencil. 

 

4-2-4  Characterizations 

X-ray diffraction (XRD) measurements were performed using the Bragg-

Brentano sample geometry with a Bruker-AXS D8 Diffractometer with CuK  

radiation. Bruker’s EVA program was used to determine the peak intensity and Bragg 

angles. Scanning electron microscopy (SEM) images were taken using a JEOL JSM-

6400 operating at 15 keV acceleration voltage. 

  



 

 

 

Figure 4-1 Schematic illustration of the fabrication of MOF thin films under microwave 

irradiation. The substrate was coated with a thin layer of conductive materials such as 

graphite and mounted vertically on a hom

of MOF-5 crystals formed in the bulk solution. 

 

Schematic illustration of the fabrication of MOF thin films under microwave 

irradiation. The substrate was coated with a thin layer of conductive materials such as 

graphite and mounted vertically on a home-made Teflon holder to suppress the settling 

5 crystals formed in the bulk solution.  
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Schematic illustration of the fabrication of MOF thin films under microwave 

irradiation. The substrate was coated with a thin layer of conductive materials such as 

made Teflon holder to suppress the settling 
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4-3  Results and Discussion 

Figure 4-2 shows SEM images of MOF-5 crystals grown on three different 

substrates prepared for three different times under microwave irradiation: a bare 

anodized aluminum oxide substrate (hereafter AAO), an amorphous carbon-coated AAO 

(hereafter C-AAO), and a graphite-coated AAO (hereafter, G-AAO) for 10, 20, and 30 

seconds. There are several observations to make.  

First, the kinetics of the heterogeneous nucleation and growth of MOF-5 crystals 

on substrates enhanced dramatically when there are thin conductive layers such as 

amorphous carbon or graphite (see Figure 4-2b and 2c) as compared to that on an 

uncoated substrate. The  X-ray diffraction patterns (XRD) of MOF-5 films grown on G-

AAO, as shown in Figure 4-3,  confirms the improved kinetics, showing much higher 

peak intensities as compared to that of MOF-5 film on AAO grown for the same 

synthesis time (30 seconds). It typically takes about 30 seconds to prepare well-packed 

MOF-5 films on the substrates with conductive coatings. This rapid deposition makes a 

sharp contrast with the typical preparation time of several days with previous 

methods.24,61,63 It is also important to note that our method requires neither organically 

modified surfaces nor atomically smooth surfaces, thus giving a viable route to prepare 

MOF thin films and membranes. We speculate that these surface dependency results 

mainly from the fact that microwave interacts differently with materials with different 

dielectric and/or electric properties. It is surmised that the rapid temperature rise at the 

conductive surface via joule heating upon the absorption of microwave energy on the 

surface causes a substantial increase in the rate of the heterogeneous nucleation and 
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growth of MOF crystals. This microwave-induced thermal effect is obviously in addition 

to other typical factors affecting heterogeneous nucleation and growth such as surface 

properties (chemical and physical). The ability of microwave to selectively heat 

conductive surfaces is explained in more detail in the discussion of our hypothesis 

below. We have also grown MOF-5 films on substrates coated with Au/Pd, showing 

similar enhancement of the kinetics of heterogeneous nucleation of MOF-5 crystals with 

additional unknown nanoparticles. MOF-5 films prepared on G-AAO show much more 

densely-packed and inter-grown MOF-5 crystals as compared to those grown on C-AAO 

and AAO.  

Second, the size of the crystals on a graphite-coated substrate is much smaller 

while the number density of the crystals is much higher as compared to that of the 

crystals grown on carbon-coated and bare substrates. This smaller size and higher 

number density of MOF-crystals on G-AAO can be explained by the rapid formation of 

much more nuclei on the graphite surface under microwave than on the amorphous 

carbon and the bare alumina surfaces, followed by their growth limited by the nutrients 

in the solution. 
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Figure 4-2 Time-evolution of MOF-5 crystal layers on nanoporous anodized aluminum 

oxide substrates with and without conductive coatings. SEM images of MOF-5 grown 

(a) on a graphite-coated substrate, (b) on an amorphous carbon-coated substrate, and (c) 

on a bare substrate. Images on the left, in the middle, and on the right columns represent 

under microwave for 10, 15, and 30 seconds, respectively.  
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Finally, one can observe in Figure 4-2a that the MOF-5 film grown on G-AAO 

shows an out-of-plane preferred orientation of the MOF-5 crystals with a-axis 

perpendicular to the substrate. The orientation of the MOF-5 crystals on the G-AAO is 

confirmed by X-ray diffraction with reflection sample geometry. Figure 4-3 shows the 

time-resolved diffraction patterns of MOF-5 layers on the G-AAO in comparison with 

the diffractions of a MOF-5 powder sample and a MOF-5 film on a bare substrate. The 

crystallographic preferred orientation,122-123 CPO, for these reflections is larger than 50 

(see the inset in Figure 4-3), indicating strong orientation. The ability to grow 

preferentially orientated films of MOF materials is of particular importance for optical 

applications though not so much for separations due to the isotropic nature of MOF 

materials.  Though it appears to be trivial to prepare preferentially oriented MOF-5 films 

due to its cubic structure, it has yet to be reported. We are speculating that the oriented 

growth might be triggered by the addition of carboxylic groups on the surface defect 

sites or edges of graphite caused by intense microwave joule heating in combination 

with preferred deposition of benzene di-carboxylic acids, the organic linker, on the 

aromatic carbon six rings of the graphite sheets. We are currently investigating the 

nucleation and growth of a MOF-5 crystal on a graphite surface, which will be reported 

somewhere else. 
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Figure 4-3 Time-evolution of the XRD patterns of MOF-5 thin films grown on a 

graphite coated substrate. These (5s, 10s, 15s, 20s, and 30s) are compared with that of 

MOF-5 thin film grown on a bare substrate under microwave treatment for 30 seconds. 

For comparison, the XRD pattern of a MOF-5 powder sample resulting from 

homogenous nucleation in the bulk solution is also presented. The crystallographic 

preferred orientation (CPO) is calculated123 using 
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Figure 4-4 illustrates the interaction of the microwave with a thin conducting 

layer on a metal-oxide substrate. Microwaves, like any other electromagnetic waves, 

interacts with conductive materials differently than with non-conductive dielectric 

materials. Conductive materials such as graphite and metals possess a number of free 

electrons that are unbound, i.e., able to circulate within the materials. Under microwave 

irradiation, a small portion of the incoming microwave will be absorbed and drive the 

free electrons into oscillation, leading to collisions of the conducting electrons with 

phonons or with crystal imperfections. These collisions convert electromagnetic energy 

into joule heat (i.e., resistive heat).124 The absorption of microwave energy by a 

conductive material is, therefore, proportional to its conductivity. Subsequent 

temperature increase of the material is then a function of its heat capacity and mass. We 

are hypothesizing that the thin layers of conductive materials that are thermally isolated 

from AAO discs (poor thermal conductors) are quickly heated under microwave by joule 

heat, thus enhancing the kinetics of heterogeneous nucleation and growth of MOF-

crystals. To prove our hypothesis, the temperatures of the bulk solutions with substrates 

with different coatings were measured with an infra-red temperature probe (see the 

Figure 4-5). Though the surface temperatures of the conductive layers were not directly 

measured, they should correlate with the temperatures of the bulk solutions given the 

heat capacities and masses of the surfaces and the precursor solution. The temperature of 

the bulk solution depends on the coating materials as expected. The temperatures of the 

bulk solution containing graphite- and Au/Pd-coated AAO exhibit higher temperature 

than those of the solution with a bare AAO and a carbon-coated AAO. The temperatures 
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of the bulk solutions containing G-AAO and Au/Pd AAO are quite similar though the 

conductivity of gold is three orders of magnitude higher than that of graphite. This is 

because the graphite layer is about three orders of magnitude thicker than that of the 

Au/Pd layer (~ 10 µm vs. 10 nm). It should be reminded that the increased temperature 

of the graphite and Au/Pd surfaces is not the only cause for the enhanced kinetics as the 

surface properties of graphite are still important for heterogeneous nucleation. However, 

the rapid increase in the surface temperature under microwave seems critical to prepare 

MOF-5 films on graphite-coated substrates since we were not able to grow MOF-5 films 

on graphite-coated substrates under conventional solvothermal synthesis conditions. 

Strong adherence of MOF crystals on the support surface is critical to obtaining 

mechanically robust MOF thin films.125 The binding strength of MOF-5 crystals on G-

AAO was tested using a sonication method. This method has previously been used to 

determine relative binding strength of zeolite crystals on functionalized silica support.126 

The percentage of the remaining amount of the MOF crystals after sonication for a 

certain period of time with respect to the initially attached amount (%R) was measured 

as an indication of binding strength.  
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Figure 4-6 shows the binding strength of MOF-5 crystals grown on G-AAO 

substrates that is tested under sonication for 1 hour at room temperature. About 80% of 

the MOF-5 crystals remain attached on the surface even after 1 hour sonication despite 

the degradation of some crystals due to the intense sonication (see Figure 4-6e). This 

result suggests that there are strong bonds (likely covalent) formed between MOF 

crystals and the graphite. It is speculated that carboxylic groups of the organic linker 

molecules might be covalently anchored on the surface defect sites or edges of graphene 

sheets caused by intense microwave joule heating. In contrast, all of MOF-5 crystals 

grown on a bare AAO were detached only after 30 minute sonication (see Figure 4-6f 

and Figure 4-7), thereby indicating that the binding of MOF-5 crystals on a bare AAO 

has non-covalent nature (possibly electrostatic).61 At the moment, the exact nature of the 

binding of MOF-5 crystals on the graphite is not known and further study to elucidate 

the nature of the binding is currently underway. 
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Figure 4-4 Schematic sketch of the selective heating effect of microwave on a thin 

conductive layer coated on an oxide substrate. Majority of incoming microwave energy 

is reflected while a fraction of the microwave energy is absorbed into the conductive 

layer increases the temperature of the layer that significantly. This temperature rise 

enhances the kinetics of heterogeneous nucleation and growth of MOF-5 crystals on the 

conductive surface, thereby rapidly depositing MOF-5 crystals.   
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Figure 4-5 Solution temperatures of bulk solutions with AAO substrates with different 

coatings under microwave irradiation. The t

red probe. The difference in the bulk temperature indicates the selective heating effect of 

microwave depends on the properties of the coatings. Note that the thickness of Au/Pd 

coating was about 10 nm while that of

 

Solution temperatures of bulk solutions with AAO substrates with different 

coatings under microwave irradiation. The temperatures were measured using an infra

red probe. The difference in the bulk temperature indicates the selective heating effect of 

microwave depends on the properties of the coatings. Note that the thickness of Au/Pd 

coating was about 10 nm while that of the graphite coating was estimated about 10 

 

87

 

Solution temperatures of bulk solutions with AAO substrates with different 

emperatures were measured using an infra-

red probe. The difference in the bulk temperature indicates the selective heating effect of 

microwave depends on the properties of the coatings. Note that the thickness of Au/Pd 

the graphite coating was estimated about 10 µm.  
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Figure 4-6 Binding strength of MOF-5 crystals on substrates under ultrasonication in a 

DMF solution. SEM images of MOF-5 films on G-AA treated under sonication for (a) 0 

min (as-made), (b) 5 min, (c) 10 min, (d) 30 min, and (e) 60 min. Inset in (e) is a 

magnified SEM image from a selective area of the image (e). Marked areas in the inset 

show eroded MOF-5 crystals, clearly indicating the degradation of MOF-5 crystals 

under sonication for 60 minutes. (f) Surface coverage of MOF-5 on substrates 

normalized to that of MOF-5 crystals on an as-made film as a function of sonication 

time. Substantial amount of MOF-5 crystals survives even after sonication for 60 

minutes, indicating strong covalent linkage between MOF-5 crystals and the graphite 

coating. Surface coverage data were obtained by considering contrast between MOF 

crystal and substrate using Adobe Photoshop. 

  

0

20

40

60

80

100

0 20 40 60 80

(c)(c)

(e)(d)

(a)

Sonication Time [min]

S
u

rf
a

c
e
 C

o
v
e

ra
g

e
 [

%
]

(f)

(b)

MOF on AAO

MOF on G-AAO



 

 
Figure 4-7 Binding strength of MOF

0 min (as prepared), (b) 5 min, (c) 10 min, and (d) 30 min.

Binding strength of MOF-5 on bare AAO substrates under sonication for (a) 

(as prepared), (b) 5 min, (c) 10 min, and (d) 30 min. 
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5 on bare AAO substrates under sonication for (a) 
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The ability to deposit MOF materials in patterns is often required for advanced 

applications such as sensors and electronic/optical devices. Figure 4-8a and 8b show the 

patterns of MOF-5 crystals prepared on carbon-patterned AAO substrates within 30 

seconds, demonstrating the ability of our method to generate patterns in a rapid manner. 

Carbon-patterned substrates were made by thermally evaporating carbon source on to 

copper TEM grid placed on AAO. As can be seen, most of the MOF-5 crystals were 

grown on those areas where carbon is deposited. A multi-layer film of two different 

materials is also prepared as shown in Figure 4-8c and 6b. In short, a silicate-1 thin film 

was deposited on an Au-coated AAO under microwave and then a thin graphite layer 

was applied onto the silicalite-1 film, followed by a MOF-5 layer grown under 

microwave. The ability to rapidly fabricate multi-layer thin films has a significant 

implication in developing membranes with multiple separation capabilities. For instance, 

the first layer separates molecules based on thermodynamics and the second layer based 

on kinetics. The ability to deposit MOF-5 crystals in patterns and to grow a multi-layer 

film in a facile manner proves the versatility of the microwave-induced thermals 

deposition technique.  
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Figure 4-8 Selective patterning and multi-layer deposition of MOF-5 films. SEM 

images of selective deposition of MOF-5 crystals on micro-patterned carbon-coated 

AAO substrates using (a) 50 µm and (b) 300 µm TEM grids. Amorphous carbon was 

evaporated for carbon coating. SEM images of multi-layers of a MOF-5 layer on a 

zeolite silicalite-1 layer on a substrate (c) and (d) 
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4-4  Conclusions 

We have demonstrated a novel method to rapidly fabricate nanoporous MOF thin 

films and patterns under microwave irradiation. Thin layers of conductive materials such 

as amorphous carbon, graphite, and other metals such as Au were found to drastically 

enhance the kinetics of heterogeneous nucleation and growth of MOF-5 crystals. The 

enhancement of the kinetics was attributed to the microwave’s ability to selectively heat 

the conductive layers through joule heat. The microwave-induced thermal deposition 

process can potentially open up new possibilities to rapidly fabricate thin films and 

patterns of various materials on substrates that can be grown thermally in solutions. 
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CHAPTER V 

FABRICATION OF MOF-5 MEMBRANES USING MICROWAVE-INDUCED 

RAPID SEEDING AND SOLVOTHERMAL SECONDARY GROWTH 

 

5-1  Introduction 

Nanoporous metal-organic framework (MOF) materials have drawn tremendous 

interest due to their potential applications in gas-storage,2,12 gas separation,5,108 gas 

sensing,7 and catalysis.8,110 Metal-organic framework materials consist of metal-oxygen 

polyhedera interconnected with a variety of organic linker molecules, resulting in 

tailored nanoporous materials.3,127 With a judicious choice of organic linker groups, it is 

possible to fine-tune size, shape, and chemical functionality of the cavities and the 

internal surfaces.12 This unique structural feature offers unprecedented opportunities in 

small-molecule separations as well as chiral separations and catalysis.3,13-15  

MOF materials as thin films and membranes are of particular interest for 

continuous membrane-based separations, membrane reactors, and other advanced 

applications such as optical, electronic, and magnetic applications.24,26,61,63,112 Several 

research groups have been successful in growing MOF crystals on substrates.24,26,28,61,63 

Unlike zeolites, it turns out rather challenging to fabricate MOF films since the organic 

linkers typically do not provide labile linkage groups that can form bonds with linkage 

groups on the surface of the supports. Fisher’s and Bein’s groups have developed several 

strategies to address this challenge including: 1) surface modification with organic 

functional groups24,26-27,61,63 and 2) the use of electro-statically compatible substrates 
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(e.g., Al2O3 with isoelectric point (IEP) of 9.1).26,61 However, these approaches require 

atomically smooth surfaces (not useful for membranes) as well as laborious processing 

steps to prepare supersaturated growth solutions (typically taking several days).24,63 

Arnold et al.25 have prepared MOF manganese formate films on porous supports using 

an in situ method, i.e., growing MOF crystals directly on substrates. Gascon et al.28 have 

produced HKUST-1 (Cu3(BTC)2) thin films on porous α-alumina substrates using a 

secondary growth method (seeded growth). HKUST-1 seed crystals were first spin-

coated on porous alumina substrates and the seed crystals on the substrates were then 

solvothermally grown in a growth solution to achieve continuous thin films. Our group 

has reported the rapid fabrication of MOF-5 films on porous substrates coated with thin 

conductive layers under microwave irradiation (typically within one minute).29 The 

strong interaction between the conductive layers and microwave radiation results in a 

rapid temperature increase in the substrates due to Joule heating (electron-phonon 

interaction). This temperature increase significantly enhances nucleation and growth of 

MOF crystals on the substrate surface.29 However, all of the above MOF films, though 

grown on porous substrates, are not suitable as membranes due to the lack of intergrowth 

of the crystals. Liu et al.128 have successfully prepared the first continuous MOF (MOF-5) 

membranes on porous alumina substrates using an in situ method and reported the 

permeation data of small gas molecules for their MOF-5 membranes. According to their 

report, the key steps for the successful preparation were to dehydrate zinc nitrate 

powders and to pretreat the substrates in the organic linker (BDC, benzenedicarboxylic 

acid) solution before putting the substrates in the growth solution128. Most recently Guo 
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et al.129 have synthesized continuous Cu3(BTC)2 (HKUST-1) membranes on oxidied 

copper nets in situ, showing high permeability and selectivity of hydrogen.  

Since MOF membranes are polycrystalline in nature just like zeolite membranes, 

the microstructure of MOF membranes is expected to play important roles in 

determining the transport, electronic, and optical performance of the membranes. It is 

therefore of great interest to control the microstructure of MOF membranes such as the 

grain size, orientation, thickness, and grain boundary structures. For instance, it has been 

demonstrated that b-oriented MFI membranes show superior performance for organic 

vapor separations (e.g, the selectivity of p-xylene (kinetic diameter ~ 0.58 nm) over o-

xylene (kinetic diameter ~ 0.68 nm) through their b-oriented MFI membrane was above 

500).130-131 This unprecedented increase in performance has been attributed to two main 

factors: 1) channels are straight along the b-axis, thus effectively enhancing 

intracrystalline diffusion of molecules and 2) better grain structure, thus effectively 

reducing non-selective intercrystalline diffusion of molecules through the grain 

boundary.  

As demonstrated in the preparation of zeolite membranes, secondary growth 

(seeded growth) is expected to offer better control over membrane microstructure as 

compared to the in situ method.125,132-134 The secondary growth process decouples 

nucleation and growth steps: i.e., 1) coating a substrate with a seed layer and 2) using a 

relatively dilute solution to reduce bulk crystallization and favor formation of a 

continuous layer.135 Because of this decoupling, the secondary growth method shows 

improved control of nucleation site location and density, rendering the nature of the 
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substrate less important for membrane growth.135 Consequently, it is easier to control the 

crystallographic orientation using secondary growth.136 Therefore, it would be 

advantageous if one could develop a secondary growth method that would enable the 

fabrication of continous MOF membranes and thin films with controllable 

microstructure. 

MOF-5, or IRMOF-1 (isoreticular metal-organic framework 1), consists of four 

Zn4O clusters in octahedral sub-units interconnected with benzene dicarboxylate linkers 

to form a three dimensionally porous open framework structure.1,137 MOF-5 has been the 

most extensively studied among the family of isoreticular materials due to its potential 

applications in gas storage2,12 and separations.108  

Here we report the fabrication of continuous MOF-5 membranes with 

controllable out-of-plane orientation by a secondary growth method. Densely packed 

MOF-5 seed layers on porous alumna substrates were rapidly prepared under 

microwaves following our previously reported procedure.29 The MOF-5 seed layers were 

then solvothermally treated to grow into continuous MOF-5 membranes. The presence 

of a proton scavenging amine in the precursor solution during secondary growth was 

found to be critical to prevent seed crystals from dissolving and to simultaneously enable 

their growth. For the first time, preferentially oriented MOF-5 films were prepared by 

starting from oriented MOF-5 seed layers. The performance of the MOF-5 membranes 

was measured based on single gas permeation experiments using a time-lag method. 
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5-2  Experimental 

5-2-1  Preparation of graphite-coated α-alumina discs 

Porous α-alumina substrates (2 mm thickness and 22 mm diameter) were 

prepared by following a previously reported procedure.131 MOF-5 membranes were 

grown on three different types of α-alumina discs: bare α-alumina disc (hereafter ‘B-Al’), 

thin graphite-coated α-alumina disc (hereafter ‘thin G-Al’), and thick graphite-coated α-

alumina disc (hereafter ‘thick G-Al’). Graphite-coated α-alumina discs were prepared by 

rubbing graphite powders (crystalline, 99 %, ~300 mesh, Alfa Aesar) on one side of the 

alumina discs. The thickness of graphite coating was controlled by the amount of 

graphite powders. For thin G-Al substrates, less than 0.1 µg of graphite powder was 

coated on alumina substrates, exhibiting a light gray color. For thick G-Al, about 0.2 µg 

of graphite powder was rubbed onto the substrates and the substrates became completely 

black. Graphite-coated discs were then dried at 200 °C for 1 hr and stored in a vacuum 

oven until later use. 

 

5-2-2  Preparation of MOF-5 seed layers on porous supports under microwaves 

The precursor solution of MOF-5 was prepared by mixing zinc nitrate 

hexahydrate (99 %, Fluka) and bezene-1,4-dicarboxylic acid (BDC, 98 %, Sigma-

Aldrich) in N,N-dimethylformamide (DMF, 99.8 %, Fisher Scientific)  solution. The 

detailed recipe of a MOF-5 precursor solution for microwave-assisted synthesis can be 

found in our previous report29. Dried alumina substrates (i.e., B-Al, thin and thick G-Al) 

were placed in 30 ml of a microwaves-transparent vial containing 10 g of a MOF-5 
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precursor solution. The substrates were placed vertically using a home-made Teflon® 

holder. 300 W of microwave power (Discover, CEM) was applied for 2 min in case of 

B-Al and thin G-Al substrates and for 1.5 min in case of thick G-Al substrates. The 

samples were cooled for 10 min and then sonicated for 10 sec in order to remove 

particles settled from homogeneous nucleation. Finally the substrates were thoroughly 

washed three times with a fresh DMF solution to remove any unreacted reactants.  

 

5-2-3  Secondary growth of MOF-5 seed layers  

Precursor solutions for the secondary growth of MOF-5 seed layers are prepared 

as follows. First, a mixture of 0.13 g of BDC and 5 g of DMF was stirred vigorously and 

then 0.1 g of N-ethyldiisopropylamine (EDIPA, 99.5+ %, Acros) was added slowly 

under vigorous stirring. The mixture solution was stirred for 1 min. Finally, a mixture of 

1 g of zinc nitrate and 5 g of DMF were added into the mixture solution of BDC, DMF, 

and EDIPA. Final molar ratio of solution was 4.35 zinc nitrate: 1 BDC: 1 EDIPA:  177 

DMF. MOF-5 seeded substrates (i.e., B-Al, thin G-Al and thick G-Al) were then placed 

in the growth precursor solutions for secondary growth. For comparison, in situ growth 

was attempted on both bare and graphite-coated α-alumina substrates using the same 

precursor solution described above. MOF-5 seed crystals were solvothermally grown in 

an oven at 105 °C for specified times (typically several hours). The samples were left in 

the oven until the temperature cools down to 25 °C.  
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5-2-4  Activation of MOF-5 membranes  

As-prepared membrane samples were sonicated for 10 sec in a DMF solution and 

then dipped in 30 ml of a fresh DMF solution for 12 hrs. In order to exchange the less 

volatile DMF (b.p. = 153 °C) with a more volatile solvent, dichloromethane (DCM, b.p. 

= 40 °C, 99.5 %, Acros), the membrane samples were thoroughly washed three times 

with a fresh DCM solution and then placed in a Soxhlet extractor. DMF was exchanged 

with DCM by continuously refluxing DCM in the extractor for 12 hrs. The membrane 

samples were then dried at 60 °C for 24 hrs under vacuum and kept in a desiccator for 

later permeation test and characterization. 

 

5-2-5  Permeation measurement of MOF-5 membranes  

The permeation of small gas molecules (H2, CH4, N2, and CO2) through MOF-5 

membranes were measured in a custom-made permeation cell using a time-lag method138. 

The feed side was maintained at pressures at about 1 - 2 bar and the permeate side 

initially at vacuum. The pressure rise on the permeate side was recorded to estimate 

permeances of gas molecules.   

 

5-2-6  Characterizations  

X-ray diffraction (XRD) data were taken with Bruker D8 powder X-ray 

diffractometer with CuKa radiation (λ = 1.54 Å). Bruker’s EVA program was used to 

determine the Bragg angles and the peak intensities. Scanning electron micrographs 

were taken with JEOL JSM-6400 operating at 15 KeV of acceleration voltage. Nitrogen 
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adsorption isotherm at 77 K was obtained using a surface area and pore size analyzer 

(Micromeritics ASAP 2010) for bulk MOF-5 powder formed during the secondary 

growth of MOF-5 membranes. The sample was degassed at 60 °C overnight. Thermal 

gravimetric analysis (TGA, Netzsch TG 209C) was performed on a powder sample. The 

sample was heated from 25 °C to 700 °C under nitrogen at 5 °C/min heating rate. 

 

5-3  Results and Discussion 

Figure 5-1 shows a schematic illustration of the fabrication of continuous MOF-

5 membranes via secondary growth. First, MOF-5 seed crystals were rapidly deposited 

on porous α-alumina substrates using our previously reported method, microwave-

induced thermal deposition (MITD).29 The alumina substrates were coated with thin 

layers of graphite prior to the seed deposition under microwaves. As shown in our 

previous report,29 the graphite layers are found to promote the rapid nucleation of MOF-

5 crystals on the substrates due to the intense heat resulting from the strong interaction of 

microwave photons with free electrons of graphite (i.e., Joule heating). The MOF-5 seed 

crystal layers were then solvothermally treated in growth precursor solutions containing 

N-ethyldiisopropylamine (EDIPA), growing into continuous MOF-5 membranes.  

The presence of EDIPA in the growth precursor solution is found to be critical to 

produce continuous MOF-5 membranes using the secondary growth method. Figure 5-2 

presents X-ray diffraction patterns of MOF-5 seed layers freshly prepared under 

microwaves and MOF-5 seed layers after secondary growth for 9 hrs with EDIPA and 

for 1 hrs without EDIPA in growth precursor solutions. As clearly seen in the figure, the 
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diffraction pattern of the film grown without the amine (Figure 5-2b) completely 

disappears even after 1 hr of secondary growth. This indicates that the MOF-5 seed 

crystals may be either detached or dissolved in the growth precursor solution. Given the 

strong binding of MOF-5 crystals on the graphite-coated substrates,29 it is hypothesized 

that the seed crystals were dissolved during the solvothermal secondary growth process.  

To prove our hypothesis, control experiments were carried out where the MOF-5 

seed layers were solvothermally treated in a DMF, a zinc nitrate/DMF, and a BDC/DMF 

solution, respectively. MOF-5 seed crystals were completely gone in the BDC/DMF 

solution but survived in the DMF and the zinc nitrate/DMF solutions (see Figure 5-3). 

This indicates that the organic acid dissolves the MOF-5 seed crystals. The pH of the 

precursor solution was measured at about 3.9, weakly acidic. It is speculated that the 

weak acidic nature of the precursor solution dissolves the MOF-5 seed crystals139. In 

order to prevent the dissolution of the seed crystals, EDIPA (also known as Hunig’s base) 

was added to the precursor solution with a stoichiometric amount of BDC. As shown in 

Figure 5-2c, the diffraction pattern of the film grown in the amine-containing precursor 

solution shows substantial increase in the peak intensities, indicating the growth of the 

seed crystals (also see Figure 5-4). EDIPA is a proton accepter/scavenger, thereby 

preventing protons from attacking the MOF crystals.  
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Figure 5-1 Schematic illustration of the fabrication of MOF-5 membranes via 

microwave induced thermal deposition of MOF-5 seeding and subsequent solvothermal 

secondary growth. 
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Figure 5-2 X-ray diffraction patterns of a MOF-5 seed layer (a) and MOF-5 seed layers 

after secondary growth without EDIPA for 1 hr (b) and with EDIPA for 9 hrs (c). 
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Electron microscopy data presented in Figure 5-5 are consistent with the 

diffraction data. SEM images of the top view and the cross-section of a MOF-5 seed 

layer prepared using MITD (Figure 5-5a) reveal a well-packed monolayer of MOF-5 

seed crystals. Figure 5-5b presents electron micrographs of MOF-5 membranes after 9 

hrs of secondary growth in the presence of EDIPA. The images clearly show well inter-

grown continuous MOF-5 membranes with thickness of about 40 µm. In contrast, 

complete dissolution of the seed crystals is observed as revealed in a micrograph of the 

MOF-5 seed layer during the secondary growth in the absence of EDIPA for 1 hr (see 

Figure 5-6). To determine whether the presence of the seed layer is necessary to grow 

continuous MOF-5 membranes, we attempted to grow MOF-5 membranes in situ in 

precursor solutions containing EDIPA at 105 °C for 9 hrs. It was found that without the 

seed layer it was not possible to obtain continuous MOF-5 membranes though 

heterogeneous nucleation on the substrates was observed (see Figure 5-7). This result 

indicates that continuous MOF-5 membranes are grown from MOF-5 seed crystals. 

It is of great interest to control the preferred orientation of MOF-5 crystals on 

substrates due to the potential to enhance the transport, optical, and electronic properties 

of the polycrystalline films. Our previous results in the successful preparation of oriented 

MOF-5 seed layers prompted us to attempt to grow MOF-5 membranes with crystals on 

the substrates preferentially oriented along the one crystallographic axis perpendicular to 

the substrates. Preferentially oriented MOF-5 seed layers were prepared under 

microwaves on porous α-alumina substrates coated with thick graphite layers (~ 1 

µm).29 The thick graphite layers flatten the rough surface of alumina substrates, thus 
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enabling the deposition of oriented MOF-5 seed layers.25 The oriented seed crystals were 

then allowed to solvothermally grow in precursor solutions containing EDIPA, resulting 

in oriented MOF-5 membranes. 

The out-of-plane orientation of the MOF-5 crystals on the substrates is confirmed 

by X-ray diffraction with Bragg-Brentano sample geometry as shown in Figure 5-8. 

Comparison of the [10-2] and [2-10] reflections provides unambiguous evidence of the 

out-of-plane preferred orientation of the MOF-5 crystals with their [10-2] direction 

perpendicular to the substrates for both seed and membrane samples. It is worth 

mentioning here that different synthesis procedures yield MOF-5 crystals with different 

crystal systems (cubic vs. trigonal).140 For instance, the presence of Zn species in the 

cavities and/or lattice interpenetration result in a trigonal system (R-3m) as opposed to a 

more typical cubic system (Fm-3m).140 Due to the relative peak intensities and peak 

splitting, the peaks in Figure 5-8 are assigned based on a trigonal system.29,140 However, 

the [10-2] direction in a trigonal system is the same as <100> in a cubic system in that 

the channels are perpendicular to the substrates (see the inset illustration in Figure 5-8). 

The crystallographic preferred orientation,122-123 CPO, for these reflections of the seed 

layer and the oriented membrane as compared to those of the randomly oriented powder 

are estimated to be 40 and 17, respectively, indicating strong orientation of crystals with 

respect to the substrates. SEM images presented in Figure 5-9 further confirm the out-

of-plane preferred orientation of MOF-5 crystals on substrates. To our best knowledge, 

continuous MOF-5 membranes with preferred orientation of crystals have never been 

reported before. This result suggests that our method (i.e., secondary growth) has 
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Figure 5-3 X-ray diffraction patterns of as-prepared MOF-5 seed layers under 

microwaves (a) as compared with those of MOF-5 seed layers solvothermally treated in 

a pure DMF solution (b), a zinc nitrate/DMF solution (c), and a BDC/DMF solution (d) 

for 12 hrs. 

(c) W/Zn nitrate 

12hr

(b) W/DMF 

12hr

In
te

ns
ity

 [ 
a.

u.
]

2 theta [ degree]

(d) W/BDC, 12hr

(a) Seeds layer



 107

 

 

 

Figure 5-4 X-ray diffraction patterns of MOF-5 membranes prepared in the presence of 

EDIPA for various synthesis times as compared to that of a MOF-5 seed layer. 
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Figure 5-5 SEM images of top views (upper) and cross-sections (lower) of (a) a MOF-5 

seed layer prepared using MITD and (b) a continuous MOF-5 membrane with EDIPA 

during secondary growth for 9 hrs. 
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Figure 5-6 A SEM image of a MOF-5 seed layer after secondary growth in the absence 

of EDIPA for 1 hr. 

 

 

Figure 5-7 A SEM image of MOF-5 crystals in situ grown on a porous α-alumina 

substrate in a precursor solution containing EDIPA at 105 oC for 9 hrs. Inset is a 

magnified image. 
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Figure 5-8 X-ray diffraction patterns of (a) a MOF-5 powder sample, (b) an oriented 

MOF-5 seed layer and (c) an oriented MOF-5 membrane after secondary growth for 6 

hrs. The powder sample was collected from the bulk solution during the secondary 

growth of MOF-5 seed crystals. Inset illustrates the orientation of MOF-5 crystals with 

respect to substrates. 
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clear advantage over the in situ method. However, the thick graphite coating on porous 

substrates made the oriented MOF-5 membranes mechanically unstable, i.e. MOF-5 

films easily detached from the substrates, thus rendering their permeation measurement 

infeasible. We are currently investigating ways to improve the mechanical stability of 

oriented MOF-5 membranes so that their permeation properties can be measured and 

compared with those of randomly oriented MOF-5 membranes. 

Finally permeation of small gas molecules through randomly-oriented continuous 

MOF-5 membranes was measured using a time-lag method.138 Before the measurement, 

as-prepared MOF-5 membranes were activated using a procedure explained in detail in 

the experimental section. In short, after thoroughly washing MOF-5 membranes with a 

fresh DMF solution three times, the membranes were placed in a Soxhlet extractor in 

which CH2Cl2 was refluxed for 12 hrs to exchange DMF. The solvent exchanged MOF-5 

membranes were kept at 60 °C for 24 hrs in a vacuum oven to remove CH2Cl2. N2-

adsorption and TGA for activated MOF-5 powder samples (see Figure 5-10 and Figure 

5-11) confirmed the activation of the pores of MOF-5 samples. The surface area of our 

MOF-5 samples is relatively low (~ 1300 m2/g) as compared to that reported (~ 3000 

m2/g).3,137  
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Figure 5-9 SEM images of top views (upper) and cross-sections (lower) of (a) an 

oriented MOF-5 seed layer and (b) an oriented MOF-5 membrane after secondary 

growth for 6 hrs. 
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Figure 5-10 N2 adsorption isotherms at 77 K (a) and pore size distribution calculated by 

Dubinin-Astakhov method (b) of MOF-5 powder samples MOF-5. The powder samples 

were from bulk solutions after secondary growth of MOF-5 seed crystals. 
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Figure 5-11 Thermal gravimetric analysis (TGA) data under N2 environment of MOF-5 

powder samples MOF-5. The powder samples were from bulk solutions after secondary 

growth of MOF-5 seed crystals. 
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This low surface area is attributed mainly to the presence of Zn species in the pores, 

thereby effectively reducing accessible surface area.140 As compared to the calculated 

weight loss of the desolvated original MOF-5 (56 %), the observed weight loss of our 

sample is lower (46 %). This reduced weight loss can be explained also by the presence 

of Zn species in the cavities,140 consistent with the X-ray diffraction data.  

Figure 5-12 shows the permeance of gas molecules as a function of their 

molecular weight. First, the permeation through graphite-coated α-alumina substrates 

was compared with that of bare α-alumina, confirming that there is no resistance to 

permeation of gas molecules due to the presence of thin graphite powders on the 

substrate surface. Both substrates show Knudsen diffusion behavior (i.e., the permeance 

is proportional to 1/√Mwt). Permeation of gas molecules through the activated MOF-5 

membranes indicates the behavior of the Knudsen diffusion process, which is consistent 

with Lai and coworkers’ result.128 It is speculated that the Knudsen-type transport of 

small gas molecules through MOF-5 membranes is due to relatively large pores (~ 1.4 

nm) of MOF-5 (see Figure 5-10) as compared to the size of gas molecules (less than 0.4 

nm).  
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Figure 5-12 Permeation of various gas molecules through: (a) α-alumina support, (b) 

graphite-coated α-alumina support, and (c) activated randomly-oriented MOF-5 

membrane. Note that three membrane samples were prepared under the same condition 

and their performance was tested and plotted. 
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Figure 5-13 Permeances of small gas molecules through an activated MOF-5 membrane 

at different trans-membrane pressure drops.  
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To check the absence of macroscopic cracks on the MOF-5 membranes, the 

permeances of small gas molecules were measured at different trans-membrane pressure 

drops (see Figure 5-13).  

The permeances are independent of the transmembrane pressure drops, indicating 

the absence of macroscopic defects.128 This contrasts to the permeance of hydrogen 

through the graphite coated α-alumina support showing the increasing trend as the 

transmembrane pressure drop increases (see Figure 5-14). This pressure-dependent 

permeance suggests that the gas transport through the support includes both Knudsen 

diffusion and viscous flow. We have also taken 72 SEM images that were stitched into a 

large image of randomly selected area of 3 mm × 5 mm (see Figure 5-15). No 

macroscopic defects can be observable. Nonetheless, we cannot exclude the presence of 

the intercrystalline boundary defects that may certainly contribute to the Knudsen 

transport of gas molecules through the polycrystalline MOF-5 membranes. 
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Figure 5-14 Permeance of hydrogen through a graphite-coated α-alumina support at 

different trans-membrane pressure drops in comparison with that of an activated MOF-5 

membrane.  
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Figure 5-15 A large-area SEM image covering randomly selected 5 mm by 3mm area 

(72 SEM images were stitched by Adobe Photoshop). 
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5-4  Conclusions 

Continuous MOF-5 membranes were fabricated using microwave-induced rapid 

seeding of MOF-5 crystals on porous substrates and subsequent solvothermal secondary 

growth of the seed crystals. It was found that the presence of EDIPA in the growth 

precursor solution during the secondary growth step is critical to the successful 

fabrication of MOF-5 membranes. The tertiary amine prevents MOF-5 seed crystals 

from dissolving under acidic conditions during the secondary growth step, thereby 

enabling the growth of MOF-5 seed crystals into continuous MOF-5 membranes. For the 

first time, preferentially oriented MOF-5 films were prepared by growing oriented MOF-

5 crystals seeded on thick graphite-coated substrates. Permeation of small gas molecules 

through MOF-5 membranes reveals Knudsen type diffusion behavior, which is 

consistent with a previous report. Our secondary growth method is expected to offer an 

effective means to fabricate MOF membranes with controllable microstructures, thus 

opening new opportunities for the applications of MOF membranes and thin films in a 

wide range of areas such as separations, sensing, and optoelectronics.  
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CHAPTER VI 

HETEROEPITAXIAL GROWTH OF ISO-RETICULAR METAL-ORGANIC 

FRAMEWORKS AND THEIR HYBRID FILMS 

 

6-1  Introduction 

Metal-organic frameworks (MOFs) have attracted numerous research interests 

due to the unprecedented possibility to fine-tune size, shape, and chemical functionality 

of the cavities and the internal surfaces with a judicious choice of organic linker 

groups.13,15,38 Prototypical iso-reticular metal-organic frameworks (IRMOFs) have been 

most extensively studied due to the simplicity of their synthesis and their potential 

applications for gas storage.1,12,17 IRMOFs are a series of metal-organic frameworks 

developed by Yaghi and his coworkers.12 All IRMOFs consist of oxygen-centered Zn4O 

tetrahedra interconnected with carboxylate linkers, forming a three dimensional (3D) 

cubic porous network.12  

 Despite a great deal of research in the synthesis and characterization of MOFs, 

there have been relatively few reports on the fabrication of MOF thin films and 

membranes.16,24-25,28-29,31-32,63 This is mainly due to the challenges associated with 

heterogeneous nucleation and growth of MOFs on supports.61 Thin films and membranes 

of MOFs have great potential for applications in membrane-based gas/liquid separations, 

membrane reactors, chemical sensors, and nonlinear optical devices.6,16,22,141-142  

 Heteroepitaxial growth of one porous material on the surface of another can be 

attractive along with funtionalization of surfaces itself due to the fact that the control of 
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interface and surface structure by heteroepitaxy can affect the properties of porous 

materials such as a gas sorption and separation. Heteroepitaxial growth of zeolites143-145 

and nonporous coordination polymers146-152  have been reported. In addition, 

heteroepitaxial growth of zeolites has been used to prepare multifunctional zeolite films 

and membranes with controlled microstructure.153-154 There have been, however, only a 

few reports on the heteroepitaxial growth of porous coordination polymers (PCPs) or 

metal-organic frameworks (MOFs).155-156 Due to the intrinsic void space as well as the 

characteristic pore surface functionalities of the frameworks, the epitaxy of one MOF on 

another one can open up new opportunities to create multifunctional hybrid MOFs and 

their thin films and membranes. To the best of our knowledge, there has been no report 

on the preparation of hybrid MOF films and membranes with multifunctionalities using 

the heteroepitaxy.   

 Here we report the first heteroepitaxial growth of IRMOFs and its use in 

preparing IRMOF-3/IRMOF-1 hybrid films on porous alumina supports. The hybrid 

films were synthesized by combining the rapid seeding of IRMOF-1 (also known as 

MOF-5) crystals on supports under microwaves and subsequent heteroepitaxial growth 

of IRMOF-3 on the IRMOF-1 seed crystal layer.   
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6-2  Experimental  

6-2-1 Synthesis of IRMOFs   

IRMOF-1 and IRMOF-3 were synthesized following procedures reported in the 

literatures.12,67 Briefly, for the synthesis of IRMOF-1, 0.29 M of zinc nitrate hexahydrate 

(98 %, reagent grade, Sigma-Aldrich, hereafter Zn) in N,N-Dimethylformamide (99 %, 

Sigma-Aldrich, hereafter DMF) (solution A) and 0.096 M of bezene-1,4-dicarboxylic 

acid (terephthalic acid, 98 %, Sigma-Aldrich, hereafter BDC) in DMF (solution B) were 

prepared. After vigorously stirring the solutions for 1 hr, 10 g of the solution A was 

poured into 10 g of the solution B and mixed under ultra sonication for 5 min. The final 

molar ratio of the precursor solution was 3.04 Zn: 1 BDC: 284 DMF. IRMOF-3 was 

synthesized by following the similar synthetic protocol for the synthesis of IRMOF-1 

except that 2-Aminoterephthalic acid (99 %, Sigma-Aldrich, hereafter ABDC) was used 

as a linker. The final molar ratio of the precursor solution was 2.82 Zn: 1 ABDC: 310 

DMF. In order to render the characterization of the core-shell hybrid crystals feasible, 

the crystals of IRMOFs were synthesized on glass slides. The glass slides were 

thoroughly washed before diagonally placed in 30 ml vials containing 20 g of the 

precursor solutions of IRMOFs. After 12 hours of solvothermal synthesis at 105 °C, tens 

of cubic IRMOFs were found on the glass slides.  
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6-2-2  Heteroepitaxial growth of IRMOFs  

Heteroepitaxially grown IRMOF-3 on IRMOF-1 (hereafter, IRMOF-3@1) was 

prepared by subjecting the IRMOF-1 crystals on the glass slide to the solvothermal 

growth in an IRMOF-3 precursor solution. Prior to the growth, the core crystals on the 

top side the slide glass were removed. For the secondary growth of IRMOF-3 on the 

IRMOF-1 crystals, N-ethyldiisopropylamine (99 %, Sigma-Aldrich, hereafter EDIPA) 

was added into the IRMOF-3 precursor solution to prevent the dissolution of IRMOF-1 

crystals during the solvothermal synthesis.32 In a typical synthesis, 0.024 g of EDIPA 

dissolved in 16 g of DMF was added into 2 g of 0.09 M ABDC stock solution. After 

briefly shaking the solution for about 10 s, the mixture was added into 2 g of 0.25 M Zn 

solution under stirring. The final molar ratio of the IRMOF-3 precursor solution was 

2.82 Zn: 1 ABDC: 1 EDIPA: 1549 DMF. During the preparation of the IRMOF-3 

precursor solution in the presence of the amine compound, submicron crystalline 

particles with unknown phase were formed at room temperature possibly due to the 

presence of the amine molecules.157 Prior to the secondary growth, the precursor 

solutions were centrifuged for 5 min at 5000 RPM to remove the particles. An IRMOF-1 

attached glass slide was then placed diagonally with the crystals facing down in a vial 

containing the IRMOF-3 precursor solution. After 6 hours of solvothermal growth at 105 

°C in an oven, core-shell type IRMOF-3@1 crystals were obtained. Heteroepitaxially 

grown IRMOF-1 on IRMOF-3 (hereafter, IRMOF-1@3) was prepared in the similar 

way. The molar ratio of the IRMOF-1 growth solution was 4.35 Zn: 1 BDC: 1 EDIPA: 

177 DMF.  
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6-2-3 Preparation of IRMOF-3/IRMOF-1 hybrid films on porous α-alumina discs

 IRMOF-1 seed crystal layers were solvothermally prepared on porous α-alumina 

supports using microwave-induced thermal deposition (MITD) as described in our 

previous report.29 For the secondary growth of IRMOF-3 on the IRMOF-1 seed crystal 

layer, the IRMOF-3 precursor solution was prepared in the following manner. After 

mixing ABDC (0.032 g) in DMF (18 g), 0.024 g of EDIPA was added and kept stirred 

for 1 min.  0.148 g of zinc nitrate hexahydrate was thoroughly dissolved in 2 g of DMF 

and added into the mixture solution of ABDC, DMF, and EDIPA. The molar ratio of the 

precursor solution was 2.82 Zn: 1 ABDC: 1 EDIPA: 1549 DMF. Unknown crystalline 

particles formed during the preparation process as mentioned above were removed by 

centrifugation. The IRMOF-1 seeded support was then placed vertically in the clear 

precursor solution of IRMOF-3 and subjected to the solvothermal growth at 105 °C for 

specified times (typically several hours). The sample was left in the oven until the 

temperature decreases down to room temperature and washed with a copious amount of 

DMF and kept in a desiccator for later analysis. 

 

6-2-4  Characterizations  

X-ray diffraction (XRD) patterns of the IRMOF powder and film samples were 

taken with MiniFlex™ II  X-ray diffractometer with Cu-Kα radiation (λ = 1.542 Å). 

MDI JADE program was used to determine the Bragg angles and the peak intensity. For 

single crystal X-ray diffraction study, Bruker AXS APEX-II three-circle X-ray 

diffractometer was used with Mo-Kα radiation (λ = 0.709 Å) and low temperature 
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attachment (110 K, Kryoflex Cyrosystem). APEX-II data collection software was used 

to get the images of the frames and the unit cell parameters. Scanning electron 

micrographs were taken with JEOL JSM-6400 operating at 15 KeV. Kratos Axis Ultra 

Imaging X-ray photoelectron spectrometer was used for the surface analysis. C 1s and N 

1s spectra were calibrated by sp2 hybridized carbons centered at 284.5 eV. 

 

6-3  Results and Discussion  

Due to the similarity in their crystal structures and yet the diversity in their 

chemical functionalities,12 IRMOFs are one of the most attractive class of MOFs in 

constructing core-shell type hybrid MOF systems. In particular, IRMOF-1, -2, -3, -4 and 

-6 have the identical crystal system/space group and the very similar unit cell 

parameters: cubic (Fm-3m) and a ~ 25.7 ~ 25.8 Å. As model systems, IRMOF-1 and 

IRMOF-3 were chosen to demonstrate the synthesis of core-shell IRMOFs because the 

amine group of the IRMOF-3 can be readily functionalized to modify the surface 

chemistry as well as the pore size for advanced applications.69  IRMOF-1 and IRMOF-3 

consist of the same metal clusters (Zn4O) but different organic ligands, 

benezenedicarboxylate (BDC) and amino benzene dicarboxylate (ABDC), respectively 

(see Figure 6-1). The schematic illustration in Figure 6-1 shows the preparation of core-

shell type hybrid IRMOF-3@1. 
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Figure 6-1 Schematic illustration of the heteroepitaxially grown hybrid IRMOF-3@1 

and the crystal structures of IRMOF-1 and IRMOF-3. (Zn, purple; N, blue; O, red; C, 

gray; hydrogen atoms are omitted for clarity) 
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To synthesize the core-shell IRMOFs, the synthesis protocols have been 

modified. As discussed in our previous report,32 IRMOF crystals can be easily dissolved 

in the growth precursor solutions possible due to the  fact that Zn-based MOFs are prone 

to degradation under acidic conditions.139 For instance, IRMOF-1 crystals were 

completely degraded after 1 hr of solvothermal growth in an IRMOF-3 precursor 

solution (see Figure 6-2a and 2b). To prevent the dissolution of the core crystals during 

the growth step of the shell crystals, a proton scavenging amine, EDIPA (N-

ethyldiisopropylamine), was added to the precursor solutions. As can be seen in Figure 

6-2c, the X-ray diffraction of IRMOF-1 crystals subjected to an IRMOF-3 precursor 

solution shows that the addition of EDIPA prevents the core crystals from dissolving. 

Besides, the increased intensity of the diffraction peaks indicates either the core crystals 

have grown or the number of crystals has increased after solvothermal growth. 

Unfortunately, the structural similarity between IRMOF-1 and IRMOF-3 made it 

impossible to confirm the presence of the core-shell type crystals based on powder X-ray 

diffraction.  

To examine the presence of hybrid IRMOF-3@1 and IRMOF-1@3 crystals, 

optical micrographs were taken as shown in Figure 6-3. The growth of IRMOF-3 on the 

surface of the IRMOF-1 crystals can be readily identified due to the difference in the 

colors of these crystals: the core IRMOF-1 is transparent while the shell IRMOF-3 is 

brownish as shown in Figure 6-3a. Though less pronounced, the growth of IRMOF-1 on 

IRMOF-3 can also be determined based on the contrast as in Figure 6-3b.  
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Figure 6-2 X-ray diffractions of as-synthesized IRMOF-1 core crystals on a glass slide 

(a), after solvothermally grown in an IRMOF-3 precursor solution without EDIPA for 1 

hr (b), and with EDIPA for 1 hr (c). 
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Figure 6-3 Optical micrographs of hybrid IRMOF-3@1 (a) and IRMOF-1@3 (b). Note 

that IRMOF-1 is transparent and IRMOF-3 is brownish. 
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The average sizes of the core-shell crystals as well as the thicknesses of the shells 

were estimated by analyzing tens of crystals from optical micrographs (see Table 6-1). 

IRMOF-3 crystals (about 400 µm) were much bigger than IRMOF-1 (about 150 µm) 

presumably due to the basicity of the IRMOF-3 precursor solution under the same 

conditions.139,157 The average shell thickness of IRMOF-3@1 was directly measured 

from optical micrographs. However, due to the insufficient contrast, the average shell 

thickness of IRMOF-1@3 crystals was indirectly estimated by subtracting the average 

size of the core crystals from that of the IRMOF-1@3. It is noteworthy that the 

morphologies of the core-shell single crystals are cubic and the shell crystals grew from 

all faces of the core crystals exposed to the growth solutions, indicating the 

heteroepitaxial growth of IRMOFs. In addition, no pure IRMOF-1 and IRMOF-3 

crystals were found on the glass slides. These optical observations suggest that the 

increased intensity of the diffraction peaks (see Figure 6-2c) is due to the formation of 

core-shell hybrid MOFs.   

High resolution X-ray photoelectron spectra (XPS) of N (nitrogen) were taken to 

confirm the core-shell structures of IRMOF-3@1 and IRMOF-1@3. As can be seen in 

Figure 6-4, the presence and the absence of N 1s peak at ~ 400 eV in the IRMOF-3@1 

and the IRMOF-1@3, respectively, confirms the core-shell structure of these samples. 

The N 1s peak comes from the ABDC (2-amino bezenedicarboxylate) linkers of 

IRMOF-3.   
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Table 6-1 Sizes of hybrid IRMOF-3@1 and IRMOF-1@3 and thicknesses of the core 

and the shell crystals. 

 

 

  

Size of hybrid 
crystals (µm)

Size of core 
crystals (µm)

Thickness of 
shell (µm)

IRMOF-3@1 181.23 ± 45.83 150.26 ± 38.42 15.49 ± 6.45

IRMOF-1@3 642.02 ± 61.4 408.93 ± 79.5 115.33 ± 50.7



 134

 

 

 

Figure 6-4 High resolution X-ray photoelectron spectra of N 1s: (a) IRMOF-1, (b) 

IRMOF-3, (c) IRMOF-1@3, and (d) IRMOF-3@1. (The spectra of the hybrid samples 

were magnified 5 times for clarity) 
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Though the core-shell structures of the samples were confirmed, it is yet to be 

determined whether there exists the heteroepitaxy of the samples. As such, single crystal 

X-ray diffraction studies of the core-shell crystals were conducted.148 Both IRMOF-1 

and IRMOF-3 have the same space group, Fm-3m and very similar unit cell parameters: 

a = 25.832(5) Å for IRMOF-1 and a = 25.7465(14) Å for IRMOF-3 at 258(2) K and 

273(2) K respectively.12 The sample hybrid crystals with well-defined morphologies 

were carefully chosen under an optical microscope and mounted on sample holders (see 

Figure 6-5).  

Figure 6-6 displays the X-ray diffraction patterns of the core-shell IRMOF-3@1 

and IRMOF-1@3 showing well-defined dots. These single-crystal-like diffraction 

patterns of the core-shell samples indicate that the core and shell crystals of the samples 

are connected at the single crystal level, i.e., the shell crystals were heteroepitaxially 

grown on the surface of the core crystals. It is worthy of mentioning that small streaks 

along with well-defined dots or several dots in close proximity (as if several patterns are 

overlaid with slight misalignment) were also observed for some of the samples that were 

not kept in DMF or when the diffraction was taken at room temperature. This is 

presumably due to the cracking of the shell crystals when exposed to humidity (Zn-based 

MOFs such as IRMOFs are known to be moisture sensitive).158-160 Once the crystals 

cracked, the crystals were no longer single crystals but more like several smaller crystals 

with preferred orientation, thereby displaying streaks or dots that are close to each other 

instead of well-defined dots. In the figure, the circles around the dots represent the 

matching overlay for the unit cells calculated: cubic, a = 25.85(1) Å for IRMOF-3@1 
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and cubic, a = 25.100(7) Å for IRMOF-1@3 at 110 K. When compared to the reported 

values, a = 25.89(1) Å and a = 25.71(1) Å for IRMOF-1 and IRMOF-3 at room 

temperature, respectively, there are a couple of observations to be made. First, the cell 

parameters of the core-shell crystals were closer to the cell parameters of the core 

crystals than those of the shell crystals. This can be attributed to the fact that the majority 

of the diffraction of the core-shell crystals must come from the core crystals, given the 

relative volume of the core crystals. Therefore, the overall unit cell parameters of the 

core-shell crystals might be determined by the core crystals. Second, the unit cell 

parameter of IRMOF-1@3 determined at lower temperature (110 K) is smaller than that 

of IRMOF-3 at room temperature, while that of IRMOF-3@1 at 110 K is quite similar to 

that of IRMOF-1 at room temperature. It is speculated that the unit cell parameter of 

IRMOF-3 might have stronger dependence on temperature due to presence of an 

additional functional group in the linker. Dugan, et al.87 reported that IRMOF-3 with the 

amine group replaced with primary urea (NH2CONH) in the structure has the unit cell 

parameter, a = 25.14 Å at 100 K, which is very similar to that of IRMOF-1@3 measured 

at low temperature (110 K). Nevertheless, the single crystal X-ray diffraction 

unambiguously confirms the heteroepitaxial growth of IRMOFs, i.e., hybridized at the 

single crystal level.   
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Figure 6-5 Optical micrographs of hybrid IRMOF-3@1 (a) and IRMOF-1@3 (b) used 

for the single crystal XRD study. 

 

 

 
 

Figure 6-6 Single crystal X-ray diffractions of IRMOF-3@1 (a) and IRMOF-1@3 (b).  
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Figure 6-7 illustrates a crystal structure model of the hybrid IRMOF-3@1 that is 

proposed based on the crystallographic information of the IRMOFs.12 Several models 

can be constructed depending on the terminal groups of the core and the shell MOFs. 

The proposed model in the figure was constructed using Materials Studio,161 assuming 

the terminal group of the core MOF is the organic linker. However, the actual structure 

of the interfaces is more likely to have interfacial regions over which the two ligands 

may coexist considering the surface roughnesses of MOFs.162 Kitagawa, et al.155, 

reported that in the case of the heterometallic PCPs (a Cu-based PCP on a Zn-based 

PCP), slight mismatch in the unit cell dimensions of the core and the shell PCPs resulted 

in the rotation of the Cu-based shell crystal in the plane of the Zn-based core crystal. 

However, this appears not the case for the IRMOFs. It is surmised that zinc-carboxylate 

coordination is more flexible than copper-carboxylate coordination to accommodate 

slight mismatch in the unit cells of the IRMOFs since zinc coordinates less strongly than 

copper with carboxylates.163   

Lastly we have demonstrated the synthesis of IRMOF-3/IRMOF-1 hybrid films 

on porous alumina supports. Films and membranes of IRMOF-3 are of particular interest 

due to the fact that the size and the surface functionality of the pores can be readily tuned 

by post-synthetically modifying the amine groups in the framework via so called “click 

chemistry”.67-70,82 However, it was rather challenging to prepare IRMOF-3 films and 

membranes using conventional methods. Recognizing the fact that IRMOF-1 can 

quickly nucleate on conductive supports under microwaves from our previous  work29, 

we decided to grow IRMOF-3 using IRMOF-1 crystals as seeds into IRMOF-3/IRMOF-
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1 hybrid films and membranes. The hybrid films were prepared by heteroepitaxially 

growing IRMOF-3 crystals on IRMOF-1 seed layers as illustrated in Figure 6-8a.  

Figure 6-8b shows the IRMOF-1 seed crystals on a porous α-alumina support prepared 

following the previous reported procedure.32 Figure 6-8c, 8d, and 8e show IRMOF-

3/IRMOF-1 hybrid films by heteroepitaxially growing IRMOF-3 on the IRMOF-1 seed 

layer for 1, 2, and 3 hr, respectively. As can be seen in the electron micrographs, as the 

synthesis time increases, the size of the grains increases as well as the gaps between the 

grains decrease, proving the growth of IRMOF-3 on the surface of IRMOF-1. Time-

resolved XRD patterns of the hybrid films (see Figure 6-9) also prove the growth of 

IRMOF-3 as the relative intensity of the peaks increases as the synthesis time increases. 

Unlike IRMOF-1 membranes,32 however, there were substantial cracks formed in the 

hybrid samples once the samples were dried after exchanging DMF with CH2Cl2 (see 

Figure 6-8d and 8e). It is noteworthy that as-synthesized IRMOF-3/IRMOF-1 hybrid 

films (containing DMF) appeared to be crack-free under the optical microscope.  The 

formation of the cracks is attributed to the highly sensitive nature of IRMOFs to 

moisture in air. It is under investigation to address the crack formation during the 

activation process (i.e., solvent exchange and drying), thereby fabricating a crack-free 

IRMOF-3/IRMOF-1 hybrid membrane. 
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Figure 6-7  A proposed structural model for the interface between IRMOF-3 and 

IRMOF-1. 

  

IRMOF-1

IRMOF-3

H
e

te
ro

e
p

it
a

x
ia

l
G

ro
w

th

BDC

NH2-BDC



 141

 

 

 

Figure 6-8 Schematic illustration of heteroepitaxially growing IRMOF-3 on the surface 

of an IRMOF-1 seed crystal layer (a) and SEM images of an IRMOF-1 seed layer (b),  

IRMOF-3/-1 hybrid films grown for 1 hr (c), for 2 hr (d), and for 3 hr (e).  
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Figure 6-9 Time-resolved XRD patterns of IRMOF-1seed layers (a) and hybrid IRMOF-

3/-1 films grown for 1 hr (b), for 2 hr (c), and for 3 hr (d). 
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6-4  Conclusions 

In conclusions, we presented the synthesis and characterization of the 

heteroepitaxial growth of IRMOFs (IRMOF-1 and -3) for the first time. The presence of 

an anime compound in the growth precursor solution is the key for the synthesis of the 

hybrid crystals. Single crystal X-ray diffraction unambiguously confirms that the hybrid 

crystals are connected at the single crystal level. IRMOF-3/-1 hybrid films on porous 

supports were also prepared by heteroepitaxially growing IRMOF-3 crystals on the 

surface of IRMOF-1 seed crystals. The heteroepitaxy of IRMOFs reported here is 

expected to offer new opportunities for the synthesis of novel hybrid MOFs and their 

films and membranes with multifunctionalities and improved properties. 
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CHAPTER VII 

FABRICATION OF CRACK-FREE IRMOF-3 MEMBRANE VIA SURFACTANT 

MODIFIED DRYING PROCESS AND ITS POSTSYNTHETIC MODIFICATION 

SHOWING ENHANCED WATER STABILITY 

 

7-1 Introduction 

In the previous Chapter VI, the fabrications of IRMOF-3 films and membranes 

were demonstrated with hetero-epitaxial manner. However, the gas permeance results 

were not obtained due to their cracks on the films.  

Prevention of crack formation is of critical issue in thin film and membrane 

fabrication. In order to get a successful membrane of IRMOF-3, three different strategies 

are introduced in this chapter. According to Equation 2-29, 30 in Chapter II, several 

methods for preventing crack formation can be considered. 

Among those methods, first, we tried slow cooling procedure as described in 

previous Chapter VI. Second, we introduced slow evaporation of solvent.  Third, we 

used postsynthetic modification with anhydride for enhancing rigidity of structure. 

Finally we used surfactant for reducing surface tension between pore wall and solvent 

and fabricated well inter-grown crack-free IRMOF-3 membranes showing enhanced 

water stability.  
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7-2 Experimental 

7-2-1  Synthesis of IRMOF-3 crystals and membranes    

IRMOF-3 was synthesized following procedures reported in the literatures.67 

Briefly, for the synthesis of IRMOF-3, 0.018 M of zinc nitrate hexahydrate (98 %, 

reagent grade, Sigma-Aldrich, hereafter Zn) in N,N-Dimethylformamide (99 %, Sigma-

Aldrich, hereafter DMF) (solution A) and 0.006 M of 2-Aminoterephthalic acid (99 %, 

Sigma-Aldrich, hereafter ABDC)  in DMF (solution B) were prepared. After vigorously 

stirring the solutions for 1 hr, 10 g of the solution A was poured into 10 g of the solution 

B and mixed under ultra sonication for 5 min. The final molar ratio of the precursor 

solution was 2.82 Zn: 1 ABDC: 310 DMF.  

In order to get sufficient number of IRMOF-3 crystals under same condition, tens 

of 30 ml vials containing 20 g of the mixed precursor solutions of IRMOF-3 were placed 

in oven. After 24 hours of solvothermal synthesis at 105 °C, IRMOF-3 crystals were 

found in the vials. Vials were kept in oven until the temperature reached at room 

temperature. These IRMOF-3 crystals were rinsed with fresh DMF for three times and 

DMF was decanted. For the exchange of DMF in IRMOF-3 pore with more volatile 

chloroform (99.9%, stabilized, AcroSeal, Acros Organics), crystals were kept in 

chloroform for three days. Chloroform was exchanged daily with new one.  IRMOF-3 

crystals were kept in vial with chloroform for next experiments.     

IRMOF-3 membranes were prepared as described in Chapter VI (6.2.3) using 

heteroepitaxial growth of IRMOF-3 on IRMOF-1 seed.  
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7-2-2  Postsynthetic modification of IRMOF-3 crystals with AM-6    

Heptanoic anhydride (99 %, Acros Organics, hereafter,  AM-6) was added in a 

vial containing IRMOF-3 crystals prepared as section 7.2.1  and 10 g of chloroform with 

molar ratio of1:0.5, 1:1, 1:2, and 1:3( –NH2 vs. AM-6). A vial containing mixtures of 

AM-6 and IRMOF-3 was kept in static condition at room temperature for 1day. After 

modification of IRMOF-3 with AM-6 (hereafter, IRMOF-3-AM-6), IRMOF-3-AM-6 

was rinsed with fresh chloroform 3 times and kept in a vial with fresh chloroform. 

 

7-2-3  Postsynthetic modification of IRMOF-3membranes with AM-6   

IRMOF-3 membrane was treated with similar method of preparation of IRMOF-

3-AM-6. IRMOF-3 membrane was dipped into a Falcon tube (30 ml) containing 0.27 g 

of AM-6 (1.12 mmol) with 10 g of chloroform. The average weight of IRMOF-3 was 

about 100 mg, that is equivalent to 0.373 mmol of –NH2. The molar ration of –NH2 vs. 

AM-6 was 1:3. After postsynthetic modification, IRMOF-3-AM-6 membrane was rinsed 

with fresh chloroform 3 times and kept in a Falcon tube (30 ml) with fresh chloroform. 

 

7-2-4  Postsynthetic modification of IRMOF-3-AM-6 membranes with surfactants  

Span 80 (Sigma-Aldrich) was used as surfactant in this experiment. IRMOF-3-

AM-6 membrane was immersed into a Falcon containing 1 g of Span 80 with 10 g of 

chloroform. After keeping a Falcon tube in static condition at RT for 1 day, modified   

IRMOF-3-AM-6 membrane was kept in a Falcon tube with fresh chloroform. 
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7-2-5  Slow evaporation of solvent using saturation chamber  

In order to control rate of solvent evaporation, glass chamber was used shown in 

appendix C. The glass chamber containing membranes and chloroform was kept in static 

condition at RT for 3days. Membranes were placed upside down on caps of Falcon tube 

with chloroform. Chloroform in slightly covered glass chamber can be saturated at RT 

and slowly removed through the gap between glass chamber and cover.  

 

7-3 Results and Discussion 

There are several strategies for prevention of crack or defects during membrane 

fabrication as described in Chapter II. Among those suggestions, we have demonstrated 

prevention of crack during IRMOF-3 membrane fabrication with four approaches: using 

slow cooling procedure, slow evaporation of solvent, postsynthetic modification with 

anhydride, and surfactant.  

 

7-3-1  Using slow cooling process during synthesis of IRMOF-3membrane    

Slow cooling process was introduced to preparation of IRMOF-1 membrane in 

Chapter V, in order to prevent crack formation during membrane fabrication. We 

speculated that slow cooling process can reduce thermal expansion coefficient difference 

between IRMOF-1 membrane and support and produce well inter-grown membranes. 

However, IRMOF-3 membrane had a bunch of cracks after using same slow cooling 

process which used for IRMOF-1 membrane, as showed in Figure 6-8. Unlike IROF-1 

membrane, slow cooling process did not prevent crack formation of IRMOF-3 
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membrane. It is surmised that surface tension between pore (or grain boundary) of 

IRMOF-3 and solvent (chloroform in our case) is more stronger than that of  IRMOF-1 

and solvent.  

According to previous results, we suggested three methods to prevent crack 

formation. First, reducing evaporation rate of solvent, second, using postsyntheric 

modification (PSM), and third, reducing surface tension. 

 

7-3-2  Using slow evaporation of solvent in saturation chamber 

After slow cooling process, IRMOF-3 membrane was dried in saturation 

chamber shown in Figure C1. This chamber is slightly covered by glass cap permitting 

slow gas removal through the gap between chamber and glass cap. Saturated solvent, 

chloroform in chamber might decrease the evaporation rate of solvent from surface of 

membrane. Although this method can reduce crack formation shown in Figure 7-1, b) 

and d), there were still a number of cracks on the surface of IRMOF-3 membrane. 

   

7-3-3  Using postsynthetic modification (PSM) with anhydride (AM-6) 

In order to enhance rigidity and water resistance of IRMOF-3, postsynthetic 

modification with anhydride was introduced to fabrication of IRMOF-3 membrane. As 

reported, IRMOFs are unstable with moisture which deconstructs IRMOF structure 

within few tens of minutes. Cohen and co-workers has demonstrated an enhanced 

stability of IRMOF-3 against water with postsynthetic modification with anhydrides. We 
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adapted his idea to our membrane fabrication with expectation of preventing cracks. 

However, there were some cracks as shown in Figure 7-2. 

 

7-3-4 Using surfactant 

7-3-4-1 Fabrication of IRMOF-3 membrane using surfactant 

Our last method for preventing crack formation is to use surfactant, in order to 

reduce the surface tension between pore (or grain boundary) of IRMOF-3 and solvent, 

when solvent is removed by evaporation as shown in Figure 7-3. Span 80 was used as a 

surfactant, which has two differently functionalied terminal group, hydrophobic -CH3 

and hydrophilic -OH. It is speculated that hydrophilic functional group, -OH, can be 

easily attached in IRMOF-3 surface and pore, and reduce surface tension. Using 

surfactant can prevent crack formation of membrane as shown in Figure 7-4. 

 

7-3-4-2 Fabrication of IRMOF-3-AM-6 membrane 

Similar approach as introduced into fabrication of IRMOF-3 membrane in former 

section, 7.3.4.1 was used for fabrication of IRMOF-3-AM-6 membrane. Similar result 

was obtained as shown in Figure 7-5. 

 

  



 

 

 

Figure 7-1 SEM images of IRMOF

solvent in saturation chamber for 3 days with different magnifications, a) ~ c),

treated with fast solvent evaporation (~ 1day), d). 

SEM images of IRMOF-3 membranes, treated with slow evaporation of 

solvent in saturation chamber for 3 days with different magnifications, a) ~ c),

treated with fast solvent evaporation (~ 1day), d).  
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3 membranes, treated with slow evaporation of 

solvent in saturation chamber for 3 days with different magnifications, a) ~ c), and 



 

  

 
Figure 7-2 SEM images of IRMOF

modification (PSM) with different magnifications, a) ~ c), and treated with no PSM, d).

 

 

SEM images of IRMOF-3 membranes, treated with postsynthetic 

modification (PSM) with different magnifications, a) ~ c), and treated with no PSM, d).
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3 membranes, treated with postsynthetic 

modification (PSM) with different magnifications, a) ~ c), and treated with no PSM, d). 



 

Figure 7-3 Illustration of su

 

Illustration of surfactant (Span 80) modified IRMOF-3 membrane. 

 

152

 

3 membrane.  



 

 

 

Figure 7-4 SEM images of IRMOF

postsynthetic modification (PSM) with different magnifications, a) ~ c), and treated with 

no surfactant, d). 

 

SEM images of IRMOF-3 membranes, treated with surfactant after 

postsynthetic modification (PSM) with different magnifications, a) ~ c), and treated with 
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3 membranes, treated with surfactant after 

postsynthetic modification (PSM) with different magnifications, a) ~ c), and treated with 



 

 
 

 

Figure 7-5 SEM images of IRMOF

postsynthetic modification (PSM) with different magnifications, a) ~ c), and treated with 

no surfactant, d).  

 

M images of IRMOF-3-AM-6 membranes, treated with surfactant after 

postsynthetic modification (PSM) with different magnifications, a) ~ c), and treated with 
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6 membranes, treated with surfactant after 

postsynthetic modification (PSM) with different magnifications, a) ~ c), and treated with 
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7-3-5 Stability 

Time-resolved XRD patterns of surfactant modified IRMOF-3 and IRMOF-3-

AM-6 membranes were obtained as shown in Figure 7-6 and Figure 7-7 compared to 

untreated IRMOF-1, IRMOF-3 and IRMOF-3-AM-6 membranes as shown in Appendix 

C1 ~ C3. Using surfactant can not only prevent crack formation due to reduced surface 

tension, but also enhance stability against moisture. We speculate that long chain of 

hydrocarbons act as moisture protector as well as surface tension reducer. 

 

7-4 Conclusions 

We have demonstrated well inter-grown, crack free IRMOF-3 membrane using 

surfactant. The combination of slow cooling process, slow solvent evaporation, and 

addition of surfactant can prevent crack formation of IRMOF membrane while 

unmodified IRMOF membranes with surfactant resulted in crack formation as well as 

less water resistance. This simple method of adding surfactant can be applied to many 

other MOF membranes which have crack problems. 

  



 

 

 

Figure 7-6 Time-resolved XRD patterns of IRMOF

surfactant, IRMOF-3 powder, IRMOF

drying, b), exposed in air for 1day, c), 2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 

days, h),  1week, i).   

 

 

resolved XRD patterns of IRMOF-3 membranes, treated with 

3 powder, IRMOF-3 powder, a), IRMOF-3-AM-6 membranes, a

drying, b), exposed in air for 1day, c), 2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 
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3 membranes, treated with 

6 membranes, after 

drying, b), exposed in air for 1day, c), 2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 



 

 

Figure 7-7 Time-resolved XRD patterns of IRMOF

surfactant after postsynthetic modification (PSM), I

6 membranes, after drying, b), exposed in air for 1day, c), 2 days, d), 3 days, e), 4 days, 

f).  

 

 

resolved XRD patterns of IRMOF-3-AM-6 membranes, treated with 

surfactant after postsynthetic modification (PSM), IRMOF-3 powder, a), IRMOF

6 membranes, after drying, b), exposed in air for 1day, c), 2 days, d), 3 days, e), 4 days, 
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6 membranes, treated with 

3 powder, a), IRMOF-3-AM-

6 membranes, after drying, b), exposed in air for 1day, c), 2 days, d), 3 days, e), 4 days, 
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CHAPTER VIII 

SELECTIVELY ETCHED HIERARCHICAL IRMOF-3 AND ITS CO2 

ADSORPTION PROPERTIES 

 

8-1 Introduction 

In previous chapters, we demonstrated the fabrications of MOF thin films and 

membranes for gas separations. We also investigated their modification for preventing 

crack formation and enhancing water resistance via postsynthetic method (PSM).  

This PSM approach has been used by many researchers for several decades in 

order to improve chemical functionalities of materials. Especially IRMOF-3 is of 

particular interest due to the presence of amine groups in the linkers. These amine 

groups can be functionalized by postsynthetic modifications (PSM) so that both the pore 

size and the surface property of the MOF can be engineered.164 The amines are also 

important for the catalytic and CO2 sorption properties of the MOF.   

The catalytic and gas sorption properties of the MOFs are typically hindered by 

transport of molecules. Therefore, it would be desirable to create hierarchical pore 

structures to minimize the mass-transport limitation. 

Here, we present the synthesis and characterization of the post-synthetically 

modified IRMOF-3 using cyanuric chloride (CC) (hereafter IRMOF-3-CC), for the first 

time. The IRMOF-3-CC shows hierarchical pore structures, which we attribute to self-

limited surface modification. Various techniques were used to characterize the materials, 

including XPS, SEM, XRD, IR, and nitrogen isotherm. The hierarchical IRMOF-3-CC 
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show improved CO2 adsorption properties as compared to unmodified ones.   Increased 

number of nitrogen density on IRMOF-3 structure can enhance gas adsorption or 

catalytic properties. 

 

8-2 Experimental 

8-2-1  Synthesis of IRMOF-3    

IRMOF-3 was synthesized following procedures reported in the literatures67 and 

in Chapter VII. Briefly, 0.018 M of zinc nitrate hexahydrate (98 %, reagent grade, 

Sigma-Aldrich, hereafter Zn) in N,N-Dimethylformamide (99 %, Sigma-Aldrich, 

hereafter DMF) (solution A) and 0.006 M of 2-Aminoterephthalic acid (99 %, Sigma-

Aldrich, hereafter ABDC)  in DMF (solution B) were prepared. After vigorously stirring 

the solutions for 1 hr, 10 g of the solution A was poured into 10 g of the solution B and 

mixed under sonication for 5 min. The final molar ratio of the precursor solution was 

2.82 Zn: 1 ABDC: 310 DMF. 

 

8-2-2  Synthesis of IRMOF-3-CC with EDIPA and THF     

Postsynthetically modified IRMOF-3 with cyanuric chloride (Sigma-Aldrich, 

99%, hereafter, CC) was prepared by adding CC in the vials containing IRMOF-3 

crystals. Prior to the postsynthetic modification of IRMOF-3 with CC (hereafter, 

IRMOF-3-CC), the average weight of synthesized IRMOF-3 crystals in one vial with 

above recipe was calculated in order to determined the amount of proper rate of CC. The 
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average weight was about 150 mg after full evacuation of IRMOF-3 in vacuum oven. 

150 mg of IRMOF-3 is equivalent to 0.56 mmol of –NH2. 
67 

In order to synthesize IRMOF-3-CC, firstly chloroform was exchanged to THF 

for 2 days. THF was renewed by new one on each day. After exchanging solvent, 0.2 g 

of CC (1.12 mmol) and 0.29g of EDIPA (2.24 mmol) were added in vial containing 150 

mg of IRMOF-3 with 10 g of THF. Vial was gently shaken for 1 day.  

 

8-2-3  Synthesis of IRMOF-3-CC with TEA and chloroform     

Several sets of samples were prepared with TEA as a proton scavenger and 

chloroform as a solvent. In order to synthesize a combination of –NH2 vs. CC to 1 : 0.5, 

0.05 g of CC (0.28 mmol) and 0.11 g of TEA (1.12 mmol) were mixed in 10g of 

chloroform. After hand shaking for 30 s, mixed solution was added in a vial containing 

150 mg of IRMOF-3. Vial was kept for 1 day in static and ambient condition. With 

similar manner, different ratio of –NH2 vs. CC, 1 : 1, 1 : 2, and 1 : 3 were prepared.  

 

8-2-4  Characterizations  

X-ray diffraction (XRD) patterns of the IRMOF powder and film samples were 

taken with MiniFlex™ II  X-ray diffractometer with Cu-Kα radiation (λ = 1.542 Å). 

MDI JADE program was used to determine the Bragg angles and the peak intensity. 

Scanning electron micrographs were taken with JEOL JSM-6400 operating at 15 KeV. 

Kratos Axis Ultra Imaging X-ray photoelectron spectrometer was used for the surface 

analysis. All high resolution XPS spectra were calibrated by sp2 hybridized carbons 
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centered at 284.5 eV. Thermal gravimetric analysis (TGA, Netzsch TG 209C) was 

performed on powder samples of IRMOF-3 and IRMOF-3-CC after vacuum evacuation 

at 100 °C for overnight. The each sample was heated from 30 °C to 700 °C under 

nitrogen at 10 °C/min heating rate. Fourier transform infrared spectroscopy (FT-IR) was 

perfomed by Nexus 670 (Thermo) in order to compare the different degree of 

absorbance of CC, IRMOF-3 and IRMOF-3-CC. 

 

8-3 Results and Discussion 

Figure 8-1 shows schematic illustration of CC modification on IRMOF-3. CC 

has three chlorines which can be easily replaced by amines, such as secondary amine in 

IRMOF-3 in THF or chloroform at ambient condition (room temperature and 1 bar). 

Protons and Cl- are released from hydrochloric acid (HCl), while CC and amine react. In 

order to prevent dissolution of IRMOF-3 structure in high concentration of acidic 

solution of HCl, proton scavenger such as EDIPA is needed. For the synthesis of CC 

modified IRMOF-3, we followed a method published in literature. Wang et al. 165 used 

EDIPA as a proton scavenger in THF solution for dendron modification on mesoporous 

materials.  

  



 

 

 

Figure 8-1 Schematic illustration of IRMOF

 

Schematic illustration of IRMOF-3-CC synthesis. 
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As described in the experimental part, IRMOF-3 was placed in a vial containing 

THF, EDIPA and CC on a shaking stage at room temperature for 1 day. After 

modification, we found IRMOF-3 powders in the wall and on the bottom of vial. There 

are XRD patterns and pictures of these IRMOF-3 particles in Figure 8-2. While 

unmodified IRMOF-3 has very transparent brownish color and clear XRD peaks (Figure 

8-2a), modified IRMOF-3-CC in THF with EDIPA had opaque cubic morphology and 

showed a reduced intensity of XRD pattern (Figure 8-2b). Moreover, fine yellowish 

particles on the wall of vial during modification totally lost their structural information 

in XRD (Figure 8-2c). Regardless of the role of EDIPA as a proton scavenger, IRMOF-

3 was dissolved by HCl produced during CC modification. Optical micrographs 

confirmed the dissolution of IRMOF-3 during CC modification in Figure 8-3.   

It is surmised that EDIPA did not well act as a proton scavenger due to the size 

of bulky EDIPA compared to IRMOF-3 pore size which makes its penetration into 

IRMOF-3 difficult while released proton easily diffuse into pore.  More interestingly 

there was enough time (~ 1day) for the diffusion of EDIPA into IRMOF-3 pore before 

the addition of CC. In order to prevent collapsing of IRMOF-3 by protons, EDIPA 

should diffuse well into the pore and be in the pore before protons reach. However 

optical images and XRD patterns did not support the fast diffusion of bulky EDIPA into 

the pore of IRMOF-3.   

 

  



 

 

Figure 8-2 XRD patterns and pictures of a) IRMOF

IRMOF-3, and c) completely dissolved IRMOF

modification. XRD patterns of b) and c) were magnified 5 times for the clarity.

 

XRD patterns and pictures of a) IRMOF-3 powder, b) partially 

3, and c) completely dissolved IRMOF-3 during the synthesis of CC 

modification. XRD patterns of b) and c) were magnified 5 times for the clarity.
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3 powder, b) partially dissolved 

3 during the synthesis of CC 

modification. XRD patterns of b) and c) were magnified 5 times for the clarity. 



 

 

 
Figure 8-3 Image of changed IRMOF

modification in THF with EDIPA as a proton scavenger a), magnified micrograph of 

collected IRMOF-3 on the bottom b).

 

Image of changed IRMOF-3 on the bottom and in the wall during CC 

in THF with EDIPA as a proton scavenger a), magnified micrograph of 

3 on the bottom b). 
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3 on the bottom and in the wall during CC 

in THF with EDIPA as a proton scavenger a), magnified micrograph of 
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With the purpose of preventing a dissolution of IRMOF-3, tetraethylamine 

(hereafter, TEA) which has smaller ethyl groups instead of relatively large isopropyl 

groups in EDIPA, was used as a proton scavenger. Addition of CC in THF with TEA 

resulted in spontaneous gelation of CC while CC did dissolve well in THF with EDIPA. 

Thus we introduced chloroform as a new solvent instead of THF. Although CC has good 

solubility in chloroform, there are immiscible white parts due to impurities. A number of 

experiments was performed in order to make 4 different molar ratio of CC vs. TEA; 0.5 : 

0, 0.5 : 0.5, 0.5 : 1 and 0.5 : 2. The solution containing CC and TEA became clearer as 

the concentration of TEA increased. Figure 8-4 shows the change of color and opacity 

of solutions. 

After keeping samples with above condition for 1 day at room temperature 

without stirring, each sample was rinsed 3 times with fresh chloroform and measured by 

XRD for their structural stability during synthesis. Figure 8-5 shows X-ray diffraction 

patterns of CC modified IRMOF-3 samples with different CC to TEA ratios. A couple of 

observations can be made. First, when mixed with CC without TEA, IRMOF-3 loses its 

crystallinity dramatically as evidenced by the substantial decrease in the peak intensities. 

This is because protons released from the reaction (see Figure 1) dissolve IRMOF-3.166 

Second, as modified with the TEA to CC ratios greater than 2,  the XRD patterns 

indicate that the structure of IRMOF-3 was preserved though the relative intensities 

between (200) and (220) peaks increases as compared to that of IRMOF-3. This change 

in the relative intensity indicates the slight structure modification.167 It is speculated that 
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TEA serves as a proton scavenger, thereby eliminating protons before dissolving the 

structure. 

After keeping samples with above condition for 1 day at room temperature 

without stirring, each sample was rinsed 3 times with fresh chloroform and measured by 

XRD for their structural stability during synthesis. Figure 8-5 shows X-ray diffraction 

patterns of CC modified IRMOF-3 samples with different CC to TEA ratios. A couple of 

observations can be made. First, when mixed with CC without TEA, IRMOF-3 loses its 

crystallinity dramatically as evidenced by the substantial decrease in the peak intensities. 

This is because protons released from the reaction (see Figure 1) dissolve IRMOF-3.166 

Second, as modified with the TEA to CC ratios greater than 2,  the XRD patterns 

indicate that the structure of IRMOF-3 was preserved though the relative intensities 

between {200} and {220} peaks increases as compared to that of IRMOF-3. This change 

in the relative intensity indicates the slight structure modification.167 It is speculated that 

TEA serves as a proton scavenger, thereby eliminating protons before dissolving the 

structure. 

Nitrogen adsorption isotherms were performed to compare the surface area and 

pore size of CC modified IRMOF-3-CC and IRMOF-3. IRMOF-3 is highly microporous 

exhibiting a typical type I isotherm with a surface area (Langmuir) of ~ 3400 m2/g (see 

Figure 8-6a). In contrary, IRMOF-3-CC shows a drastically different isotherm as shown 

in Figure 8-6b. The isotherm shows a broad hysteresis above 0.4 of P/Po in the 

desorption branch, indicating the presence of mesoporosity. The Langmuir surface area  

 



 

 

Figure 8-4 Different color and opacity of solutions. The solution containing CC and 

TEA became clear as the concentration of TEA increased.

 

Different color and opacity of solutions. The solution containing CC and 

TEA became clear as the concentration of TEA increased. 
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Different color and opacity of solutions. The solution containing CC and 
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of IRMOF-CC was estimated to be about 800 m2/g, which is only a quarter of that of 

IRMOF-3.  This loss of surface area indicates the partial degradation of the structure due 

to the modification.  This type of isotherm has previously been observed on a core-shell 

type of hybrid silicalite-1 on zeolite beta.168  The presence of mesoporosity was 

attributed to the inter-crystalline spaces created by the polycrystalline silicalite-1 shell. 

Based on the similar shape of the isotherm, it is speculated that IRMOF-3-CC might 

have a similar core-shell structure showing a Type I isotherm for micropores and the 

hysteresis for mesopores. 

In order to verify this dual porosity of IRMOF-3-CC, optical micrograph and 

SEM images were taken (Figure 8-7). In contrast to the transparent brownish color of 

as-synthesized IRMOF-3, IRMOF-3-CC appears opaque under the optical microscope. 

This suggests that the light scatters while propagating through the IRMOF-3-CC, 

possibly due to the presence of defects. While the SEM image of IRMOF-3 (Figure 8-

7b) exhibits rather smooth surface morphology with typical irregular cracks formed 

when dried, the image of the IRMOF-3-CC (Figure 8-7d) clearly shows the presence of 

both sponge-like and trench-like defects, indicating the presence of hierarchical structure. 

Even though the macro-scale defects observed in Figure 4d will have a little effect on N2 

isotherms and total surface area, we speculate that protons released during CC 

modification may be able to create meso-porosity on IRMOF-3 structure by partial 

etching. Of course, when etching proceeds further, macro-scale defects can be produced 

as observed in Figure 8-7. It was found that the etching process during CC modification 

stopped after a certain period of time, thereby preserving the crystallinity of IRMOF-3.  



 

 

Figure 8-5 XRDs of CC modified IRMOF

TEA; a) fresh IRMOF-3, b) 0.5 : 0, c) 0.5 : 0.5, d) 0.5 : 1 and  e) 0.5 :

XRD patterns of b) ~ e) were magnified 3 times.

 

XRDs of CC modified IRMOF-3 in chloroform with different ratio of 

3, b) 0.5 : 0, c) 0.5 : 0.5, d) 0.5 : 1 and  e) 0.5 : 2. For the clarity, 

XRD patterns of b) ~ e) were magnified 3 times. 
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3 in chloroform with different ratio of CC vs. 

2. For the clarity, 

 



 

 

 

Figure 8-6 N2 adsorption and desorption isotherms of modified IRMOF

 

 

adsorption and desorption isotherms of modified IRMOF-3-
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-CC. 
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Based on these observations, we propose a self-limited modification model 

which is  illustrated in Figure 8-8. This self-limited surface modification by CC in the 

presence of TEA involves several steps. CC reacts with the amines in IRMOF-3 on the 

external surface. Protons released from the reaction then dissolve external surface of 

IRMOF-3 and create meso-/macro-scale- defects. While the structure is modified with 

CC, the diffusion of CC is limited since bulk CC molecules act as barriers. Therefore, 

etching of IRMOF-3 structure by proton is terminated.  

For the proof of our hypothesis, various characterizations, such as TGA, IR, and 

XPS were performed. Transmitted IR spectrum of IRMOF-3 and IRMOF-3-CC were 

compared in Figure 8-9. Diminished N-H bend spectrum at 1654 cm-1 on IRMOF-3-CC 

was observed compared to IRMOF-3 which showed clear one. NH stretch spectra of two 

samples were found at 3400~3500 cm-1. We speculate that the substitution of secondary 

amine on IRMOF-3 by CC might cause removal of N-H bend spectrum on modified 

IRMOF-3-CC while N-H stretch spectrum was maintained on both samples. We did not 

know yet whether IRMOF-3 might be fully modified by CC or partially changed. 

 



 

  

 
 

 

 

Figure 8-7 Optical images and SEM images of IRMOF

CC, c) and d), respectively. 

Optical images and SEM images of IRMOF-3, a) and b) and of IRMOF

CC, c) and d), respectively.   
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3, a) and b) and of IRMOF-3-



 

 
 

 

 

Figure 8-8 The schematic illustration of 

 

The schematic illustration of self-limited surface modification 
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 of IRMOF-3. 



 

 

 

Figure 8-9 Transmitted IR spectrum of a) IRMOF

(1) 3448 cm-1, (2) 3375 cm

stretch, symmetric NH2 stretch, NH

functional group, respectively.

Transmitted IR spectrum of a) IRMOF-3(red) and b) IRMOF

, (2) 3375 cm-1, (3) 1654 cm-1, and (4) 1045 cm-1 indicate asymmetric NH

stretch, NH2 scissors, and C-N stretch for primary amine 

functional group, respectively.  
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and b) IRMOF-3-CC (blue). 

indicate asymmetric NH2 

for primary amine 
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To determine how much of CC was incorporated into IRMOF-3, TGA 

measurements were taken. As shown in Figure 8-10, IRMOF-3-CC show two weight 

loss step (though not distinctive), one from ~ 200 °C to ~ 400 °C and the other  at ~ 400 

°C while IRMOF-3 has a single weight loss at ~ 420 °C. The first weight loss of 

IRMOF-3-CC starts at ~195 °C and proceed gradually up to around 350 °C, which 

corresponding to about 12 %.  The second weight loss happened at about 400 °C at stiff 

rate. The first gradual weight loss is attributed to the decomposition of   CC attached to 

IRMOF-3 while the second sharp loss to the complete removal of organic linkers. The 

final weight difference between IRMOF-3 and IRMOF-3-CC is about 4 %. If all of the 

amine groups in IRMOF-3 are modified with CC, it is expected that the final weight 

difference between IRMOF-3 and fully modified IRMOF-3-CC should be about 12 % 

after complete removal of the organics based on  the formular weights; [(Zn4O)(O2C-

C6H3NH2-CO2)3] and [(Zn4O)(O2C-C6H3NH-C3N3Cl2-CO2)3]. Based on this estimation, 

therefore, we assume that about 33 % of the amine groups of IRMOF-3 were modified 

with CC, which corresponds to about  wt%. This is consistent with the first weight loss 

of 12 % at around 350 °C due to the loss of CC. 

If our model is correct, one can expect the non-uniform distribution of CC 

throughout the structure (i.e., more CC in the vicinity of external surface). High 

resolution XPS spectra of C, O, N, Zn and Cl for IRMOF-3 and IRMOF-3-CC samples 

were taken. In order to compare bulk and surface information, as-prepared IRMOF-3 

was compared with both IRMOF-3 and IRMOF-3-CC that were crushed before taking 

XPS.    



 

 

 
Figure 8-10 Weight loss of IRMOF

were activated by vacuum pump for 1day at 100 

 

Weight loss of IRMOF-3, a) and IRMOF-3-CC, b) by TGA. These samples 

were activated by vacuum pump for 1day at 100 °C. 
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CC, b) by TGA. These samples 
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In Figure 8-11, high resolution XPS spectra of N 1s of IRMOF-3 and IRMOF-3-

CC are compared. The N 1s spectrum of crushed IRMOF-3 (see Figure 8a) shows a 

symmetrical single peak at ~ 399.5 eV, which corresponds to the nitrogen from the 

linkers.166,169 On the contrary, the XPS spectra of N 1s of both crushed and as-prepared 

IRMOF-3-CC samples (see Figure 8b and 8c) show two peaks, one broad peak and one 

small peak, which were fitted with three Lorentzian-Gaussian peaks, ~399.5 eV  ~400.5 

eV, and ~402.5 eV. The peaks at ~399.5 eV and at ~400.5 eV were assigned to the 

nitrogen of the linker166,169and the nitrogen in aromatic hetorocyles.169-170 Finally the 

peak at ~402.5 eV is assigned to the nitrogens that link CC and the linker. This suggests 

that the CC molecules are covalently attached. As-prepared IRMOF-3-CC shows much 

greater relative N 1s intensity of C3N3 than the crushed one. This observation indicates 

that the CC is concentrated on the external surface, supporting the self-limited 

modification model.  

Mass percentage of N was estimated from from high resolution XPS spectra and 

presented in Figure 8-12. The total N weight percentages in the IRMOF-3 and IRMOF-

3-CC samples were obtained based on the total peak area of XPS spectra. Calculated 

value (blue bar) of each sample was obtained based on the formula weight of the 

samples; [(Zn4O)(O2C-C6H3NH2-CO2)3] for IRMOF-3 and [(Zn4O)(O2C-C6H3NH-

C3N3Cl2-CO2)3] for IRMOF-3-CC. It can be seen that nitrogen mass percentage was 

greater withIRMOF-3-CC (both crushed and as-prepared) than with crushed IRMOF-3. 

In addition, different concentrations of N between calculated and measured values of 

IRMOF-3-CC were observed, while there is no significant difference between calculated 
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and measured values of IRMOF-3. It is speculated that there are different modifications 

of N on surface and core of IRMOF-3 due to limited diffusion of CC into pores. 

According to calculation, the maximum value of N concentration should be 13.4 %. 

IRMOF-3-CC has 11.2 % of N concentration on the surface and 8.61 % of that as an 

average value. It is considered that 85 % of surface on IRMOF-3-CC is modified by CC 

and 60 % of IRMOF-3 is modified by CC. These results are different with TGA results, 

however, TGA and XPS result cannot be compared directly due to the 10 nm limitation 

of XPS.   

Finally CO2 adsorption property of IRMOF-3 and IRMOF-3-CC were measured 

using adsorption breakthrough curves. According to our results in Figure 8-13, modified 

IRMOF-3-CC had improved CO2 adsorption property. It is surmised that mesoporous 

porosity might enable fast CO2 diffusion into the pores and an increased number of 

nitrogen by modification of CC might hold more CO2 in the pores. However dramatic 

improvement did not occur due to the limited modification of CC.  

  



 

 
  

 

 

Figure 8-11 High resolution XPS spectra of N

IRMOF-3-CC, representing overall structure, and c) surface of IRMOF

 

High resolution XPS spectra of N 1s. a) crushed IRMOF

CC, representing overall structure, and c) surface of IRMOF-3-CC.

 

180

 

1s. a) crushed IRMOF-3, b) crushed 

CC. 



 

 

Figure 8-12 Area percentages

of crushed IRMOF-3-CC 

indicate N in C-N-C, in C3

 

 

Area percentages of N peaks obtained via high resolution of XPS spectrum 

 (left) and as-made IRMOF-3-CC (right). Peak 1, 2, and 3 

3N3, and in C-N as shown in Figure 8-11. 
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peaks obtained via high resolution of XPS spectrum 

Peak 1, 2, and 3 



 

 

Figure 8-13 Breakthrough curve of CO

a blank. 

 

 

Breakthrough curve of CO2 via IRMOF-3, IRMOF-3-CC and inert sand as 
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CC and inert sand as 
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8-4 Conclusions 

In conclusions, we presented the synthesis and characterization of the CC 

modified IRMOF-3-CC for the first time. Meso-porous IRMOF-3 was observed by 33 % 

of CC modification resulting the hierarchical structures by self-limited etching process. 

X-ray diffraction confirms that the maintained MOF structure during CC modification. 

IR, TGA, and XPS unambiguously confirm partial modification on surface by self-

limited etching process. 

IRMOF-3-CC via postmodification reported here is expected to open new 

opportunities for the CO2 capture as well as catalysis with improved CO2 adsorption 

properties and dual porosities. 
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CHAPTER IX 

CONCLUSIONS AND FUTURE WORK 

  

9-1  Conclusions 

In this dissertation, we demonstrated IRMOF membranes and their modifications 

for gas separations. In order to overcome several issues which make the fabrication of 

MOF membrane difficult, we have developed a novel rapid seeding method using 

microwaves and a procedure of preventing crack formation with surfactant modification. 

We also demonstrated a selectively etched hierarchical IRMOF-3 via postsynthetic 

modifications with enhanced CO2 adsorption properties.  

The first objective was to develop novel seeding method for the fabrication of 

MOF membranes and was successfully fulfilled in Chapter IV. However, making crack 

free membrane was challenging. 

In order to overcome the prevention of crack formation, our second objective, we 

have developed a procedure of preventing crack formation during membrane synthesis 

and activation process in Chapter V to Chapter VII. With the crack free IRMOF-1 

membrane, we obtained a result showing small gas diffusion behaviors through IRMOF-

1 membrane with Knudsen type gas transport. Moreover surfactant modified drying 

procedure can offer enhanced water resistance as well as preventing crack formation of 

IRMOF-3 membranes.  

For the better gas separation properties of IRMOFs, our third objective, 

functionalization of IRMOFs was performed by post-synthetic modification with 
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cyanuric chloride resulting hierarchical dual porous structures of IRMOF-3 with 

enhanced CO2 adsorption properties.   

 

9-2  Future Work 

 Many possible future works by continuing this dissertation could be 

accomplished. Here are several recommendations based on membrane and adsorption 

researches as future work. 

 

9-2-1 Membrane based researches 

9-2-1-1 Study of gas separation through IRMOF-3-AM-6 

IRMOF-3-AM-6 has been modified with long chains of hydrocarbons which can 

enhance the solubility of membranes as well as the water resistance. Thermodynamic 

based gas separations using enhanced solubility of hydrocarbons are mostly promising 

for challenging gas separations, such as hydrogen to nitrogen and olefin to paraffin. The 

crack free IRMOF-3-AM-6 membrane can provide a promising separation results of 

those separations. 

 

9-2-1-2 Fabrication of carbon-MOF hybrid membranes 

IRMOFs can be easily hybridized with hydrophobic materials, such as graphite, 

graphene, or CNT. These carbon based materials are highly initiative by microwaves 

producing localized thermal heating, thus one can easily synthesize hybrids carbon-MOF 

materials. These functionalizations of MOFs might enhance their hydrophobicity which 
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can provide enhanced the solubility of hydrocarbon based gases. Thermodynamic based 

gas separations are expected by hybrids carbon-MOF membranes. 

      

9-2-1-2 Study of bonding between MOFs and supports 

For the deep study, firstly, the fundamental study of bonding between seeds and 

substrates is required.  Zeolite seed can easily make strong bond with supports by simple 

calcinations process occurred covalent bonding via condensation process between seed 

and support. However no one has studied yet, what kind of interaction might be possible 

in details. We demonstrated strong bonding between IRMOF-1 seed and Al2O3 disc via 

sonication method in Chapter IV, however, more specific researches should be designed.  

In order to verify the interaction between seed and support, one controlled 

experiment can be followed. One of possible routes is the connection of carboxylates 

and supports via condensation. Immerse the heated Al2O3 at controlled temperature 

rapidly in to the mixture of organic linkers and solvent. If a certain connection might be 

happened, IR and Raman studies can tell us the relationship between them after severe 

sonication cleaning. Gratzel and co-workers demonstrated the interaction between 

carboxylates and metals using IR.171 Figure 9-1 explains possible connection of them. 

Once the bonding between MOF seed and support can be revealed, that might be 

helpful information for development of new seeding methods. 
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Figure 9-1 The possible interaction between carboxylates and metals. Adapted from 

Ref.171 

 

 
 

 

Figure 9-2 Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate and 

ethyl accetoacetate. Adapted from Ref. 66 
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9-2-2 Adsorption based researches 

9-2-2-1 PSM by dendrimer  

Although postsynthetic modification of CC was demonstrated, the total adsorbed 

CO2 was not successfully increased by IRMOF-3-CC. One of great role of CC is being a 

connector with dendrimers. In particulary melamine-based dendrimer (G1-C12) 

nanocomposite menbranes explored by Shantz’s group172 showed high selectivity for a 

small hydrocarbons over a light gas due to increase of solubility of the heavy 

component. Once either hybrid iso-reticular metal-organic framework (IRMOF) or 

mixed-ligand IRMOF membrane is fabricated, these membranes will be treated via post-

synthetic modifications. 

 

9-2-3 Other applications 

9-2-3-1 Catalysis  

The amines are also important for the catalytic and CO2 sorption properties of the 

MOF.  The catalytic and gas sorption properties of the MOFs are typically hindered by 

transport of molecules. Therefore, it would be desirable to create hierarchical pore 

structures to minimize the mass-transport limitation. As CC modified IRMOF-3-CC has 

an interesting  hierarchical structure showing dual porosities, it can be used  as a good 

catalyst in the following reaction as proposed by Gascon and co-workers.66 
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APPENDIX A 

CALCULATION OF SURFACE COVERAGE OF MOFS ON SUPPORT FOR 

CHAPTER V 

 
1. Open a SEM image in Photoshop 

2. Check expended view in histogram (you can see Pixels) 

 

 

3. Count pixels (=111252), this is total pixels 

4. Click ‘Select’ � ‘Color range’ 
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5. Choose ‘Sampled Colors’ in Select menu: and ‘Grayscale’ in Selection Preview. 

Click support in small window with eyedropper. In addition, adjust “Fuzziness” 

in order to maximize contrast. 

 

  



 206

6. Click one of black areas of MOFs with eyedropper and click ‘OK’ (MOFs are 

selected partially, you should increase selected area of MOFs via selection tool) 

7.  Click quick selection tool and click + in top menu (brush size: ~10)

 

 
8. When you click MOFs with ⊕,you can select whole MOFs 

 

Fully selected 
MOF 

Partially selected 
MOF 
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9. If you want to de-select area, just click – on top menu, and then click the area 

you don’t want 

10. Once you finish the selection, count pixels in Histogram (=10574) 

11.  Calculate coverage area = selected pixels/total pixels ( = 10574/111252 = 9.5% ) 

 

 

# You can skip step 5~6 if MOFs coverage is low (small number of crystals). Most 

important thing is how to separate crystals and support with different contrast. 
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APPENDIX B 

ADDITIONAL FIGURES FOR CHAPTER VI 

 

 

 

Figure B1 Picture of permeance tester cell. 
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APPENDIX C 

ADDITIONAL FIGURES FOR CHAPTER VII 

 

 

 

Figure C1 Picture of solvent evaporation chamber. 

  



 

 

 

 

Figure C2 Time-resolved XRD patterns of IRMOF

IRMOF-3 powder, a), IRMOF

c), 30 min, d), 1 hr, e), 2 hr, f), 4 hr, g), 8 hr, h),  1 day, i). XRD patterns of b) ~ i) were 

magnified 5 times for clarity.

 

resolved XRD patterns of IRMOF-1 membrane exposed in air. 

3 powder, a), IRMOF-1 membrane, after drying, b), exposed in air for 

c), 30 min, d), 1 hr, e), 2 hr, f), 4 hr, g), 8 hr, h),  1 day, i). XRD patterns of b) ~ i) were 

magnified 5 times for clarity. 
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1 membrane exposed in air. 

1 membrane, after drying, b), exposed in air for 15 min, 

c), 30 min, d), 1 hr, e), 2 hr, f), 4 hr, g), 8 hr, h),  1 day, i). XRD patterns of b) ~ i) were 



 

 

 

Figure C3 Time-resolved XRD patterns of IRMOF

IRMOF-3 powder, a), IRMOF

2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 days, h),  1week, i). 

 

resolved XRD patterns of IRMOF-3 exposed in air for a week. 

3 powder, a), IRMOF-3 membrane, after drying, b), exposed in air for 1day, c), 

2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 days, h),  1week, i).  
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3 exposed in air for a week. 

fter drying, b), exposed in air for 1day, c), 



 

 

Figure C4 Time-resolved XRD patterns of IRMOF

IRMOF-3 powder, a), IRMOF

1day, c), 2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 days, h),  1week, i).

 

resolved XRD patterns of IRMOF-AM-6 exposed in air for a week. 

3 powder, a), IRMOF-3-AM-6 membrane, after drying, b), exposed in air for 

1day, c), 2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 days, h),  1week, i).
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6 exposed in air for a week. 

ng, b), exposed in air for 

1day, c), 2 days, d), 3 days, e), 4 days, f), 5 days, g), 6 days, h),  1week, i). 

 



 213

APPENDIX D 

ADDITIONAL TABLES AND FIGURES FOR CHAPTER VIII 

Table D1 XPS atomic ratio data of IRMOF-3 and IRMOF-3-CC. 

Sample N/ZnXPS Cl/ZnXPS 
   

IRMOF-3-CC 
(surface) 

 

 
 

0.247 

 
 

0.063 

IRMOF-3-CC 
(crushed) 

 

 
 

0.131 

 
 

0.044 

 
IRMOF-3 
(crushed) 

 
0.059 

 
0.006 

 

 

Table D2 Concentrations of N from XPS spectra of IRMOF-3 and IRMOF-3-CC. 

Sample Measured Calculated 
 (%) (%) 

IRMOF-3-CC 
(surface) 

 

 
 

11.2 

 
 

13.4 

IRMOF-3-CC 
(crushed) 

 

 
 

8.6 

 
 

13.4 

 
IRMOF-3 
(crushed) 

 
4.5 

 
5.1 

 

 



 

Figure D1 N2 adsorption and desorption isotherms of modified IRMOF

H-K method for spherical geometry was used for calculation of pore distribution.

 

Figure D2 Micro-type reactor for adsorption tester.

adsorption and desorption isotherms of modified IRMOF-3

K method for spherical geometry was used for calculation of pore distribution.

 

type reactor for adsorption tester. 
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3-CC. Modified 

K method for spherical geometry was used for calculation of pore distribution. 
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