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Chapter 1 

1.1 Metal-Organic Frameworks (MOFs): an emerging class of 

crystalline porous materials 

1.1.1 Porous materials and applications 
The efforts of design and synthesis of materials with multiple properties 

and advanced functionalities have never been ceased to fulfill the rising 

demands from the real world. Porous materials, which are defined as solids 

containing empty voids,[1] are one of the most intensively researched fields 

from fundamental research to large-scale industrial process. The porous 

materials with empty voids have been widely used in storage and separation, 

purification, sensing, volatile organic compounds (VOCs) capturing, 

heterogeneous catalysis, energy storage and biomedicine, etc. According to 

the definition from International Union of Pure and Applied Chemistry (IUPAC), 

porous materials can be classified into three main catalogues based on the 

size of contained pores: micro-pore material (<2 nm), meso-pore material (2–

50 nm) and macro-pore material (>50 nm).[2] Moreover, the shape of pore in 

porous materials also has non-negligible impacts to achieve particular 

functionalities. Regarding to this, amorphous porous materials and crystalline 

porous materials (CPMs) are sorted according to the uniformity of contained 

pores. Amorphous porous materials, such as activated carbons, porous 

polymers, metal foams and so on, normally show disordered pore structure in 

which many of the pores are isolated and blind (Figure 1.1).[3] The presence of 

such kinds of pores would severely affects many processes happened in 

porous materials like sorption and mass transfer. The isolated and blind pores 

reduce the volume of valid pores (through pores and open pores) in 

amorphous porous materials. Differing from amorphous porous materials, all of 

the pores of CPMs are active for related processes. CPMs (e.g., zeolites[4] and 

open-framework aluminophosphates[5]) crystallize with defined pore size and 
2 

 



Chapter 1 

shape, which have attracted lots of research interest. CPMs with defined pore 

structure are an ideal platform for fundamental research and practical 

applications. For example, zeolites, constructed from [SiO4] and [AlO4] 

tetrahedra and shown rigid structure, well-defined channels or cavities, and 

high pH- and thermo-stability, have made the largest contribution to industrial 

applications as catalysts, adsorbents and ion-exchangers.[4]  

 

Figure 1.1. Schematic cross-section of amorphous porous materials.  

Over the past decades, more and more practical applications require the 

CPMs owning tunable properties and multiple functions. Especially under the 

pressure of global energy shortage and environmental pollution, designing 

new CPMs with fascinating properties and functionalities is more urgent. 

However, it is a great challenge to multifunctionalize traditional zeolites and 

aluminophosphates as desired because their networks are established by rigid 

and with limited elements [TO4] (T = Si and Al) tetrahedra. However, considering 

the flexibility and versatility of the organic-based moieties, introducing organic 

ligands into the networks of CPMs could drastically enhance the controllability 

and tunability of obtained structures. Directed by this idea, a new potential 

class of CPMs so-called metal–organic frameworks (MOFs) was emerged. 
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Chapter 1 

 

Figure 1.2. Three kinds of MOFs depending on properties of the networks e.g. 

upon guest sorption process. [Adapted with permission from ref. 11. Copyright 

2009 Macmillan Publishers Limited] 

1.1.2 Structure diversity and functionality of MOFs 
MOFs, also known as porous coordination polymers (PCPs), are 

composed of metal nodes (including single metal ions and second building 

units (SBUs)) and multitopic organic spacing linkers to form infinite frameworks 

with defined voids.[6-7] Actually, MOFs or, more generally speaking, 

coordination polymers (CPs) have been reported since the late 1950s and the 

early 1960s.[8-9] However, the frameworks of these MOF materials collapse 

irreversibly after the removal of guest molecules, which means that there is no 

permanent porosity (Figure 1.2a).[10-11] Until the middle of 1990s the situation 

was improved by the pioneering works of Yaghi et al.,[7, 12] Kitagawa and 

coworkers,[13]  and Ferey et al.[14] The emergence of stable and robust MOFs, 
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Chapter 1 

in which porous structure remains after removing guest molecules (Figure 

1.2b), results in a long-lasting impact in the fields of chemistry, biology, physics, 

and materials science. Furthermore, MOFs with flexible or dynamic 

frameworks (also called soft porous crystals), which reversibly respond to 

external stimuli, were developed as well (Figure 1.2c).[10, 15] Note that, 

according to the suggestion from IUPAC in 2013, MOF is defined as “a 

coordination network repeating coordination entities extending in 1, 2, or 3 

dimensions.”[16]  

SBUs play an important role in the design of directionality for the 

construction of MOFs and to achieve robust frameworks (Figure 1.3).[17-18] 

SBUs allow the MOF structures to serve as rigid, directional, and stable 

building units in the design of robust crystalline materials with predetermined 

structures and properties. Under the solvothermal conditions, SBUs are 

assembled from metal ions and bridging oxygen or nitrogen atoms with 

different topologies. To date, hundreds of SBUs have been reported in existing 

MOF structures, from which it is not difficult to imagine how diversity the 

structure of MOFs could be.[19-20] Moreover, many properties, such as 

adsorption, catalysis, magnetism and so on, are also influenced or even 

determined by the SBUs employed in MOFs. For example, MOFs constructed 

by the SBUs with open sites, like Cu/Zn paddlewheel and M3(𝜇𝜇3-O) (M = Fe 

and Cr), show high affinity to CO2 due to the chemical bonding between guest 

CO2 molecules and these open sites.[21-22] Furthermore, the SBUs with open 

sites are Lewis acids, which are catalytically active for lots of organic reactions 

such as cyanosilylation,[23] ring opening reaction,[24] Mukaiyama-aldol 

reaction[25], Knoevenagel condensation[26] and redox reaction[27]. Interestingly, 

the stability of MOFs is influenced by the SBUs as well.[28] According to 

previous studies, MOFs, which contain SBUs coordinated by high-valence 

metal ions and/or N-donor ligands, normally show relative high stability. For 
5 

 



Chapter 1 

instance, UIO-66, in which SBUs are composed of Zr4+, displays high thermal 

stability (up to 500 °C which is comparable to that of zeolites) and high 

resistance to acid and base.[29-30] 

 

Figure 1.3. The impact of the SBUs on the structure, chemistry, and 

applications of MOFs. [Reprinted with permission from ref. 18. Copyright 2018 

The Authors, some rights reserved; exclusive licensee American Association 

for the Advancement of Science] 

In MOF structures, organic linkers act as spacers to connect SBUs via the 

coordination bonds to form reticular frameworks. The flexibility and versatility 

of organic linkers has profound impacts on the design and synthesis of MOFs 

with tunable structural features and properties. By employing linkers with 

different length, the pores of obtained MOFs could be rationally tuned varying 

from several to 98 Å (Figure 1.4a).[31] With such large pore opening and high 

porosity, MOFs are promising candidates for gas adsorption/separation[32] and 

encapsulating active species[33]. Moreover, decorating the linkers with 
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Chapter 1 

functional pendant groups, such as -X (X = F, Cl, Br), -NH2, -NO2 and alkoxy 

groups, various new or enhanced properties can be generated in MOFs as 

well.[34] Particularly, multivariate MOFs (MTV-MOFs), which are assembled by 

incorporating distinct linker functionalities within one pure phase, exhibit the 

properties that do not arise from linear combinations of the pure constituents 

(Figure 1.4b).[35-36] 

 

Figure 1.4. (a) Linker length-dependent pore size of MOFs, and (b) 

MTV-MOF-5 with eight distinct functionalities in one pure phase. [Reprinted 

with permission from ref. 31 (a) and 35 (b). Copyright 2012 and 2010 American 

Association for the Advancement of Science, respectively] 

Plenty of synthetic methods have been developed to synthesize MOFs so 

far, such as hydrothermal and solvothermal methods, electrochemistry, 

microwave-assisted heating, mechanochemistry, sonochemistry etc.[37] 

However, how to control the synthesis process of MOFs to achieve desired 

quality is still a significant challenge. Recently, some valuable synthetic 

strategies have been proposed to improve the quality controllability of MOF 
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Chapter 1 

crystals. The introduction of coordination modulator into synthesis processes is 

one of the most used strategies, through which we can enhance the 

crystallinity,[38] control the morphology of MOFs[39], and even induce new MOF 

structures[40]. Another practical strategy for controlling the morphology and size 

of obtained MOF crystals is using mixed solvent as the synthetic medium. The 

size of ZIF-71 crystals can be controlled ranging from below 100 nm to several 

micrometers by adjusting the solvent with different ratio of methanol and 

DMF.[41-42] Recently, solvent assisted linker exchange (SALE) has emerged for 

synthesizing those MOFs cannot be obtained by direct synthetical methods.[43] 

Till now, many new types of MOFs have been prepared by SALE. Meanwhile, 

the functionalities and application scope can be also extended by exchanging 

the fixed linkers in MOF frameworks with pre-functionalized ones. Despite 

many synthetic efforts have been developed, it is still not easy to control the 

quality of MOFs as desired. 

The tremendous diversity of SBUs and organic linkers provides the 

possibilities to subtly design the structure of frameworks and feasibly tune the 

chemical and physical properties of the pore surfaces.[20, 44] The structural 

diversity enables MOFs a variety of interesting properties, such as high 

porosity, chirality, large surface area, magnetism, luminescence, 

spin-crossover and electron/proton conductivity,[45] which make them as 

promising candidates in many application fields such as storage,[46] 

separation,[32] sensing[47] and catalysis.[48] 

1.2 Strategies for further improving the performance of MOF 

materials 

One of primary challenges facing the practical applications of MOFs is 

how to improve the synthesis processes that allow MOFs to be compatibly in 
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Chapter 1 

real-working conditions, meanwhile obtain enhanced performance. In terms of 

this issue, many strategies have been developed to improve the performance 

of MOF materials and broaden their application scope. Except selecting 

different SBUs and pre-functionalizing linkers, research efforts are also 

devoted from two aspects in general to further functionalize MOFs: one is 

incorporating alien species into MOFs to form MOF composites; the other one 

is improving the synthetic skills to enhance or create intrinsic properties in 

MOFs, which includes post-synthetical modification (PSM), defect engineering, 

heterostructured MOFs and MOF thin films. 

1.2.1 MOF composites 
The ultrahigh and uniform porosity of MOFs can be used as matrix for 

hosting alien functional species, through which MOF composite materials are 

obtained. Controllable integration of MOFs and alien functional species leads 

to the generation of new properties in MOF composites which are superior to 

those of the individual components through the collective behavior of the 

functional units. A lot of species with various functionalities, such as noble 

metal nanoparticles (NPs), oxides, quantum dots (QDs), polyoxometalates 

(POMs), polymers, graphene, carbon nanotubes (CNTs), biomolecules and so 

on (Figure 1.5), have been incorporated in MOFs.[49] By selecting functional 

species for incorporation, the application scope of MOF composites has 

broadened from life science to industrial fields. Among them, the composite of 

noble metal NPs encapsulated in MOFs (M-NPs@MOF) is the most 

intensively studied and shows great potentials in catalysis and hydrogen 

storage.[50-53] Moreover, POMs loaded Cu3btc2 (also known as HKUST-1, btc = 

benzene-1,3,5-tricarboxylate) composites (POM@Cu3btc2) show not only 

advanced catalytic properties but also enhanced stability which can exist in 

acid solution up to 0.02 M.[54-55] The parent Cu3btc2, however, shows poor 

tolerance to acid. The strategy of incorporating functional species in MOFs 
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provides a feasible method to improve the performance and broaden the 

application of MOF materials. 

 

Figure 1.5. The composites of MOFs and functional materials. [Reprinted with 

permission from ref. 49. Copyright 2014 The Royal Society of Chemistry] 

1.2.2 Enhancing/creating intrinsic properties in MOFs 

1.2.2.1 Post-synthetical modification (PSM) 

PSM is an efficient synthetic strategy to functionalize MOF materials with 

desired properties, especially for those cannot be achieved by direct 

synthesis.[34, 56] In this method, the linkers of pre-assembled MOFs are 

modified by chemicals through amide couplings, isocyanate condensations, 

‘click’ chemistry, or other suitable reactions with preservation of the lattice 

structure. Various functional groups have been successfully immobilized on 

the fixed linkers by PSM so far, through which the functionalities of MOFs are 

greatly enhanced and more controllable than the parent one. For example, the 

gas adsorption property of MOFs can be subtly tuned by grafting side chains 

with different length on the linkers using PSM approach.[57] 

1.2.2.2 Defect engineering 

Defect engineering, which is artificially controlling the defect concentration 

in materials to alter their intrinsic properties, has been a powerful tool to tailor 
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the properties of MOFs.[58-59] The control of defect density in MOFs is 

implemented by the incorporation of missing linker and/or missing node 

defects into MOFs during the fabrication processes. The defect engineering 

opens up novel opportunities to tailor the properties of MOFs not only in 

controlling physical characteristics such as band gap as well as magnetic and 

electrical/conductive properties, but also in sorption and catalysis within MOF 

materials. Metal and linker vacancies created by the incorporation of 

defect-generating linkers into MOFs might induce disturbed electronic coupling 

states compare to that of parent MOFs, which have huge impacts on electronic, 

magnetic, and optical properties.[60] Moreover, defects in MOFs could affect 

mass-transport pathways within the pores, combining with the increased active 

sites on prearranged SBUs by defect-generating linkers, shown great potential 

in catalysis application.[61-62] 

1.2.2.3 Heterostructured MOFs 

Integrating different MOF types into one structure is another efficient 

strategy to improve the performance of MOF materials, which shows hybrid 

properties from the single phases of MOF components as well as new 

functions generated from the synergistic effects of heterostructure (Figure 1.6). 

The as-synthesized MOF materials are so-called composite MOFs (or 

MOF-on-MOF or core-shell MOFs or MOF@MOF). This synthetic strategy is 

promising to synthesize MOF materials with multifunctionalities just by 

selecting associated MOF components and integrating them in a specific 

way.[63-64] For example, employing MOFs with different pore structure as 

components leads to the formation of hierarchical composite MOFs. The pore 

structure of hierarchical composite MOFs can be tuned by just changing the 

composition order of MOF components. The obtained composite MOFs with 

hierarchical pore structure are widely applied in sorption, separation, storage 

and molecule recognition.[65] However, the greatest challenge of this strategy 
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is that different MOFs cannot be integrated as desired due to the different 

incompatibility of MOF structures and crystallization kinetics. Hence, the 

selection of MOF components for constructing composite MOFs should be 

careful. To date, the successfully-synthesized composite MOFs are mainly 

among analogue MOF structures. 

 

Figure 1.6. Microscope images of representative core–shell MOFs (a. 

IRMOF-3(shell)@MOF-5(core); b. MOF-5(shell)@IRMOF-3(core)). Scale bar, 

200 mm. [Reprinted with permission from ref. 64. Copyright 2009 The Royal 

Society of Chemistry] 

1.2.2.4 MOF thin films 

Until now, most of the research attentions are mainly focusing on 

developing new MOF structures and functionalizing them for desired 

applications in bulk powder phase. However, some advanced applications, 

such as sensing, membrane-based separation, optical and electronic devices, 

and electrodes,[45, 47, 66] require MOFs assembled as thin films on given 

surfaces. More importantly, thin film process also facilitates the synthesis of 

composite MOFs, especially for those cannot prepare by normal bulk MOF 

synthesis methods (Figure 1.7). By this mean, the deposited quantity of each 

MOF component can be controlled during the fabrication process of 

heterostructured MOF thin films, which leads to the rational tunability of target 
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properties compare to bulk composite MOFs. As a promising synthetic 

strategy for improving the properties and performance of MOF materials, it will 

be discussed in detail below. 

 

Figure 1.7. Schematic illustration of (a) free-standing composite MOF B@A 

and (b) heterostructured MOF thin film B@A. 

 

Figure 1.8. (a) Cu3btc2 thin films and XRD patterns, (b) MOF-5 thin films and 

XRD patterns, (c) CPO-27-Zn/Mn thin films SEM images and XRD patterns, (d) 
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Zn3btc2 thin films and XRD patterns. [Reprinted with permission from ref. 72 (a) 

and 71 (b); Adapted with permission from ref. 76 (a) and 78 (b). Copyright 

2007 and 2005 American Chemistry Society; and 2010 and 2009 The Royal 

Society of Chemistry, respectively] 

1.3 MOF thin films 

1.3.1 Fabrication techniques 
More recently, MOF thin films have attracted rapidly growing research 

interest due to their advanced applications as stated above.[66] Thus, the 

development of fabrication techniques for assembling MOFs as thin films into 

such specific substrates and devices becomes an important issue. So far, a 

number of different techniques have been proposed for the fabrication of MOF 

thin films, which can be classified into 5 catalogues generally summing up from 

the recent reviews.[45, 66-68] They are listed as follow. 

1.3.1.1 Direct growth 

Direct growth means immersing a substrate in the reaction solutions 

containing metal salts and organic linkers under solvothermal conditions. The 

growth of MOF thin films took place on the liquid-solid interface of substrate 

surface and solution in a more or less intergrown and continuous fashion. 

Interestingly, it has been found that the growth of MOF thin films by using this 

method is influenced by the surface nature of substrate, especially its 

acid/base properties.[69-70] For example, the acid linker-containing Cu3btc2 can 

only grow on an basic surface such as alumina, while the MOF of 

Zn2(bdc)2(dabco) (bdc = terephthalate, dabco = 1,4-diazabicyclo[2.2.2]octane) 

with both acidic and basic linkers can grow on both acid silica and basic 

alumina. Because it seems that the linker with carboxylate groups cannot 

modify the acid substrate, which decreases the ability of heterogeneous 

14 

 



Chapter 1 

nucleation and growth. In order to overcome the selective growth of MOF thin 

films on various substrates, chemical modification of substrates is 

indispensable through which the connection between MOF thin films and 

substrates is established. Self-assembly monolayers (SAMs), including 

16-mercaptohexadecanoic acid (MHDA), (4,(4-pyridyl)phenyl)-methanethiol 

(PPMT), 11-mercaptoundecanol (MUD), hydroxyl (-OH), 

3-aminopropyltriethoxysilane (APTES), etc., have been widely used to modify 

the surface of substrates for directing the growth of MOF thin film.[69, 71-73] The 

applicability of direct growth methods is extended by employing SAMs as 

surface modificator. 

Up to now, a number of MOF types, such as Cu3btc2 (Figure 1.8a),[72] 

MOF-5 (Figure 1.8b),[71] Zn2bdc2dabco,[69] Mn(HCO2)2,[70] ZIF-22,[74] 

ZIF-8/SIM-1,[75] CPO-27-M (M = Ni, Co, Mg, Zn and Mn) (Figure 1.8c)),[76] 

MIL-47,[77] Zn3btc2 (Figure 1.8d),[78] and so on, have been fabricated as thin 

films on various substrates by using direct growth method.  

1.3.1.2 Liquid-phase epitaxy (LPE) 

How to control the growth of MOF thin films with specific thickness, 

homogeneity, and preferred crystallographic orientation plays a key role in 

some advanced applications. Nevertheless, it seems impossible to control the 

quality of obtained MOF thin films by using the direct growth method. 

Liquid-phase epitaxy (LPE, also known as Layer-by-Layer (LbL)), which was 

originally designed for polyelectrolytes held together by ionic interactions,[79] 

and relies on the stepwise, layer-by-layer dosing of components onto the 

substrate, has been emerged. Compare to the direct growth, LPE is a 

promising method for the fabrication of MOF thin film with controllable quality. 

As shown in Figure 1.9, the general idea of the stepwise LPE growth technique 

is that metal and linker component solutions are sequentially dosed onto the 
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surface of SAM-functionalized substrate in a layer-by-layer fashion with rinsing 

an appropriate solvent between each step to remove the unreacted and/or 

weakly physisorbed species. The obtained thin films are so-called surface 

mounted MOFs (SURMOFs). The thin films fabricated by LPE display many 

advantages: (1) homogeneous and smooth; (2) controllable thickness just by 

varying the number of deposition cycles; (3) preferred crystallographic 

orientation; and (4) lower defect density than the bulk powder synthesized by 

conventional solvothermal methods.[45, 66-67] Moreover, combining with the 

surface plasmon resonance (SPR) technique[80-81] and quartz crystal 

microbalance (QCM) sensor,[82] the stepwise LPE growth process can be 

monitored in situ by recording the oscillation frequency change of the QCM 

sensor, which allows for direct process control and provides insight into the 

mechanism of SURMOF growth. 

Until now, many MOF types (mainly Cu/Zn paddlewheel-based MOF 

structures) have been fabricated as thin films on various substrates using 

stepwise LPE technique, among which SURMOF Cu3btc2 that is one of the 

most intensively studied cases. Herein, SURMOF Cu3btc2 is used as a typical 

example to illustrate the details of stepwise LPE growth method. Prior to the 

growth process, cleaned substrate is immersed in SAM solution for some time 

to functionalize its surface. In each LPE deposition cycle, the functionalized 

substrate was first exposed to Cu(OAc)2 solution for 5 min and then H3btc 

linker solution for 10 min. Each subsequent step of dosing components was 

separated by a washing step of 5 min with ethanol. After repeating a certain 

cycles, the SURMOF Cu3btc2 would be obtained. Interestingly, the 

crystallographic orientation of as-synthesized SURMOF Cu3btc2 is determined 

by the SAMs used for functionalizing the substrates. Specifically, SURMOF 

Cu3btc2 shows the orientation of (100) and (111) on MHDA and 

MUD/PPMT/-OH SAMs-functionalized surface, respectively.[83] This 
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phenomenon can be found in other MOF types as well.[84-85] Note that, all of 

the work in this dissertation are based on this method. 

 

Figure 1.9. Schematic representations of the stepwise LPE method for 

fabrication of MOF thin-films, highlighting the well-controlled thin-film growth 

and the control of crystallite orientation by surface functionalization with SAM; 

and of the corresponding designs of various automatic set-ups for more 

efficiency in the large-scale processing. [Reprinted with permission from ref. 

67. Copyright 2017 The Royal Society of Chemistry] 

 

Figure 1.10. Schematic representation of the proposed model for Cu3btc2 

nucleation and growth on oxide surfaces. [Reprinted with permission from ref. 

82. Copyright 2012 The Royal Society of Chemistry] 
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SURMOFs have attracted a lot of attentions over the past decades due to 

the controllable thin film quality and potential applications. However, the 

growth mechanism behind stepwise LPE is still unclear now though several 

literatures have been published to discuss it.[82, 86-87] But it is widely accepted 

that the pre-formed SBUs is necessary for the nucleation of SURMOFs (Figure 

1.10), otherwise the growth would be hindered.[88] 

 

Figure 1.11. Schematically illustration of nanobelts converted Cubdc thin film 

by using substrate-seeded heteroepitaxy. [Reprinted with permission from ref. 

91. Copyright 2017 Macmillan Publishers Limited, part of Springer Nature] 

1.3.1.3 Substrate-seeded heteroepitaxy 

In this synthetic method, solid substrate itself or with pre-deposited metal 

oxide/hydroxide nanostructure is used as metal source, which is then soaked 

in linker solution to form MOF thin films under solvothermal synthesis condition. 

The substrate-seeded heteroepitaxy differs from the LPE growth method in 
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which both metallic and organic linker solutions are separately provided. The 

solution attacks the surface of metal precursor to dissociate metal ions at the 

solid-liquid interface, and then deprotonated linkers further coordinate with 

dissociative metal ions to form MOFs anchored on the surface of metal 

precursor. Normally, MOF@metal precursor composites are obtained by using 

this method. 

For example, MIL-53(Al) membrane on the mechanically strong support of 

α-Al2O3 disc was synthesized via substrate-seeded heteroepitaxy method by 

which free standing membrane with a size as large as centimeter scale was 

obtained.[89] The synthesis of ZIF-8, Cu3btc2, Cubdc (Figure 1.11) and 

Cu2bdc2dabco films were reported by this method as well, in which 

ZnO/Cu(OH)2 nanostructures were firstly deposited on the support and then 

the metal precursor covered substrate reacted in the linker solution to form 

MOF films.[90-91] The resulted MOF@MOx composites normally exhibit many 

unique properties that are from the integration of two species.[92-93]  

1.3.1.4 Electrochemical deposition 

Recently, a novel synthetic method was developed for MOF thin films 

fabrication, which is so-called electrochemical deposition. In general, three 

kinds of approaches have been reported so far for the use of electrochemical 

reactions to fabricate MOF thin-films, which are anodic, cathodic and 

electrophoretic deposition. In the anodic deposition process, MOF film forms 

on a metal connected at the anode within the electrolytic cell and the organic 

linker is dissolved in the electrolyte. After applying a voltage, anodic metal 

dissociate to generate the metal ions that further react with the organic linkers 

to form a target MOF anchoring on its surface. Differing from the anodic 

deposition, in the cathodic deposition process the electrodes are used as a 

source of electrons (normally are conductive and stable substrate like FTO, 

ITO glass) instead of as the MOF precursors and the metallic and linker 
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precursors are dissolved in the electrolyte. When applying a voltage, a 

high-concentrated alkali region near the cathode is formed in which organic 

linkers are deprotonated and further react with metal ions to form MOF 

particles. After a period of time, the accumulated MOF particles anchor on the 

cathode to form MOF films. For electrophoretic deposition, surface-charged 

MOF particles that are dispersed in the electrolyte are drove to accumulate on 

the opposite-charged electrode and form a MOF film under the electric field 

between anode and cathode. 

Many types of MOF films have been prepared by using electrochemical 

deposition technique. Among them, UIO-66 is representative example which 

can be fabricated as film by all three approaches.[94-95] 

1.3.1.5 Bottom-up modular assembly 

It is difficult to assemble 2-dimensional (2D) MOFs as films on specific 

substrate due to its structural flexibility and the absence of spacers between 

adjacent layers. In order to solve this problem, bottom-up modular assembly 

approach, which combines layer-by-layer growth process and the Langmuir–

Blodgett (LB) method, was developed to fabricate ultrathin 2D MOF thin films. 

Generally speaking, the pre-formed 2D MOF powder are firstly well dispersed 

in organic solvent by ultrasonication, afterwards suspending the mixture on top 

of water, at last transferring the suspended 2D MOF nanosheets on substrates 

by a simple stamping process. This method has been applied in many MOF 

types, especially the porphyrin-based 2D MOFs.[96-97] 

Not only so, many other novel methods such as chemical vapor deposition 

(CVD),[98] atomic layer deposition (ALD),[99] are also emerged for fabricating 

MOF thin films. While these techniques normally require high technical 

threshold and have limited applicability, so they are not discussed in detail in 

this dissertation. 
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Although many methods have been developed for the synthesis of MOF 

thin films, the applicability of each method is limited. Hence, a universal 

approach for fabricating MOF thin films, especially that with high controllability 

of MOF thin film quality, is still pursuing by chemists. 

1.3.2 Applications of MOF membranes/thin films 
MOF membranes/thin films have a wide application scope from 

fundamental research to industry production process.[66, 100-101] 

Separation: The chemical separation process in MOF materials can be 

divided into two types that are adsorption-storage driven separation and kinetic 

driven separation. As its name implies, adsorption-storage method utilizes the 

high adsorption capacity of specific adsorbates to separate from others, which 

are normally used in bulk MOFs. While for kinetic separation method, it takes 

advantage of the intrinsic properties of MOFs like the size/shape difference 

between pore opening of MOFs and adsorbates, and also the different 

affinities to adsorbates. This method is applied based on MOF films or 

membranes. MOF-5,[102] Cu3btc2,[103] MIL-53,[104] ZIF series,[105-107] etc. have 

been fabricated as membranes/films to study the gas or liquid separation. 

Chemical sensing: QCM-based sensing is one of the most 

straightforward approaches which can detect the mass change accurate to 

nanograms. Integrating MOFs on QCM sensor is a smart design for chemical 

sensing application. SURMOFs, grown on QCM sensors by using stepwise 

LPE technique, are promising in volatile organic compounds (VOCs) sensing. 

For instance, Tu and Fischer developed a novel heterostructured SURMOF 

(donated as hetero-SURMOF) Cu3btc2(up)@Cu2ndc2dabco(down) (ndc = 

1,4-naphthalenedicarboxylate) which shows prominent sensing efficiency to 

VOCs with different kinetic diameter.[108] 
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In addition, many other chemical sensing mechanisms, such as stress 

induced chemical detection, colloidal crystal-based sensing and 

luminescence-based detecting, together with MOF films generated sensors 

were also emerged over the past decades.[45] 

Electronic and optoelectronic devices: Actually, the high porosity and 

non-conductivity of electrons in MOFs are not in favor of their applications in 

electronic and optoelectronic devices. However, incorporating metal 

nodes/linkers with intrinsic electrical, optical, and mechanical properties into 

the reticula structure of MOFs is an efficient way to tune the conductivity and 

photoabsorption of MOF materials. Although this field is only in its incipiency, 

many new fundamental insights relevant to integrating MOFs with such 

devices have already been gained.  

Talin et al. have realized the tunability of electrical conductivity in Cu3btc2 

by infiltrating the nanopores with redox-active, conjugated guest molecule of 

7,7,8,8-tetracyanoquinododimethane (TCNQ).[109] Actually, the TCNQ guest 

molecules coordinate with the binuclear copper paddlewheels in the 

framework, which leads to strong electronic coupling between the dimeric Cu 

SBUs and results in the enhancement of conductivity. Besides, the progress of 

optoelectronic property in MOFs has been made as well, in which the 

porphyrin-based MOF thin films exhibiting superior photophysical properties, 

including large charge-carrier mobility and an unusually large charge-carrier 

generation efficiency were fabricated.[110] These synthetic efforts pave the way 

for electronic and optoelectronic applications of MOF materials. 

Catalysis: Catalytic active functional species loaded MOF films, such as 

Pd@MOF-5,[71] and Bi2O3@Cu3btc2
[111] have been developed as catalysts for 

the reactions of hydrogenation and dye degradation. 
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1.4 Motivation and outlines 

As having been discussed previously, MOF thin films are promising in 

many application fields (e.g., sensors, membrane based separation, 

electronics, etc). Nevertheless, there are two primary challenges facing in 

practical applications for MOF thin film-based materials and devices: (1) 

developing advanced film fabrication and patterning techniques which are 

effective for integration of MOF materials into related devices with high quality 

and performance; (2) discovering novel MOF materials with specific 

functionalities. As for the first concern, various techniques have been emerged 

for the growth of uniform MOF thin films or patterns. Among these synthetic 

methods, stepwise LPE technique has been intensively studied and developed 

for the fabrication of well-controlled MOF thin films. Still, how to control the 

quality of SURMOFs and what the underlying mechanisms allowing for the 

fine-tuning of SURMOF fabrication process are not clear. Regarding to the 

second concern, some synthetic attempts such as fabricating heterostructured 

SURMOFs and loading functional species in SURMOFs have been devoted. 

Despite of this, continuous efforts still need before stepping into real-world 

applications. Starting from these challenges, the studies of this dissertation are 

aiming at understanding of the SURMOFs growth process, including improving 

the quality controllability of SURMOFs and the synthesis of lattice-mismatched 

heterostructured SURMOFs, and further exploiting this knowledge to develop 

novel SURMOFs and seek their potential applications. The detailed 

descriptions of each chapter are listed below. 

Chapter 2 presents the thin film quality enhancement of 

Cu-paddlewheel-based SURMOFs (Cu3btc2 and Cubdc) by integrating a 

certain amount of water in the linker solution during the stepwise LPE growth 

process. By systematically studying the impact of water content on the quality 
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of obtained SURMOFs, we find that integrating 5% (v/v) water in the linker 

solution is the best condition for synthesizing SURMOFs with high quality, 

namely high crystallinity, preferred crystallographic orientation, high porosity, 

dense and homogenous morphology, and low defect density. Unfortunately, 

when applying this strategy to another Cu-paddlewheel-based SURMOFs 

Cu2bdc2dabco, the target SURMOFs cannot be obtained. Finally, we analyze 

the impact of water on the quality controllability of Cu-paddlewheel-based 

SURMOFs from the linker deprotonation and surface etching of thin films. 

Chapter 3 focuses on the fabrication of lattice mismatched 

hetero-SURMOF Cu2ndc2dabco@Cu3btc2. According to the former research, 

Cu3btc2 can be sequentially deposited on the top of SURMOF Cu2ndc2dabco 

to obtain hetero-SURMOF Cu3btc2@Cu2ndc2dabco. Nevertheless, the 

heterostructure with reversed order cannot be obtained using the same growth 

method and conditions. In order to solve this synthetic problem, the surface of 

pre-formed SURMOF Cu3btc2 was functionalized by isophthalate ligands with 

flexible spacing chain and end -OH group. By interface functionalization, the 

hetero-SURMOF Cu2ndc2dabco@Cu3btc2 is successfully prepared. Prior to 

the growth of the hetero-SURMOF, the binding configuration of isophthalate 

ligands deposited at the external surface of SURMOF Cu3btc2 was explored 

firstly. The success of this strategy suggests that this methodology of interface 

functionalization probably can be generalized as a universal method for 

fabricating other hetero-SURMOFs or even hetero-bulk MOFs. 

Chapter 4. In this chapter, we developed a novel 2D-3D hybrid 

hetero-SURMOF Cu3btc2@SURMOF-2 (Cubdc/bpdc/TF-bdc, bpdc = 

biphenyl-4,4’-dicarboxylate, TF-bdc = tetrafluoroterephthalate) by using 

stepwise LPE technique, which shows prominent VOCs adsorption properties. 

Instead of continuous film, discrete Cu3btc2 particles were deposited on top of 
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SURMOF-2, and the crystallographic orientation of top-deposited Cu3btc2 

particles is determined by the linker used in the bottom SURMOF-2. Herein, 

the upper randomly-distributed Cu3btc2 particles enhance the VOCs 

adsorption capacity of bottom SURMOF-2 which was retrained by its surface 

barrier. The total storage capacity of hetero-SURMOF Cu3btc2@SURMOF-2 is 

higher than that of both component phases. Moreover, the hetero-SURMOF 

shows preferred adsorption ability to large VOC molecules, which can be even 

tuned by using different linkers in bottom SURMOF-2. Considering the unique 

VOCs adsorption properties, hetero-SURMOF Cu3btc2@Cubdc shows great 

potential in the sensing, recognition and adsorption of VOCs. 

Chapter 5 presents the defects creation in SURMOF HKUST-1 by 

partially substituting the parent H3btc with three kinds of truncated linkers 

isophthalic acid (H2ip), 5-hydroxyisophthalic acid (H2OH-ip) and 

3,5-pyridindicarboxylic acid (H2pydc) via two methods based on stepwise LPE, 

mixing method and alternating method. The obtained thin films were 

characterized by X-Ray diffraction (XRD), infrared reflection-absorption 

spectroscopy (IRRAS) and Raman spectroscopy to confirm that the 

incorporation of defects in HKST-1 did not change the overall structure. The 

defects integrated in SURMOF HKUST-1 were characterized by the 

measurements of 1H nuclear magnetic resonance spectroscopy (NMR), 

time-of-flight secondary ion mass spectroscopy (ToF-SIMS), ultraviolet-visible 

(UV-Vis) spectroscopy, methanol vapor sorption and scanning electron 

microscope (SEM). The advantages of defects incorporation in SURMOF 

HKUST-1 of two strategies are compared at last. 

Chapter 6 includes the experimental details and analytical procedures in 

Chapter 2-5. The details of organic ligands synthesis and fabrication of 

SURMOFs by stepwise LPE method, various characterizations (such as XRD, 
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IRRAS, TGA, sorption isotherms, SEM, NMR, UV-Vis, ToF-SIMS and Raman) 

are described. In addition, the supplementary data of Chapter 2 is also given in 

this chapter.  

Chapter 7: In last chapter, we summarize the studies of this dissertation 

and the outlooks are also given. This dissertation focuses on the 

methodologies for the fabrication and improvement the quality of SURMOFs, 

and further multifunctionalizes SURMOFs to gain enhanced or create new 

functions by establishing heterostructure and incorporating defects. 
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 Abstract 

Metal−organic framework (MOF) thin films with high crystallinity, preferred 

orientation, homogeneous texture, and enhanced porous properties are 

desired to satisfy many practical applications. Surface mounted MOF 

crystallite thin films (SURMOFs), prepared via a stepwise liquid-phase epitaxy 

technique, have attracted great interest. Although many efforts have been 

devoted to this field, it still remains a significant challenge to prepare 

SURMOFs with high quality reproducibly in an efficient way. In the synthesis of 

MOF bulk materials, coordination modulators (normally are acids or bases) 

have been successfully used to improve the properties of obtained materials. 

However, non-neutral additives are too reactive for Cu paddle-wheel-based 

SURMOFs to survive. Introducing water as a mild additive to the growth 

process provides an efficient strategy for the growth of SURMOFs. Herein, the 

growth of three kinds of Cu paddle-wheel-based SURMOFs (Cu3btc2, Cubdc, 

Cu2bdc2dabco) is systematically investigated by varying the water content in 

the linker solution during the stepwise liquid phase epitaxial growth process 

(btc = 1,3,5- benzentricarboxylate; bdc = 1,4-benzendedicarboxylate; dabco = 

1,4-diazabicyclo[2.2.2]octane). Grazing incidence X-ray diffraction (GIXRD), 

scanning electron microscopy (SEM), methanol sorption behavior, and infrared 

reflection absorption spectroscopy (IRRAS) are employed to characterize the 

quality of as-deposited SURMOFs. The strategy of integrating water in the 

linker solution could provide a potentially versatile route for the fabrication of a 

wide range of MOF thin films with enhanced characteristics. The addition of 5% 

water turned out to yield dense, highly crystalline, oriented, and porous 

Cu3btc2 SURMOFs, whereas water contents above 30% yielded less dense 

films with lower surface coverage. Above 70% water content SURMOF growth 

was no longer possible. Similar enhanced quality is found for Cubdc 
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SURMOFs; however growth of Cu2bdc2dabco is not possible in the presence 

of water, and rather Cubdc SURMOFs were obtained. 

2.1 Introduction  

Thin film devices have a broad application in optical, electronic 

applications,[1-4] plasma-enhancement detection,[5] chemical sensing,[6-7] 

photovoltaics,[8-9] etc., which originate from their unusual physiochemical 

properties such as unique surface chemistry, high aspect ratio and 

quantum-size effect. Many of these application prospects heavily rely on the 

quality of thin films (crystallinity, orientation, morphology, surface roughness 

and defect density). High quality thin films are always pursued in the practical 

applications, because it is greatly beneficial to obtain enhanced properties and 

fabricate devices with high performance and long life time.[10-12] In addition, 

these are also ideal candidates for fundamental studies and mechanistic 

understanding. However, fabrication of thin films with high quality still remains 

a significant challenge for each given class of materials. Summarizing huge 

number of reports, it turns out that solution-based deposition and film growth 

techniques are most often employed as being a relatively cheap, versatile, 

flexible and scalable fabricating technique.[13-16] 

Metal-organic frameworks (MOFs) are a family of microporous crystalline 

hybrid materials, which show great applications in a broad range from 

fundamental research life sciences to practical applications in industry,[7, 17-23] 

due to their large internal surface area, controlled porosities, tunable cavities, 

etc. [24-26] MOF thin films are receiving increasing attention in recent years 

because they are promising candidates in many advanced applications.[3-4, 7, 

27-28] Abundant techniques, including in situ,[29-30] secondary growth,[31-32] ex 

situ[33] and stepwise liquid-phase epitaxy (stepwise LPE; also called 
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layer-by-layer (LbL) deposition),[34-36] have been developed for integrating 

MOFs onto specific substrates and devices as thin films. Among them, the 

stepwise LPE method has emerged as an important synthetic strategy to allow 

the MOF to grow with a well-controlled film thickness even down to the lower 

nano scale regime with exceptionally smooth surface morphology in case of 

optimizing the growth parameters during the fabrication process. In this 

technique, self-assembled organic monolayer (SAM) modified substrates are 

sequentially exposed to metal and linker solutions with rinsing solvent between 

successive deposition steps to remove not reacted or weakly physisorbed 

components.[37] The resulted thin films are called surface mounted MOFs 

(SURMOFs). Moreover, combining with surface plasmon resonance (SPR) 

technique[34, 38] and quartz crystal microbalance (QCM) sensor[39], the stepwise 

LPE growth process can be monitored in-situ by recording the oscillation 

frequency change of QCM sensor during the fabrication process. This allows 

for direct process control and provides insight into the mechanism of SURMOF 

fabrication. Although the utility of this technique has been illustrated via the 

successful deposition of several MOF systems (mainly are Cu/Zn 

paddlewheel-based MOF structures)[34, 40-43], well-controlled and highly 

reproducible film growth has remained quite elusive to date. Moreover, limited 

attention has been devoted to systematically explore the underlying 

mechanism and the full set of possible growth parameters which control the 

quality of the resulting films. Learning from the synthesis strategies known to 

manipulate and optimize the growth of bulk MOF crystals presents a potentially 

powerful route to improve the quality of MOF thin films. 

Among the synthetic methods available for controlling the growth of bulk 

MOF crystals, the addition of Brønsted acids or bases in the synthesis process 

is widely used to control the resulting crystal size and morphology.[44-48] In fact, 

one of our previous works demonstrated the beneficial effect of coordination 
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modulators to the synthesis of MOF thin films. MOF-5 isotype SURMOFs 

based on carboxylpyrazolate linkers were grown with enhanced crystallinity, 

orientation and sorption capacity by mixing appropriate amount of acetic acid 

(i.e. acetate as the competing ligand) into the solution used for the step of 

metal ion (Zn2+) dosing.[44] The applicability of stronger Brønsted acids or 

bases in the precursor solutions is limited especially for Cu 

paddlewheel-based SURMOFs (such as Cu3btc2 (btc = 

benzene-1,3,5-tricarboxylate),[34] pillar-layered M2L2P[40] and SURMOF-2 

family[43]) due to their poor resistant ability to acid and base. Considering the 

lability of Cu paddlewheel-based MOFs, we decided to investigate water as a 

mild coordination modulator or additive.[49]  

Previously, the growth of Cu3btc2 SURMOFs was found to be highly 

susceptible to the environmental humidity (EH) and/or undefined water content 

in the solvents, based on our experience. The intentional addition of defined 

amounts of water in the synthesis process can weaken the influence of EH and 

we anticipated a more reproducible growth behavior and enhanced quality thin 

films. Furthermore, the water content of the solution is likely to influence the 

“proton transfer” between acetate groups of the copper ion source Cu(OAc)2 

and carboxyl groups of linker during the acetate vs. linker substitution reaction, 

which is the crucial process in the stepwise layer-by-layer growth of Cu3btc2 

SURMOFs.[50] As these processes involve adsorption/desorption equilibria at 

the liquid-solid interface of the growing SURMOF, water also contribute to the 

etching of the growing SURMOFs, for example by removing miss-oriented 

nuclei and crystallizes and this effect may contribute to the evolution of crystal 

size, shape, orientation and crystal density at the surface (e.g. surface 

coverage).  
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In the present work, we systematically explore the influence of water on 

the stepwise layer-by-layer LPE growth of Cu paddle wheel based MOFs 

through mixing various amount of water in linker solutions, with emphasis on 

the Cu3btc2 system. Under the synergistic effect of promoted crystal growth 

and etching of water, highly crystalline, orientated and homogenous 

SURMOFs can be obtained (Figure 2.1), however there is an optimum set of 

parameters for achieving a smooth surface coverage. The obtained SURMOFs 

were characterized by grazing incidence X-ray diffraction (GIXRD), scanning 

electron microscope (SEM), methanol sorption behavior and infrared reflection 

absorption spectroscopy (IRRAS). The strategy was also applied to two 

related systems, namely Cubdc (bdc = terephthalate) and Cu2bdc2dabco 

(dabco = 1,4-Diazabicyclo[2.2.2]octane). The characterization results indicated 

that SURMOFs of Cubdc with high crystallinity, preferred orientation and 

dense texture were synthesized by mixing proper amount of water in linker 

solution. Interestingly in the case of Cu2bdc2dabco, water turned out to be an 

inappropriate modulator as the presence of additional water led to the 

formation of Cubdc instead of the targeted Cu2bdc2dabco. 

 

Figure 2.1. Schematic illustration presenting the influence of water on the 

growth of Cu paddlewheel-based SURMOFs. Note that, blue polyhedrons 

represent Cu3btc2 or Cubdc particles and related coordination species; and 

green polyhedrons (dumbbells) mean Cu2bdc2dabco (dabco molecules). 
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Figure 2.2. The specific humidity of air in Garching and the specific humidity of 

linker solution (integrated with different amount of water, here only 1-20% is 

shown). In the case of Cu3btc2 SURMOFs, the fabrication processes were 

repeated time to time in the span of whole year and the quality shows no great 

disparities. For the parts of Cubdc and Cu2bdc2dabco SURMOFs, the 

fabrication was done in summer time (from May to July of 2018) of Garching, 

Germany. The specific humidity of air was calculated from the monthly 

average relative humidity (RH), temperature and pressure by using the 

Clausius-Clapeyron equation. Herein, the monthly climate data is from the 

Meteorological Institute Munich, Ludwig-Maximilians-Universität München 

(LMU). Moreover, the specific humidity of linker solution was also calculated. 

Here only shows the range of 1-20% for clarity. 

2.2 Results and Discussion 

2.2.1 Cu3btc2 SURMOFs 
Growth of Cu3btc2 SURMOFs. According to our research experience, 

the growth of Cu3btc2 SURMOF is susceptible to EH, which means that the 
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quality of Cu3btc2 SURMOFs fabricated in different periods is diverse. In order 

to explore the best condition of humidity level for fabricating high quality 

Cu3btc2 SURMOFs, different amount of water varying from EH (no additional 

water) to 100% (volume ratio) was mixed in H3btc linker solution. Herein, the 

specific humidity of ambient air and the linker solution (with different amounts 

of intentionally added water) is given in Figure 2.2. Note that the addition or 

rising water contents to the solution of Cu(OAc)2 in absolute ethanol is 

impractical because of chemical instability.[51] The Cu3btc2 SURMOFs were 

fabricated by using stepwise, layer-by-layer LPE technique. In a typical 

preparation, the MHDA SAM functionalized QCM substrate was alternatively 

dosed with Cu(OAc)2 and H3btc linker solutions (containing defined amounts of 

water) in a continuous flow mode, with an ethanol washing step between 

precursor dosing stages. The quantity of Cu3btc2 deposited on the substrate 

was simply controlled by the cycling number. 

The growth processes of Cu3btc2 SURMOFs were monitored in-situ by the 

Q-sense instrument with recording the QCM frequency as shown in Figure 

2.3a. Viewing from QCM frequency change curves, it is noticeable that the 

mass of Cu3btc2 deposited on the substrate increases over the same period 

with the raise of water content in H3btc solution from the range of EH to 70%. 

Closer inspection of the frequency change over the period of the rinsing step 

after H3btc dosing (Figure 2.3b) indicates that some pre-formed parts were 

removed from the surface of film. However, very limited amount of MOF 

deposited on the substrate is observed when the water content is more than 

70%. One plausible reason for the loss of deposition could be the massive 

competition of water with the growth components (linkers) via hydrogen 

bonding interactions between water and H3btc, preventing the efficient 

chemisorption of the carboxylate groups of btc to Cu paddlewheels mounted 

on the gold surface of substrate[52]. In summary, the integrating water in H3btc 
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solution boosted the SURMOF deposition efficiency in a specific range (up to 

70%). 

 

Figure 2.3. QCM frequency as a function of time recorded in situ during the 

stepwise LPE growth of (a) Cu3btc2 SURMOFs and the comparison of the 

depth of gaps appeared during the rinsing stage after (b) H3btc. 

 

Figure 2.4. The comparison of out-of-plane 3D XRD patterns of Cu3btc2 

SURMOFs fabricated with different amount of water in linker solution (EH = 

environmental humidity). 

Quality characterization of Cu3btc2 SURMOFs. The crystallinity and 

orientation of obtained SURMOFs was probed by GIXRD presented in Figure 

2.4. The patterns show qualitatively that the crystallinity (relative peak intensity) 
43 

 



Chapter 2 

of obtained Cu3btc2 SURMOFs is enhanced by integrating water in H3btc 

solution (up to 70%) compared to that grown under EH. In detail, the 

crystallinity enhances gradually with the increase of water content in H3btc 

solution, and culminates at the percentage of 20% afterwards begins to reduce. 

While the water content exceeds 70%, some unknown phase was deposited 

on the substrate. The Cu3btc2 SURMOFs fabricated within the water range of 

5–20% in H3btc solution, which only show (200) and (400) peaks, are more 

uniform with respect to the preferred crystallite orientation than others. 

 

Figure 2.5. SEM images of Cu3btc2 SURMOFs fabricated with different water 

content in H3btc solution: (a) EH, (b) 1%, (c) 3%, (d) 5%, (e) 10%, (f) 20%, (g) 

30%, (h) 50%, (i) 70%. 

Combining the data of QCM frequency change and XRD patterns, we can 

speculate that the integration of water in H3btc solution accelerated the 

nucleation of Cu3btc2 SURMOFs and promoted further crystal growth. 

Meanwhile, water etched out some pre-formed MOFs as well, and the 

washed-out amount augments with the raise of water content.[53-54] The quality 
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of deposited thin films can be rationally controlled under the synergistic effect 

of promoted crystal growth and surface etching, which is realized by adjusting 

the water content integrated in H3btc solution. Concluding from XRD patterns, 

integrating additional 5–20% water in H3btc solution (in this range the influence 

of EH is much less competitive than the integrated water) would be an 

acceptable range for fabrication highly-crystalline and orientated Cu3btc2 

SURMOFs as judged by the GIXRD. 

 

Figure 2.6. SEM images of Cu3btc2 SURMOFs fabricated with (a) 30%, (b) 50% 

and (c) 70% water content in linker solution. Scale bar: 100 nm. 

In order to assess the influence of additional water on the morphology of 

Cu3btc2 SURMOFs, SEM images (Figure 2.5) were recorded under the GB 

mode by which real surface features of thin film can be observed.[55] The 

SURMOF thin films are composed of more or less dense and interconnected 

MOF particles depending on the water content. In particular, the size of these 

MOF particles increases from the nano to micro meter range with rising water 

content in H3btc solution. This is primarily assigned to both, a promoted 

nucleation and as well crystal growth efficiency of Cu3btc2. The visual proof of 

the etching effect by the water is also available in Figure 2.6, in which the 

surface morphology of micrometer Cu3btc2 particles is shown. The rough 

surface of micrometer Cu3btc2 particles is similar to that reported and 

discussed in literatures.[53] The sample prepared with 5% water shows more 

flat and homogeneous surface morphology and texture than others (Figure 

2.5d). Note that there are some nanoparticles/islands located on the top of film, 
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which cannot be avoided. Because it is determined by the island growth 

mechanism involving a relatively small number of initial MOF nuclei on the 

surface, followed by subsequent growth and extension to a layer of film.[56] 

 

Figure 2.7. Methanol sorption isotherms (up) and the comparison of the 

sorption capacity (down) of Cu3btc2 SURMOFs prepared with water content 

range from EH to 70% in H3btc solution. The saturated vapor pressure P0 of 

methanol at 25 °C is 0.169 bar. 

Methanol sorption experiments were also employed to probe and 

compare the porosity of Cu3btc2 SURMOFs with reference material. Herein, a 
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He gas flow containing a controlled partial pressure of methanol vapor was 

introduced into the BEL-QCM cell maintained at a constant temperature of 

25 °C. The mass of methanol adsorbed and desorbed was recorded following 

stabilization of the substrate frequency. The methanol isotherm data for 

Cu3btc2 SURMOFs are presented in Figure 2.7. 

 

Figure 2.8. IRRAS spectra of Cu3btc2 SURMOFs fabricated with water content 

in H3btc solution from EH to 70%. The labelling colors of spectra are 

corresponding to former.  

Integrating water in H3btc solution during the fabrication process 

enhanced the methanol adsorption capacity from 7.89 mmol g-1 (EH) to 15.68 

mmol g-1 (5% water) at P/P0 = 0.95. This is ascribed to the enhanced 

crystallinity and compactness of Cu3btc2 SURMOFs, and a decrease in the 

amount of amorphous, non-porous phases of Cu3btc2. However, further 
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increasing water content resulted in a small decrease of adsorption capacity, 

which is probably due to the reduction of compactness of Cu3btc2 SURMOFs. 

When raising the water content to 30%, the fabricated Cu3btc2 films show a 

similar sorption behavior as bulk one. By comprehensively analyzing the 

GIXRD, surface morphology (SEM) and methanol sorption isotherms (QCM), it 

is concluded that integrating a level of 5% water into H3btc ethanol solution is 

the best parameter for fabricating Cu3btc2 SURMOFs with high crystallinity, 

orientation, homogeneous morphology and texture and enhanced methanol 

sorption capacity at the given experimental set-up for layer-by-layer LPE at 

40°C using the Q-Sense instrument as described in the experimental part. 

The recorded IRRAS spectra of Cu3btc2 SURMOFs show no differences 

(see Figure 2.8), and all of the peaks are typically from Cu3btc2. Specifically, 

the weak bands at 732 and 759 cm-1 are characteristic for phenyl groups as 

well as bands located at 1030 and 1108 cm-1. The strong bands at 1379 and 

1450 cm-1, and 1589 and 1647 cm-1 are assigned to COO symmetric and 

asymmetric stretching respectively.[38, 57] 

2.2.2 Growth and characterization of Cubdc SURMOFs 
Cubdc SURMOF (also called SURMOF-2) is a 2D MOF thin film.[43] It is 

composed of Cu paddlewheel and terephthalate, which has a similar node 

structure as Cu3btc2. Hence, the strategy of integrating water in liker solution 

was applied to Cubdc SURMOF system. Similarly, Cubdc SURMOFs were 

fabricated by using stepwise LPE technique with different amount of water 

integrated in H2bdc solution. The QCM frequency curves are presented in 

Figure 2.9. Unlike Cu3btc2 SURMOF, the integration of additional water 

decreased the quantity of Cubdc deposited on substrate. 
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Figure 2.9. QCM frequency as a function of time recorded in situ during the 

stepwise LPE growth of (a) Cubdc SURMOFs and the comparison of the depth 

of gaps appeared during the rinsing stage after (b) H2bdc.  

 

Figure 2.10. The comparison of out-of-plane 3D XRD patterns of Cubdc 

SURMOFs fabricated with different amount of water in linker solution (EH = 

environmental humidity). 

GIXRD patterns were measured on the SURMOFs to probe the influence 

of water on the growth of Cubdc SURMOFs. As shown in Figure 2.10, the 

addition of water in H2bdc solution enhances the crystallinity of Cubdc 

SURMOFs greatly even at an EH-comparable amount of 1%. The crystallinity 

begins to decrease to a low level with continuously increasing the water 
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content to 20%. In conclusion, 1–10% would be a reasonable range of water 

content to prepare highly crystallized Cubdc SURMOFs. Due to the 2D 

structure, the obtained oriented Cubdc SURMOFs only show the (001)/(002) 

direction in all cases. 

 

Figure 2.11. SEM images of Cubdc SURMOFs prepared by adding different 

amount of water in H2bdc solution: (a) EH, (b) 1%, (c) 3%, (d) 5%, (e) 10%, (f) 

20%, (g) 30%, (h) 50%. 

The morphology of Cubdc SURMOFs was characterized by SEM 

measurements, which are shown in Figure 2.11. Viewing from Figure 2.11a, 

the SURMOF fabricated under EH is composed by lots of irregular particles 
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and shows a disordered and inhomogeneous morphology. With the addition of 

water (up to 10%) in H2bdc solution, the particles are becoming more 

regular-shaped and larger (Figure 2.11b-e). These needle-like particles further 

stack to form flat, dense and homogenous film, among which the sample 

fabricated with 5% water shows the best quality. The quality of SURMOFs 

begins to go down when the water content exceed 10%. Considering the size 

growth of particles and their rugged surface, the synergistic effect of promoted 

crystal growth and surface etching from water can be seen as well in the 

growth process of Cubdc SURMOFs. 

 

Figure 2.12. IRRAS spectra of Cubdc SURMOFs fabricated with different 

water content in H2bdc solution. 

The IRRAS spectra are presented in Figure 2.12, which are 

corresponding to the reported one in general.[58] Inspecting the fingerprint 

region of the carboxylate group (1350–1650 cm-1, Figure 6 right), the two 

peaks located around 1580 and 1400 cm-1 are assigned to its asymmetric and 

symmetric stretching, respectively. An extra peak appeared at 1450 cm-1 in the 

spectra of the SURMOF samples fabricated with 1, 3, 5 and 10% water in 

H2bdc solution, which is assigned to the symmetric stretching of COO as well. 
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Considering the reduced intensity of the symmetric stretching band, it is 

believed that the additional peak of 1450 cm-1 is spilt from the 1400 cm-1 peak 

with a blue shift of 50 cm-1. Moreover, the asymmetric stretching peak of COO 

in the above-mentioned samples shows a red shift about 6 cm-1 to 1574 cm-1. 

According to the literature, the carboxylate group in bidentate coordination 

mode shows a decrease in the asymmetrical vibration frequency and an 

increase in the symmetrical vibration frequency (smaller separation) as 

compared to those of carboxylate in unidentate coordination state.[59-60] From 

this assignments it is deduced that numerous unidentate-coordinated Cu-bdc 

species are present in Cubdc SURMOFs fabricated without additional water. 

However, integrating a proper amount of water (1–10%) in the H2bdc solution 

can remove these unidentate-coordinated Cu-bdc species and promote the 

“paddlewheel” type coordination (bridging-bidentate coordination mode). 

Interestingly, the peak of the COO symmetric stretching goes back again when 

the water content is more than 10%. A water content above a critical threshold 

seems to destroy the Cu-paddlewheel and promotes the formation of 

unidentate-coordinated Cu-bdc species.[61] By comparing the relative intensity 

of two peaks of 1400 and 1450 cm-1, the SURMOF prepared with 5% water 

contains the lowest defect density of unidentate carboxylates. In summary, 

integrating 5% water in H2bdc solution is the best condition for fabricating 

Cubdc SURMOFs with high crystallinity, homogenous morphology and low 

defect density. 

2.2.3 The growth of Cu2bdc2dabco SURMOFs 
The strategy of integrating water in linker solution was also applied to 

Cu2bdc2dabco system, which is another closely related Cu paddlewheel-based 

SURMOF. Unfortunately, Cu2bdc2dabco SURMOFs with enhanced properties 

were not obtained; instead, addition of water caused the formation of the 2D 

Cubdc SURMOF, rather than the pillared 3D system Cu2bdc2dabco. The 
52 

 



Chapter 2 

characterizations of XRD, SEM and methanol sorption (Figure 2.13–15) on 

prepared SURMOFs confirm the presence of Cubdc rather than Cu2bdc2dabco. 

This observation is assigned to the initial reaction stage during the 

layer-by-layer growth. The apical sites of paddlewheel dinuclear Cu clusters 

obviously prefer water molecules Cu-OH2, probably also involving hydrogen 

bonds to the solvent (ethanol) instead of the Cu-N bond with dabco, when 

additional water was integrated in linker solution.[61] Also, dabco is a relatively 

strong Brønsted base (pKa = 8.8). It is likely that water favors the protonation 

of dabco. Hence, a generalized strategy of integrating water in linker solution is 

not straight forward for the synthesis of pillar-layered type of MOF thin films. It 

may be possible to modify the growth protocol by separation of the bdc/dabco 

linker solution and moving from a two-step to a three-step protocol. 

 

Figure 2.13. The comparison of out-of-plane 3D XRD patterns of 

Cu/bdc/dabco SURMOFs fabricated with different amount of water in linker 

solution. The orange are the XRD patterns of Cu/bdc/dabco SURMOFs, the 
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green is the XRD pattern of Cubdc SURMOF synthesized with 5% water in 

H2bdc solution (the best quality). The sample prepared under EH is 

Cu2bdc2dabco, which can be confirmed from the characteristic XRD peaks 

corresponding to the (100), (001) and (110) peaks of calculated. However, the 

XRD peaks of those samples prepared with additional water in linker solution 

show a shift to high angle and corresponding to that of Cubdc. 

 

Figure 2.14. SEM images of Cu/bdc/dabco SURMOFs fabricated with 

different water content in linker solution: (a) EH, (b) 1%, (c) 3%, (d) 5%, (e) 

10%, (f) 20%, (g) 30%, (h) 50%. As we can see from the images, the sample 

fabricated under EH shows different morphology from others. The 

morphologies of rest samples are more close to Cubdc in which needle-like 

MOF particles stack to form thin film and particle size were growing with 

increasing the water content in linker solution. SEM images provide another 
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evidence of the failure growth of Cu2bdc2dabco with water integrated in linker 

solution. 

 

Figure 2.15. The methanol sorption isotherms of the Cu2bdc2dabco 

SURMOFs fabricated without additional water, Cu/bdc/dabco and Cubdc both 

with 5% water in linker solution. The methanol sorption capacity of 

Cu2bdc2dabco SURMOF is 4.77 mmol g-1, while the value of Cu/bdc/dabco 

and Cubdc SURMOFs are 0.57 and 0.55 mmol g-1 respectively. The huge 

difference of methanol sorption capacity from Cu2bdc2dabco SURMOF, 

together with close value to Cubdc SURMOF, demonstrates that the sample of 

Cu/bdc/dabco SURMOF fabricated with water in linker solution has the same 

structure as Cubdc rather than Cu2bdc2dabco. 

2.2.4 Interpretation of the quality enhancement of Cu 

paddlewheel-based SURMOFs with water content 
As analyzed above, the water molecule promotes the nucleation and 

crystal growth of SURMOFs. It is noteworthy that H2bdc (pKa1: 3.52, pKa2: 

4.46) and H3btc (pKa1: 3.12, pKa2: 3.89, pKa3: 4.70) show a lower pKa than 

acetic acid (4.76),[62] hence benzene carboxylic acid linkers tend to dissociate 

preferentially in the environment with rising amounts of water. The underlying 
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mechanism of promotion effect is that the presence of water significantly 

enhances the “proton transfer” from carboxyl groups of linker to acetate groups 

of Cu(OAc)2 to form deprotonated linkers and AcOH.[50] Furthermore, the 

deprotonated linkers replace the acetates to coordinate with Cu paddlewheel 

to generate MOFs. While the product AcOH and other unreacted species are 

washed out with the continuous flow. On the contrary, with insufficient water 

accessible in the growth process an inefficient proton transfer reaction limits 

the nucleation and further growth of MOFs. 

Along with the promotion effect on the coordination bond formation, the 

effect of etching also plays a significant role in control the crystallite size, 

orientation and surface coverage of SURMOFs. As described in the 

literature,[61] water molecules interact with COO groups to dissociate linkers 

from the framework, which leads to the etching of mis-oriented MOF particles 

from film. Moreover, water molecules affect the structure of Cu paddlewheels 

as well. As shown in Figure 2.16, the addition of massive water in the growth 

process could induce the Cu dimer paddlewheels converting to Cu 

monomers.[63] Obviously, the more water in linker solution, stronger the etching 

effect is. Actually, the promotion effect and etching effect are working at the 

same time in the SURMOF growth process from two opposite directions. 

Rational control of water content in linker solution is crucial to obtain 

SURMOFs with high quality. 

 

Figure 2.16. The conversion from Cu dimer paddlewheel to Cu monomer with 

massive water in the SURMOF fabrication process. 
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2.3 Conclusions 

In conclusion, the integration of water in linker solution can provide a 

significant enhancement in the quality of SURMOFs fabricated by stepwise 

LPE technique. From our studies, it is concluded that integrating 5% (of 

volume) water in linker solution is best condition to fabricate SURMOFs with 

high crystallinity, preferred orientation, homogenous texture and enhanced 

sorption capacity in both cases, Cu3btc2 and Cubdc SURMOFs. Moreover, 

additional water also showed the ability of controlling the defects in Cubdc 

SURMOF. However, the integration of additional water in growth process is not 

easily transferable to any kind of Cu paddle wheel based SURMOF. For 

example, the deposition of Cu2bdc2dabco SURMOFs is disfavored by water 

addition. Nevertheless, the parameter space of the stepwise layer-by-layer 

LPE is large and further modification of growth protocols may allow optimized 

SURMOF growth also for more complex multi component MOFs. In addition to 

the optimization of the water content, we propose that the pH regime of the 

SURMOF growth (buffer solutions) may also influence the deposition process 

as the coordination bond equilibria are pH dependent. 
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Abstract 

Heterostructured metal-organic framework materials (MOF-on-MOF or 

core-shell MOFs) feature synergistic properties of the hetero-architecture. 

Selective modification of the interface between the different MOF crystallites 

by mimicking a self-assembled organic monolayer (SAM) of suitably 

functionalized isophatale (fu-ip) ligands allows for the oriented growth of the 

lattice-mismatched Cu2ndc2dabco@Cu3btc2 (A@B) using a stepwise 

liquid-phase epitaxial (LPE) deposition approach. Prior to growth of the 

hetero-structured surface mounted MOF (hetero-SURMOF), the binding 

configuration of a range of fu-ip ligands deposited at the external surface of 

SURMOF B was explored. Among many possibilities, only the configuration of 

fu-ip ligands in the “head-on” fashion binding on the external surface of 

SURMOF B proper exposition of the nucleation directing terminal functional 

groups is valid to act as template for the oriented hetero-growth of SURMOF A 

on top of SURMOF B. The quartz crystal microbalance (QCM) frequency 

change profiles, the infrared reflection absorption spectra (IRRAS) and the 

water contact angle (WCA) measurements confirm the presence of the valid 

configuration of fu-ip on the external surface of SURMOF B. The fu-ip ligands 

containing the functional sidechain at the fifth position with long flexible 

aliphatic spacers and coordination active functional terminal groups reveals 

the most efficient for growing of porous, high-crystalline, lattice-mismatched 

hetero-SURMOFs. The concept is expected to be a good reference for the 

fabrication of other types of hetero-SURMOFs.    
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3.1 Introduction 

The surfaces of material with abundant dangling chemical bonds and 

defects play dominant roles in many physical and chemical processes, 

especially at the nanoscale regime.[1-4] Surface modification, which creates 

such a desired functionality at the external surfaces of materials by binding of 

surface ligands, is an essential technique for enhancing the characteristic 

features of materials as well as improving the synthetic and processing 

procedures for various applications. Understanding the interaction of the 

ligands with the surface of materials can benefit for fine tuning and rational 

design of material properties.[1, 4] Many studies have discussed various 

strategies to tame and make use of surface ligands,[5-10] including thiols 

binding to noble metal and quantum dot nanoparticles for controlling sizes and 

shapes,[5, 11-12] silane coupling agents for modifying the surface of silica,[13] 

amines functionalizing the surface of metal-organic framework (MOF) catalysts 

for improving the capacity of CO2 capture,[14-15] etc.  

MOFs are a novel family of porous crystalline materials constructed by 

coordination bonds between metallic nodes and organic linkers. The high 

porosity of MOFs, in combination with other unique properties such as 

flexibility and high variability of structural compositions,[16-18] makes MOFs to 

be promising candidates for many applications such as storage,[19] 

separation[20] and catalysis[21]. In addition, theoretical simulation of MOFs 

recently plays an important role in the interpretation of the structure–property 

relationship and prediction of novel structures and properties.[22-24] In particular, 

MOF downscaling and thin film deposition has developed for membrane-based 

separation and filtration,[25-26] chemical sensing,[27] optical and electronic 

devices.[28-29] Surface mounted MOFs (so-called SURMOFs), fabricated by 

using a stepwise liquid phase epitaxial (LPE) approach,[30-33] feature high 
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crystallinity, well-defined crystallite orientation and size, homogeneity and 

well-controlled film thickness and roughness. One advanced concept of 

functionalizing bulk MOF powders and SURMOFs is homoepitaxial and/or 

heteroepitaxial growth of one type of MOF on the external surface of a 

particular type of MOF (MOF-on-MOF or core-shell MOFs).[34-38] 

Heterostructured MOFs have attracted rapid-growing research interests 

because of the integrated properties from each MOF component as well as the 

emerged properties from the synergistic heterostructured unit.[39-44] However, 

the synthesis of heterostructured SURMOFs still remains a challenge, 

especially for the lattice-mismatched heterostructures consisting of three 

dimensional (3D) MOFs with different unit cell parameters and even different 

different structural types.[45-46] Herein, the hetero-SURMOFs can be also 

regarded as “core-shell” because the bottom SURMOF is enveloped by top 

SURMOF from all directions. Only one example of 3D hetero-SURMOF of an 

outer@inner type of Cu3btc2@Cu2ndc2dabco has been reported so far (B@A; 

A and B are the inner and outer MOF component, respectively; btc: 

benzene-1,3,5-tricarboxylate, ndc: 1,4-naphtalene dicarboxylate, dabco: 

1,4-diazabicyclo(2.2.2)octane).[46] Surprisingly, the growth of hetero-SURMOF 

A@B with inverse ordering of A and B cannot be achieved in this previous 

study. This observation is attributed to the inefficient template effect of the 

tilted carboxylate terminated groups of the btc linkers at the external surface of 

B, which inhibits the further heteroepitaxial growth of A. However, the 

inefficient template effect of tilted-oriented carboxylate groups at the external 

surface of SURMOF B can be settled through modification with surface ligands 

consisting of flexible functional groups at the other end of the ligands.  

Hereby, we illustrate the success of this strategic procedure to solve the 

failure growth of hetero-SURMOF A@B by functionalizing the interface using 

various functionalized isophthalate ligands owing controllable functional 
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groups at the fifth position of the ligands (fu-ip). Specifically, the incorporated 

fu-ip ligands perform as a template in a similar fashion as self-assembly 

monolayer (SAM).[47] The binding of fu-ip on the external surface of SURMOF 

B by their carboxylate head groups may leave the additional functional 

terminal groups to be anchoring sites for the nucleation and further growth of 

SURMOF A. It is noteworthy that several configurations may appear when 

binding the fu-ip ligands onto surface of SURMOF B. Nevertheless, only the 

configuration which binds the fu-ip ligands on the external surface of SURMOF 

B with the “head-on” fashion is valid for fabricating such a hetero-SURMOF 

A@B. Hence, it is necessary to study the effects of fu-ip implementation on the 

external surface of SURMOF B in details prior to employing for the fabrication 

of hetero-SURMOFs. 

 

Figure 3.1 Schematic illustration of (a) SURMOF Cu3btc2 (B) along (100) 

direction mounted on the carboxylate-functionalized Au-coated surface of a 

quartz crystal microbalance (QCM) substrate; (b) an implementation of fu-ip 

ligands (consisting of hydrophobic functional groups at the fifth position) on the 

external surface of SURMOF B; (c) hetero-growth of SURMOF A 
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(Cu2ndc2dabco) on the top of SURMOF B after functionalizing the interface 

with different kinds of fu-ip ligands. (Blue: Cu paddlewheel, red: btc linker, 

green and violet: fu-ip ligand) 

In this present work, a first series of fu-ip (fu = hydroxy (OH), methoxy (Me), 

ethoxy (Et), propoxy (Pr), butoxy (Bu), hexyloxy (He), decyloxy (De) and 

octadecyloxy (Od)) ligands are employed to study their binding on the external 

surface of SURMOF B (Figure 3.1b). Afterwards, we explore the template 

effects of a second series of fu-ip ligands with different functional groups at the 

fifth position (fu = pyridine (py), OH, Bu and 4-hydroxybutoxy (BuOH)) on the 

fabrication of inverted-ordering hetero-SURMOF A@B by inserting them at the 

interface between the two SURMOF phases (Figure 3.1c). The success of our 

strategy suggests this methodology of interface functionalization probably can 

be generalized as a universal method for fabricating lattice-mismatched 

hetero-SURMOFs or even hetero-bulk MOFs. 

 

Figure 3.2. QCM frequency as a function of time recorded in situ during the 

stepwise liquid phase epitaxial growth of SURMOF B (60 cycles) on the 

carboxylate-terminated Au covered QCM substrate. Inset: QCM profile of 

deposition step. 
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3.2 Results and Discussion 

3.2.1 Implementation of fu-ip ligands on the external surface of 

SURMOF Cu3btc2 (B) 
Film fabrication and characterization. Firstly, SURMOF B was 

fabricated on the carboxylate-SAM functionalized QCM substrates by using 

the stepwise LPE approach for a total 60 cycles. The phase purity, crystallite 

orientation, and adsorption capacity of the pre-formed SURMOF B samples 

were characterized in order to verify and standardize the quality of the samples. 

Since the SURMOF B samples were taken out of the fabrication cell for 

characterization, the LPE fabrication of SURMOF B for another 5 cycles were 

performed prior to the surface functionalization in order to remove the surface 

defects created during the characterization.[48] After that, fu-ip ligands (fu = OH, 

Me, Et, Pr, Bu, He, De and Od) were subsequently implemented on the 

external surface of SURMOF B by alternate dosing of Cu(OAc)2 and fu-ipH2 for 

a total 5 cycles (similar to the LPE process of SURMOF B).  

 

Figure 3.3. The QCM frequency profiles during the implementation process of 

fu-ip ligands on the external surface of SURMOF B (color curves) in 
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comparison with the second dosing of Cu(OAc)2/btc for a further growth of 

SURMOF B (black curve). The first dosing cycle of Cu(OAc)2/fu-ip is shown in 

the box. 

 

Figure 3.4. The comparison of out-of-plane XRD patterns of SURMOF B 

before (black curve) and after (color curve) the implementation of fu-ip ligands 

on its external surface. The term ST abbreviates surface termination. 

During the whole LPE fabrication process, the change of QCM frequency 

was in situ monitored (as shown in Figure 3.2 and 3.3). Comparing the QCM 

frequency profiles during the implementation process (Fig. 3.3), the total 

frequency change of dosing 5-cycles Cu(OAc)2/fu-ipH2 (color curves) is much 

less than that of dosing 5-cycles Cu(OAc)2/H3btc (black curve). This 

observation indicates the efficient termination of the SURMOF B external 

surface by the fu-ip ligands showing a small QCM frequency change at the first 

dosing step of Cu(OAc)2/fu-ipH2. Interestingly, the further dosing steps of 

Cu(OAc)2/fu-ipH2 steps do not show a significant change of QCM frequency, 

indicating that the Cu(OAc)2/fu-ipH2 dosing selectively leads to the surface 

termination of SURMOF B without further growth of another hetero-SURMOF 

containing fu-ip ligands at the outer part. In comparison, the further growth of 
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SURMOF B on the pre-formed sample is possible by continuely dosing 

Cu(OAc)2/H3btc (black curve). 

 

Figure 3.5. The comparison of methanol and n-hexane sorption isotherms 

of SURMOF B before and after the implementation of fu-ip ligands on its 

external surface. Adsorption and desorption are labelled with the hollow 

symbols and solid symbols, respectively. Herein, B. ST represents “before 

surface termination” and A. ST means “after surface termination”. 
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The distinct GIXRD pattern of SURMOF B suggests good crystallinity and 

the expected preferred orientation along the (100) crystallographic direction. 

Moreover, the crystallinity of SURMOF B remains after the implementation of 

fu-ip ligands on its external surface (Figure 3.4). To probe the adsorption 

capacity of the fu-ip surface modified SURMOF B, methanol and n-hexane 

sorptions were measured on the environmental-controlled BEL-QCM 

instrument at a constant temperature of 25 °C. As shown in Figure 3.5, the 

sorption isotherms show that the surface termination with a single layer 

consisting of the fu-ip ligands does not significantly change the porous 

capacity as well as the pore opening of the SURMOF B. Moreover, top-view 

SEM images (Figure 3.6) of the pristine SURMOF B and the films terminated 

by fu-ip ligands (herein, Me-ip, He-ip and Od-ip were selected as the examples) 

show flat, oriented and dense films with a similar morphology. 

 

Figure 3.6. Scanning electron microscopic (SEM) images of the pristine 

SURMOF B and the SURMOF B samples after the implementation of fu-ip 

ligands on their external surface. Here, the samples with the Me-ip, He-ip and 

Od-ip surface termination were selected for comparison with the pristine 

SURMOF B. Note that the scale bar in the SEM images represents a size of 1 

μm. 
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Configuration of the fu-ip ligands at the external surface of SURMOF 

Cu3btc2 (B). In order to further prove the presence of fu-ip ligands at the 

external surface of SURMOF B, IRRAS spectra (Figure 3.7) were measured. 

According to the IR spectra (Figure 3.7 left), the bands at 732 and 759 cm-1, 

1379 and 1450 cm-1, and 1650 cm-1 are assigned to symmetric and 

asymmetric stretching of the phenyl group and the COO group respectively, 

which are all typical for SURMOF B.[49-50] By closer inspection of the spectra in 

the range of 1470-1560 cm-1 (Figure 3.7 right), some weak bands are detected 

only in the films terminated by fu-ip ligands at the external surface. Comparing 

with the spectra of pristine SURMOF B, the fu-ip terminated films show an 

increased intensity of the bands at 1540 and 1558 cm-1 assigned to the C=C 

bending of the aromatic ring of btc and fu-ip.[51-52] Moreover, the additional 

bands appeared at 1472, 1490, 1497, 1507 and 1520 cm-1 are assigned to the 

C-H deformation (bending and scissoring) vibrations of the aliphatic sidechain 

groups at the fifth position of the fu-ip ligands’.[53-56] Apparently, these bands 

prove the presence of fu-ip ligands on the surface of SURMOF B.  

 

Figure 3.7. The IR spectra of SURMOF B before and after the implementation 

of fu-ip ligands on its external surface (left), and closer inspection of the IR 
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spectra within the red box area (right). Note that, the spectra are labelled by 

different colors with respect to the variation of fu-ip ligands in the similar 

fashion as the ones in Figure 3.3. The OH-ip terminated sample also shows 

small C-H deformation vibrations bands, which are probably contributed from 

the acetate units of Cu(OAc)2 binding at the hydroxy pending group. 

Moreover, the water contact angle (WCA) of SURMOFs was measured, 

serving as a complimentary proof to confirm the presence of fu-ip ligands on 

the external surface of SURMOF B. As illustrated in Figure 3.8, OH-ip 

terminated SURMOF B shows a hydrophilic surface with a smaller water 

contact angle (63°) comparing to the pristine one (71°). However, the other 

samples terminated with fu-ip ligands containing the hydrophobic groups at the 

fifth position show a higher water contact angle with respect to the pristine 

sample.  

The WCA is progressively increased with lengthening the carbon chain of 

the alkoxy side group, indicating the enhanced surface hydrophobicity as a 

direct consequence from the fu-ip ligands binding at the external surface of 

SURMOF B. Combining the data from the analysis of terminated growth of 

Cu(OAc)2/fu-ip, and its IRRAS spectra and WCA, we expect that the fu-ip 

ligands are bound on the external surface of SURMOF B by coordination 

bonds between the coordinated-available Cu-paddlewheel nodes at the 

external surface and the carboxylate groups of the fu-ip ligands and 

consequently align the functional group at the fifth position of the fu-ip ligands 

in the “head-on” fashion as shown in Figure 3.1.  

In summary of this part of the study, the above discussed characterization 

data support the hypothesis that the surface ligands selectively altered the 

surface properties of SURMOFs such as hydrophilicity/hydrophobicity, while 

they do not change the intrinsic properties, including crystallinity, crystal 
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morphology, pore structure and sorption capacity. Thus, the surface 

termination with appropriately selected fu-ip probably can be used as an 

efficient approach for functionalizing the external surface of MOF thin films or 

even bulk MOF materials to facilitate the subsequent growth of another MOF 

on top of the previously grown MOF. The interface between the two MOF 

crystallite domains would then act as a nucleation active self-assembled 

organic monolayer and would not affect the over-all sorption properties of the 

heterostructure A@B. 

 

Figure 3.8. Images of the water contact angle measured on (a) pristine 

SURMOF B and fu-ip surface-terminated SURMOF B samples by (b) OH-ip, (c) 

Me-ip, (d) Et-ip, (e) Pr-ip, (f) Bu-ip, (g) He-ip, (h) De-ip, and (i) Od-ip ligands. 

3.2.2 Hetero-SURMOF Cu2ndc2dabco@Cu3btc2 (A@B)  
LPE hetero-growth and characterization. Based on the successful 

implementation of alkoxy-functionalized fu-ip ligands on the external surface of 

SURMOF B discussed in the previous section, we herein apply the procedure 

for functionalization the external surface of SURMOF B for the further growth 

of lattice-mismatched SURMOF e.g. Cu2ndc2dabco (A) on top of it. Herein, 

four kinds of fu-ip ligands (pydc, OH-ip, Bu-ip and BuOH-ip) were selected, of 
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which the terminated functional groups of the side chain at the fifth position can 

act as the functional seeding points for the nucleation and the further growth of 

SURMOF A. In details, SURMOF B was first fabricated by LPE for 40 cycles 

and then functionalize its external surface by employing the stepwise LPE of 

Cu(OAc)2 and the template fu-ipH2 ligands followed by rinsing with ethanol 

after each precursor step for 1 cycles. After creating the interface by surface 

functionalization with the fu-ip ligands, SURMOF A was successively grown by 

the stepwise LPE process for 40 cycles. The corresponding QCM frequency 

change data are shown in Figure 3.9 from which Cu(OAc)2/fu-ipH2 ligands and 

the components of SURMOF A are deposited sequentially on top of SURMOF 

B. Interestingly, the continuous stepwise change of QCM frequency is 

observed during the dosing of the SURMOF A precursor solutions, implying 

the hetero-growth of SURMOF A on top of the pre-formed SURMOF B. 

 

Figure 3.9. QCM frequency as a function of time recorded in situ during the 

stepwise LPE growth of SURMOF A (40 cycles) on the top of the preformed, 

surface-functionalized SURMOF B. In this case, the interface between the two 

SURMOFs was functionalized by (a) pydc, (b) OH-ip, (c) Bu-ip, (d) BuOH-ip. 
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Inset: QCM profile during the deposition steps of Cu(OAc)2/fu-ip (red) and 

SURMOF A (green). 

The crystallinity of the single SURMOF B and the obtained 

hetero-SURMOF A@B was probed by GIXRD (shown in Figure 3.10). 

According to the XRD patterns, the pre-formed SURMOF B (Figure 3.10c) 

shows a well-matched with the bulk B with high crystallinity and a preferred 

orientation along the (100) crystallographic direction. In addition to the XRD 

pattern of the pre-formed SURMOF B, a new diffraction peak at 2θ around 9.2° 

(indexed as the (001) of MOF A) appears in the XRD pattern of the 

heterostructure films, which is significantly observed when functionalizing the 

interface by BuOH-ip (Figure 3.10g). However, there is very weak reflection 

peak indexed to be SURMOF A in the cases of functionalizing the interface 

with pydc (Figure 3.10d), OH-ip (Figure 3.10e) and Bu-ip (Figure 3.10f), 

implying that most of the deposited compounds on top of the pre-formed 

SURMOF B during the hetero-growth in these cases is some unknown 

amorphous coordination polymer rather than the desired SURMOF A. Herein, 

using BuOH-ip ligand for functionalizing the external surface of SURMOF B is 

a good template for a further growth of the oriented SURMOF A. The stepwise 

LPE approach offers the ability to precisely control the composition of the 

external surface in contrast to one-pot solvothermal synthesis.[31-33] The 

interface functionalized with py/OH/Bu-ip yields the tilted (py/OH-ip) or no valid 

(Bu-ip) seeding points at the external surface, which are not sufficient to bind 

the Cu(OAc)2 units and the nucleation centers of Cu2ndc2dabco directly on the 

SURMOF B surface. Hence, the heteroepitaxial growth of the SURMOF A on 

the pre-formed, oriented SURMOF B is failed to produce the well-crystallized 

phase but the amorphous coordination polymer is formed instead,[57-58] though 

the stepwise and continuous deposition of precursor components for SURMOF 

A is observed in the QCM frequency profiles (Figure 3.9a-c). Moreover, the 
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influence of the thickness of SURMOF B on the growth of SURMOF A was 

studied as well (shown in Fig. 3.11). A thin SURMOF B is not beneficial for 

depositing SURMOF A on its surface, while its influence becomes very weak 

when the pre-deposition of SURMOF B is done for more than 20 cycles. 

 

Figure 3.10. Out-of-plane XRD patterns of SURMOFs in comparison with the 

simulated patterns of the bulk MOFs; (a) simulated pattern of bulk MOF B; (b) 

simulated pattern of bulk MOF A; (c) 40-cycles pre-formed SURMOF B; and 

hetero-SURMOFs A@B (both are fabricated for 40 cycles) with (d) pydc, (e) 

OH-ip, (f) Bu-ip, and (g) BuOH-ip functionalization at the interface. 

In addition, the surface morphologies and the cross-section of 

hetero-SURMOF A@B were investigated by SEM (Figure 3.12). 

Unambiguously, the two layer-blocks SURMOF A and SURMOF B can be 
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directly distinguished from the cross-sectional SEM image, showing a striking 

contrast of the dual layer-blocks of SURMOF A and SURMOF B (Figure 

3.12b), which is because of the uneven fracture (blue step in Figure 3.12b) 

created during the sample preparation. Moreover, the IRRAS spectra shown in 

Figure 3.13 also prove the presence of both components of SURMOF A and 

SURMOF B. In all, SURMOF A can be hetero-epitaxially grown with the 

preferred-orientation along its (001) crystallographic direction on the top of 

pre-formed SURMOF B with the preferred-orientation along its (100) 

crystallographic direction by modifying the interface between the two 

lattice-mismatched MOFs with surface-functionalized ligands. 

 

Figure 3.11. The comparison of out-of-plane XRD patterns of 

hetero-SURMOF A@B in which 40 cycles SURMOF A on SURMOF B with 

different thickness (black: 10 cycles, red: 20 cycles and blue: 40 cycles). The 

interface between SURMOF A and B was functionalized with BuOH-ip. For 

clarity, 40 cycles SURMOF A deposited on 10-cycles SURMOF B abbreviates 

to A(40)@B(10) and the others are similar. Herein, B-(200) stands for (200) 

XRD peak of SURMOF B and the rest are the same. 
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Figure 3.12. SEM images of hetero-SURMOF A@B: (a) top view; (b) 

cross-section. Scale bar: 200 nm. SURMOF B with ~120 nm thickness is 

formed at the first layer. After functionalization the interface with BuOH-ip 

ligands, an additional SURMOF A with ~150 nm thickness can be deposited 

on the top of SURMOF B. Note that, the uneven fracture is show by the blue 

line. 

Interestingly, the template effect is improved substantially through using 

BuOH-ip as the interfacial layer between SURMOF B and SURMOF A. This 

emphasizes the influence of the sidechain groups of the fu-ip ligands used for 

surface termination on the hetero-growth of SURMOF A. Specifically, 

hetero-SURMOF A@B can be prepared with a high degree of crystallinity of 

both components when functionalizing the external surface of SURMOF B with 

fu-ip ligands bearing terminating groups which can further act as the seeding 

points for the hetero-growth of the SURMOF A on top of SURMOF B. 

Importantly, the surface-functionalized fu-ip ligands should have a long alkyl 

spacer between the ip unit and the terminated functional groups, so that they 

can be flexible to rearrange the positions of the terminated groups in order to 

be suitable for the further nucleation of the second MOF (herein SURMOF A). 

In other words, these fu-ip ligands imitate the role of SAM substrate surface 

functionalization in the typical procedure for homostructured growth of 

SURMOF by LPE process. In details, the surface-terminated BuOH-ip ligands 
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have the hydroxy end groups acting alike that of 11-mercaptoundecanol (MUD) 

SAM which is normally used as a functionalized template for fabricating 

SURMOFs on the gold surface.[59-60] These functional groups serve as 

coordination sites for the formation of uniform and c-axial oriented Cu(OAc)2 

units, which result in continuous growth of (001)-oriented SURMOF A on the 

pre-formed SURMOF B by sequential stepwise exposure to the Cu(OAc)2 and 

H2ndc/dabco solutions. Lacking a long-chain spacer as well as lacking 

nucleation reactive functional groups at the terminated position of the selected 

interfacial ligands leads to the inefficient growth of the desired highly crystalline 

hetero-SURMOFs, as shown by the examples pydc, OH-ip and Bu-ip ligands 

for the interface functionalization. 

 

Figure 3.13. IRRAS spectra of SURMOF B (blue), SURMOF A (green) and 

hetero-SURMOF A@B (red). As demonstration, the hetero-SURMOF A@B 

generally reveals a combination of the IR bands between the single 

81 

 



Chapter 3 

components of SURMOF A and B, highlighting the existence of both 

components within the hetero-SURMOF. 

 

Figure 3.14 The organic solvents sorption isotherms of the homo- and 

hetero-SURMOFs using (a) methanol and (b) n-hexane as probe molecules. 

Sorption properties of hetero-SURMOF Cu2ndc2dabco@Cu3btc2 

(A@B). Combining MOFs with different structures into one composite may 

generate unique properties. The synergetic effects arise from the combination 

of diverse porous properties of each component. Such kinds of 

heterostructured MOF materials have potential for application in separation, 

storage and molecular recognition.[44, 46] It is noteworthy that MOF B has a 

larger pore size (13.2 Å in diameter and an aperture of 9 Å) than MOF A 

(range from 5.7 × 5.7 to 7.5 × 7.5 Å2). With a large pore size and volume, MOF 

B shows outstanding storage capacity for gases and volatile organic 

compounds (VOCs)[61-62] while for MOF A, the tailoring of the pore opening and 

modulation of hydrophilic or hydrophobic properties provide more opportunities 

for tailoring the permeation selectivity for the sorption of gases and VOCs.[57] 

Thus, it is suggested that hetero-SURMOF A@B may have potential for 

selective storage or recognition of VOCs. The methanol and n-hexane sorption 

isotherms, shown in Figure 3.14, were measured on a BEL-QCM instrument at 

a constant temperature of 25 °C.  Presumably, the sorption capacity of 

hetero-SURMOF A@B should be similar to that of the reported B@A,[46] which 
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should be located in between the sorption capacity of the two single 

components SURMOF A (7.8 mmol g-1 for methanol and 2.4 mmol g-1 for 

n-hexane) and SURMOF B (~15 mmol g-1 for methanol and 4 mmol g-1 for 

n-hexane). However, the sorption data presented in Figure 3.14 show that the 

methanol and n-hexane sorption capacity of the hetero-SURMOF A@B are 

unexpectedly much lower, which are only 7.8 and 2.0 mmol g-1, respectively. 

Note that, any etching or degradation of SURMOF B upon exposure to the 

H2ndc/dabco solution can be ruled out according to the good-crystalline XRD 

data of the hetero-SURMOF A@B and the previous proof reported in the 

literature.[46] The pores of SURMOF B are occupied by the dabco molecules 

via binding to the apical positions of the coordinative accessible apical sites 

the Cu-paddlewheel units is considered as one possible reason for the 

reduction of total adsorption capacity of the hetero-SURMOF A@B. In order to 

verify the speculation, the pre-formed SURMOF B was exposed to 0.2 mM 

dabco solution for 10 min following by the rinsing step with absolute ethanol for 

5 min for a total of 40 cycles. Afterwards, the post-treated SURMOF B sample 

was characterized by GIXRD and organic solvents sorption isotherms. The 

comparison of the XRD data recorded before and after exposing SURMOF B 

to the dabco solution (shown in Figure 3.15) reveals a change of the intensity 

ratio between (200)/(400) diffraction peaks, which confirms the loading of 

dabco molecules into the pores of SURMOF B.[55, 63] Note that, the change of 

the (200)/(400) intensity ratio is observed in the XRD patterns of the 

hetero-SURMOF A@B as well (Figure 3.10). Moreover, the methanol and 

n-hexane sorption isotherms of the post-treated SURMOF B show a closer 

amount of the total sorption capacity (8.5 mmol g-1 for methanol and 1.5 mmol 

g-1 for n-hexane) to the hetero-SURMOF A@B than to the pristine SURMOF B. 

This observation is persuasive to ascribe the unexpected lower sorption 

capacity of hetero-SURMOF A@B to the binding of dabco molecules within 
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the pores of SURMOF B during the heteroepitaxial growth of the SURMOF A 

on top of it. 

 

Figure 3.15. The comparison of out-of-plane XRD patterns of pristine 

SURMOF B (black curve) and after the loading of dabco molecules (red curve). 

After loading, the intensity ratio of (200)/(400) are decreased. 

3.3 Conclusions 

The implementation of fu-ip ligands containing a side chain with terminal 

groups at the fifth position on the external surface of SURMOF B has been 

achieved by using the stepwise LPE approach. The fu-ip ligands bind on the 

external surface of SURMOF B by their carboxylate groups and consequently 

expose their terminal functional groups to the interface, leading to the 

alteration of the surface properties such as surface hydrophobicity. The 

implementation of fu-ip ligands does not change the intrinsic properties of 

SURMOF B, including crystallinity, crystallite orientation, surface morphology 

and sorption isotherms. This modification of the surface can be applied for the 

growth of lattice-mismatched hetero-SURMOF. The highly crystalline 

hetero-SURMOF A@B, which cannot be deposited by the usual LPE 

procedure, can be fabricated by engineering an interface between A and B 
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with appropriately selected fu-ip ligands. The use of BuOH-ip ligand for the 

interface modification is found to be an effective choice to modify the topmost 

tilted carboxylate groups of the pre-formed SURMOF B to be suitable for the 

further nucleation of the SURMOF A. This interface functionalization mimics 

the role of substrate surface modification via SAMs for nucleation of the 

targeted thin film material deposited using liquid phase techniques. This 

strategy is expected to be generally efficient for hetero-SURMOF growth, 

especially lattice-mismatched ones, which could benefit the further 

development of the MOF-based synergistic unit for targeted applications such 

as selective sorption, sensing and catalysis.  

85 

 



Chapter 3 

3.4 References 

[1] M. A. Boles, D. Ling, T. Hyeon, D. V. Talapin, Nat. Mater. 2016, 15, 364. 

[2] E. Ozbay, Science 2006, 311. 

[3] C. B. Murray, C. R. Kagan, Annu. Rev. Mater. Sci. 2000, 30, 545. 

[4] A. T. Bell, Science 2003, 299, 1688. 

[5] X. Peng, L. Manna, W. Yang, J. Wickham, E. Scher, A. Kadavanich, A. 

P. Alivisatos, Nature 2000, 404, 59. 

[6] L. Protesescu, M. Nachtegaal, O. Voznyy, O. Borovinskaya, A. J. 

Rossini, L. Emsley, C. Coperet, D. Gunther, E. H. Sargent, M. V. 

Kovalenko, J. Am. Chem. Soc. 2015, 137, 1862. 

[7] R. Cao-Milan, L. D. He, S. Shorkey, G. Y. Tonga, L. S. Wang, X. Zhang, 

I. Uddin, R. Das, M. Sulak, V. M. Rotello, Mol. Syst. Des. Eng. 2017, 2, 

624. 

[8] K. Y. Ko, J. G. Song, Y. Kim, T. Choi, S. Shin, C. W. Lee, K. Lee, J. Koo, 

H. Lee, J. Kim, T. Lee, J. Park, H. Kim, ACS Nano 2016, 10, 9287. 

[9] P. K. Alaboina, M. J. Uddin, S. J. Cho, Nanoscale 2017, 9, 15736. 

[10] A. Zimpel, T. Preiß, R. Röder, H. Engelke, M. Ingrisch, M. Peller, J. O. 

Rädler, E. Wagner, T. Bein, U. Lächelt, S. Wuttke, Chem. Mater. 2016, 

28, 3318. 

[11] M. K. Corbierre, R. B. Lennox, Chem. Mater. 2005, 17, 5691. 

[12] M. Cargnello, N. L. Wieder, P. Canton, T. Montini, G. Giambastiani, A. 

Benedetti, R. J. Gorte, P. Fornasiero, Chem. Mater. 2011, 23, 3961. 

[13] K. Möller, T. Bein, Chem. Mater. 2016, 29, 371. 

[14] A. Demessence, D. M. D’Alessandro, M. L. Foo, J. R. Long, J. Am. 

Chem. Soc. 2009, 131, 8784. 

[15] C. M. Miralda, E. E. Macias, M. Zhu, P. Ratnasamy, M. A. Carreon, 

ACS Catal. 2011, 2, 180. 

86 

 



Chapter 3 

[16] H. Furukawa, K. E. Cordova, M. O'Keeffe, O. M. Yaghi, Science 2013, 

341, 1230444. 

[17] H. Li, M. Eddaoudi, M. O'Keeffe, O. M. Yaghi, Nature 1999, 402, 276. 

[18] H. C. Zhou, S. Kitagawa, Chem. Soc. Rev. 2014, 43, 5415. 

[19] L. J. Murray, M. Dinca, J. R. Long, Chem. Soc. Rev. 2009, 38, 1294. 

[20] J. R. Li, J. Sculley, H. C. Zhou, Chem. Rev. 2012, 112, 869. 

[21] A. H. Chughtai, N. Ahmad, H. A. Younus, A. Laypkov, F. Verpoort, 

Chem. Soc. Rev. 2015, 44, 6804. 

[22] L.-M. Yang, G. Y. Fang, J. Ma, R. Pushpa, E. Ganz, Phys. Chem. Chem. 

Phys. 2016, 18, 32319. 

[23] L.-M. Yang, G.-Y. Fang, J. Ma, E. Ganz, S. S. Han, Cryst. Growth Des. 

2014, 14, 2532. 

[24] L.-M. Yang, P. Vajeeston, P. Ravindran, H. Fjellvag, M. Tilset, Inorg. 

Chem. 2010, 49, 10283. 

[25] M. Shah, M. C. McCarthy, S. Sachdeva, A. K. Lee, H.-K. Jeong, Ind. 

Eng. Chem. Res. 2012, 51, 2179. 

[26] Z. G. Gu, H. Fu, T. Neumann, Z. X. Xu, W. Q. Fu, W. Wenzel, L. Zhang, 

J. Zhang, C. Wöll, ACS Nano 2016, 10, 977. 

[27] L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P. Van Duyne, J. T. 

Hupp, Chem. Rev. 2012, 112, 1105. 

[28] M. D. Allendorf, A. Schwartzberg, V. Stavila, A. A. Talin, Chem. Eur. J. 

2011, 17, 11372. 

[29] Z.-G. Gu, A. Pfriem, S. Hamsch, H. Breitwieser, J. Wohlgemuth, L. 

Heinke, H. Gliemann, C. Wöll, Micropor. Mesopor. Mater. 2015, 211, 

82. 

[30] O. Shekhah, H. Wang, S. Kowarik, F. Schreiber, M. Paulus, M. Tolan, C. 

Sternemann, F. Evers, D. Zacher, R. A. Fischer, C. Wöll, J. Am. Chem. 

Soc. 2007, 129, 15118. 

87 

 



Chapter 3 

[31] A. Betard, R. A. Fischer, Chem. Rev. 2012, 112, 1055. 

[32] J. Liu, C. Wöll, Chem. Soc. Rev. 2017, 46, 5730. 

[33] O. Shekhah, J. Liu, R. A. Fischer, C. Wöll, Chem. Soc. Rev. 2011, 40, 

1081. 

[34] S. Choi, T. Kim, H. Ji, H. J. Lee, M. Oh, J. Am. Chem. Soc. 2016, 138, 

14434. 

[35] S. Furukawa, K. Hirai, K. Nakagawa, Y. Takashima, R. Matsuda, T. 

Tsuruoka, M. Kondo, R. Haruki, D. Tanaka, H. Sakamoto, S. 

Shimomura, O. Sakata, S. Kitagawa, Angew. Chem. Int. Ed. 2009, 48, 

1766. 

[36] K. Koh, A. G. Wong-Foy, A. J. Matzger, Chem. Commun. 2009, 41, 

6162. 

[37] K. Hirai, K. Chen, T. Fukushima, S. Horike, M. Kondo, N. Louvain, C. 

Kim, Y. Sakata, M. Meilikhov, O. Sakata, S. Kitagawa, S. Furukawa, 

Dalton Trans. 2013, 42, 15868. 

[38] S. Furukawa, K. Hirai, Y. Takashima, K. Nakagawa, M. Kondo, T. 

Tsuruoka, O. Sakata, S. Kitagawa, Chem. Commun. 2009, 34, 5097. 

[39] S. Wannapaiboon, M. Tu, R. A. Fischer, Adv. Funct. Mater. 2014, 24, 

2696. 

[40] K. Hirai, S. Furukawa, M. Kondo, H. Uehara, O. Sakata, S. Kitagawa, 

Angew. Chem. Int. Ed. 2011, 50, 8057. 

[41] K. Hirai, S. Furukawa, M. Kondo, M. Meilikhov, Z. Sakata, O. Sakata, S. 

Kitagawa, Chem. Commun. 2012, 48, 6472. 

[42] M. Tu, S. Wannapaiboon, R. A. Fischer, Dalton Trans. 2013, 42, 16029. 

[43] M. Meilikhov, S. Furukawa, K. Hirai, R. A. Fischer, S. Kitagawa, Angew. 

Chem. Int. Ed. 2013, 52, 341; Angew. Chem. 2013, 125, 359. 

[44] S. Wannapaiboon, M. Tu, K. Sumida, K. Khaletskaya, S. Furukawa, S. 

Kitagawa, R. A. Fischer, J. Mater. Chem. A 2015, 3, 23385. 

88 

 



Chapter 3 

[45] Z. Wang, J. Liu, B. Lukose, Z. Gu, P. G. Weidler, H. Gliemann, T. Heine, 

C. Wöll, Nano Lett. 2014, 14, 1526. 

[46] M. Tu, R. A. Fischer, J. Mater. Chem. A 2014, 2, 2018. 

[47] J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M. Whitesides, 

Chem. Rev. 2005, 105, 1103. 

[48] L. Heinke, Z. Gu, C. Wöll, Nat. Commun. 2014, 5, 4562. 

[49] O. Shekhah, H. Wang, D. Zacher, R. A. Fischer, C. Wöll, Angew. Chem. 

Int. Ed. 2009, 48, 5038; Angew. Chem. 2009, 121, 5138. 

[50] O. Zybaylo, O. Shekhah, H. Wang, M. Tafipolsky, R. Schmid, D. 

Johannsmann, C. Wöll, Phys. Chem. Chem. Phys. 2010, 12, 8092. 

[51] R. Morent, N. De Geyter, C. Leys, L. Gengembre, E. Payen, Surf. 

Interface Anal. 2008, 40, 597. 

[52] M. P. Bernstein, A. L. Mattioda, S. A. Sandford, D. M. Hudgins, 

Astrophys. J. 2005, 626, 909. 

[53] J. R. Durig, C. Pan, G. A. Guirgis, Spectrochim. Acta. A. Mol. Biomol. 

Spectrosc. 2003, 59, 979. 

[54] A. Thamri, H. Baccar, C. Struzzi, C. Bittencourt, A. Abdelghani, E. 

Llobet, Sci. Rep. 2016, 6, 35130. 

[55] W. Guo, M. Zha, Z. Wang, E. Redel, Z. Xu, C. Wöll, ACS Appl. Mater. 

Inter. 2016, 8, 24699. 

[56] B. Faust, in Modern Chemical Techniques: An Essential Reference for 

Students and Teachers Royal Society of Chemistry (RSC) Publishing, 

London 1997, Ch. 3, p. 62. 

[57] B. Liu, M. Tu, R. A. Fischer, Angew. Chem. Int. Ed. 2013, 52, 3402. 

[58] D. Zacher, K. Yusenko, A. Betard, S. Henke, M. Molon, T. Ladnorg, O. 

Shekhah, B. Schupbach, T. de los Arcos, M. Krasnopolski, M. Meilikhov, 

J. Winter, A. Terfort, C. Wöll, R. A. Fischer, Chem. Eur. J. 2011, 17, 

1448. 

89 

 



Chapter 3 

[59] E. Biemmi, C. Scherb, T. Bein, J. Am. Chem. Soc. 2007, 129, 8054. 

[60] E. Biemmi, A. Darga, N. Stock, T. Bein, Micropor. Mesopor. Mater. 2008, 

114, 380. 

[61] E. Borfecchia, S. Maurelli, D. Gianolio, E. Groppo, M. Chiesa, F. Bonino, 

C. Lamberti, J. Phys. Chem. C 2012, 116, 19839. 

[62] K. Vellingiri, J. E. Szulejko, P. Kumar, E. E. Kwon, K. H. Kim, A. Deep, 

D. W. Boukhvalov, R. J. Brown, Sci. Rep. 2016, 6, 27813. 

[63] W. Guo, Z. Chen, C. Yang, T. Neumann, C. Kubel, W. Wenzel, A. Welle, 

W. Pfleging, O. Shekhah, C. Wöll, E. Redel, Nanoscale 2016, 8, 6468. 

 

90 

 



 

Chapter 4  

Molecular funneling: synergistic 
effect of heterostructured 
dissimilar metal-organic 

framework thin films 
 

 

 

 

91 

 



Chapter 4 

Abstract 

A novel heterostructured surface-mounted metal-organic framework 

(hetero-SURMOF) thin film of the 3-dimensional (3D) Cu3btc2 (B) on top of the 

bottom 2D Cubdc (also Cubpdc or CuTF-bdc) (A) was developed for volatile 

organic compounds (VOCs) sensing, recognition and capture. The 

hetero-SURMOF samples are generally denoted as B@A (btc = 

benzene-1,3,5-tricarboxylate, bdc = terephthalate, bpdc = 

biphenyl-4,4’-dicarboxylate, TF-bdc = tetrafluoroterephthalate). The obtained 

B@A show higher VOCs storage capacity even than that of both 

homo-SURMOFs A and B. Moreover, B@A shows a counter-intuitive uptrend 

of the adsorption ability with increasing the molecular size of VOCs up to a 

certain threshold. This phenomenon is different from any known 

homo-SURMOF and bulk MOF as well, and the novel selective adsorption 

property can be tuned by functionalized (TF-bdc) or elongated (bpdc) linkers in 

bottom homo-SURMOF A. The unique adsorption property of B@A is 

attributed to the interfacial contact of A and B and the synergetic property of 

the whole heterostructure, which results in “molecular funneling”.  
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4.1 Introduction 

Over the past few decades, integrating different materials into one structure 

to generate enhanced or new properties to meet the rising demand for novel 

and high performance has attracted rapidly growing research interests.[1-2] The 

concept of heterostructured and hybrid materials has also been applied to 

metal-organic frameworks (MOFs),[3-6] which are an emerging class of porous 

materials with lots of excellent properties,[7-8] showing great potential 

applications in many fields.[9-12] In particular composite MOFs (MOF-on-MOF 

or core-shell MOFs) usually display such advanced functionalities because of 

the integrated properties from each MOF component as well as emergent 

properties from the synergistic heterostructured unit.[5, 13-14] Sensing and 

elimination of volatile organic compounds (VOCs) is a subject of widespread 

societal concern associated with environmental and human health issues.[15] In 

pursuit of materials for VOCs sensing and adsorption, MOFs have been 

noticed because of the fantastic properties as stated above. To date, plenty of 

MOFs have been studied on sensing and adsorption of VOCs.[16-22] More 

recently, composite MOF thin films were developed for sensing VOCs as 

well.[23-28] Regarding to the wide open parameter space of tuning sorption 

property of composite MOFs, it is significant to further develop composite MOF 

materials for VOCs sensing, separation or capture. 

The over-all pore structure of composite MOFs can be controlled via 

scrupulously selecting the individual MOF components, which offer unique 

sorption properties. For example, encapsulating one MOF with small pores by 

other MOF with large pores produces composite MOFs possessed of 

downscaling (from outside to inside) hierarchical pore structure which is 

promising for separation,[5, 14] and the composite MOFs with a reversed pore 

structure show great potential applications in storage, sensing and molecular 
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recognition.[26] We performed a statistical analysis of previously-reported 

composite MOFs and we found that their total gas/vapor storage capacity CAB 

is always between or below that of the individual MOF components CA, and CB 

(CA ≤ CAB ≤ CB or CAB ≤ CA ≤ CB; C is the specific storage capacity and indices 

A, B and AB refer to MOF components and the composite MOF, respectively). 

These observations are quite understandable and in line with accepted 

concepts of adsorption and molecular transport in porous materials.[13-14, 29-33] 

Nevertheless, the situation could be changed when strong interaction occurs 

between the individual MOFs used as components for the composite MOF. For 

instance, imagine a composite MOF, consisting of a MOF component in which 

the intrinsic adsorption is restrained by MOF crystallite surface inhibition 

effects but can be emancipated by the other MOF component due to interfacial 

interactions being present only in the MOF heterostructure. Such a composite 

may achieve a higher total storage capacity than that of both components (CA 

≤ CB < CAB.).[34-35] 

 

Figure 4.1. Schematic illustration of (a) free-standing composite MOF B@A 

which cannot be synthesized and (b) hetero-SURMOF B@A prepared by LPE 

technique. 

We selected Cubdc (bdc = terephthalate, denoted as A1) as inner MOF 

and Cu3btc2 (btc = benzene-1,3,5-tricarboxylate, denoted as B) as outer MOF 

to synthesize Cu3btc2-on-Cubdc composite heterostructured MOF B@A1 and 
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explore its VOCs sorption property. The sorption property of two-dimensional 

(2D) MOF A1 is susceptible to VOCs with different size, because the spacing 

distance of adjacent layers is variant by employing different molecules as 

spacer.[36-37] Hence, it would be very interesting to study the sorption property 

of MOF A1, especially for those particles confined in a finite space which is 

formed by other MOFs (Figure 4.1a). Selecting outer MOF for the construction 

of such composite MOF should be careful, which means that the growth of 

outer MOF should not affect the pre-formed MOF A1 and it should have good 

VOCs sorption property as well. Taking all of these factors into account, MOF 

B which has a rigid 3D structure and preeminent VOCs sorption property is an 

excellent choice. Nevertheless, growing such a free-standing composite MOF 

is an enormous challenge from the experimental point of view, because MOF 

A1 and B have incompatible crystal parameters and totally different crystal 

habit. Inspired by the fabrication mechanism of stepwise liquid-phase epitaxy 

(LPE, also known as Layer-by-Layer) in which the metal and linker solutions 

are alternately dosed,[38] this synthetic problem could be well-settled by 

transforming the otherwise incompatible free-standing bulk MOFs to thin films, 

namely, MOF A1 is fabricated as thin film on a specific substrate followed by 

sequentially depositing MOF B on the top (Figure 4.1b). The MOF thin films 

synthesized by LPE technique are so-called surface mounted MOFs 

(SURMOFs), and herein the obtained heterostructured SURMOF is denoted 

as hetero-SURMOF B@A1. To the best of our knowledge, this is the first case 

of 2D-3D composite MOF materials. Converting MOF bulk powders to thin 

films provides an efficient solution to solve the synthetic problem of composite 

MOFs, which has been successfully applied in many cases.[25-26, 39-43] 

Furthermore, the stepwise LPE thin film fabrication process can efficiently 

control over the quantity of each component deposited within 
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hetero-SURMOFs, which results in a rational tunability of target properties 

compare with bulk composite MOFs. 

Compare to the free-standing MOF A1, SURMOF A1 has a different P4 

symmetry from that in bulk (P2 or C2) and a larger activation energy barrier for 

penetration of the external crystallite surface.[44-45] The high energy barrier 

leads to an unexpected low VOCs storage capacity for homo-SURMOF A1. It 

means that the surface of SURMOF A1 is blocked and VOCs cannot 

penetrate.[46] Fortunately, the top-deposited SURMOF B has strong interaction 

with bottom SURMOF A1 that can overcome this surface barrier and then 

enhance the total VOCs adsorption. Subsequently, a series of VOCs with a 

variation of molecular size (kinetic diameter) were selected: methanol (3.6 Å), 

benzene (5.3–5.9 Å), cyclohexane (6.0–6.2 Å), mesitylene (8.7 Å) and 

1,3,5-triisopropylbenzene (9.3 Å), and the sorption property of 

hetero-SURMOF B@A1 was studied.[25, 47] Moreover, another two analogous 

SURMOFs, Cubpdc and CuTF-bdc (bpdc = biphenyl-4,4’-dicarboxylate, 

TF-bdc = tetrafluoroterephthalate, denoted as A2 and A3 respectively and 

named as A in general), were also employed to study the VOCs sorption 

property of hetero-SURMOFs as function of different linkers. Expectedly, the 

hetero-SURMOF B@A showed the enhanced uptake capacity CA ≤ CB < CAB. 

However, in addition and counter intuitively and uptrend adsorption ability with 

increasing the molecular size of VOCs was obseverd, which is different to the 

situation of homo-SURMOFs. The obtained hetero-SURMOFs B@A were 

firstly characterized by X-ray diffraction (XRD), scanning electron microscope 

(SEM) and infrared reflection absorption spectrum (IRRAS) to confirm the 

phases. Then the impact of various parameters on the VOCs sorption 

behaviors of hetero-SURMOFs B@A were systematically investigated such as 

the thickness of upper SURMOF B (10, 20 and 40 deposition cycles) and 

bottom SURMOF A1 (10, 20, 40 and 60 deposition cycles), the crystallinity of 
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SURMOF B (which is controlled by integrating different amount of water in the 

H3btc linker solution during the fabrication process[46]), and finally the linkers 

adopted in bottom SURMOF A. 

 

Figure 4.2. The changes in the QCM oscillator frequency (ΔF) as a function of 

time during the stepwise LPE growth process of hetero-SURMOF B@A1. 

4.2 Results and Discussion 

4.2.1 SURMOFs fabrication and characterization 

4.2.1.1 SURMOFs fabrication  

SURMOFs were synthesized using stepwise LPE method by which thin 

films featured high crystallinity, well-defined crystallite orientation, 

homogeneity, and well-controlled thickness and roughness were obtained.[48-49] 

Combining with surface plasmon resonance (SPR) technique, the growth 

processes were monitored in-situ by recording the oscillation frequency 

change of QCM sensor.[50-51] Hetero-SURMOFs Cu3btc2@Cubdc (B@A1) 

were prepared by sequentially depositing SURMOF B on top of SURMOF A 

with the same parameters except linker. Note that, specific amount of water (5% 

H2O for H2bdc and 20% H2O for H3btc) was integrated into the linker solution in 

SURMOF fabrication process to control the quality of thin films based on our 
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previous research.[46] The frequency change of QCM sensor against time 

curve is shown in Figure 4.2 (only hetero-SURMOF B@A1 presented for 

clarity), from which it is clear to distinguish the growth region of SURMOF A1 

(40 cycles) and B (40 cycles). The hetero-SURMOF with reversed order 

A1@B was also fabricated by the same method, the frequency change-time 

curve, XRD and methanol sorption isotherm are presented in Figure 4.3. We 

would not put more attention on hetero-SURMOF A1@B because of its 

mediocre sorption property. 

 

Figure 4.3. (a) The QCM frequency changes against time curve of stepwise LPE 

growth process of hetero-SURMOF A1@B; (b) XRD patterns of hetero-SURMOF 

A1@B; (c) the comparation of methanol adsorption isotherms of hetero-SURMOF 

A1@B and the homo-SURMOF A1 and B. Note that, the hollow shapes are 

adsorption and solid ones are desorption, the same as below. 

4.2.1.2 Characterization of SURMOFs 

XRD. The crystallinity and crystallographic orientation of obtained homo- 

and hetero-SURMOFs were checked by GIXRD and 2D-GIXRD. The XRD 

patterns of homo-SURMOF A (general term of A1, Cubpdc (A2, bpdc = 

biphenyl-4,4’-dicarboxylate) and CuTF-bdc (A3, TF-bdc = 

tetrafluoroterephthalate)) and B are shown in Figure 4.4, and they correspond 

to the calculated or reported ones. As also can be seen in Figure 4.4, both 

signals of SURMOF A and B are emerged in the XRD patterns of 

hetero-SURMOFs, which attests the presence of both phases in 
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heterostructure. The successful growth of SURMOF B on the top of SURMOF 

A could ascribe to the structural flexibility of 2D SURMOF A, which provides 

the tolerance for bridging the mis-matched lattices of two frameworks. 

Interestingly, by analyzing XRD patterns we found that the crystallographic 

orientation of upper SURMOF B is determined by the linkers used in bottom 

SURMOF A despite it solely orients along the (001) direction. Specifically, 

SURMOF B mainly shows the orientation of (100) and (111) on SURMOF A1 

and A2 respectively, while it has no preferred orientation on SURMOF A3. 

Note that the pre-formed SURMOFs A (fabricated with 5% water in linker 

solution) are quite stable and will not be affected by the component solutions of 

MOF B (with 20% water in linker solution) according to literatures.[52] 

 

Figure 4.4. The XRD patterns of (a) homo-SURMOF B, A1, A2 and A3, and (b) 

hetero-SURMOF B@A1/A2/A3. Triangles are the signals of SURMOF B and 

the circles are from SURMOF A. 

Furthermore, 2D-GIXRD measurements were also performed to confirm 

the presence of MOF A and MOF B. The original 2D patterns of 

hetero-SURMOF B@A, shown in Figure 4.5, are sliced into a few slices along 

with different angle. The in-plane XRD patterns (along with 0 or 180°) are 
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shown in Figure 4.6, from which both peaks from MOF A and B are observed. 

Specifically, all of the SURMOF A peaks are corresponding to the reported 

one.[44] 

 

Figure 4.5. The original 2D XRD patterns of hetero-SURMOF (a) B@A1, (b) 

B@A2, (c)B@A3. As marked in the figure, the horizontal and vertical direction 

are in-plane and out-of-plane XRD, respectively. 

 

Figure 4.6. The in-plane XRD patterns of hetero-SURMOF B@A1 (red), 

B@A2 (orange) and B@A3 (violet). The green and black labels of 

crystallographic plane are from MOF A and B, respectively. Note that, the 

2D-GIXRD measurements were performed under the X-ray with wavelength 

0.9607 Å, and the simulate MOF B XRD pattern is obtained from Mercury by 

setting the wavelength as 0.9607 Å. 

SEM. The interesting phenomenon of linker determined orientation can be 

observed directly from the SEM images as well. As shown in Figure 4.7e-g, 

SURMOF B was deposited on the surface of SURMOF A as discrete particles 
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with size ranging from dozens to several hundred nanometers rather than 

continuous film. A majority of MOF B particles appear with square (100) 

crystallographic plane up on SURMOF A1 (Figure 4.7e), while most of them 

show with triangular (111) crystal face up on SURMOF A2 (Figure 4.7f). 

Nevertheless, MOF B particles disperse randomly on SURMOF A3 (Figure 

4.7g) without preferred orientation. The underlying reason for this 

phenomenon is not clear up to now. However, when we turn the attention to 

the “bare” area (no MOF B particles covered area), the different morphology of 

bottom SURMOF A1, A2 and A3 could decipher the different orientation of 

upper SURMOF B. Viewing from Figure 4.7b-d, SURMOF A1 thin film is 

formed by plenty of weaving shuttle-liked nanoparticles (around 20 × 40 nm), 

for SURMOF A2 a large number of pine-needle-liked nanostructures (around 

10 × 70 nm) intertwine to form dense thin film, and SURMOF A3 thin film is 

composed by nanospheres (20~40 nm). It seems that the orientation of upper 

SURMOF B is susceptible to the shape of nanostructures and the mean they 

interaction with each other within bottom SURMOF A. 

 

Figure 4.7. (a) Polyhedral structure of MOF B; (b-d) SEM images of SURMOF 

A1, A2 and A3; (e-g) SEM images of hetero-SURMOF B@A1/A2/A3; (h) SEM 

images of homo-SURMOF B fabricated with 20% water in linker solution. Note 

that, the scale bar of (b-d) is 100 nm and that of (e-h) is 1 μm. 
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Figure 4.8. The IRRAS spectra of hetero-SURMOF (a) B@A1; (b) B@A2; (c) 

B@A3. A2 and A3 are Cubpdc and CuTF-bdc (bpdc = 

biphenyl-4,4’-dicarboxylate, TF-bdc = tetrafluoroterephthalate), respectively. 

 

Figure 4.9. The VOCs (methanol, benzene, cyclohexane and mesitylene) 

sorption isotherms of B@A1 (red), B@A2 (orange), and B@A3 (violate). The 

B (40, 20%) means 40 cycles SURMOF B was fabricated with integrating 20% 

in linker solution, and the rest are similar. The hollow shapes are adsorption 

process and solid ones are desorption process, the same as below. The 
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isotherms were measured at 25 °C and the saturated vapor pressure P0 of 

methanol, benzene, cyclohexane and mesitylene at 25 °C are 0.169, 0.127, 

0.130 and 0.003 bar, respectively. 

IRRAS. The IRRAS spectra were recorded to verify the presence of 

SURMOF A and B in heterostructures, which are presented in Figure 4.8. By 

analyzing these spectra, there is no doubt that both signals of SURMOF A and 

B are found in heterostructures from which proves the successful synthesis of 

hetero-SURMOF B@A. 

4.2.2 VOCs adsorption property of hetero-SURMOF B@A. 

VOCs sensing and adsorption is a vital application for hetero-SURMOFs 

with hierarchical pore structure. Heretofore, many examples of 

heterostructured SURMOFs have been reported for VOCs sensing.[25-26, 39-41, 43, 

53] The VOCs sensing ability of these hetero-SURMOFs substantially depend 

upon the different accessibility of each SURMOF component to VOC 

molecules. Unfortuitously, there is no exception that the VOCs storage 

capacity of reported hetero-MOFs locates between or below that of MOF 

components. In this work, homo-SURMOF B exhibits a good VOCs adsorption 

property, but homo-SURMOF A has a quite low storage capacity. However, 

the integrated hetero-SURMOFs B@A show higher VOCs (especially for large 

VOCs) storage capacity beyond this range. The VOCs sorption isotherms of 

homo- and hetero-SURMOF B@A (both are 40 cycles) are shown in Figure 

4.9. As we can see, the adsorption capacities of B@A, especially for 

cyclohexane and mesitylene, are drastically enhanced to several times as high 

as homo-SURMOF B. Note that, the isotherms of B and B@A are not typical 

Type I isotherm, which is probably because of the interaction between VOC 

molecules and MOFs. The interaction between adsorbent and adsorbate leads 

to the bifurcation of adsorption and desorption branches. 

103 

 



Chapter 4 

Table 4.1. The VOCs storage capacitya) (adsorption abilityb)) of 

homo-SURMOF B and hetero-SURMOF B@A1/A2/A3.  

Adsorbate B B@A1 B@A2 B@A3 

methanol 11.39 (1) 10.25 (0.90) 9.93 (0.87) 10.92 (0.96) 

benzene 3.77 (1) 4.32 (1.15) 2.84 (0.75) 3.38 (0.90) 

cyclohexane 1.17 (1) 2.69 (2.30) 1.76 (1.50) 2.60 (2.22) 

mesitylene 0.99 (1) 2.41 (2.43) 2.65 (2.68) 3.53 (3.57) 

a): mmol g-1; b): The adsorption ability of homo-SURMOF B are set as 1, and 

those of hetero-SURMOF B@A1/A2/A3 are defined as the adsorption 

capacity normalized by that of homo-SURMOF B. 

 

Figure 4.10. The structure of (a) SURMOF A1 (“container”), (b) MOF B 

(“funnel”), and (c) hetero-SURMOF B@A1 (assembly of “funnel” and 

“container”). (Atom identification: blue: Cu, red: btc, gray: carbon, and green: 

self-assembly monolayers (SAMs)). Note that, hydrogen atoms do not present 

here for clarity. 

The VOCs adsorption ability of B@A, defined as the storage capacity 

normalized by that of homo-SURMOF B, is listed in Table 4.1 and it shows the 

VOC selective enhancement. The methanol adsorption ability B@A is close to 
104 

 



Chapter 4 

that of B, while for hydrocarbons the hetero-SURMOFs unprecedentedly show 

an uptrend storage capacity with increasing the size of VOCs. Such a property 

is different to that of homo-SURMOF B. With increasing the size of VOCs, the 

storage capacity/adsorption ability of B decreases due to the limitations of pore 

structure. However, the antithetic situation of B@A mainly attributes to the 

emancipated intrinsic storage capacity of bottom SURMOF A. We attribute this 

phenomenon to a strong interaction between top-deposited MOF B particles 

and pre-formed MOF A thin film. This strong interaction appears to overcome 

the (known) surface barrier of A at the interface between the two MOF 

components. 

 

Figure 4.11. The VOCs sorption isotherms of B(10/20/40)@A1(40) and 

homo-phases of SURMOF A1 and B. 

 Speculating from the enhanced adsorption property and the morphology of 

hetero-SURMOFs (Figure 4.7), continuous SURMOF A thin film is like a 

“container” with closed opening that VOCs cannot penetrate directly (Figure 

4.10b), while the top-deposited discrete MOF B particles act as “funnels” 
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(Figure 4.10a) to reduce the surface barrier of SURMOF A locally, through 

which section VOCs can penetrate more effectively into the “container” (Figure 

4.10c). Under the synergistic effects of heterostructure, the VOCs adsorption 

ability of hetero-SURMOF B@A is enhanced greatly. Substantiating this 

explanation and concept of molecular funneling at hetero-structured 

SURMOFs, the impacts of growth parameters, including the deposited quantity 

of MOF components, the crystallinity of upper SURMOF B and the linkers 

used in bottom SURMOF A, on the VOCs sorption property of 

hetero-SURMOFs were systematically studied as follows. 

4.2.3 The impact of deposition cycles of MOF components (the size of 

“funnel” and “container”) on the VOCs adsorption property of 

hetero-SURMOFs.  

Herein, hetero-SURMOF B@A1 is selected for discussion for clarity. In 

order to investigate the impact of the deposited quantity of upper SURMOF B 

on the sorption property of hetero-SURMOF B@A1, 10, 20 and 40 cycles 

SURMOF B were deposited on 40 cycles SURMOF A1. Samples are denoted 

as B(10/20/40)@A1(40). The sorption isotherms of methanol, benzene, 

cyclohexane and mesitylene are shown in Figure 4.11. The total storage 

capacity of hetero-SURMOF B@A1 increases with more quantity of SURMOF 

B deposited on pre-formed SURMOF A1, and B(40)@A1(40) has the highest 

storage capacity. The morphology of B(20/40)@A1(40) are shown in Figure 

4.12. As can be seen from this figure, more interface is created by depositing 

more MOF B through which the VOCs are easier to funnel into bottom 

SURMOF A1. Moreover, the uptake of 1,3,5-triisopropylbenzene (molecular 

size 9.3 Å) on B(40)@A1(40) was also studied as a blind test, which shows a 

rather low storage capacity (Figure 4.13) because of the molecule larger than 

the size of “funnels” (4.6 and 9 Å). 
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Figure 4.12. The morphology of (a) hetero-SURMOF B(20, 20%)@A1(40, 

5%), and (b) B(40, 20%)@A1(40, 5%) 

Viewing from the data of hetero-SURMOF B@A1 in Table 4.1 and Figure 

4.11, it is obvious that below the threshold of funnel size, the larger the VOC is, 

the greater the adsorption ability of B(40)@A1(40) is achieved. This selective 

adsorption ability of a hetero-SURMOF is a promising novel concept in VOCs 

sensing and recognition. In turn, B(40)@A1(40) is also a good candidate for 

VOCs removal (capture). The unique selective adsorption ability of 

hetero-SURMOFs attribute to the synergistic effects of heterostructure 

interface. In the equilibrium state of the adsorption, the penetration of VOCs in 

and out the pores of B@A1 should be equal. There is no doubt that VOCs can 

only funnel into SURMOF A1 through the interface unblocked by top-deposited 

SURMOF B particles. However, the way for VOCs out has two possibilities: 

one is the unblocked interface; the other approach is to spill over into the 

volume of SURMOF A1 which exhibits a still blocked surface area (absence of 

B particles). We deduce from our data that absorbed VOC molecules can 

obviously break through the surface barrier from inside to outside of SURMOF 

A1, and open “windows” for such VOCs spillover. Unfortunately, it is 

impossible to confirm the size of those “windows”, but this much is certain that 

the smaller the VOC is, the more likely it is to spill over. It means that large 

VOCs are more likely trapped in SURMOF A1 and thus it follows the uptrend 

with molecular size for higher adsorption ability. 
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Figure 4.13. The 1,3,5-triisopropylbenzene adsorption isotherms of 

hetero-SURMOF B@A1 and homo-phases SURMOF A1 and B. 

 

Figure 4.14. (a) The cyclohexane isotherms of hetero-SURMOF B@A1 with 

40 cycles SURMOF B on the top of 10, 20, 40 and 60 cycles of SURMOF A1; 

(b) the comparison of the cyclohexane adsorption capacity of 

hetero-SURMOFs B(40)@A(10/20/40/60). 

Similarly, the impact of the thickness of bottom SURMOF A1 on the 

sorption property of hetero-SURMOF was studied. Hetero-SURMOFs 

B(40)@A1(10/20/40/60) were fabricated using stepwise LPE method. For the 

sake of clarity, cyclohexane was used as probe molecule to test the sorption 

property of hetero-SURMOFs. The sorption isotherms are shown in Figure 

4.14 from which we can see that the total storage capacity of hetero-SURMOF 
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is rapidly enhanced from 10 to 20 cycles of SURMOF A1. In this range, the 

top-deposited MOF B particles are efficient to funnel VOCs into SURMOF A1. 

Afterwards, the storage capacity enhancement of hetero-SURMOF slows 

down and even begins to decrease by depositing more cycles SURMOF A1, 

which means that the molecular funneling via B particles is less efficient. This 

observation tells us that the thickness of SURMOF A1 and B (the size of 

“container” and “funnel”) has nonnegligible influence on the VOCs adsorption 

of hetero-SURMOFs. In summary, hetero-SURMOF of 40 cycles SURMOF B 

on the top of 40 cycles SURMOF A1 is best case for studying the VOCs 

adsorption in this work. 

 4.2.4 The impact of the crystallinity of top-deposited MOF B (the quality of 

“funnel”) on the VOCs adsorption property of hetero-SURMOF B@A1. 

The crystallinity of top-deposited MOF B has profound impact on the 

interaction with bottom SURMOF A1, which would further affect the adsorption 

property of hetero-SURMOFs. Namely, well-crystalized B particles exhibit 

strong interaction with SURMOF A1 and are efficient to remove the surface 

barrier at the interface, so VOCs can be easily funneled. However, the 

top-deposited MOF B with poor crystallinity is inefficient to clear the surface 

barrier of SURMOF A1, which leads to the low total storage capacity of 

hetero-SURMOFs. According to our previous research, the crystallinity of B 

are controlled by adjusting the amount of water in the linker solution during the 

fabrication process.[46] For SURMOF A1, integrating 5% water in H2bdc 

solution is always used in this work because it is the best parameter to 

fabricate thin films with high quality. Hetero-SURMOFs were fabricated with 

various water amount (0%, 5% and 20%, and samples are denoted as 

B(0%/5%/20%)@A1(5%)) integrated in H3btc linker solution to explore the 
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VOCs adsorption property. The crystallinity of obtained hetero-SURMOFs was 

checked by GIXRD and shown in Figure 4.15. 

 

Figure 4.15. The XRD patterns of (a) calculated MOF B, (b) hetero-SURMOF 

B(0%)@A1(5%) and (c) hetero-SURMOF B(5%)@A1(5%). 

The relationship between the crystallinity of top-deposited B and the VOCs 

storage capacity of hetero-SURMOFs is presented in Figure 4.16a from which 

it can be seen that B(20%)@A1(5%) shows greatly-enhanced VOCs storage 

capacity compare to the other two cases. We attribute this effect to a facilitated 

the anchoring of H3btc on the surface of SURMOF A1 by increasing the water 

amount in linker solution. It as well as promotes the further crystal growth of B. 

By this means, the subsequently deposited B particles establish strong 

interaction with bottom SURMOF A1. However, with no or less additional water 
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in the linker solution the interfacial contact of B with A1 is less. Differing from 

well-connected randomly-distributed B particles, simply mechanically-covered 

B on top of A1 acts like a truncated “funnel” through which VOC molecules 

cannot penetrate into the “container” (shown in Figure 4.16a). In addition, the 

poor crystallinity resulted low storage capacity of B also attributes to the lower 

total VOCs storage capacity of hetero-SURMOFs B(0%/5%)@A1(5%). 

 

Figure 4.16. (a) The relationship between the crystallinity of MOF B and the 

VOCs adsorption capacity of hetero-SURMOF B@A1; (b) the schematic of 

mesopore in hetero-SURMOF B@A1 which are formed by the overlay of 

continuous MOF B thin films on SURMOF A1, hereby the two type of windows 

in mesopore represents the two kind of apertures in MOF B. Note that, 0%, 5% 

or 20% means the sample was fabricated by integrating 0, 5 and 20% water in 

H3btc solution of upper SURMOF B. 
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Interestingly, there is a hysteresis in the methanol sorption isotherm of 

hetero-SURMOFs B(0%/5%)@A1(5%), which can be explained by the 

formation of mesopores in heterostructures (Figure 4.16b). Without (or with 

tiny amount) additional water integrated in the linker solution, MOF B is 

deposited on top of SURMOF A1 as continuous film, by which the voids in 

SURMOF A1 (see the SEM) are enclosed. However, the hysteresis are absent 

in the hydrocarbons isotherms of hetero-SURMOFs B(0%/5%)@A1(5%). This 

may ascribe to the inefficient transportation of these enlarged hydrocarbon 

molecules from upper MOF B thin film to bottom mesopores. 

4.2.5 The impact of the linkers used in SURMOF A on the adsorption 

property of hetero-SURMOFs B@A. 

Hetero-SURMOFs B@A show selective adsorption ability to large VOC 

molecules and this selectivity is modified by adopting different linkers in bottom 

SURMOF A. The selectivity of hetero-SURMOFs B@A1/A2/A3 to different 

VOCs are shown in Figure 4.17. Comparing to B@A1, we find that the storage 

capacity of small VOCs (benzene and cyclohexane) decreases more or less 

but that of large VOCs (mesitylene) increases by using longer H2bpdc (A2) or 

sterically more demanding H2TF-bdc (A3) as linkers to construct the bottom 

framework. It means that the selective adsorption ability of hetero-SURMOFs 

B@A can be tuned by employing different linkers in bottom SURMOF A. This 

tunable VOCs selective adsorption ability of hetero-SURMOFs B@A is 

attributed to the modified intralayer pore and interlayer spacing of SURMOF A 

when using functionalized or enlarged linkers (Figure 4.6). The enlarged pores 

reduce the energy barrier, which leads to more effective spillover of small 

VOCs but enhances the storage capacity of large VOCs because of the 

increased porosity. Thus, the tunable VOCs selective adsorption ability of 

B@A can be utilized for sensing, recognizing or even eliminating aromatics 

with specific size. 
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Figure 4.17 The tunable VOCs selective adsorption ability of hetero-SURMOF 

B@A. Herein, only the hydrocarbons are shown. 

4.3 Conclusion 

The first example of 2D-3D composite hetero-SURMOF B@A has been 

synthesized by using the liquid-phase stepwise layer-by-layer deposition 

approach. The characterizations of GIXRD, 2D-GIXRD, SEM and IRRAS 

confirmed the presence of two phases in the heterostructures. Interestingly, 

different linkers (bdc, bpdc and TF-bdc) adopted in bottom SURMOF A (A1, 

A2 and A3) induce the preferred orientation of top-deposited SURMOF B, 

shown (100), (111) and no preferred orientation on top of SURMOF A1, A2 

and A3, respectively. The obtained hetero-SURMOFs B@A show higher 

VOCs storage capacity even than that of both homo-SURMOFs A and B. 

Importantly, we discovered a counter-intuitive uptrend of the selective 

absorption capacity for the hetero-SURMOF with molecular size of VOCs. We 

suggest “molecular funneling” to capture our findings by a metaphoric term. 

The impact of deposited mass of two MOF components, the crystallinity of 

upper SURMOF B, and the linkers used in bottom SURMOF A on the VOCs 

adsorption of hetero-SURMOFs were systematically studied. Eventually, we 

found that the hetero-SURMOF of 40 cycles SURMOF B fabricated with 20% 

water in H3btc solution on top of 40 cycles SURMOF A synthesized with 5% 
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water in H2bdc solution is the best case for VOCs adsorption in this work. Our 

work opens the door to a novel concept of materials design for VOC sensing, 

recognition and capture.  
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Abstract 

Defect engineering is one of practical strategies for tailoring the properties 

of metal-organic frameworks (MOFs); however, it is still a great challenge to 

control the formation of defects in MOFs (e.g. quantity and distribution). This 

situation can be improved in MOF thin films by taking advantage of stepwise 

liquid-phase epitaxy (LPE). Herein, two methods based on the stepwise LPE, 

named mixing method and alternating method, are proposed for incorporating 

defects in surface mounted MOF (SURMOF) HKUST-1 by partially substituting 

the parent H3btc (benzene-1,3,5-tricarboxylic acid) linker with truncated linker 

H2ip (isophthalic acid), H2OH-ip (5-hydroxyisophthalic acid) and H2pydc 

(3,5-pyridinedicarboxylic acid). The phase of obtained SURMOFs were 

confirmed by X-ray diffraction (XRD), infrared reflection absorption 

spectroscopy (IRRAS) and Raman spectroscopy. The techniques of 1H 

nuclear magnetic resonance spectroscopy (NMR), ultraviolet–visible (UV-Vis) 

spectroscopy, methanol adsorption and scanning electron microscope (SEM) 

provide the approaches for detecting defects in SURMOF HKUST-1. These 

two methods show enhanced controllability to the defect formation in MOF thin 

films.  
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5.1. Introduction 

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

microporous materials with large internal surface area, controlled porosities, 

tunable properties, etc.,[1-3] which show great potential in many application 

fields like storage,[4] separation[5], catalysis[6] and chemical sensing[7]. However, 

there are many challenges needed to be solved before stepping into the real 

world technologies for MOFs. Among them, how to improve the performance 

or how to synthesize MOF materials with multiple functionalities is a primary 

one.[8] Especially under the pressure of sustainable development, this situation 

is more urgent. In order to endow MOFs with multifunctionalities, many 

synthetic strategies have been proposed.[9-16] In these strategies, defect 

engineering is one of the most studied one for tailoring MOFs properties, which 

creates metal and linker vacancies in MOFs by partially substituting the parent 

linker with so-called defective linker.[11] The presence of metal and linker 

vacancies enhances the intrinsic properties of MOFs, such as porosity,[17] 

catalysis[18] and magnetic properties,[19] or even creates new properties like 

charge transport.[20] 

Defects can be formed in MOFs by artificial introducing, such as de novo 

synthesis[21] and post-synthetic treatment,[22] or even inherent formation.[23] 

However, it is still a great challenge to control the formation of defects in MOFs 

(e.g. quantity and distribution), which is important for kinetic and mechanism 

study in related processes. In bulk powder, defects are formed arbitrarily in 

MOF lattice under solvothermal conditions. Moreover, less amount defects 

tend to be incorporated for keeping structural integrity and lowering the lattice 

energy of whole system. For instance, defect-engineered HKUST-1 (also 

known as Cu3btc2, btc = benzene-1,3,5-tricarboxylate) can only incorporate the 
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defective linker of ip (isophthalate) at most 50% of feeding amount under 

solvothermal conditions.[24-25] 

 

Figure 5.1. Schematic illustration of (a) DE-SURMOFs HKUST-1 formed by 

partially substituting parent H3btc linker with defective linker H2ip, H2OH-ip or 

H2pydc; and (b) the two methods for incorporating defects in SURMOF 

HKUST-1: the mixing method and alternating method. 

Herein, we try to improve this situation in the case of MOF thin film by 

taking advantage of stepwise liquid-phase epitaxy (LPE, also known as 

Layer-by-Layer (LBL)) technique.[13, 26-27] Stepwise LPE is a promising 

technique for fabricating MOF thin films due to its high controllability to the 

growth process.[28] Typically, the metal and linker are dosed on the templating 

substrate in a sequential fashion with rinsing solvent after each step to remove 

the unreacted or physisorbed species. The obtained thin films are known as 

surface mounted MOFs (SURMOFs). Moreover, in combination with surface 

plasmon resonance (SPR) technique[27] and quartz crystal microbalance (QCM) 

sensor,[29] the stepwise LPE growth process can be monitored in situ by 
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recording the oscillation frequency change of the QCM sensor. Utilizing 

stepwise LPE, defect-engineered SURMOFs (DE-SURMOFs) could be 

prepared with high controllability by varying the component solution. Actually, 

no defect-engineered MOF thin film has been reported so far. 

In this work, we attempt to synthesize DE-SURMOFs of HKUST-1 type by 

partially substituting parent H3btc linker with a set of truncated H2ip, H2OH-ip 

(5-hydroxyisophthalic acid) or H2pydc (3,5-pyridinedicarboxylic acid) using 

stepwise LPE technique (Figure 5.1a). Herein, we propose two methods for 

creating defects in SURMOF HKUST-1 (Figure 5.1b): (1) mixing method, as 

the name implied, the linker solution used in growth process is the mixture of 

parent and defective linker;[19] (2) alternating method, in which the substrate is 

separately exposed to parent linker solution and defective linker solution in an 

alternate way. The obtained DE-SURMOFs HKUST-1 were characterized by 

X-ray diffraction (XRD), infrared reflection absorption spectroscopy (IRRAS) 

and Raman spectroscopy to confirm that the structure of HKUST-1 does not 

change by incorporating defects. Afterwards, the measurements of 1H nuclear 

magnetic resonance (NMR) spectroscopy, time-of-flight secondary ion mass 

spectroscopy (ToF-SIMS), ultraviolet–visible (UV-Vis) spectroscopy, methanol 

adsorption and scanning electron microscope (SEM) were performed as well 

to detect the defects incorporated in the lattice of HKUST-1. The advantage of 

two methods in the creation of defects in SURMOF HKUST-1 was compared 

at last. 

5.2 Results and discussion 

5.2.1 The growth of DE-SURMOFs HKSUT-1 

The DE-SURMOFs HKUST-1 in this work were fabricated by using the 

stepwise LPE technique. The growth process of SURMOF can be learned from 
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the recorded frequency change against time (ΔF-t) curve. For clarity, the 

samples prepared by mixing method and alternating method are denoted as 

ip_M and ip_A (the cases of OH-ip and pydc are similar), respectively. 

 

Figure 5.2. The ΔF-t growth curves of DE-SURMOFs HKUST-1 (a) ip_M, (b) 

OH-ip_M and (c) pydc_M fabricated by mixing method. The left column is the 

overview of thin film growth; the closer inspection of the joint of seed layer and 

DE-SURMOF are shown in right column in which the net ΔF of each step is 

indicated. 

Mixing method. In this method, the parent and defective linker are 

integrated with 1 : 1 molar ratio as the linker solution for fabricating 
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DE-SURMOFs. Viewing from ΔF-t curves (left columns of shown in Figure 5.2), 

it is easy to know that there was mass deposited on substrate. The close 

observation (right columns of Figure 5.2) reveals that the defective linkers 

show diverse doping level (H2ip < H2OH-ip < H2pydc) in SURMOF HKUST-1, 

which leads to the different mass deposition of the DE-SURMOF growth cycles. 

While the seed layer growth cycles, obviously, have similar mass deposition.  

 

Figure 5.3. The ΔF-t growth curve of ip_M (red) and ip_M’ (violet) and pristine 

SURMOF HKUST-1 (black). Herein, the DE-SURMOF HKUST-1 fabricated 

with the molar ratio of defective linker H2ip and parent linker H3btc 2 : 1 is 

named as ip_M’. 

Moreover, DE-SURMOF HKUST-1 with higher defect density (denoted as 

ip_M’) was also fabricated by increasing the ratio of H2ip (H2ip : H3btc = 2 : 1) 

in linker mixture solution. The ΔF-t growth curve is shown in Figure 5.3, from 

which we find that the mass deposited on substrate increases with raising the 

defect density of DE-SURMOF HKUST-1. 
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Figure 5.4. The ΔF-t growth curve of DE-SURMOFs HKUST-1 (a) ip_A, (b) 

OH-ip_A and (c) pydc_A fabricated by alternating method. The left column is 

the overview of thin film growth; the closer inspection of the joint of seed layer 

and DE-SURMOF are shown in the right column in which the net ΔF of each 

step is indicated. 

Alternating method. In the method, the parent linker solution and 

defective linker solution are independently dosed on substrate in an alternate 

way. In a typical growth procedure, 10 cycles seed HKUST-1 were deposited 

firstly as seed layer, and then the loop of 1 cycle Cu(OAc)2/H3btc followed by 1 

cycle Cu(OAc)2/defective linker (ABAB fashion) were repeated 25 times to 
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obtain DE-SURMOF HKUST-1. The ΔF-t growth data shown in Figure 5.4 

indicates the deposition of MOFs on substrate. Similarity, the diverse doping 

level of defective linkers leads to the different deposited mass of 

Cu(OAc)2/defective linker dosing cycles (right column of Figure 5.4). 

 

Figure 5.5. The frequency change against time (ΔF-t) growth curves of ip_A 

(red), ip_A’ (pink) and ip_A” (dark red) and pristine SURMOF HKUST-1 

(black). 

Furthermore, DE-SURMOFs HKUST-1 with 2 and 4 cycles Cu(OAc)2/ip in 

the repeating loop were fabricated as well (denoted as ip_A’ and ip_A”, 

respectively), and the ΔF-t curves are shown in Figure 5.5. The mass of 

DE-SURMOF HKUST-1 deposited on substrate decreases with improving the 

Cu(OAc)2/defective linker dosing cycles. 

5.2.2 Phase confirmation of DE-SURMOF HKSUT-1 
The purpose of synthesizing defected-engineered MOFs is modification 

the intrinsic properties of MOFs without changing the overall structure. Herein, 

the obtained DE-SURMOFs HKUST-1 was firstly characterized by XRD, 

IRRAS and Raman spectroscopy to confirm the structure. 
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Figure 5.6. The XRD patterns of DE-SURMOFs HKUST-1 fabricated by 

mixing method (light color) and alternating method (dark color). 

XRD patterns. The out-of-plane XRD patterns are presented in Figure 5.6, 

from which we can see that the peaks of DE-SURMOFs are assign to the 

phase of HKUST-1 and the obtained thin films show a preferred orientation of 

(100). By contrasting the XRD peaks, we believe that DE-SURMOFs 

fabricated via alternating method show higher crystallinity than those prepared 

via mixing method because the latter one display broader XRD peaks than the 

former one. The 2D-GIXRD, shown in Figure 5.7, was also performed on the 

thin films synthesized by alternating method as a further proof of HKUST-1 

phase presence. Moreover, the crystallinity of ip_M’, ip_A’ and ip_A” with 

higher defect density were checked by out-of-plane XRD as well (Figure 5.8). 

Viewing from this figure, it is obvious that more defects incorporating in 

SURMOF HKUST-1 weaken the crystallinity. 
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ip_A 

 

OH-ip_A 

 

pydc_A 

 

   

Figure 5.7. Two-dimensional grazing incidence X-ray diffraction (2D-GIXRD) 

patterns of DE-SURMOFs HKUST-1 fabricated by alternating method, which 

were performed at Beamline 9, DELTA Synchrotron under room temperature 

(using X-ray source energy of 13 KeV and wavelength of 0.9607 Å, refined 

sample-to-detector distance of 354.37 mm). The calculated pattern was 

obtained from Mercury by setting the wavelength as 0.9607 Å. 

 

Figure 5.8. The comparation of XRD patterns of (a) ip_M and ip_M’; and (b) 

ip_A, ip_A’ and ip_A” with pristine SURMOF HKUST-1. 

 Moreover, the deposition of pure HKUST-1 as seed layer has significant 

impact on the crystallinity of DE-SURMOFs. As we can see in Figure 5.9, the 
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presence of seed layer greatly promotes the crystallinity and crystallographic 

orientation of obtained DE-SURMOFs HKUST-1. 

 

Figure 5.9. The comparation of XRD patterns of DE-SURMOFs HKUST-1 

fabricated on substrate without (dashed) and with (solid) 10 cycles HKUST-1 

seed layer. 

IRRAS and Raman Spectra. Furthermore, the IRRAS and Raman 

spectroscopy were measure as well to verify the phase of DE-SURMOFs 

HKUST-1. The IRRAS and Raman spectra are shown in Figure 5.10 and 5.11, 

respectively. For the DE-SURMOFs HKUST-1 defected by ip and OH-ip, the 

IRRAS and Raman spectra agree well with that of pristine one. However, two 

additional peaks located at 1631 and 1572 cm-1 are observed in the IRRAS 

spectra of pydc_M and pydc_A, which are assigned to the COO- vibration 

originating from mixed [Cu2(btc/pydc)n(OAc)4-n] paddle-wheels and [Cu2(OAc)4] 

paddle-wheels.[30] The presence of mixed [Cu2(btc/pydc)n(OAc)4-n] 

paddle-wheels in the lattice demonstrates that acetate groups act as the 

counter anions in the modified paddle-wheels (Figure 5.12a).[24] Meanwhile, 

the attendance of [Cu2(OAc)4] paddle-wheel peak proves that plenty of 

Cu(OAc)2 are included in the pores of SURMOF HKUST-1 by binding with 
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pyridinic-N of pydc. Corresponding to the IRRAS spectra, the additional peaks 

originated from two types paddle-wheels are also observed in Raman spectra 

(Figure 5.11) at 1586 and 1034 cm-1, respectively.[31] 

Based on the results and discussions above, we confirm that the 

incorporation of defects in SURMOFs HKUST-1 does not change the overall 

structure. Moreover, we deduced the possible defect types in DE-SURMOFs 

HKUST-1, which are shown in Figure 5.12. 

 

Figure 5.10. The IRRAS spectra of pristine (black) and DE-SURMOF 

HKUST-1 fabricated by mixing method (light color) and alternating method 

(dark color). 
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Figure 5.11. The Raman spectra of pristine (black) and DE-SURMOFs 

HKUST-1 fabricated by mixing method (light color) and alternating method 

(dark color). 

 

Figure 5.12. (a) The modified paddlewheel, (b) linker vacancy, and (c) metal 
vacancy. 
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5.2.3 Defects detection in defected SURMOF HKSUT-1 

The incorporation of defective linkers in lattice could generate metal and 

linker vacancies that are important to tailor the properties of MOFs. However, it 

is still a challenge to detect these defects in MOFs. For bulk defect-engineered 

HKUST-1, a vital characterization is determining the Cu+ ions in the lattice.[19, 

24] While limited Cu+ ions were formed in the growth process of SURMOF 

HKUST-1 due to the Cu source and mild synthetic condition. In this work, we 

detected the defects in DE-SURMOFs mainly focusing on the identification of 

defective linkers (1H NMR spectroscopy, ToF-SIMS and UV-Vis spectra), and 

also porosity (methanol adsorption isotherms) and morphology (SEM). 

 

Figure 5.13. The 1H NMR spectra of digested DE-SURMOFs HKUST-1 in 

DMSO-d6 and DCl. The molar ratio of defective linker incorporated in the lattice 

is marked in red. 
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Quantitative detection of defective linkers in DE-SURMOF (1H NMR 

and ToF-SIMS). The incorporated defective linkers in DE-SURMOFs 

HKUST-1 were quantitatively detected by 1H NMR spectroscopy after 

digesting thin films in a mixture of DMSO-d6 and DCl, and the results are 

shown in Figure 5.13. Note that, the theoretical feeding ratio of defective 

linkers is 41.7% (considering the seed layer). From the spectra we can see 

that the doping level of three defective linkers in SURMOF HKUST-1 is 

different (H2ip < H2OH-ip < H2pydc), which is corresponding to the observation 

in ΔF-t growth curves. Another important information we can read from the 1H 

NMR spectra is that more defects were incorporated in DE-SURMOFs by 

mixing method than by alternating method. This phenomenon could ascribe to 

the double rinsing steps in alternating method, by which more defective linkers 

were washed away. By comparing with bulk powder, we find that less amount 

of H2ip was incorporated in DE-SURMOFs,[24] while more amount of H2OH-ip 

and H2pydc were integrated by mixing method.[19] 

 

Figure 5.14. ToF-SIMS: (a) the fingerprint peak of pydc defected 

DE-SURMOF HKUST-1; (b) the quantification of pydc concentration in 

DE-SUEMOFs by referencing to precursor H2pydc. 

The measurements of ToF-SIMS were also performed to determine the 

amount of defective and parent linkers in DE-SURMOFs HKUST-1.[32] 
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Unfortunately, it is difficult to distinguish defective linker ip and OH-ip from 

parent linker btc in DE-SURMOFs HKUST-1 because of the close molecular 

structure and elemental composition. Nevertheless, the situation for pydc is 

different, which can be distinguished from btc (Figure 5.14a). Finally, we find 

that the pydc concentration of pydc_M is approx. 15% more than that in 

pydc_A (Figure 5.14b) by referencing to precursor H2pydc, which agrees with 

the results of NMR analysis. 

 

Figure 5.15. The UV-Vis spectra of pristine (black) and DE-SURMOFs (color) 

HKUST-1. The insert table is the net absorption intensity ratio B/A of each 

spectrum.  

UV-Vis spectra. Since defects in the MOF lattice may affect the electronic 

and optical properties of the material,[33-34] the UV-Vis spectroscopy, shown in 

Figure 5.15, was employed to investigate the defects in DE-SURMOFs 

HKSUT-1. The UV-Vis spectra of obtained SURMOFs show two characteristic 

absorption bands for HKUST-1, which are assigned to π–π*-transition of 

benzene ring at about 205 nm (band A)[35-36] and 

ligand-to-metal-charge-transfer (LMCT) at about 260 nm (band B)[37]. 

Moreover, absorption of d–d-transitions in Cu-paddle-wheels can be observed 

in the visible range (around 460 nm, band C) as well. As we can see in the 
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spectra, with incorporating defective linkers in SURMOFs, the intensity of band 

B increases relative to that of band A by comparing to the pristine sample. In 

order to show how much the intensity of band B was enhanced more clearly, 

the ratio of absorption intensity of band B and A (B/A = b/a, shown in the insert 

table of Figure 5.15) is proposed. The B/A ratio reflects the defect density in 

DE-SURMOF HKUST-1. Interestingly, the B/A ratio shows an uptrend in 

following sample order: defect-free, ip defected, OH-ip defected and pydc 

defected, which could ascribe to the diverse doping level of defective linkers 

and more important the diverse electron enrichment of functional groups of 

defective linkers (COO- < H < OH < pyridinic-N).[38] Furthermore, the 

DE-SURMOFs fabricated by mixing method have larger B/A ratios than those 

synthesized by alternating method. It means that more defects were 

incorporated in lattice by mixing method, which is corresponding to the results 

of NMR analysis. 

Methanol adsorption. The presence of metal and linker vacancies 

influences the porosity of DE-SURMOF HKUST-1. Herein, methanol vapor 

adsorption, presented in Figure 5.16, was performed on SURMOFs to 

investigate the impact of defects on sorption properties. The DE-SURMOFs 

HKUST-1 defected by H2ip and H2OH-ip exhibit enhanced adsorption capacity 

more or less in comparison with the parent one. Notably, ip_M shows the 

highest methanol adsorption capacity (14.69 mmol g-1) among all thin films. 

This result indicates that the porosity of DE-SURMOF HKUST-1 is improved. 

However, the adsorption capacity of pydc_M and pydc_A is drastically 

reduced, which is probably due to the inclusion of large amount of Cu(OAc)2 in 

the pores of HKUST-1 through bonding with the pyridinic-N of pydc. Note that, 

the adsorption and desorption branches are separated in all of isotherms, 

which could ascribe to the interaction between methanol molecules and MOFs. 

This interaction slows down the desorption of methanol molecules from the 
136 

 



Chapter 5 

pores, so the desorption branch is higher than the adsorption branch, 

especially at the low relative pressure range. 

 

Figure 5.16. The methanol adsorption isotherms of pristine (black) and 

DE-SURMOFs HKUST-1 fabricated by mixing method (light color) and 

alternating method (dark color). 

 

Figure 5.17. The comparation of methanol adsorption isotherms of (a) ip_M 

and ip_M’; and (b) ip_A, ip_A’ and ip_A” with pristine SURMOF HKUST-1. 

The methanol adsorption isotherms of ip_M’, and ip_A’ and ip_A” were 

also measured, which are shown in Figure 5.17. It is noticeable that the 

methanol adsorption capacity of DE-SURMOF HKUST-1 tends to decrease 
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with raising defect density, which is because that more defects integrated in 

the lattice leads to the structure degradation. 

 

Figure 5.18. The morphology of pristine and DE-SURMOFs HKUST-1. 

SEM. The morphology of SURMOFs were recorded by SEM, which are 

presented in Figure 5.18. With the addition of different defective linker, the 

obtained DE-SURMOFs HKUST-1 show a diverse morphology compare with 

the pristine one. Moreover, the fabrication method influences the morphology 

as well. For DE-SURMOFs defected by ip and OH-ip, the samples fabricated 
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by mixing method are assembled by regular-shaped and smooth octahedra or 

cubes, while those samples prepared by alternating method constitute by 

plenty of grotesque MOF particles. However, the morphology of pydc defected 

DE-SURMOFs HKUST-1 seem independent from the synthetic method, which 

the SEM of pydc_M and pydc_A are similar. 

5.2.4 Comparison of two methods 
As discussed above, it is clear that mixing method is more efficient to 

incorporate defective linkers in SURMOF HKUST-1 than alternating method. 

Moreover, DE-SURMOFs HKUST-1 defected by OH-ip and pydc via mixing 

method have higher defect density even than bulk powder. 

 

Figure 5.19. The frequency change against time growth curves of 

DE-SURMOF HKUST-1 (a) ip_A’ and (b) ip_A”. The left column is the overall 

graph; the closer inspection of the joint of seed layer and DE-SURMOF are 

shown in the right column. 

Alternating method shows a higher controllability in the distribution of 

defects in DE-SURMOFs HKUST-1 (Figure 5.1b), which can be viewed from 

139 

 



Chapter 5 

the ΔF-t growth curves of ip_A’ and ip_A”. As shown in Figure 5.19, a flat 

stage appears during the Cu(OAc)2/H2ip dosing steps, which means that the 

surface of SURMOF is terminated by H2ip and the growth of thin film is 

interrupted.[13] But the growth can continue when alternate to dosing 

Cu(OAc)2/H3btc. Speculating from this truth, the parent and defective linkers 

are distributed in a “ABAB” fashion in DE-SURMOFs. 

5.3 Conclusion 

In conclusion, two synthetic methods, mixing method and alternating method, 

are employed to fabricate DE-SURMOFs HKUST-1 by partially substituting the 

parent H3btc linker with truncated defective linker H2ip, H2OH-ip and H2pydc. 

The frequency change against time growth curves indicates the growth of 

DE-SURMOFs HKUST-1. The measurements of XRD, IRRAS and Raman 

spectroscopy confirm that the lattice of HKUST-1 remains with integrating 

defective linkers. The defects of DE-SURMOFs HKUST-1 were characterized 

by 1H NMR, ToF-SIMS, UV-Vis, methanol vapor adsorption and SEM. At last, 

we compared the advantages of two methods for incorporating defects in 

SURMOF HKUST-1: mixing method is more efficient to incorporate defects in 

MOF lattice; while alternating method shows a higher controllability in the 

distribution of defects in DE-SURMOFs HKUST-1. These two methods supply 

a possible way to control over the defect formation in MOF thin films.  
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In this chapter, the experimental and analytical procedures of Chapter 2-5 

are included. The general characterization methods are introduced at the 

beginning. Then, the sample preparation details of Chapter 2-5 are described 

separately. Except the functional isophthalate (fu-ip) ligands used in Chapter 3, 

other chemicals are commercial available (Sigma-Aldrich, Alfa Aesar, Acros 

Organics, abcr and TCI) and used without further purification. 

6.1 General characterization methods 

6.1.1 X-ray diffraction 
Powder X-ray diffraction (PXRD) measurements on bulky MOFs were 

performed by the PANalytical Empyrean series 2 instrument. The MOF powder 

samples were placed on a zero background silicon wafer. The samples were 

measured in Bragg-Brentano geometry with a PIXcel position sensitive 

detector and a Cu Kα radiation source (λ = 1.54178 Å voltage and intensity 

were 45 kV and 40 mA, respectively) at room temperature. The measurements 

were conducted under continuous mode within the typical range of 2θ = 5-50° 

at a step of 0.01313°, with accumulation time 1.5s per step. Kβ radiation was 

removed by a Ni-filter. 

Grazing incidence XRD (GIXRD) measurements on MOF thin films were 

collected on the same instrument but under grazing incidence mode and within 

the range of 2θ = 5-20°.  

2-Dimensional GIXRD (2D-GIXRD) measurements were performed on 

DELTA synchrotron,[1] Dortmund, Germany under room temperature with 

X-ray source energy of 13 keV and wavelength of 0.9607 Å, and refined 

sample-to-detector distance of 354.37 mm. Calibration was done with a 

capillary measurement of LaB6 powder. Calibration and data processing was 

performed with the DAWN software package.[2-3] 
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6.1.2 Infrared spectroscopy 
The infrared (IR) spectra of powder samples were recorded on a Bruker 

Alpha-P FTIR instrument (in glovebox) in the ATR geometry with a diamond 

ATR unit. Infrared reflection absorption spectroscopy (IRRAS) measurements 

on flat samples were conducted on a Biorad Excalibur FTIR spectrometer 

(FTS 3000) with 2 cm−1 resolution at an angle of incidence of 80° relative to the 

surface normal and further processed by using boxcar apodization. 

6.1.3 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) images were taken by a JEOL 

JSM-7500F field emission scanning electron microscope. The samples were 

measured at 0.5-1 kV under Gentle Beam (GB) mode. Note that, it is not 

necessary to sputter conducting materials on the surface of samples under GB 

mode. 

6.1.4 Volatile organic chemicals sorption isotherm 
Volatile organic chemicals (VOCs) sorption properties of MOF thin films 

fabricated on quartz crystal microbalance (QCM) sensors were measured by 

environmental-controlled BEL-QCM instrument, BEL Japan. The schematic 

illustration of BEL-QCM is presented in Figure 6.1. Prior to sorption 

measurements, the MOF thin films were activated by soaking in pure CH2Cl2 

for 2 days with several exchanges at room temperature and then subsequently 

dried in a pure N2 stream. Afterwards, samples were placed into the BEL-QCM 

instrument cells and heated at 50 °C under a He stream (99.999%, 100 sccm) 

for a few hours. After the activation process, the QCM frequency was recorded 

when the frequency change was stable within ±5 Hz over 30 min. Afterward, 

VOCs sorption isotherms were collected in a range of relative vapor pressures 

(P/P0) of saturated vapor in a He gas flow at 25 °C from 0 to 95.0%. The mass 

of SURMOFs and adsorption amounts were calculated from the difference of 
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the read QCM frequency and the fundamental frequency of the bare QCM 

substrate according to Sauerbrey’s equation. 

Herein, the Sauerbrey’s equation is shown below. 

∆M =  −
𝐴�𝜇𝜇 × 𝜌

2𝐹02
 ∆F 

F0: Fundamental frequency, 

ΔM: Mass change, 

A: Surface area of electrode, 

μ: Shear stress of quartz (2.947×1010 kg/(m×s2)), 

ρ: Density of quartz (2648 kg/m3), 

ΔF: Frequency change. 

The fundamental frequency of QCM sensors in this dissertation is around 

ca. 4.95 MHz, hence depositing about 3.5 ng mass on the QCM sensor results 

in a 1 Hz decrease of the frequency. 

 

Figure 6.1. Schematic experimental setup of an environmental-controlled 
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QCM instrument used for organic vapour adsorption of MOF thin-films. The 

total gas flow to the QCM cell was kept constantly to be 100 sccm. Herein, the 

MFC means mass flow controller. 

6.1.5 Water contact angle 
Contact angle measurements of water drops (WCA) on the surface of 

MOF thin films were measured on a KRÜSS EasyDrop instrument. Prior to the 

measurements, samples were activated in pure CH2Cl2 for 24 hours and 

subsequently dried in a pure N2 stream. Afterwards, the WCA was measured 

by recording the shape of water drop at 30 seconds counting from the drop fell 

on the sample surface. 

6.1.6 Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) spectra of fu-ipH2 in Chapter 3 were 

recorded on a Bruker AV400 spectrometer at room temperature. 1H and 13C 

NMR spectra were referenced to the signals of DMSO-d6. 

The 1H NMR spectra of digesting thin films in a mixture of DMSO-d6 and 

DCl in Chapter 5 were also recorded on a Bruker AV400 spectrometer at room 

temperature. 1H NMR spectra were referenced to the signals of DMSO-d6. 

6.1.7 Time-of-flight secondary ion mass spectroscopy 
Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) was performed 

on a TOF.SIMS 5 instrument (ION-TOF GmbH, Münster, Germany). For all 

experiments a short pulse width (2 ns) 20 keV Bi3+ ion beam was applied as 

analysis beam. Three individual area of 500×500 μm2 were selected to 

measure for each sample. 

6.1.8 Ultraviolet-visible (UV-Vis) spectroscopy 
UV-Vis spectroscopy measurements were done on a SHIMADZU UV-3600 

Plus UV-Vis-NIR spectrophotometer in a range of 180-600 nm. 
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6.1.9 Raman spectroscopy 
Raman spectra were recorded using a Renishaw Raman Microscope 

spectrometer with an Ar+ laser emitting at 785 nm, output power limited to 10% 

(100% power) under room temperature. 

6.2 Experimental details of Chapter 2 

6.2.1 Pretreatment of QCM substrates 
In a standard pretreatment procedure, the Au-coated QCM substrates (AT 

cut type, Au electrode, diameter 14 mm, thickness 0.3 mm, and fundamental 

frequency ca. 4.95 MHz) were used for surface mounted MOF (SURMOF) thin 

films growth. Prior to fabrication processes, QCM substrates were cleaned by 

soaking them in the mixed solution of water/H2O2/ammonia with a volumetric 

ratio of 5/1/1 at 75 °C for 15 min. Afterwards, the surface-cleaned QCM 

substrates were functionalized by soaking them in a 20 μM solution of 

16-mercaptohexadecanoic acid (MHDA) in acetic acid/ethanol (9/1) for 24 

hours at room temperature followed by rinsing with pure ethanol to remove the 

physisorbed MHDA. The fundamental frequency of MHDA-functionalized QCM 

substrates were then read on the BEL-QCM. 

6.2.2 The growth of Cu-paddlewheel-based SURMOFs: Cu3btc2, 

Cubdc and Cu2bdc2dabco on Q-Sense 
The SURMOFs of Cu3btc2 were fabricated by using the stepwise 

liquid-phase epitaxy (LPE) method with integrating a different amount of water 

in H3btc linker solution. The amount of water ranging from environmental 

humidity (EH) to 100% was integrated in the growth processes to study the 

influence of humidity on the quality of obtained Cu3btc2 SURMOFs (shown in 

Table 6.1). The MHDA-functionalized QCM substrates were placed in an 

automated QCM instrument Q-Sense E4 Auto which was operating at 40 °C at 
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a flow rate of 100 μL/min in the open air. In each deposition cycle, the QCM 

substrate was first exposed to the 0.5 mM Cu(OAc)2 solution for 5 min and 

then 0.2 mM H3btc linker solution for 10 min. Each subsequent step of dosing 

components was separated by a rinsing step of 5 min absolute ethanol to 

remove unreacted or physisorbed species. This procedure was repeated 60 

times, which means that 60 cycles Cu3btc2 SURMOFs were deposited on the 

QCM substrate. 

Table 6.1. The water content in the linker solution of H3btc for Cu3btc2 

SURMOF, H2bdc for Cubdc SURMOF and H2bdc/dabco for Cu2bdc2dabco 

SURMOF. 

Trial No. 
Water content in H3btc 

solution (v/v %) 

Water content in H2bdc 

solution (v/v %) 

Water content in 

H2bdc/dabco solution (v/v %) 

1 Environmental humidity (EH) EH EH 

2 EH +1% EH +1% EH +1% 

3 EH + 3% EH + 3% EH + 3% 

4 EH + 5% EH + 5% EH + 5% 

5 EH + 10% EH + 10% EH + 10% 

6 EH + 20% EH + 20% EH + 20% 

7 EH + 30% EH + 30% EH + 30% 

8 EH + 50% / / 

9 EH + 70% / / 

10 EH + 80% / / 

11 EH + 90% / / 

12 EH + 100% / / 

2-Dimensional (2D) Cubdc SURMOFs (60 cycles) were prepared using the 

same conditions as above, except the H2bdc linker solution. Unlike Cu3btc2 

SURMOFs, the water content in linker solution ranging from EH to EH + 30% 
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was selected to study the impact of humidity on the quality of Cubdc 

SURMOFs. 

60 cycles Cu2bdc2dabco SURMOFs were synthesized by using the same 

conditions to that of Cu3btc2 SURMOFs except the linker solution which is the 

mixture of H2bdc and dabco here. The amount of water integrated in the linker 

solution was from EH to EH + 30%.  

6.2.3 The growth of SURMOF Cu3btc2 by using dipping robot setup 
The SURMOFs of Cu3btc2 were fabricated with additional water in H3btc 

solution by using dipping robot setup as well. The setup is mounted in 

glovebox, so the inner humidity can be controlled, which herein the relative 

humidity was set to 7%. More details of dipping robot are presented in 

literature.[4] The amount of water integrated in the linker H3btc solution was 

from 0 to 20%. The functionalized substrate was dipped successively in 

Cu(OAc)2 (1 mM) and H3btc (0.2 mM) ethanolic solution for 10 and 15 min 

respectively, after each step the substrate was immersed in pure ethanol for 2 

min. The recycling procedure was repeated for 20 cycles. 

 

Figure 6.2. Out-of-plane XRD patterns of SURMOFs Cu3btc2 fabricated by 

using dipping robot with various amount of water in H3btc solution. 
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The obtained SURMOFs Cu3btc2 were characterized by out-of-plane XRD 

and SEM, which are shown in Figure 6.2 and 6.3. From the results we can find 

that the thin films fabricated by integrating 20% water in the linker solution 

show better quality than other cases. 

 

 

Figure 6.3. SEM images of SURMOFs Cu3btc2 fabricated by using dipping 

robot with various amount of water in H3btc solution. 

6.2.4 The growth of SURMOF Cubdc by using hand-spray system 
The SURMOFs of 2D Cubdc were also fabricated with additional water in 

H3btc solution by using hand-spray system.[5] Herein, the growth process was 

performed in the open air. The amount of water integrated in the linker H3btc 

solution was from 0 to 20%. The MHDA-functionalized substrates were fixed 

on a sample holder and a 1 mM of Cu(OAc)2 ethanol solution for 10 seconds 

and a 0.2 mM of H3btc solution were subsequently sprayed at room 

temperature for 10 and 20 seconds, respectively. Between each step the 

substrates were sprayed with ethanol for 3-5 seconds. The XRD patterns of 

152 

 



Chapter 6 

obtained SURMOF Cubdc are shown in Figure 6.4. Basically, the crystallinity 

of SURMOF Cubdc enhances with increasing the water content in linker 

solution. 

 
Figure 6.4. Out-of-plane XRD of SURMOFs Cubdc fabricated by using 

hand-spray system with various amount of water in H2bdc solution. 

 

(a) methanol, H2SO4, reflux 18h; (b) CH3(CH2)nBr, acetone or acetonitrile or N,N-dimethylmethanamide 

reflux 16h, n = 0, 1, 2, 3, 5, 9, 17; (c) KOH; methanol; reflux 18h 

Scheme 6.1. Synthesis of fu-ipH2 lingands. 
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6.3 Experimental details of Chapter 3 

6.3.1 Synthesis of fu-ip ligands 
The fu-ipH2 ligands used in Chapter 3 were synthesized according to 

Scheme 6.1.[6] 

Dimethyl 5-hydroxy isophthalate. 5-hydroxy isophthalic acid (33.05 g, 

181 mmol) was suspended in methanol (500 mL) followed by adding 

concentrated sulfuric acid (10 mL) and the mixture was heated to reflux for 

overnight. After cooling to room temperature, the solution was neutralized with 

saturated aqueous NaHCO3. Afterwards, the methanol was removed in vacuo, 

and the residue was extracted with dichloromethane. The organic phase was 

dried over anhydrous Mg2SO4 and the solvent removed by rotary evaporation 

to afford dimethyl 5-hydroxy isophthalate as a colorless solid (32.87 g, 156 

mmol, 86% yield). 

5-Methoxyisophthalic acid (Me-ipH2). Dimethyl 5-hydroxy isophthalate 

(11.44g, 54.4 mmol), potassium carbonate (13.69 g, excess) and acetone (260 

mL) were charged in a 500 mL flask, and the mixture was heated to reflux for 2 

hours. After this time, iodomethane (8.87 g, 62.5 mmol) was added to the 

mixture, which was allowed to reflux overnight. After that, the solvent was 

removed in vacuo, and the solid residue was suspended in dichloromethane 

(300 mL) and water (300 mL). This mixture was extracted with 

dichloromethane three times, the obtained organic layer was collected, 

washed with brine, dried over Mg2SO4 and finally the solvent removed under 

reduced pressure. This afforded dimethyl 5-methoxy isophthalate as a 

colorless solid (10.99 g, 51.2 mmol, 90% yield). 

 The obtained dimethyl 5-methoxy isophthalate (9.46 g, 42.2 mmol) was 

hydrolyzed in the mixture of potassium hydroxide (11.99 g, 213.7 mmol) and 
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methanol (250 mL) under refluxing for approximately 18 hours. Then the 

cooled solution was acidified by concentrated HCl. Afterwards, the precipitate 

was collected by vacuum filtration, and washed copiously with water. The 

obtained Me-ipH2 (8 g, 41.1 mmol, 97% yield) was dried at ambient 

temperature and pressure for a few days. 

5-Ethoxyisophthalic acid (Et-ipH2), 5-Propoxyisophthalic acid 

(Pr-ipH2), and 5-Butoxyisophthalic acid (Bu-ipH2). Et-, Pr- and Bu-ipH2 

were synthesized using the same conditions as that of Me-ipH2, except the 

iodomethane was replaced by bromoethane, 1-bromopropane and 

1-bromobutane, respectively. 

5-Hexyloxyisophthalic acid (He-ipH2), 5-Decyloxyisophthalic acid 

(De-ipH2), 5-Octadecyloxyisophthalic acid (Od-ipH2). He-, De- and Od-ipH2 

were synthesized based on the same method as Me-ipH2 as well, except the 

different n-alkyl bromides and solvent (DMF) were used. 

4-bromo-1-butanol. In order to synthesize 

5-(4-Hydroxybutoxy)isophthalic acid (BuOH-ipH2), 4-bromo-1-butanol was 

firstly synthesized by adding concentrated H2SO4 (1 mL) and HBr (16 mL of 48% 

w/w) dropwisely to THF (10 g) at 0 °C with stirring and then refluxing for 90 min. 

After cooling in ice water, the resulted solution was neutralized with NaHCO3 

following by the addition of 50 mL water. Afterwards, the product was extracted 

by diethyl ether, washed by brine, dried over anhydrous Mg2SO4. Finally the 

product was collect by removing the solvent under vacuum. 

BuOH-ipH2. The obtained 4-bromo-1-butanol was reacted with dimethyl 

5-hydroxyisophthaliate to form dimethyl 5-(4-hydroxybutoxy)isophthalate. After 

that, the obtained chemical was hydrolyzed and acidified to form the desired 

organic linker BuOH-ipH2. 
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NMR characterization of fu-ip ligands: 

Me-ip: 1H NMR (400 MHz, DMSO-d6) δ 13.31 (bs, 2H, -CO2H), 8.08 (t, 1H, 

Ar-H, J = 3 Hz), 7.65 (d, 2H, Ar-H, J = 1.44 Hz), 3.87 (s, 3H, -CH3). 13C NMR 

(101 MHz, DMSO-d6) δ 166.87 (-CO2H), 159.85 (C-OMe), 133.07 (C-CO2H), 

122.67 (Ar), 119.00 (Ar), 56.12 (-CH3) ppm. 

Et-ip: 1H (400 MHz, DMSO-d6) δ 13.29 (bs, 2H, -CO2H), 8.07 (t, 1H, Ar-H, J = 

2.93 Hz), 7.63 (d, 2H, Ar-H, J = 1.47 Hz), 4.13 (q, 2H, -CH2CH3, J = 20.8 Hz). 

1.36 (t, 3H, -CH3, J = 13.8 Hz). 13C NMR (101 MHz, DMSO-d6) δ 166.89 

(-CO2H), 159.11 (C-OEt), 133.06 (C-CO2H), 122.56 (Ar), 119.44 (Ar), 64.22 

(-CH2CH3), 14.95 (-CH3) ppm. 

Pr-ip: 1H (400 MHz, DMSO-d6) δ 13.28 (bs, 2H, -CO2H), 8.07 (t, 1H, Ar-H, J = 

5.28 Hz), 7.63 (d, 2H, Ar-H, J = 1.32 Hz), 4.04 (t, 2H, -OCH2-, J = 35.2 Hz), 

1.75 (m, 2H, - CH2CH3), 1.00 (t, 3H, -CH3, J = 14.8 Hz). 13C NMR (101 MHz, 

DMSO-d6) δ 166.89 (-CO2H), 159.27 (C-OPr), 133.05 (C-CO2H), 122.56 (Ar), 

119.47 (Ar), 70.01 (-OCH2-), 22.37 (-CH2CH3), 10.76 (-CH3) ppm. 

Bu-ip: 1H NMR (400 MHz, DMSO-d6) δ 13.28 (bs, 2H, -CO2H), 8.07 (t, 1H, 

Ar-H, J = 2.96 Hz), 7.63 (d, 2H, Ar-H, J = 1.44 Hz), 4.07 (m, 2H, -OCH2-), 1.72 

(m, 2H, -CH2CH2CH3), 1.44 (m, 2H, -CH2CH3), 0.94(t, 3H, -CH3, J = 18.7 Hz). 
13C NMR (101 MHz, DMSO-d6) δ 166.89 (-CO2H), 159.26 (C-OBu), 133.03 

(C-CO2H), 122.57 (Ar), 119.45 (Ar), 68.25(-OCH2-), 31.03 (-CH2CH2CH3), 

19.10 (-CH2CH3), 14.12 (-CH3) ppm. 

He-ip: 1H NMR (400 MHz, DMSO-d6) δ 13.27 (bs, 2H, -CO2H), 8.07 (t, 1H, 

Ar-H, J = 2.92 Hz), 7.63 (d, 2H, Ar-H, J = 1.85 Hz), 4.06 (t, 2H, -OCH2-, J = 

12.8 Hz), 1.73 (m, 2H, -CH2(CH2)3CH3), 1.42 (m, 2H, -CH2(CH2)2CH3), 1.31(m, 

4H, -(CH2)2CH3), 0.87 (q, 3H, -CH3, J = 13.8 Hz). 13C NMR (101 MHz, 

DMSO-d6) δ 166.88 (-CO2H), 159.26 (C-OHe), 133.04 (C-CO2H), 122.56 (Ar), 
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119.45 (Ar), 68.53 (-OCH2-), 31.42 (-CH2(CH2)3CH3), 28.93 (-CH2(CH2)2CH3), 

25.53 (-CH2CH2CH3) 22.52 (-CH2CH3), 14.34 (-CH3) ppm. 

De-ip: 1H NMR (400 MHz, DMSO-d6) δ 13.27 (bs, 2H, -CO2H), 8.07 (t, 1H, 

Ar-H, J = 3.16 Hz), 7.62 (d, 2H, Ar-H, J = 1.48 Hz), 4.06 (t, 2H, -OCH2-, J = 12 

Hz), 1.72 (m, 2H, -CH2(CH2)7CH3), 1.41 (m, 2H, -CH2(CH2)6CH3), 1.23 (m, 12H, 

-(CH2)6CH3), 0.84 (t, 3H, -CH3, J = 13.4 Hz). 13C NMR (101 MHz, DMSO-d6) δ 

166.89 (-CO2H), 159.24 (C-ODe), 133.07 (C-CO2H), 122.57 (Ar), 119.43 (Ar), 

68.51 (-OCH2-), 31.76 (-CH2(CH2)7CH3), 29.45-28.95 (5C, -(CH2)5(CH2)2CH3), 

25.84 (-CH2CH2CH3) 22.56 (-CH2CH3), 14.39 (-CH3) ppm. 

Od-ip: 1H NMR (400 MHz, DMSO-d6) δ 13.27 (bs, 2H, -CO2H), 8.07 (t, 1H, 

Ar-H, J = 3.08 Hz), 7.63 (d, 2H, Ar-H, J = 1.84 Hz), 4.06 (t, 2H, -OCH2-, J = 

12.8 Hz), 1.73 (m, 2H, -CH2(CH2)15CH3), 1.42 (t, 2H, -CH2(CH2)14CH3, J = 15.2 

Hz), 1.23 (m, 28H, -(CH2)14CH3), 0.85 (t, 3H, -CH3, J = 49.2 Hz). 13C NMR (101 

MHz, DMSO-d6) δ 166.88 (-CO2H), 159.25 (C-OOd), 133.05 (C-CO2H), 122.57 

(Ar), 119.44 (Ar), 68.51 (-OCH2-), 31.77 (-CH2(CH2)15CH3), 29.51-28.96 (13C, 

-(CH2)13(CH2)2CH3), 25.83 (-CH2CH2CH3) 22.56 (-CH2CH3), 14.40 (-CH3) ppm. 

BuOH-ip: 1H NMR (400 MHz, DMSO-d6) δ 13.28 (bs, 2H, -CO2H), 8.07 (m, 1H, 

Ar-H), 7.65 (q, 2H, Ar-H, J = 7.6 Hz), 4.17 (m, 2H, -OCH2-, J = 7.6 Hz), 3.44 (m, 

2H, -CH2OH), 1.93(m, 2H, -CH2CH2CH2OH), 1.51-1.79 (m, 2H, -CH2CH2OH). 
13C NMR (101 MHz, DMSO-d6) δ 166.89 (-CO2H), 159.22 (C-OBuOH), 133.07 

(C-CO2H), 122.63 (Ar), 119.50 (Ar), 70.07 (-OCH2-), 68.17 (-CH2OH), 26.03 

(-CH2CH2CH2OH), 25.62 (-CH2CH2OH) ppm. 

6.3.2 Fabrication of homo-SURMOF Cu3btc2 (B) and Cu2ndc2dabco 
(A) 

Homo-SURMOF A and B were fabricated using a same conditions in 

Section 6.2. Note that, 5% and no additional water was integrated in H3btc 
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solution for SURMOF B and H2ndc/dabco solution for SURMOF A, 

respectively. 40 cycles of SURMOFs were deposited on the QCM substrates. 

6.3.3 Implementation of the fu-ip ligands on the external surface of 
SURMOF B.  

First of all, SURMOF B (60 cycles) was synthesized by stepwise LPE, and 

then was characterized to check the phase. Afterwards, SURMOF B was 

returned to the Q-Sense cells for growing another 5 cycles of SURMOF B. 

Then, the precursors were changed to Cu(OAc)2/ethanol/fu-ipH2/ethanol for 

another 5 cycles to implement the fu-ip ligands on the external surface of 

SURMOF B. As a reference, one of the samples was continued to dose H3btc 

at the second stage. Note that, the solvent used to prepare the linker solutions 

for the second stages (the last 5 cycles) is absolute ethanol without additional 

water. 

6.3.4 Fabrication of hetero-SURMOF A@B 
Hetero-SURMOF A@B was prepared as follows: SURMOF B was firstly 

grown on the Au-coated QCM substrate for a total of 40 cycles and then taken 

out for characterization. Afterwards, the sample was returned to the Q-Sense 

fabrication cell and then rinsed with absolute ethanol for 1 hour. After that, the 

QCM substrate was further dosed with one cycle of the 

Cu(OAc)2/ethanol/fu-ipH2/ethanol interlayer (Cu(OAc)2: 10 min, ethanol: 10 

min, fu-ipH2 (in ethanol with 5% H2O): 10 min and finally ethanol: 10 min) prior 

to the fabrication of the outer layer SURMOF A. The procedure for preparing 

SURMOF A (40 cycles) was the same as SURMOF B except for using 0.2 mM 

H2ndc/dabco as the linker solution. Note that the absolute ethanol without 

additional water was used as a solvent to dissolve H2ndc/dabco. 
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6.4 Experimental details of Chapter 4 
Firstly, the QCM substrates were treated by the standard procedure stated 

in Section 6.2. 

In this chapter, all of SURMOFs were fabricated by stepwise LPE for 

certain cycles using the automated QCM instrument Q-Sense E4 Auto at 40 °C 

with a flow rate of 100 μL/min. In each deposition cycle, the functionalized 

QCM substrate was first exposing to 0.5 mM Cu(OAc)2 solution for 5 min and 

then 0.2 mM linker (H2bdc or H3btc) solution for 10 min. Each subsequent step 

of dosing components was separated by a washing step with absolute ethanol 

for 5 min. Note that, the solution of linker was prepared using mixed solvent of 

water and ethanol (5% H2O for H2bdc and 20% H2O for H3btc). For the 

hetero-SURMOFs, a certain cycles SURMOF Cubdc was firstly fabricated on 

the QCM substrate, and then the other SURMOF Cu3btc2 sequentially dosed 

on top of that. 

6.5 Experimental details of Chapter 5 

Firstly, the QCM substrates were treated by the standard procedure 

stated in Section 6.2. 

6.5.1 Thin films grown by mixing method 
In this method, 0.2 mM linker solution was obtained by dissolving parent 

and defect-generating linkers (molar ratio 1 : 1) in water/ethanol (v/v 2 : 8) 

solvent. No additional water was integrated in Cu(OAc)2 solution. SURMOFs 

were fabricated by stepwise LPE using the automated QCM instrument 

Q-Sense E4 Auto at 40 °C with a flow rate of 100 μL/min. Firstly 10 cycles 

HKUST-1 thin films were deposited on SAM-functionalized QCM substrate as 

seed layer, then another 50 cycles Cu(OAc)2/mixed linker were subsequently 

deposited. In each deposition cycle, the QCM substrate was first exposing to 
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0.5 mM Cu(OAc)2 solution for 5 min and then 0.2 mM linker solution for 10 min. 

Each subsequent step of dosing components was separated by a washing 

step with absolute ethanol for 5 min. 

6.5.2 Thin films grown by alternating method 
Herein, SURMOFs were synthesized by following procedure: (1) 10 cycles 

HKUST-1; (2) Cu(OAc)2/ethanol/defective linker/ethanol; (3) 

Cu(OAc)2/ethanol/parent linker/ethanol. The time of each cycle is the same as 

Section 6.5.2. The last two steps are repeated 25 times for obtaining thick films. 

The concentration of Cu(OAc)2, parent linker and defect linker are 0.5, 0.2, 0.2 

mM, respectively. The same mixed solvent (water/ethanol = 2/8) was used to 

dissolve linkers. 
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Metal-organic framework (MOF) thin film based devices show great 

potential in many applications of sensing, separation, optics and electronics. 

However, there are a lot of challenges needed to be overcome before applying 

them in real-world technologies. A primary challenge is how to fabricate MOF 

thin films with high quality/performance. Hence, feasible thin film fabrication 

techniques are required for fabricating MOF thin films with high quality to meet 

the demands of desired applications. Over the past decades, numerous 

techniques have been developed for growing MOF thin films on various 

substrates. In this dissertation, we have comprehensively studied the so-called 

stepwise liquid-phase epitaxial (LPE) growth technique, which offers, in 

principle, a high control of the quality (crystallographic orientation, crystallinity, 

morphology, etc.) of obtained surface-mounted MOF thin films (SURMOFs). 

Moreover, in order to fulfill the rapid growing demands of practical applications, 

lots of MOF thin film based new materials with novel properties and 

functionalities are developed as well, such as heterostructured SURMOFs and 

MOF thin film composites loaded with functional spices in the pores. The goals 

of this dissertation are understanding the fundamental principle of MOF thin 

film fabrication and further exploring novel MOF thin film based materials for 

practical applications by establishing heterostructures and incorporating 

defects. 

Firstly, the impact of humidity on the growth of Cu-paddlewheel-based 

SURMOFs (Cu3btc2, Cubdc and Cu2bdc2dabco) was systematically studied. 

The SURMOFs are synthesized using stepwise LPE method, and the humidity 

was controlled by integrating different amount of water in linker solution. After 

characterizing the obtained SURMOFs with XRD, SEM, IRRAS and methanol 

sorption isotherm, it is easy to find that the SURMOFs of Cu3btc2 and Cubdc 

fabricated by integrating 5% water in linker solution show better quality (high 

crystallinity, preferred orientation, dense and homogenous morphology, lower 
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defect density, and high adsorption capacity) than other cases. However, the 

SURMOF of Cu2bdc2dabco cannot grow with additional water in fabrication 

process. In combination of the results and the pKα of related carboxylic acid 

containing linkers, we speculate that water molecules significantly enhance the 

proton transfer from carboxyl groups of linker to acetate groups of Cu(OAc)2 to 

form deprotonated linkers and AcOH, which promotes the nucleation and 

crystal growth of SURMOFs. On the other hand, water molecules and 

generated AcOH can also interact with the formed framework, which leads to 

the etching of misoriented MOF particles from film. Under the synergistic effect 

of water molecules, the quality of Cu-paddlewheel-based SURMOFs is 

rationally controlled. 

Secondly, we try to solve the synthetic problem of lattice-mismatched 

hetero-SURMOF Cu2ndc2dabco@Cu3btc2 by employing various functionalized 

isophthalate (fu-ip) ligands to modify the interface between two SURMOFs. As 

reported in literature, hetero-SURMOF Cu3btc2@Cu2ndc2dabco can be 

fabricated by stepwise LPE technique, while the heterostructure with reversed 

order cannot be obtained under the same condition. Starting from this problem, 

we firstly studied how the fu-ip ligands (fu = alkoxyl chains) bind on the surface 

of SURMOF Cu3btc2, in which only with the functional groups binding in the 

“head-on” fashion with proper exposure of the nucleation-directing terminal 

functional groups validly acts as a template for the subsequently hetero-growth 

of SURMOF Cu2ndc2dabco. The QCM frequency change profiles, IRRAS and 

the water contact angle measurements prove the right binding status of fu-ip 

ligands on the external of SURMOF Cu3btc2. Moreover, the surface 

modification does not change the intrinsic properties of SURMOF Cu3btc2, 

including crystallinity, crystallographic orientation, surface morphology, and 

sorption isotherms. Afterwards, a second series of fu-ip ligands are used to 

modify the external surface of SURMOF Cu3btc2 for the deposition of 
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SURMOF Cu2ndc2dabco on the top. The characterizations of XRD and SEM 

suggest that hetero-SURMOF Cu2ndc2dabco@Cu3btc2 can only be fabricated 

by modifying the interface with fu-ip ligands containing long flexible aliphatic 

spacers and coordination-active functional terminal groups. This strategy is 

expected to be generally efficient for the growth of hetero-SURMOF, especially 

the lattice-mismatched ones, which could benefit the further development of 

the MOF-based synergistic unit for targeted applications such as selective 

sorption, sensing and catalysis. 

Further, a novel 2D-3D hybrid hetero-SURMOF Cu3btc2@SURMOF-2 

(herein, three kinds of SURMOF-2 Cubdc/bpdc/TF-bdc were studied) was 

developed for volatile organic compounds (VOCs) sensing, recognition and 

adsorption. In this hetero-SURMOF, bottom SURMOF-2 shows a quite lower 

VOCs storage capacity, which is probably because of the surface barrier 

prevented VOC molecules penetrating into the pores. However, this surface 

barrier can be removed by depositing Cu3btc2 on the top, which leads to a 

higher total storage capacity of resulted hetero-SURMOF even than that of 

homo-SURMOF Cu3btc2. Interestingly, the top-deposited Cu3btc2 was 

obtained as discrete particles instead of continuous film randomly scattered on 

the surface of SURMOF-2 and their orientation are determined by the linker 

used in bottom SURMOF-2, namely, showing (100), (111) and no preferred 

orientation on Cubdc/bpdc/TF-bdc, respectively. Moreover, we also studied 

the impact of the thickness of upper SURMOF Cu3btc2 (10, 20 and 40 layers) 

and bottom SURMOF-2 (10, 20, 40 and 60 layers), the crystallinity of Cu3btc2 

particles (which is controlled by involving water in the H3btc linker solution 

during the fabrication process), and the linkers adopted in bottom SURMOF-2 

on the VOCs sorption behaviors of hetero-SURMOFs Cu3btc2@SURMOF-2. 

Eventually, we found that the hetero-SURMOF of SURMOF Cu3btc2 (40 cycles) 

fabricated with 20% water in H3btc solution on top of SURMOF-2 (40 cycles) 
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synthesized with 5% water in H2bdc solution is the best case for VOCs 

adsorption. In addition, the hetero-SURMOFs Cu3btc2@SURMOF-2 show 

selective adsorption ability (normalized storage capacity by that of 

homo-SYRMOF Cu3btc2) to large VOCs, and this selectivity can be tuned by 

employing different linkers in bottom SURMOF-2. This work opens a door to a 

novel concept of materials design for VOCs sensing, recognition and removal. 

At last, defect-engineered (DE) SURMOFs HKUST-1 were prepared by 

two methods based on stepwise LPE, namely mixing method and alternating 

method. Three kinds of so-called defective linkers H2ip, H2OH-ip and H2pydc 

were employed to create defects in SURMOF HKUST-1. The obtained 

DE-SURMOFs HKUST-1 were characterized by XRD, IRRAS and Raman 

spectroscopy to prove that the incorporation of defects does not change the 

overall structure of HKUST-1. The defects in DE-SURMOFs HKUST-1 were 

detected by 1H NMR, ToF-SIMS, UV-Vis, methanol vapor adsorption and SEM. 

At last, we find that mixing method is more efficient to incorporate defects in 

MOF lattice; while alternating method shows a higher controllability in the 

distribution of defects in DE-SURMOFs HKUST-1. These two methods supply 

a possible way to control over the defect formation in MOF thin films.
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