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Abstract 

Metal-Organic Frameworks (MOFs), first reported in 1995, are recognized for 

their unique properties such as high surface area, tunable porosity, and the ability 

to incorporate a variety of functional groups, which make them promising for 

numerous applications. However, their practical use in challenging environments 

is often limited by stability issues. Although Surface-Anchored MOFs 

(SURMOFs) have been developed to enhance the integration of MOFs into 

devices, stability remains a significant challenge. 

This PhD thesis explores the synthesis, characterization, modification, and 

application of highly stable Zr(Hf)-based SURMOFs for various technical 

applications. Zr(Hf)-based MOFs, including the UiO-66 and NU-1000 families, 

exhibit exceptional stability, making them well-suited for industrial applications. 

Despite their stability, the preparation of Zr(Hf)-MOFs is complex due to the use 

of metal clusters rather than metal ions, and the synthesis of SURMOFs involves 

many parameters that affect thin film growth and orientation. 

The research addresses these challenges by employing Liquid-Phase Epitaxial 

(LPE) Layer-by-Layer (LbL) methods, which offer advantages over traditional 

solvothermal techniques by enabling the production of defect-free films with 

precise orientation. The study also investigates post-synthetic modifications to 

further enhance the properties and functionality of SURMOFs. 

The findings provide significant insights into the preparation and application 

of Zr(Hf)-based SURMOFs, with implications for various industrial and 

environmental applications. The outcomes could impact fields such as sensing 

technology, catalysis, and water purification, and promote interdisciplinary 

collaboration. 
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Zusammenfassung 

Metallorganische Netzwerke (MOFs), erstmals 1995 veröffentlicht, sind 

bekannt für ihre hohe spezifische Oberfläche, einstellbare Porosität und die 

Fähigkeit, funktionelle Gruppen zu integrieren, was sie für zahlreiche 

Anwendungen vielversprechend macht. Ihre praktische Nutzung, insbesondere in 

herausfordernden Umgebungen, ist jedoch oft durch Stabilitätsprobleme 

eingeschränkt. Obwohl Oberflächenverankerte MOFs (SURMOFs) entwickelt 

wurden, um die Integration von MOFs in Geräte zu verbessern, bleibt die 

Stabilität eine erhebliche Herausforderung. 

Diese Doktorarbeit untersucht die Synthese, Charakterisierung, Modifikation 

und Anwendung von hochstabilen Zr(Hf)-basierten SURMOFs für technische 

Anwendungen. Zr(Hf)-MOFs wie die UiO-66 und NU-1000 Familien zeigen 

außergewöhnliche Stabilität und eignen sich daher gut für industrielle 

Anwendungen. Trotz ihrer Stabilität ist ihre Herstellung komplex, da 

Metallcluster statt Metallionen verwendet werden und viele Parameter das 

Wachstum und die Orientierung der Dünnschichten beeinflussen. 

Die Forschung verwendet Liquid-Phase Epitaxial (LPE) Layer-by-Layer 

(LbL) Methoden, die gegenüber traditionellen solvothermalen Techniken 

Vorteile bieten, indem sie fehlerfreie Filme mit präziser Orientierung 

ermöglichen. Zudem werden post-synthetische Modifikationen untersucht, um 

die Eigenschaften und Funktionalität der SURMOFs weiter zu verbessern. 

Die Ergebnisse liefern wesentliche Erkenntnisse über die Vorbereitung und 

Anwendung von Zr(Hf)-SURMOFs mit Auswirkungen auf industrielle und 

umwelttechnische Anwendungen. Diese Ergebnisse könnten Bereiche wie 

Sensortechnologie, Katalyse und Wasseraufbereitung beeinflussen und 

interdisziplinäre Zusammenarbeit fördern.  
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1 Chapter I. Introduction 

1.1 General Remarks 

Materials utilized in modern life are in a constant state of evolution, adapting 

to the diverse requirements of various fields and optimizing performance under 

specific working conditions. Metal-Organic Frameworks (MOFs), also known as 

Porous-Coordination Polymers, have emerged as noteworthy candidates, 

capturing attention for their distinctive properties that enable customization to 

meet specific needs. Particularly promising is the utilization of Surface-Anchored 

Metal-Organic Frameworks (SURMOFs), presenting a more accessible and 

operable approach for a variety of processes. 

Despite the promising potential of SURMOFs, their synthesis poses a 

significant challenge. The most prevalent methods involve Liquid-Phase 

Epitaxial (LPE) Layer-by-Layer (LbL) growth. Achieving high-quality, oriented 

SURMOFs requires the optimization of numerous conditions, including the 

selection of chemicals, their concentrations, surface material, surface 

functionalization, temperature, and timing. 

Furthermore, the stability of MOFs and SURMOFs is crucial for their 

suitability in diverse working conditions. Many MOFs exhibit weakness, 

particularly in aqueous environments, making them less than ideal candidates. In 

contrast, Zr(Hf)-based MOFs, such as UiO (University of Oslo) and NU 

(Northwestern University) have demonstrated exceptional stability across 

different environments. This stability makes them promising candidates for a 

wide array of applications, including catalysis, drug delivery, gas storage and 

separation, water treatment, and sensing. 

Moreover, the customizability of Zr(Hf)-based SURMOFs can be further 

enhanced through modifications, expanding the scope of potential applications. 
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Existing literature primarily focuses on the solvothermal preparation method of 

UiO-66 family MOF thin films. However, this method proves to be inferior to the 

LbL method concerning thin film orientation and the presence of defects in 

published works. As we delve into the synthesis and applications of SURMOFs, 

addressing these challenges becomes crucial for unlocking their full potential in 

various technological advancements. 

This PhD research aims to explore the synthesis, characterization, 

modification and versatile applications of highly stable Zr(Hf)-based Surface-

Anchored Metal-Organic Frameworks and thin films. The study is focused on 

two prominent MOFs families: UiO-66, (particularly UiO-66-NH2 and its 

modifications) and NU-1000. These materials exhibit exceptional stability and 

offer promising opportunities for various technical applications. 

1.2 Research Objectives 

There are four main objectives presented in this thesis: 

a. Synthesis and Characterization: Investigate different preparation 

techniques and methods for the synthesis of Zr(Hf)-based UiO-66-NH2 

SURMOFs, emphasizing their structural and morphological characterization. 

b. Post-Modifications: Explore post-modification strategies to tailor the 

properties and functionality of SURMOFs, enhancing their applicability in 

diverse technical fields. 

c. Stability Tests: Conduct rigorous stability tests to assess the long-term 

performance and robustness of SURMOFs, especially in challenging 

environments. 

d. Applications: Investigate and demonstrate the potential applications of 

Zr(Hf)-based SURMOFs in the following areas: 

• Superhydrophobic Surfaces: SURMOF films can be applied as coatings 

on various surfaces to render them superhydrophobic, repelling water and other 

liquids. This property facilitates self-cleaning surfaces, where dirt and 
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contaminants are easily washed away by rain or water droplets, reducing the need 

for manual cleaning and maintenance. Furthermore, the superhydrophobic nature 

of SURMOF-coated surfaces can be exploited for controlled drug release or 

encapsulation applications. By loading drugs or therapeutic agents into the porous 

SURMOF structure, their release can be modulated based on environmental 

stimuli such as pH or temperature, offering precise control over drug delivery. 

• Sensors: SURMOFs possess unique chemical and structural properties that 

make them ideal candidates for sensor development. Electronic-nose and 

electronic-tongue sensors, designed using SURMOFs as sensing elements, can 

detect and discriminate between various volatile organic compounds (VOCs) or 

dissolved analytes based on their interactions with the SURMOF surface. 

Additionally, the tunable optical properties of SURMOFs make them promising 

candidates for optical biosensing applications. By functionalizing SURMOF 

surfaces with specific biomolecules or receptors, they can selectively capture and 

detect target analytes, offering sensitive and specific detection platforms for 

medical diagnostics or environmental monitoring. 

• Water Treatment: SURMOFs can be utilized in membrane filtration 

systems for water purification. Their high surface area and tunable pore size 

enable efficient removal of contaminants, including heavy metals, organic 

pollutants, and microorganisms, from water sources. Moreover, SURMOFs 

exhibit exceptional adsorption capacities due to their porous structure and high 

surface area. They can selectively adsorb contaminants from water, including 

dyes, heavy metals, and organic pollutants, making them effective adsorbents for 

wastewater treatment applications. Additionally, SURMOFs can be employed in 

advanced water purification processes such as desalination and decontamination. 

By selectively adsorbing ions or molecules present in saline or contaminated 

water, SURMOFs can produce clean and potable water for various industrial and 

municipal applications. 
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• Continuous Catalysis: MOFs are particularly superior candidates towards 

enzyme and protein immobilization over other porous materials, comprising sol 

gels, zeolites, as well as mesoporous silica supports. Such superiority is because 

MOFs exhibit fine tunability and crystallinity, thus endowing them uniformity as 

well as long-range order from atomic to microscale regime. The immobilization 

of enzymes in solid supports with less uniformity usually results in low protein 

loading performance, limited thermal stability, and/or enzyme leaching. Several 

preliminary reports demonstrated that some of such obstacles could be solved 

when MOFs are used towards enzyme immobilization. 

1.3 Expected outcomes 

This research is expected to contribute significantly to the understanding of 

Zr(Hf)-based SURMOFs, their preparation methods, stability under different 

conditions, and a wide range of technical applications. The outcomes may have 

far-reaching implications in industries such as sensing technology, catalysis, 

water treatment, and superhydrophobic surface technologies. 

1.4 Significance 

This thesis investigates the synthesis, characterization, modification, and 

application of highly stable Zr(Hf)-based SURMOFs and thin films. By focusing 

on two prominent MOF families, UiO-66 (particularly UiO-66-NH2 and its 

modifications) and NU-1000, the research aims to address several critical 

challenges and open new avenues for technological advancements. 

Firstly, the thesis explores various synthesis techniques, emphasizing the 

optimization of conditions for producing high-quality, oriented SURMOFs. By 

investigating the LPE LbL method, this research aims to overcome limitations 

associated with other methods, such as the solvothermal preparation of MOF thin 

films. The findings could lead to more efficient and reproducible synthesis 

protocols, facilitating the broader adoption of SURMOFs in various applications. 
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Stability is a crucial factor for the practical deployment of MOFs and 

SURMOFs. This research focuses on Zr(Hf)-based MOFs, known for their 

exceptional stability in diverse environments. By enhancing the understanding of 

stability mechanisms and exploring post-modification strategies, the thesis aims 

to expand the applicability of these materials in demanding conditions, such as 

water treatment and continuous catalysis. 

The thesis investigates a wide range of applications, demonstrating the 

versatility of Zr(Hf)-based SURMOFs. By developing superhydrophobic 

surfaces, the research aims to create self-cleaning coatings. The exploration of 

sensor technologies, including electronic-nose and electronic-tongue sensors, 

highlights the potential for SURMOFs in environmental monitoring and medical 

diagnostics. Additionally, the application of SURMOFs in water treatment and 

continuous catalysis showcases their potential to address critical environmental 

and industrial challenges. 

By developing materials with high stability and tunability, this research 

contributes to innovative solutions in water purification, pollutant adsorption, and 

energy-efficient catalytic processes. The potential for developing 

superhydrophobic surfaces and advanced sensor technologies further underscores 

the broad applicability and impact of this work. 

The research integrates concepts from materials science, chemistry, 

environmental science, and engineering, highlighting the interdisciplinary nature 

of the work. The insights gained from this thesis could inspire further research 

across these fields, fostering collaboration and innovation. The development of 

advanced MOF-based technologies has the potential to influence a wide range 

of industries, from pharmaceuticals to environmental engineering, enhancing the 

societal impact of the research. 

In summary, this thesis aims to make significant contributions to the field of 

Metal-Organic Frameworks by advancing synthesis techniques, enhancing 

stability and customizability, and exploring innovative applications. The 
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outcomes of this research have the potential to drive technological advancements, 

and inspire further interdisciplinary collaboration, underscoring the broad 

significance of this work. 

1.5 Layout of the thesis 

After the introductory overview in Chapter I, Chapter II conducts a 

comprehensive review of existing literature on MOFs, examining their structures, 

properties, and fabrication techniques, while also exploring their wide-ranging 

applications. Similarly, SURMOFs are explored, focusing on their properties, 

synthesis methods, challenges such as surface functionalization, and parameters 

affecting their application. Special attention is given to Zr(Hf)-based SURMOFs, 

particularly the UiO family and NU-1000, highlighting their unique 

characteristics. 

Chapter III outlines the chemicals, methodologies, and instrumentation 

utilized for the characterization of samples in this study, encompassing 

techniques such as X-ray Diffraction (XRD), Fourier Transform Infrared 

Spectroscopy (FT-IR), Field Emission Scanning Electron Microscopy (FE-

SEM), Atomic Force Microscopy (AFM), Water Contact Angle (WCA) 

measurements, Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS), 

and Quartz Crystal Microbalance (QCM). 

Chapter IV focuses on the synthesis of UiO-66-NH2 SURMOF on gold 

wafers through a dip-coating approach. Additionally, the Post-Synthetic 

Modification (PSM) to UiO-66-NH-C18, resulting in superhydrophobic surfaces 

with WCA exceeding 150 o, is discussed. 

Chapter V explores the optimized detection of VOCs using tailored UiO-66-

X SURMOF sensors. It covers the synthesis of UiO-66-NH2 SURMOF on QCM 

sensors, their subsequent PSM to UiO-66-R (where R is -N3, -Cl), stability tests 

with hot water vapor, and sensor tests for VOCs. 
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Chapter VI explores the innovative expansion of UiO-66-X SURMOFs on 

QCM sensors, used in Electronic Nose (E-Nose) systems (previous chapter) for 

detecting gases, to their novel application in Electronic Tongue (E-Tongue) 

systems for detecting molecules in liquid phases. 

Chapter VII investigates Zr(Hf)-UiO-66-NH2 membranes. It details the 

synthesis of Hf-UiO-66-NH2 on gold and its stability testing in different pH 

ranges (pH 2, pH 7.5, pH 11). Furthermore, the synthesis of Zr- and Hf-UiO-66-

NH2 on cellulose for membrane applications such as water treatment is discussed. 

Chapter VIII focuses on NU-1000 SURMOF/thin film for enzymes 

immobilization. It discusses the synthesis of NU-1000 SURMOF on solid 

substrates (gold, α-alumina, QCM) using the LPE LbL method and one-pot 

synthesis of NU-1000 thin films on cellulose substrates. Moreover, enzyme 

immobilization into NU-1000@QCM with different concentrations of the 

enzymes is presented.  

The concluding Chapter IX encapsulates the key research findings, draws 

conclusions based on the study, and highlights the achievements. 

1.6 Summary 

The introduction of this thesis outlines the research's focus on exploring the 

synthesis, characterization, modification, and application of Zr(Hf)-based 

SURMOFs and thin films, with a particular emphasis on the UiO and NU 

families. It highlights the challenges in SURMOF synthesis, including the 

optimization of conditions and achieving stability. The objectives include 

investigating synthesis techniques, post-modification strategies, stability testing, 

and exploring applications across various domains such as superhydrophobic 

surfaces, sensors, water treatment, and continuous catalysis. The research is 

expected to contribute significantly to understanding Zr(Hf)-based SURMOFs 

and their applications, with implications for technological advancements and 

interdisciplinary collaboration.  
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2 Chapter II. Theoretical background 

2.1 Metal-Organic Frameworks (MOFs) 

The initial usage of the term "metal-organic framework" referred to the 

general composition involving both metal ions and organic components, as well 

as the structural nature of the framework. Over time, the term "MOF" gained 

significance by encompassing further structural characteristics such as rigidity, 

along with additional properties like porosity [1]. 

MOFs field has been developing over last 29 years [2]. Over 99,000 different 

types of MOFs have been synthesized during this period [3] and more than 

500,000 predicted [4]. The considerable increase in MOF research can be 

attributed to the following five advancements [5]: 

1. Enhancements in cluster chemistry, 

2. Refinement in organic synthesis related to ligand production and post-

synthetic modification, 

3. Advancements in structure determination, notably in X-ray 

crystallography, alongside the evolution of tools and software for assessing 

sorption properties, 

4. The interdisciplinary expansion of MOF research, intertwining with 

adjacent fields, 

5. The continuously expanding spectrum of potential applications. 

2.1.1 General description of MOFs 

Metal-Organic Frameworks are extended structures obtained by linking 

molecules and clusters by strong bonds [1]. MOFs usually consist of metal-oxide 

units joined by organic linkers (Figure 1) through strong metal-carboxyl bonds. 

Employing various combinations of metals and organic linkers, an extensive 

array of MOF types can be synthesized, offering limitless possibilities for diverse 

industrial and commercial applications [6]. Metal nodes contribute to the 
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framework's stability and often dictate the chemical reactivity of the MOF [7], 

while organic linkers influence pore size and shape [8].  

 

 

Figure 1 – Structure of MOF 

 

Polynuclear clusters (nodes or secondary building units (SBUs)), can be used 

in the coordination network instead of single metal-ions to enhance the stability 

of MOFs. The utilization of SBUs helped in achieving more robust structures: 

where the metal ions’ high coordination number in the polynuclear clusters 

improved the rigidity and directionality while the bond strength and the formation 

of neutral frameworks ability was enhanced due to the linker charge [1].  

Nearly all metal cations from the Periodic Table, encompassing even 

radioactive ones, have been employed as inorganic nodes for the construction of 

MOFs: monovalent (Cu+, Ag+, etc.), divalent (Mg2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, etc.), trivalent (Al3+, Sc3+, V3+, Cr3+, Fe3+, Ga3+, In3+, lanthanides3+, 

etc.), or tetravalent (Ti4+, Zr4+, Hf4+, Ce4+, etc.) [7]. Common types of organic 

units used as linkers or bridging ligands in MOFs include carboxylates and other 

organic anions, such as phosphonates, sulfonates, and heterocyclic compounds. 

[8]. They could be categorized as ditopic, tritopic, tetratopic, hexatopic, octatopic, 

mixed, desymmetrized, metallo, and N-heterocyclic linkers [8]. Figure 2 

demonstrates some examples of SBUs and linkers. 
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Figure 2 – Examples of inorganic secondary building units (A) and organic linkers (B). 

From [9]. Reprinted with permission from AAAS. 

Color code: black, C; red, O; green, N; yellow, S; purple, P; light green, Cl; blue polyhedra, 

metal ions. Hydrogen atoms are omitted for clarity. 
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2.1.2 Properties of MOFs 

Due to the unique structures, MOFs exhibit a wide range of properties, 

including high surface areas (up to 10000 m2 g−1 [9]) and porosity (up to 

90 % [10]); tunability of pore size and shape; structural flexibility; diverse 

chemical functionalities; and stability: 

• High Surface Area and Porosity: One of the defining characteristics of 

MOFs is their exceptionally high surface area, often surpassing traditional porous 

materials such as zeolites and carbons [9, 11]. The porous structure of MOFs 

allows for the encapsulation of guest molecules within their framework [12]. 

• Tunability of Pore Size and Shape: The modular nature of MOFs allows 

for precise control over the size and shape of their pores [1]. The ability to vary 

the size and nature of MOF structures without changing their underlying topology 

gave rise to the isoreticular principle and its application in making MOFs with 

the largest pore aperture (98 Å) and lowest density (0.13 g/cm3) [9]. 

• Structural Flexibility: MOFs often exhibit structural flexibility [13], a 

feature known as "breathing". This flexibility arises from the dynamic nature of 

the metal-ligand coordination bonds, allowing the framework to expand or 

contract in response to external stimuli such as temperature, pressure, or the 

presence of guest molecules.  

• Chemical Diversity: The versatility of MOFs stems from the vast array of 

metal nodes and organic linkers available for construction. This diversity allows 

for the creation of MOFs with tailored chemical functionalities [12]. 

• Framework Stability: The stability of MOFs is crucial for their long-term 

performance. MOFs, in general, demonstrate robust stability; however, variations 

in stability may arise based on the specific combination of metal and linker [14].  

• Thermal stability: Because MOFs are composed entirely of strong bonds 

(e.g., C-C, C-H, C-O, and M-O), they show high thermal stability ranging from 
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250° to 500°C [9] making them suitable for applications in high-temperature 

environments. 

2.1.3 Synthesis methods of MOFs 

The MOFs synthesis process is a crucial factor that determines their structures, 

properties, and performances. Various methods (Figure 3) have been developed 

to address specific challenges and achieve desired characteristics in MOF 

materials.  

 

 

Figure 3 – Timeline of the most common synthesis approaches for MOFs [15]. Reproduced 

with permission from Royal Society of Chemistry 

 

The synthesis usually involves nucleation followed by crystal growth, both of 

which can be influenced by factors such as temperature, time, solvent type, 

additives, and reactant concentrations. Controlling these factors enables efficient 

tuning of the morphology and size of MOF crystals to achieve desired final 

structures [16]. MOFs are usually prepared at temperatures below 250 °C with a 

crystallization period range of several hours to several days. Primary solvents 

used for MOF preparation include water, low molecular weight alcohols such as 

methanol and ethanol, dialkyl formamides (N,N-dimethylformamide, N,N-

diethylformamide), pyridine, acetonitrile [16, 17].  

The most widely used synthesis method of MOFs is the solvothermal 

method [18], which involves the dissolution of metal salts and organic ligands in 

a solvent, followed by heating in a sealed vessel at a certain temperature and 
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pressure. The solvothermal method can produce highly crystalline and pure 

MOFs, but it also has some drawbacks, such as long reaction time, high energy 

consumption, and difficulty in scaling up [19]. 

Other synthesis methods include microwave-assisted synthesis [20, 21], 

sonochemical [22, 23], electrochemical [24, 25], mechanochemical [26] and 

various others. Short overview of these methods could be found in Table 1. 

 

Table 1 – Different synthetic methods for MOF synthesis [19]. Reproduced with 

permission from Springer Nature 

Synthetic method Characteristics Advantages Disadvantages 

Solvothermal  Based on a certain 

temperature (usually above 

the boiling point of solvents) 

and consequent pressure 

• High quality single 

crystal; 

• High thermal stability 

MOF products; 

• Most widely used; 

• High phase purity. 

• Long reaction 

time; 

• Harsh synthetic 

conditions; 

• Solvent 

consumption. 

Microwave-

assisted 

Based on the interaction 

between electromagnetic 

radiation and any material 

containing mobile electric 

charges 

• Short reaction time; 

• High energy efficiency; 

• Facile morphology 

control; 

• Narrow particle size 

distribution. 

• Limited MOF 

species. 

Sonochemical Very high local 

temperatures, high pressure, 

and unique heating/cooling 

rates by hot spots in the 

solution 

• Short reaction time; 

• High energy efficiency; 

• Simple manipulation. 

• Limited MOF 

species; 

• Relatively low 

yield. 

Electrochemical Utilize electric enegy to 

initiate the redox reaction 

during MOF synthesis 

• Mild conditions; 

• Short reaction time; 

• Simple manipulation. 

• Limited MOF 

species. 

Mechanochemical Depend on the mechanical 

force achieved by grinding or 

milling of precursor solids 

• Solvent-free; 

• Green synthesis; 

• High energy efficiency; 

• Limited MOF 

species; 
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Synthetic method Characteristics Advantages Disadvantages 

• Mild conditions; 

• Harmless side products; 

• Short reaction time. 

• Relatively poor 

crystallized MOF 

products; 

• Structural defects 

of MOF products. 

Hot-pressing Pressure and temperature are 

simultaneously applied onto 

desired substrates in solvent-

free conditions or with a 

minimal amount of solvents 

• Solvent-free; 

• Green synthesis; 

• High energy efficiency; 

• Short reaction time. 

• Limited MOF 

species. 

Spray-drying Based on the rapid 

evaporation of precursors 

with a hot gas 

• Low cost; 

• High energy efficiency; 

• Short reaction time; 

• High space time yield 

(STY). 

• Limited MOF 

species; 

• Relatively 

expensive 

equipment; 

• Large footprint. 

Continuous flow Reactant solutions are 

pumped by syringe, HPLC, 

or peristaltic pumps through 

microfluidic chips or reactor 

coils in a continuous process 

• Low cost; 

• Less solvent; 

• High energy efficiency; 

• Short reaction time; 

• High STY. 

• Limited MOF 

species. 

 

2.1.4 Application of MOFs 

The unique properties of MOFs have led to their exploration in various 

applications across different scientific fields [17, 27].  

2.1.4.1 Gas storage and separation 

Initially, MOFs were created with the primary intention of being utilized in 

the realm of gas storage and separation [28]. Large pores and windows of these 

materials allows them effectively trap guest molecules [29]. MOF can be used 

either as an adsorbent or as a membrane material [30].  
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MOFs exhibit exceptional gas storage capabilities owing to their high 

porosity and large surface area. These materials can adsorb significant amounts 

of gases such as carbon dioxide [30], hydrogen [31], methane [32], and even more 

complex molecules like volatile organic compounds (VOCs) [33]. The tunable 

nature of MOFs allows for the design of materials with specific pore sizes and 

surface chemistries tailored to enhance gas adsorption [34]. 

Gas separation processes are vital in industries such as natural gas 

purification, carbon capture, and air pollution control. MOFs offer advantages in 

gas separation due to their selective adsorption properties and tailored porosity, 

enabling the separation of gas mixtures with high efficiency and selectivity.  

In carbon capture and storage applications, MOFs can selectively capture 

carbon dioxide (CO2) from flue gases emitted by industrial processes or power 

plants [10]. The high affinity of certain MOFs for CO2, coupled with their ability 

to regenerate after adsorption, makes them promising materials for reducing 

greenhouse gas emissions. 

Additionally, MOFs-based membranes have demonstrated potential in 

separating mixtures of gases such as carbon dioxide/methane and carbon 

dioxide/nitrogen [35, 36], propylene/propane [36] and others. 

The utilization of MOFs in gas storage and separation applications represents 

a significant advancement in materials science with far-reaching implications. 

These versatile materials offer solutions to pressing challenges in energy, 

environmental sustainability, and industrial processes. 

2.1.4.2 Catalysis 

Another initial purpose proposed for crystalline MOFs materials was catalysis, 

which was also among the first applications to be practically demonstrated [37].  

The high surface areas, tunable pore nature, and high density of active sites in 

the highly porous structures of MOFs present numerous advantages for their 

application in catalysis. They have the capacity to facilitate homogeneous 
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catalysts, stabilize short-lived catalysts, perform size selectivity, and encapsulate 

catalysts within their pores [9]. 

MOFs can serve as hosts for homogeneous catalytic species [37], providing 

a stable environment for catalytic reactions. Functional groups within the MOF 

structure can be tailored to interact with catalytic centers, enhancing catalyst 

stability and activity. This approach enables the development of efficient catalytic 

systems for a wide range of reactions, including hydrogenation, oxidation, C-C 

bond formation, and more. 

In heterogeneous catalysis, MOFs offer advantages such as high surface area, 

tunable pore size, and facile modification of active sites. These properties enable 

the immobilization of catalytic species within the MOF framework [38], leading 

to enhanced catalytic performance, recyclability, and selectivity. MOF-based 

heterogeneous catalysts have been employed in various transformations, 

including olefin metathesis, hydroformylation, Suzuki coupling, and many 

others. 

Moreover, MOFs can mimic the structure and functionality of enzymes, 

leading to bioinspired catalytic systems [39]. By incorporating catalytic metal 

nodes and organic linkers with specific functional groups, MOFs can mimic the 

active sites of enzymes and catalyze complex reactions with high efficiency and 

selectivity. This enzyme-like behavior of MOFs opens up new avenues for 

synthetic catalyst design and biomimetic catalysis. 

MOFs possess inherent photochemical properties, making them promising 

candidates for photocatalytic applications [40]. The high surface area and 

porosity of MOFs facilitate light absorption and efficient charge separation, 

enabling photocatalytic reactions such as water splitting, pollutant degradation, 

and organic synthesis under mild conditions. By integrating photosensitive 

ligands and catalytic metal nodes, MOFs can harness solar energy for sustainable 

catalysis. 
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Chiral MOFs have emerged as versatile platforms for asymmetric 

catalysis [41], enabling the synthesis of enantiomerically pure compounds. The 

chiral environment provided by MOFs facilitates substrate binding and 

enantioselective transformations, leading to the formation of optically active 

products with high selectivity. Chiral MOF catalysts have found applications in 

asymmetric hydrogenation, asymmetric Michael addition, and other 

enantioselective reactions. 

The diverse applications of MOFs in catalysis underscore their versatility and 

potential to address challenges in synthetic chemistry, environmental 

remediation, and energy conversion.  

2.1.4.3 Drug delivery 

MOFs offer an ideal platform for the encapsulation and storage of 

therapeutic agents within their porous structure [42]. Drugs can be loaded into the 

pores of MOFs through various methods such as physical adsorption, diffusion, 

or chemical bonding. The high surface area and tailored pore size of MOFs enable 

efficient loading of a wide range of drugs, including small molecules, proteins, 

nucleic acids, and imaging agents. Moreover, the encapsulation of drugs within 

MOFs can protect them from degradation, enhance their stability, and control 

their release kinetics. 

One of the most significant advantages of using MOFs in drug delivery is their 

ability to control the release of encapsulated drugs [43]. The porous nature of 

MOFs allows for precise modulation of drug release kinetics by adjusting factors 

such as pore size, surface chemistry, and external stimuli. Stimuli-responsive 

MOFs, such as those activated by pH, temperature, light, or magnetic fields, 

enable on-demand drug release at specific target sites within the body. This 

controlled release capability minimizes systemic toxicity, reduces side effects, 

and enhances therapeutic efficacy. 
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MOFs can be functionalized with targeting ligands to achieve site-specific 

drug delivery [44]. By decorating the surface of MOFs with targeting moieties 

such as antibodies, peptides, or aptamers, selective binding to specific cells or 

tissues can be achieved. This targeted drug delivery approach enhances drug 

accumulation at the desired site while minimizing off-target effects, thus 

improving therapeutic outcomes and reducing dosage requirements. 

Theranostic MOFs [45] integrate therapeutic and diagnostic functions into a 

single platform, enabling simultaneous drug delivery and imaging. By 

incorporating imaging agents such as fluorescent dyes, magnetic nanoparticles, 

or contrast agents into the MOF structure, real-time monitoring of drug 

distribution, release, and therapeutic response can be achieved. Theranostic 

MOFs hold great potential for personalized medicine, allowing for tailored 

treatment strategies based on individual patient characteristics and disease 

profiles. 

The utilization of MOFs in drug delivery holds immense promise for 

advancing the field of medicine by overcoming limitations associated with 

conventional drug delivery systems. The tunable properties of MOFs enable 

precise control over drug encapsulation, release, targeting, and imaging, leading 

to improved therapeutic outcomes and reduced side effects.  

2.1.4.4 Water purification 

MOFs are utilized for the removal of heavy metals from water sources 

contaminated with pollutants such as mercury, lead, cadmium, and zinc [46]. 

Functionalized MOFs with specific metal-binding sites or chelating groups can 

selectively capture heavy metal ions through adsorption or ion exchange 

processes. The high surface area and tailored pore size of MOFs enhance the 

accessibility of active sites, leading to efficient removal of heavy metal 

contaminants from aqueous solutions. 
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Moreover, MOFs exhibit excellent adsorption capabilities for organic 

pollutants [47, 48], including dyes, pesticides, pharmaceuticals, and industrial 

chemicals, which are commonly found in wastewater effluents. The porous 

structure of MOFs provides a large surface area for adsorption, while the tunable 

pore size allows for selective removal of organic molecules based on their size 

and polarity. MOF-based adsorbents offer a sustainable and cost-effective 

solution for removing organic pollutants and improving water quality. 

MOFs are also explored for desalination and ion separation applications to 

produce freshwater from saline or brackish water sources [49, 50]. Functionalized 

MOFs with tailored pore sizes and surface chemistries can selectively adsorb ions 

while allowing water molecules to pass through, enabling the removal of salts 

and other dissolved solids from water. MOF-based membranes and adsorbents 

hold promise for enhancing the efficiency and sustainability of desalination 

processes [36]. 

Certain MOFs exhibit antibacterial and antifouling properties [51, 52], 

making them effective materials for disinfection and biofouling control in water 

treatment systems. MOFs with metal ions or organic ligands that possess inherent 

antimicrobial activity can inhibit the growth of bacteria, viruses, and other 

microorganisms in water. Moreover, the porous structure of MOFs can prevent 

fouling by adsorbing organic matter and biofilms, thereby maintaining the long-

term performance of water purification membranes and filters. 

Furthermore, MOFs are investigated for the removal of emerging 

contaminants [53], including per- and polyfluoroalkyl substances (PFAS) [54, 

55], pharmaceuticals [56], personal care products, and microplastics, which pose 

challenges to conventional water treatment processes. Functionalized MOFs can 

selectively adsorb emerging contaminants through specific interactions such as 

π-π stacking, hydrogen bonding, or electrostatic interactions. MOF-based 

adsorbents offer a promising solution for mitigating the environmental impact of 

emerging contaminants and safeguarding water resources. 
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The versatile properties of MOFs make them attractive materials for water 

purification applications, addressing various water quality challenges, including 

heavy metal contamination, organic pollutants, salinity, microbial growth, and 

emerging contaminants. 

2.1.4.5 Others 

MOFs also have found application in various fields, including sensors [57], 

electronics and optoelectronics [58], energy [59] and building [60] applications. 

However, despite the numerous advantages offered by MOF powders, their 

integration into devices poses significant challenges [61]. Emerging applications 

such as smart membranes, catalytic coatings, and chemical sensors increasingly 

require MOF thin films or coatings with defined porosity and tunable chemical 

functionality [62]. However, their utilization is hindered by issues such as low 

particle orientation and poor substrate adhesion, leading to rough layers and 

reduced transparency, particularly problematic when coating optical glasses [63]. 

This technical limitation was partially solved with the development of 

SURMOFs [61]. 

2.2 Surface-Anchored Metal-Organic Frameworks (SURMOFs) 

The growth of SURMOFs has opened the door for seamless integration of 

these materials into devices, providing precise control over factors such as 

crystallographic orientation, film thickness, and interdigitation [61, 64].  

2.2.1 General description and properties of SURMOFs 

Surface-Anchored Metal-Organic Frameworks are a captivating class of 

materials that combine the structural versatility of MOFs with surface anchoring. 

The integration of MOF films onto a solid support provides unique advantages 

compared to traditional MOF powders which typically yield particles of a few 

micrometers in size [65]. These anchored MOF films offer novel design 

possibilities that are not feasible with MOF powders [66]. 
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A variety of substrates and support materials have been utilized depending on 

the desired applications [67]: porous alumina, graphite, and organic surfaces like 

self-assembled monolayers (SAMs) on gold, alongside surfaces incorporating 

silica [62]. The ability to grow SURMOFs with desired orientation has significant 

implications, e.g., in optimizing membrane systems. Aligning the pore structures 

parallel to the direction of flow enhances membrane permeance, leading to 

maximum flux compared to cases where crystallites are randomly oriented on the 

support [68]. 

Given the evident need to grow these porous, highly-oriented homogeneous 

MOF films, various synthesis methods have emerged over recent years [65]. 

2.2.2 Synthesis of SURMOFs 

Growing Surface Mounted Metal-Organic Frameworks presents several 

challenges due to the intricacies of their synthesis [61, 69]. 

2.2.2.1 Challenges 

2.2.2.1.1 Surface functionalization 

To ensure the coordinative attachment of MOFs, it is essential to have the 

same or similar binding groups on the surface as those present within the MOF 

material [67]. Various methods are available for modifying the surfaces of 

different substrates (metal, glass, polymer, etc.) during preparation. Typically, 

SAMs serve as flexible organic modifiers, spontaneously adsorbing onto 

substrate surfaces to form ordered monomolecular layers. SAMs typically 

comprise head groups, tail groups, and functional end groups (Figure 4 ). Head 

groups may include thiols, silanes, or phosphonates, while tail groups often 

consist of alkyl chains(CH2CH2)n. Functional end groups, such as carboxyl 

(- COOH), hydroxy (-OH), pyridyl and amino groups (-NH2) , not only offer ideal 

coordination sites for MOF thin film growth on surfaces but also serve as 

templates for controlling the growth orientation of MOF thin films [70]. Surface 



33 

modification of the substrate is crucial to enable strong bonding with SURMOFs 

by coordinating the terminal group of the SAM to the metal clusters of the MOF 

at the interface. 

 

Figure 4 – Components of SAMs [71]  

 

For modification of oxide surfaces (e.g. SiO2, Al2O3, TiO2) acidic conditions, 

H2- and O2-plazma are used [68]. It is evident that the growth and density of MOF 

crystal growth on bare oxide substrates are closely related to surface properties, 

but which can be adjusted by carefully selecting reaction conditions [68]. 

2.2.2.1.2 Synthesis parameters 

Various types of SURMOFs demand a unique array of synthesis parameters 

to yield homogeneous, fully-covered films of crystalline structures, owing to the 

specific chemical interplay among ligands, metals, solvents, and substrates [72]. 

Different synthetic parameters including concentration, reaction time, solvent 

choice, temperature, and others, significantly influence the quality and 

characteristics of the resulting SURMOF films. 

Optimizing the concentrations of metal salts and organic ligands in the 

synthesis solution is crucial for achieving desired SURMOF structures. 

Deviations from the optimal concentration significantly influence SURMOF 

morphology and surface coverage [61]. 

The duration of the synthesis process plays a critical role in determining the 

growth kinetics and crystal nucleation of SURMOFs. The quality of the resulting 
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SURMOF, including its crystallinity, thickness, and orientation, relies heavily on 

the immersion and rinsing durations [63]. 

The selection of solvent influences the solubility of precursor materials, 

reaction kinetics, and film morphology. Different solvents exhibit varying 

affinities towards metal ions and organic linkers, leading to differences in 

SURMOF growth rates and film quality [73]. 

Temperature serves as a key parameter in controlling the nucleation and 

growth kinetics of SURMOFs. Variations in temperature can impact crystal size, 

orientation, and structural defects, necessitating precise temperature control 

throughout the synthesis process. The thin films grown at lower temperatures 

exhibit inferior coverage [61]. 

In addition to concentration, time, solvent, and temperature, several other 

synthesis parameters require careful consideration. These may include pH, 

stirring rate, precursor ratio, sonication during rinsing step, and the presence of 

additives or catalysts, each of which can influence SURMOF film properties and 

performance. Furthermore, the synthesis method itself could also influence the 

quality of SURMOF films.  

2.2.2.2 Synthesis methods of SURMOFs 

Liquid-Phase Epitaxy (LPE) is a general term encompassing various 

submethods, with the layer-by-layer (LbL) synthesis being the most prevalent 

among them [61]. The stepwise MOFs LbL growth method first was introduced 

in 2007 [74]. The LPE LbL method is based on the sequential immersion of 

functionalized substrates in metal ions (MI) and organic linker (L) solutions, 

immersing them into a washing solution (W) in between steps to remove any 

unreacted components (Scheme 1) [75-77]. These four sub-steps form one 

complete deposition cycle [63]. Such an approach allows for accurate thickness 

control through repeated growth cycles and encourages the formation of highly 

oriented films on functionalized surfaces [70, 78]. Various methods have been 
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developed for preparing SURMOFs through epitaxial growth, including dip-, 

spray-, spin-coating, pump and flow cell layer-by-layer techniques [63, 75, 79]. 

 

Scheme 1 – Schematic diagram for the step-by-step approach for the growth of the MOFs on 

substrates functionalized with SAMs [76] 

 

2.2.2.2.1 Dip-coating 

The dip-coating method for SURMOF growth is a technique in which a 

functionalized substrate is secured in a holder and sequentially immersed into a 

metal ion solution and an organic linker solution (Scheme 2). Between each step, 

the sample is washed with a solvent. The concentrations, temperature, stirring 

(yes or no), timing, sonication (yes or no), and amount of cycles vary for different 

types of SURMOFs and desired properties. Dip-coating can be executed 

manually or automatically using dipping robots [80-82]. 

 

Scheme 2 – Dip-coating approach for SURMOFs synthesis [78]. Reproduced with permission 

from Wiley 
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Dip-coating enables the production of homogeneous films with the desired 

thickness. By incorporating heating, stirring, and/or sonication into the 

preparation process, it allows for the synthesis of different types of SURMOFs 

and optimization of their film quality through adjustments to a wide range of 

parameters. However, the sample size is limited due to the volume of glassware. 

2.2.2.2.2 Spray-coating 

The spray-coating method for SURMOF growth is a technique in which a 

functionalized substrate is fixed in a holder by a vacuum or glue and sequentially 

sprayed by solutions of MI and L. In between of depositions, the sample is rinsed 

with pure solvent. The solutions are drawn into a specifically designed nozzle 

system (Scheme 3), where they are converted into aerosols for application onto 

the substrate surface through spraying [83]. The droplets within the aerosol, with 

sizes as small as 10 μm, strike the substrate, forming a thin film of the reactant 

on its surface. Material deposition at the solid/liquid interface mirrors the process 

observed during the LPE process. 

 

Scheme 3 – Setup employed for the fabrication of MOF thin films with the spray method: (1) 

Gas supply, (2) gas flow controller (3) three-way valve gas distributor (4) (A, B, C) solutions 

storage containers (5) sample holder (6) dosing valves, (7) spray chamber, (8) PC [83]. 

Reproduced with permission from Wiley 
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Spray-coating can be executed manually or automatically. In case of 

automated spraying three nozzles (MI, washing, L) are aligned side by side as a 

spraying unit on a programmable moving platform of an x-y-z-axle [84].  

Following parameters could be adjusted in order to optimize synthesis 

conditions for specific applications [84]:  

- Working distance relative to the substrate; 

- Speed of moving spraying nozzles; 

- Type of spraying nozzles: Flat spray nozzles or circular nozzles 

- Type of Spray method: Line by line, Frontal Center Spray 

- Gas pressure in container; 

- Pressure of inert gas in aspirator unit; 

- Ratio of liquid and inert gas inside the spraying nozzles; 

- Concentration of liquids. 

The spray LbL technique offers a high-throughput method for fabricating 

homogeneous and uniformly coated SURMOFs, significantly faster than dipping 

or pump LbL approaches [63]. By employing spray-coating, MOF thin films can 

be grown in a layer-by-layer manner on large samples. The maximum sample size 

is primarily constrained by the potential traverse paths of the robot arms 

maneuvering the spray nozzles and could be readily scaled up to achieve 

industrially relevant membrane sizes (several 1000 m2) [84]. However, this 

method's applicability is restricted by the types of SURMOFs that can be 

synthesized, as it lacks heating, stirring, and sonication steps, and offers limited 

solvent choices. 

2.2.2.2.3 Spin-coating 

The spin-coating LbL technique is implemented using a spin-coating 

apparatus, where distinct solutions and rinsing fluids are sequentially deposited 

onto a chemically functionalized substrate fixed by a vacuum chuck on a rotating 

rotator operating at a specific angular velocity (Scheme 4) [85]. Droplet 
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application can be manual or automated using micro syringes. Centrifugal force 

facilitates uniform spreading of the droplets across the surface. Spin coating 

offers a straightforward approach for generating SURMOFs with minimal 

consumption of reactants and solvents. Unlike dipping and pump LbL methods, 

where immersion times dictate SURMOF quality, spin coating optimizes 

SURMOF growth through adjustments in drop volumes, rotation speed, and 

rotation duration [63]. However, similar to the spray-coating method, spin coating 

lacks heating, stirring, and sonication steps, presenting similar limitations. 

 

Scheme 4 –Spin Coating approach for SURMOFs synthesis. Reprinted with permission 

from [85]. Copyright 2016 American Chemical Society. 

 

2.2.2.2.4 Pump method 

The pump LbL technique follows a similar approach to dip-coating, where a 

substrate is exposed to different solutions alternately. However, instead of 

immersing and withdrawing the samples from beakers filled with different 

solutions, the pump system involves placing functionalized substrates within a 

temperature-controlled double-walled glass flow reactor (Scheme 5). Within this 

setup, three channels of the pump introduce a metal ion solution, organic linker 

solution, and rinsing solvent into the reactor, respectively. A programmable 
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controller manages the sequence of pump operations along with immersion and 

rinsing durations. Subsequently, an additional fourth pump channel removes the 

respective solution before the subsequent solution injection [63] 

 

Scheme 5 – Pump approach for SURMOFs synthesis 

 

This method enables the production of homogeneous thin films of SURMOFs 

and allows for temperature control, thereby expanding the range of SURMOFs 

that can be synthesized. Additionally, it offers versatility in the choice of 

solutions. However, stirring and sonication could not be applied. Furthermore, 

the size of the samples is limited by the geometry of the reactor. 

2.2.2.2.5 Flowing method 

The flow method, or flow cell technique, presents a dynamic approach to 

SURMOF synthesis similar to pump method but with the difference that solutions 

are not sucked out by fourth pump channel. In this method, reactants are 

continuously flowed over a functionalized substrate surface within a controlled 

flow cell environment in a subsequentle manner. This allows for precise 

regulation of reaction conditions such as temperature, pressure, and flow rate, 

facilitating reproducible and uniform SURMOF growth. The continuous flow of 

reactants also ensures efficient mass transfer and reaction kinetics, leading to 
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enhanced film quality and thickness control. Additionally, the flow method 

permits the use of a wide range of precursor solutions and additives, enabling 

flexibility in SURMOF composition and structure. However, the complexity of 

flow cell setup and operation may pose challenges, and the method requires 

careful optimization of flow parameters to achieve desired film characteristics. 

Furthermore, the size of the samples is constrained by the dimensions of the flow 

cell, limiting scalability for large-scale production. 

 

Scheme 6 – Flow cell approach for SURMOFs synthesis 

 

A comparable approach involves the utilization of commercially accessible 

quartz crystal microbalance (QCM) systems (Scheme 6) alongside an auto 

sampler. This sampler delivers reactant and rinsing solutions to the QCM sensor 

cell. Real-time monitoring of the LbL growth of the SURMOF thin film is 

feasible by observing the frequency change of the QCM sensor [63, 86]. The 

frequency difference is then converted into a mass change using the Sauerbray 

equation (see details in 3.2.7 Quartz-crystal microbalance (QCM)), providing 

valuable insights into synthesis kinetics and the total mass of the resulting 

SURMOF film. 

2.2.2.2.6 Summary 

When comparing various methods for synthesizing SURMOF-based thin 

films, each approach offers distinct advantages and drawbacks. In dipping- or 

pump-based synthesis, each deposition sub-step is time-consuming, but it results 
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in perfect orientation and precisely one layer increase in SURMOF thickness per 

deposition cycle. Conversely, the spray method completes one deposition cycle, 

comprising four sub-steps, within minutes, with an average thickness increase 

equivalent to about ten SURMOF layers. However, spray-coated SURMOFs 

exhibit lower orientation compared to those prepared by dipping or pump 

methods. Additionally, the flow method offers precise regulation of reaction 

conditions and enhanced film growth control. Spin-coating, on the other hand, 

facilitates homogeneous SURMOF formation with minimal reactant and solvent 

consumption.  

Synthesis methods for MOF thin films continue to evolve, adapting to specific 

film properties desired, with recent examples including the vacuum filtration 

method for 2D MOFs, solution atomic layer deposition, and autoclave 

synthesis [85]. 

Ultimately, for each SURMOF type, selecting a specific deposition approach 

yields optimized quality. High-quality SURMOFs open up numerous new 

possibilities for MOF applications [65]. 

2.2.3 Application of SURMOFs 

As mentioned in the preceding section, SURMOFs can be synthesized using 

various methods, resulting in a variety of properties in the resulting thin films. 

For example, these films can exhibit surface roughness, ranging from separate 

crystallites to highly uniform surfaces on a nanoscale level. It's evident that 

different applications require specific types of SURMOFs. SURMOFs offer 

superior control over surface properties, leading to enhanced performance and 

durability in practical applications. The ability to immobilize SURMOFs on solid 

supports provides benefits in terms of ease of handling, scalability, and 

compatibility with existing technologies. 

The optical and structural integrity of SURMOFs holds significant importance 

across a variety of optical applications, including but not limited to light-
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emitting materials, optical sensors, nonlinear optical materials, and up-

conversion materials [63, 65, 81]. 

Additionally, SURMOFs have garnered considerable interest for their 

potential applications in various sensing technologies, including QCM sensors, 

where they can be utilized as selective coatings on the quartz surface [87, 88], 

enabling the detection of specific analytes through changes in mass or viscoelastic 

properties.  

In membrane applications [88], SURMOFs enhance separation performance 

in gas separation, water purification, and molecular sieving processes, 

representing a cutting-edge approach in membrane technology. 

SURMOFs could be utilized as coatings with tailored properties for diverse 

needs. External surface functionalization allows alteration of surface 

characteristics such as hydrophilicity/hydrophobicity and affinity while 

preserving porosity [89]. 

Furthermore, SURMOFs’ crystalline structures enable accurate comparisons 

with theoretical models, especially since defects can be readily identified and 

controlled. These porous films have extensive potential for advanced 

applications, including facilitating remote-controlled molecule release, 

producing membranes with photoswitchable selectivity, developing ion 

conductors with adjustable conductivity [79], and constructing electrochromic 

devices [90]. 

Despite numerous advantages, applications of many MOFs are ultimately 

limited by their stability in water or under other harsh conditions [91]. 

Nonetheless, Zr(Hf)-based MOFs families demonstrate high stability in harsh 

media, making them promising candidates for different applications utilizing 

such conditions. 
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2.3 Zr(Hf)-based MOFs/SURMOFs 

Initially synthesized in 2008 (Figure 5) Zr-based MOFs (Zr-MOFs) gained 

significant attention due to their high mechanical (external pressure up to 

10.000 kg/cm2), thermal (decomposition temperature above 500 °C) and 

chemical stability (resistant to water and most chemicals) [92]. The difficulties in 

synthesizing and characterizing Zr-MOFs following the discovery of UiO-66 led 

to a lack of new structures reported until 2011 [91]. The innovation of modulated 

synthesis enabled the creation and characterization of UiO-68-NH2 single 

crystals [93], sparking the exploration of new Zr-based MOFs and their 

applications.  

 

Figure 5 – Timeline of development of stable Zr(Hf)-based MOFs and SURMOFs. Edited 

from [94]; Copyright 2023 RSC. MOF from [95]; Copyright 1995 Springer Nature. Zr based 

UiO-66, UiO-67, and UiO-68 from [92]; Copyright 2008 American Chemical Society. Hf-

UiO-66 from [96]; Copyright 2012 American Chemical Society. Zr-NU-1000 from [97]; 

Copyright 2013 American Chemical Society. MOF-808 from [98]; Copyright 2014 American 

Chemical Society. Hf-NU-1000 from [99]; Copyright 2014 American Chemical Society. Zr-

UiO-66-NH2 SURMOF from [100]; Copyright 2020 Wiley. 

 

Hafnium (Hf) and Zirconium (Zr) are chemical twins due to similar chemical 

properties and close resemblance in terms of atomic structure and behavior. As a 
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result, Hafnium-based MOFs (Hf-MOFs) typically exhibit identical structures to 

Zr-based ones [101]. By employing identical organic linkers and synthesis 

parameters, the zirconium precursor salt (ZrCl4 or ZrOCl2) can be substituted with 

a hafnium salt (HfCl4 or HfOCl2) [102]. 

Zr(Hf)-MOFs have been demonstrated exceptional thermal and chemical 

stability in compare to other MOFs [103, 104]. The crystallinity and porosity of 

many Zr-MOFs remain unaffected when exposed to water, acidic solutions, 

steam, and even H2S vapor [105]. The stability can be attributed to the high 

valence of the metal and the strong interaction between Zr (or Hf) and oxygen, 

which leads to robust Zr(Hf)-O bonds. High stability make Zr(Hf)-MOFs suitable 

for applications that require resistance to harsh conditions such as catalysis [99, 

106], gas storage [107] and separation [108, 109], drug delivery [110], sensing 

[87] and water treatment [111-114].  

A large variety of Zr-MOFs have been reported (Table 2). 

 

Table 2 – Zr-MOFs [91]. Reproduced with permission from Wiley 

MOF family MOF Clusters/Cores Linker 

UiO 

UiO-66 [Zr6(µ3-O)4(µ3-OH)4(COO)12] BDC 

UiO-67 [Zr6(µ3-O)4(µ3-OH)4(COO)12] BPDC 

UiO-68 [Zr6(µ3-O)4(µ3-OH)4(COO)12] TPDC 

NU 

NU-1000 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] TBAPy 

NU-1100 [Zr6(µ3-O)4(µ3-OH)4(COO)12] PTBA 

NU-1101 [Zr6(µ3-O)4(µ3-OH)4(COO)12] Py-XP 

NU-1102 [Zr6(µ3-O)4(µ3-OH)4(COO)12] Por-PP 

NU-1103 [Zr6(µ3-O)4(µ3-OH)4(COO)12] Py-PTP 

NU-1104 [Zr6(µ3-O)4(µ3-OH)4(COO)12] Por-PTP 

PCN 

PCN-94 [Zr6(µ3-O)4(µ3-OH)4(COO)12] ETTC 

PCN-222 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] TCPP 

PCN-223 [Zr6(µ3-O)4(µ3-OH)4(COO)12] TCPP 

PCN-224 [Zr6(µ3-O)4(µ3-OH)4(OH)6(H2O)6(COO)6] TCPP 

PCN-225 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] TCPP 
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PCN-228 [Zr6(µ3-O)4(µ3-OH)4(COO)12] TCP-1 

PCN-229 [Zr6(µ3-O)4(µ3-OH)4(COO)12] TCP-2 

PCN-230 [Zr6(µ3-O)4(µ3-OH)4(COO)12] TCP-2 

PCN-521 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] MTBC 

PCN-700 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] Me2BPDC 

PCN-777 [Zr6(µ3-O)4(µ3-OH)4(OH)6(H2O)6(COO)6] TATB 

PCN-133 [Zr6(µ3-O)4(µ3-OH)4(COO)12] BTB, DCDPS 

PCN-134 [Zr6(µ3-O)4(µ3-OH)4(OH)2(H2O)2(COO)10] BTB, TCPP 

MIL 

MIL-140A [ZrO(COO)2]n BDC 

MIL-140B [ZrO(COO)2]n 2,6-NDC 

MIL-140C [ZrO(COO)2]n BPDC 

MIL-140D [ZrO(COO)2]n Cl2ABDC 

MOF 

MOF-801 [Zr6(µ3-O)4(µ3-OH)4(COO)12] FUM 

MOF-802 [Zr6(µ3-O)4(µ3-OH)4(OH)2(H2O)2(COO)10] PZDC 

MOF-808 [Zr6(µ3-O)4(µ3-OH)4(OH)6(H2O)6(COO)6] BTC 

MOF-812 [Zr6(µ3-O)4(µ3-OH)4(COO)12] MTB 

MOF-841 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] MTB 

MOF-525 [Zr6(µ3-O)4(µ3-OH)4(COO)12] TCPP 

DUT 

DUT-51 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] DTTDC 

DUT-52 [Zr6(µ3-O)4(µ3-OH)4(COO)12] 2,6-NDC 

DUT-84 [Zr6(µ3-O)4(µ3-OH)4(OH)6(H2O)6(COO)6] 2,6-NDC 

DUT-67 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] TDC 

DUT-68 [Zr6(µ3-O)4(µ3-OH)4(OH)4(H2O)4(COO)8] TDC 

DUT-69 [Zr6(µ3-O)4(µ3-OH)4(OH)2(H2O)2(COO)10] TDC 

 

Since the UiO-66 type is the main SURMOF in this thesis, more details about 

the UiO family and NU-1000 are introduced below.  

2.3.1 UiO (University of Oslo) family 

Recognized as a pivotal Metal-Organic Framework, UiO-66 has attracted 

considerable attention for its remarkable porous structure and exceptional 

stability under elevated temperatures, high pressures, and harsh chemical 

conditions (acidic or basic environments) [16, 115]. The addition of active 
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functional groups (-NH2, -NO2, -Br) to the UiO-66 structure has been found to 

minimally impact its exceptional thermal and chemical stability [116]. 

Furthermore, we found that UiO-66-NH2 SURMOF exhibits high stability across 

a broad pH range, from pH 2 to pH 10 (Figure 6) [117]. 

 

Figure 6 – XRD patterns and SEM images of UiO-66-NH2 SURMOF films immersed in a: 

(A) pH 2 solution, (B) pH 7 solution, (C) pH 10 solution, and (D) pH 11 solution [117]  

 

2.3.1.1 Structure of UiO-66 MOF 

The UiO-66 framework is constructed from [Zr6O4(OH)4] SBUs, each 

coordinated with 12 1,4-benzene-dicarboxylate (H2BDC) linkers in 

cuboctahedral node, forming a network with fcu topology [101]. Within the 
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octahedral cluster, six Zr4+ ions occupy vertices, while eight triangular faces are 

alternately adorned with four µ3-OH and four µ3-O groups. The [Zr6(µ3-O)4(µ3-

OH)4] core is further capped by 12 carboxylates, forming clusters denoted as 

[Zr6(µ3-O)4(µ3-OH)4(COO)12]. The cubic structure comprises octahedral cages 

(11 Å) and tetrahedral cages (8 Å), connected through narrow triangular windows 

(6 Å) [92], yielding a substantial BET surface area nearing1200 m2 g−1. 

Additionally, two isoreticular structures, UiO-67 and UiO-68, were obtained 

through linker elongation (Figure 7) [91]. 

 

Figure 7 – (a) One unit cell of copper drawn to scale with: (b) Zr−MOF with 1,4-benzene-

dicarboxylate (BDC) as linker, UiO-66, (c) Zr−MOF with 4,4′ biphenyl-dicarboxylate 

(BPDC) as linker, UiO-67, (d) Zr−MOF with terphenyl dicarboxylate (TPDC) as linker, UiO-

68 [92]. Reproduced with permission from American Chemical Society. 

Zirconium, oxygen, carbon, and hydrogen atoms are red, blue, gray, and white, respectively. 

 

Most of the reported isostructural analogues of UiO-66, comprising elongated 

or functionalized linkers, are constructed using the same [Zr6(µ3-

O)4(µ3OH)4(COO)12] cluster [91]. 

Hf-based analogues are commonly obtained and typically exhibit similar 

structures and properties, with the exception of an increase in molecular 

weight [91]. Nearly every Zr-based UiO MOF can be synthesized with Hf, 

incorporating an octahedral [Hf6(μ3-O)4(μ3-OH)4] SBU [102]. Examples of 

known Hf-based UiO MOFs include Hf-UiO-66 [96], Hf-UiO-66-R (where R is 

- NH2, -(OH)2, -(COOH), -(F)4) [109], Hf-UiO-67 [118], and Hf-Fum [101, 119]. 
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2.3.1.2 Post-synthetic modification (PSM) of UiO MOF/SURMOF 

Post-synthetic modification has emerged as a powerful strategy for tailoring 

the properties and functionalities of MOFs. PSM offers precise control over the 

chemical functionality of UiO MOFs by introducing functional groups onto the 

organic linkers or metal nodes. Functionalization can impart specific properties 

such as catalytic activity, selectivity, or sensing capabilities. PSM techniques can 

be employed to improve the stability and robustness of UiO MOFs under harsh 

conditions, such as high temperatures or corrosive environments. Surface 

modification through PSM allows for the precise tuning of surface properties, 

such as hydrophobicity/hydrophilicity or surface charge, which can influence 

adsorption, catalysis, and biological interactions. 

Furthermore, PSM is an essential addition to traditional synthesis methods for 

MOFs, providing a flexible tool for creating MOFs with diverse functionalities 

while maintaining stability. Stable MOFs, in particular, have an advantage over 

less stable ones as they can withstand harsh modification conditions while 

maintaining their crystallinity and porosity. This durability allows for a broader 

range of PSM reactions on these stable MOF platforms [91]. For instance, 

processes like post-synthetic ligand and metal ion exchange have been 

successfully carried out in several stable MOFs, including the UiO series (Figure 

8). Compared to direct solvothermal synthesis, ligand exchange in robust MOFs 

offers an alternative way to incorporate functional groups, especially sensitive 

ones, under relatively mild conditions [91]. 
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Figure 8 – Postsynthetic ligand and caption exchange in robust MOFs [91]. Reproduced with 

permission from Wiley 

 

Covalent modification is the most common PSM route, allowing MOFs to be 

functionalized with tailored internal surfaces for specific applications. Functional 

groups, such as amino groups, are often pre-anchored on the linkers of MOFs to 

facilitate further modification reactions. PSMs involving amino groups have been 

performed using anhydrides, isocyanates, aldehydes, acyl chlorides, alkyl 

bromides, and various complex metal-organic compounds [91, 120, 121]. 

Additionally, click chemistry between azides and alkynes has been widely used 

to modify MOFs with desired functional groups. The readily accessible and 

reactive azide groups in the MOF cavities enable efficient click reactions with 

alkynes, leading to MOFs with customized pore surfaces [91]. 

2.3.2 NU (Northwestern University)-1000 

NU-1000 is another prominent MOF known for its high stability, large pores, 

and exceptional water stability, making it suitable for various applications such 

as catalysis, gas storage, and separation processes. 

The structure of NU-1000 (Figure 9) is constructed from Zr6(μ3-O)4(μ3-

OH)4(OH)4(H2O)4 clusters, and tetratopic 1,3,6,8-tetrakis(p-benzoate)pyrene 

(TBAPy) linkers , forming a 3D network with an ftw topology. 
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Figure 9 – (a) 1,3,6,8-Tetrakis(p-benzoic acid)pyrene linker, TBAPy4- and (b) the 

[Zr6(μ3−O)8(O)8]
8− node of the (c and d) Zr6-based framework NU-1000. Note that the linkers 

are not shown in the representation of the node, and the hydrogens are not shown in the 

framework representations for clarity [122]. Reproduced with permission from American 

Chemical Society 

 

Each Zr6 SBU is connected to eight TBAPy linkers through the carboxylate 

groups, forming a highly porous and robust structure. Even though the number of 

connections is decreased, the stability of Zr-MOFs featuring 8-connected Zr-

clusters remains intact. As evidence, NU-1000 demonstrates resilience even in 

highly concentrated HCl solutions [91]. 

The framework contains large mesoporous cages, approximately 31 Å in 

diameter, and microporous channels, approximately 12 Å, contributing to its high 

surface area (BET surface area > 2000 m²/g). The Zr6 clusters in NU-1000 contain 

terminal hydroxyl and water ligands, which can participate in hydrogen bonding 

and coordination chemistry, enhancing the framework's chemical versatility and 

stability.   
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3 Chapter III. Materials and methods 

This chapter describes the relevant materials used, as well as the techniques 

and instruments applied for the characterization of synthesized SURMOFs/thin 

films in this thesis. These include X-ray Diffraction (XRD), Fourier transform-

Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), Atomic-

Force Microscopy (AFM), Water Contact Angle (WCA), Time-of-Flight 

Secondary Ion Mass Spectrometry (ToF-SIMS), and Quartz-Crystal 

Microbalance (QCM). 

3.1 Materials and techniques 

In the following subchapter, the materials and techniques used for substrate 

functionalization prior to SURMOF/thin film growth are described. Additionally, 

the chemicals used for SURMOF/thin film synthesis are presented, while the 

synthesis methods, as well as materials required for post-synthetic modifications 

and various tests, are detailed in each relevant chapter. 

3.1.1 Surface functionalization 

3.1.1.1 Materials 

Self-assembled monolayers of 11-mercapto-1-undecanol (MUD, Sigma 

Aldrich) were employed to functionalize Au-coated silicon wafers and AT-cut 

quartz sensor crystals (0.3 mm thick) coated with a gold layer QSX 301 (100 nm 

thick) (Q-Sense, Frölunda, Sweden) with a resonance frequency at 4.95 MHz.  

Porous α-Al2O3 disks (h = 1 mm, d = 13 mm), consisting of a smooth layer of 

α-Al2O3 (d50 = 70 nm) on the top of an α-Al2O3 support (d50 = 2.5 µm), was 

obtained from Fraunhofer IKTS. Commercial Filter paper (Ashless circles 

90 mm Ø, 2.5 mm), was obtained from Whatman, England, and was used as a 

substrate. Chloroacetic acid (99%) was purchased from SigmaAldrich, USA. 
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Sodium hydroxide (NaOH) (99% purity) was obtained from Merck, Germany. 

All reagents were used without further purification. 

3.1.1.2 Techniques 

3.1.1.2.1 Au coated Si wafers functionalization 

MUD SAM were employed to functionalize Au-coated silicon wafers and AT-

cut quartz sensor crystals coated with a gold layer. The substrates were left in the 

dark at room temperature for 48 h with the gold side up in a 1 mM ethanolic 

solution of MUD, producing an -OH functionalized surface. To prepare the 

substrates for immediate use in the synthesis, they were completely washed with 

pure ethanol and dried in a flow of dry nitrogen. 

3.1.1.2.2 Membranes functionalization 

For the functionalization of α-alumina, a 20-minute O2 plasma treatment was 

applied, after which the substrates were immediately immersed in a metal ion 

solution.  

Cellulose was functionalized using the method previously described by 

Hashem et al. [123]. To create anchoring sites for the deposition of SURMOFs 

and thin films, filter paper was carboxymethylated with chloroacetic acid in the 

presence of sodium hydroxide. This process involved immersing the filter paper 

in a solution of 1 M chloroacetic acid in 15% w/v sodium hydroxide for 72 hours. 

After the immersion period, the filter paper was rinsed with distilled water and 

left to dry overnight. 

3.1.2 Chemicals used for SURMOF/thin films synthesis  

The following reagents were purchased from Alfa Aesar, Germany and Saudi 

Arabia to prepare UiO-66-NH2 SURMOF: zirconium (IV) chloride (ZrCl4, 

reactor grade, 99.5%), hafnium (IV) chloride (HfCl4, reactor grade, 99.5%) and 

2-aminoterephthalic acid (99%, NH2-BDC) were used as metal ions and organic 
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linker sources, respectively. Hydrochloric acid (HCl, 36 %, Merck, Darmstadt, 

Germany, analytical grade) was used as modulator. 

The reactents for NU 1000 synthesis, zirconyl chloride octahydrate 

(ZrOCl2*8H2O) and benzoic acid (C6H5COOH) were provided by Alfa Aesar, 

Germany. 1,3,6,8tetra(4-carboxylphenyl) pyrene (H4TBAPy) supplied by 

Chemsoon LTD, China. 

N,N-Dimethylformamide (DMF) was supplied by Emsure Company and was 

used as a solvent for metal ions and linkers compounds, as well as an intermediate 

washer for prepared samples. N,N-Diethylformamide (DEF) was supplied by 

Emsure Company and was applied as a solvent for NU-1000 SURMOF synthesis. 

All reagents were used without further purification. 

3.2 General instrumental information of the characterization techniques 

3.2.1 X-Ray Diffraction (XRD) 

Substances consist of atoms organized within crystal microstructures. Solid-

state compounds are classified into three main categories: amorphous, single 

crystalline, and polycrystalline materials (Figure 10), depending on the internal 

atomic arrangement [124].Amorphous materials possess isotropic characteristics 

due to the irregularity in atomic arrangement, resulting in consistent properties 

regardless of direction. Conversely, crystalline materials feature a regular and 

repetitive atomic structure, leading to directional variations in properties (known 

as anisotropy). Polycrystalline materials are formed by the aggregation of 

multiple crystals varying in sizes and shapes. 
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Figure 10 – Solid phases [125] 

 

XRD is a powerful technique that provides valuable insights into the atomic 

arrangement and crystallographic properties of crystalline materials [126]. X-

rays exhibit wavelengths that are on the same order of magnitude as the size of 

atoms (typically ranging from approximately 10 to 10-3 nm [127]).  Consequently, 

the intensity of X-ray diffraction techniques and their resulting patterns are 

utilized to obtain insights into atomic structures [124]. Typically, XRD provides 

information regarding the crystalline structure, nature of the phase, lattice 

parameters and crystalline grain size [128].  

XRD, a non-destructive testing method, is applicable for examining a wide 

range of materials, encompassing minerals, polymers, plastics, metals, 

semiconductors, ceramics, and solar cells. When X-rays interact with solid 

materials, they scatter due to the movement of electrons around atomic nuclei. 

These scattered waves, emitted in various directions, undergo interference 

phenomena – both constructive and destructive. Constructive interference 

specifically leads to diffraction of the X-rays. It's notable that the orderly 

arrangement or periodicity of atomic structures within solids induces constructive 

interference, making the interpretation of XRD graphs for crystalline substances 

straightforward [124]. 

The first experiment on X-ray diffraction by a crystal was performed by W. 

Friedrich, P. Knipping and M. von Laue in 1912 and Bragg’s law was derived in 

1913 [129]. Bragg's Law is a fundamental principle in X-ray diffraction (Figure 
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11) that plays a crucial role in understanding the relationship between the angles 

of incidence, the wavelength of X-rays, and the arrangement of atoms in a crystal 

lattice. This law, formulated by Sir William Henry Bragg and his son Sir William 

Lawrence Bragg in 1913, provides a mathematical expression for constructive 

interference of X-rays scattered by crystal planes.  

 

Figure 11 – Visualization of the Bragg’s Law 

 

Figure 11 illustrates the diffraction process from two distinct scattering planes 

separated by a distance d and intersected by X-radiation of wavelength λ at the 

incident angle ϴ. The parameter 2ϴ represents the angle formed between the 

diffracted and undeviated X-ray waves. Although the diagram depicts only two 

scattering planes, it implies the existence of numerous parallel, identical planes, 

each spaced apart by the distance d. The positions of these planes are determined 

by a periodic function, with a "wavelength" associated with the unit cell 

dimensions and the orientation of the plane hkl. Wave normals connect points of 

identical phase for both incident and diffracted waves. For total constructive 

reinforcement to occur between the scattering from these planes, the combined 

distance (A + B) must equal an integer multiple of wavelengths, necessitating the 

calculation of the value of ϴ, given d, for which (A + B) = nλ, where n is an 

integer. The direction of d is perpendicular to the planes, and the wave normal is 
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perpendicular to the wavelets, so the angles opposite A and B are also ϴ. sinϴ = 

A/d = B/d, thus (A + B) = 2dsinϴ. Constructive interference happens when (A + 

B) = nλ [130], leading to the expression of Bragg's Law: 

nλ=2d∙sinϴ (1) 

where: 

n is the order of the diffraction peak, 

λ is the wavelength of the incident X-ray, Å, 

d is the interplanar spacing of crystal lattice planes, Å, 

ϴ is the angle of incidence of the X-ray. 

X-Ray Diffractometer comprises five major components (Figure 12): 

- X-Ray Source (typically a sealed X-ray tube that produces X-rays 

when high-energy electrons strike a metal target (commonly copper)); 

- Detector (detects the diffracted X-rays at various angles. Modern 

detectors are often electronic, such as scintillation detectors or solid-state 

detectors. They convert X-rays into electrical signals for analysis); 

- Incident (primary beam) optics (these optics focus and direct the 

primary X-ray beam onto the sample. They may include components like 

collimators and mirrors to shape and control the incident X-ray beam before it 

interacts with the sample); 

- Receiving (diffracted beam) optics (after interacting with the 

sample, the diffracted X-rays scatter in different directions. The receiving optics 

focus and direct these diffracted beams towards the detector, optimizing their 

collection for accurate analysis); 

- Sample holder/goniometer (the sample holder holds the material 

being analyzed. The goniometer determines the angles between the source, 

detector, and sample surface). 
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Figure 12 – Components of a diffractometer [131]. Reproduced with permission from 

Springer Nature 

 

In the context of SURMOF XRD patterns, the observed diffraction peaks 

provide significant insights into the crystallographic orientation of the thin films. 

Since SURMOFs are typically synthesized through oriented growth on SAMs, 

the XRD patterns reflect the specific alignment of the crystallites relative to the 

substrate. For instance, in the case of HKUST-1 SURMOF (Figure 13) [132], 

which consists of benzenetricarboxylate (BTC) and Cu2+ ions, the XRD patterns 

reveal a selective orientation depending on the termination of the SAM. When 

the substrate is terminated with carboxylic acid (-COOH) groups, the XRD 

pattern predominantly shows peaks corresponding to the [100] crystallographic 

direction, indicating that the crystallites are aligned such that the [100] planes are 

perpendicular to the substrate. In contrast, when the SAM is terminated with 

hydroxyl (-OH) groups, the diffraction peaks shift to the [111] direction, 

suggesting a different orientation where the [111] planes are perpendicular to the 

substrate. The width of the peaks is indicative of the domain sizes, and in the case 

of out-of-plane XRD, this can be used to calculate the approximate thickness of 

the films. 
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Figure 13 – X-ray diffraction patterns (background corrected) of thin films of Cu3(BTC)2 on 

functionalized gold surfaces, compared with a randomly oriented Cu3(BTC)2 powder sample 

measurement. Each pattern is normalized to the most intensive reflection [132]. Reproduced 

with permission from American Chemical Society 

 

XRD method was used to characterize synthesized UiO-66 family SURMOFs 

to confirm the crystal structures of samples. The patterns of powder X-ray 

diffraction (PXRD) were recorded using an X-ray diffractometer Bruker D8-

Advance “DaVinci” (Ettlingen, Germany) in Bragg-Brentano ϴ- ϴ geometry and 

a 192-stripe Lynxeye detector with Cu Kα1 radiation (λ = 1.54 Å). 

3.2.2 Fourier transform-Infrared Spectroscopy (FT-IR) 

FT-IR is a preferred method of infrared (IR) spectroscopy [133]. Infrared 

spectroscopy is a powerful analytical technique that investigates the interaction 

of infrared light with molecules. It provides valuable insights into molecular 

vibrations, functional groups, and chemical structures.  

When infrared radiation passes through a sample, some of it is absorbed by 

molecules, causing them to undergo vibrational transitions, and some of it is 
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passed through (transmitted) (Figure 14). Different functional groups within the 

molecules absorb infrared radiation at characteristic frequencies, resulting in 

unique absorption spectra that can be used to identify and characterize the sample. 

Due to the distinct composition of each material and the corresponding variation 

in atomic arrangement, no two compounds yield identical IR spectra [133]. 

 

Figure 14 – Infrared radiation: absorption and transmission [134]. Reproduced with 

permission from IEEE 

 

The IR region is commonly divided into three areas [135, 136] (Figure 15): 

near-IR (short wave IR: 400-10 cm-1), mid-IR (medium wave IR: 4000-400 cm- 1), 

and far-IR (long wave IR: 14,000-4000 cm-1). IR photons possess sufficient 

energy to induce vibrational motion in groups of atoms relative to their 

connecting bonds. Similar to electronic transitions, these vibrational shifts 

correspond to specific energies, and molecules selectively absorb IR radiation at 

particular wavelengths and frequencies. Chemical bonds exhibit characteristic 

vibrational frequencies, and when exposed to IR radiation, they absorb energy at 

frequencies corresponding to their vibrational modes. By measuring the 

frequency of absorbed radiation, a spectrum is generated, facilitating the 

identification of functional groups and compounds. The essential condition for 

IR activity, resulting in the absorption of IR radiation, is the necessity for a net 

alteration in dipole moment during the vibration of the molecule or functional 

group under examination [133]. 
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Figure 15 – Electromagnetic spectrum, highlighting the visible and IR regions [137] 

 

Molecules can undergo various types of motion, which are important for 

understanding their behavior and properties. Three common forms of motion 

(Figure 16 (a)) in molecules include: 

- Vibrational Motion: Atoms within a molecule are connected by 

chemical bonds, and these bonds can vibrate. Vibrational motion involves 

periodic oscillations of atoms about their equilibrium positions along the bonds. 

These vibrations can be symmetric, asymmetric, stretching (change in bond 

length), or bending (change in bond angle) [138], which are often subdivided into 

scissoring, rocking, wagging, and twisting (Figure 16 (b)). 

- Rotational Motion: Molecules can rotate around their center of mass. 

Rotation can occur along single bonds (e.g., internal rotation in ethane) or around 

the entire molecule (e.g., rotational motion of a diatomic molecule). Allowed 

rotational states depend on the molecule's shape, mass distribution, and 

symmetry. 

- Translational Motion: Molecules can undergo translational motion, 

where the entire molecule moves through space. This motion is typically 

observed in gases and liquids, where molecules are free to move past each other. 
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In solids, translational motion is restricted, but molecules can still exhibit 

vibrational and rotational motion.  

 

Figure 16 – (a) Three common forms of motions in a molecule [139] and (b) Vibrational 

bond alignments 

 

In an FT spectrometer, there are three fundamental components: a radiation 

source, an interferometer, and a detector. The radiation source typically emits 

infrared light. This light interacts with the analyzing sample, causing specific 

molecular vibrations that are characteristic of the sample's chemical composition. 

The interferometer is a crucial component of FTIR spectrometers. It's used to 

modulate the infrared radiation before it reaches the detector. One common type 

of interferometer used in FTIR spectrometers is the Michelson interferometer 

(Figure 17). It splits the incoming radiation into two beams, one of which travels 

a longer path than the other. The recombination of these beams creates an 

interference pattern that contains information about the sample's infrared 

absorption spectrum. The detector in an FTIR spectrometer measures the intensity 

of the modulated infrared radiation after it has passed through the interferometer. 

The interferogram produced by the interferometer is converted into a spectrum 

using Fourier transform mathematics, hence the name "Fourier Transform 
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Infrared Spectrometer." Common detectors used in FTIR spectrometers include 

photodiodes, pyroelectric detectors, and mercury-cadmium-telluride (MCT) 

detectors, depending on the wavelength range and sensitivity required. 

 

Figure 17 – Michelson interferometer [140]. Reproduced with permission from Springer 

Nature 

 

This subchapter is focus on two specialized techniques within infrared 

spectroscopy: Attenuated Total Reflection spectroscopy and Infrared Reflection-

Absorption Spectroscopy. 

3.2.2.1 Attenuated Total Reflection (ATR) spectroscopy 

ATR spectroscopy capitalizes on the phenomenon of total internal reflection 

(TIR) to probe the surface properties of a sample. When IR radiation is directed 

onto a crystal surface at an angle greater than the critical angle, it undergoes total 

internal reflection within the crystal (diamond, germanium, or zinc selenide). At 

the interface between the crystal and the sample, evanescent waves are generated, 

penetrating a short distance into the sample. As the evanescent waves interact 

with the sample, they undergo attenuated total reflection, resulting in absorption 

spectra that provide valuable information about the sample's composition and 

structure (Scheme 7). 
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Scheme 7 – Schematic illustration of the ATR -FTIR system [141]. The infrared beam passes 

through the ATR crystal covered on the top by the sample. The damping wave penetrates into 

the sample and is absorbed by the sample. The polarizer generates parallel and perpendicular 

polarized incident beam. Reproduced with permission from Springer Nature 

 

Attenuated total reflection infrared spectroscopy (ATR-IR) was utilized to 

investigate the UiO-66-NH2 bulk material. ATR-IR was recorded on a Bruker 

OpticsTensor-27 spectrometer equipped with platinum ATR (diamond crystal, 

45°, one reflection) accessory and a deuterated L-alanine doped triglycine sulfate 

(LaDTGS) detector. The spectra were recorded at room temperature, with a 

resolution of 4 cm–1, and air is used to record the background. 

3.2.2.2 Infrared Reflection-Absorption Spectroscopy (IRRAS) 

IRRAS is a surface-sensitive variant of infrared spectroscopy that is 

particularly useful for studying monolayers or thin films adsorbed onto surfaces. 

In traditional transmission infrared spectroscopy, the sample is typically analyzed 

in transmission mode, which limits its applicability to bulk samples. In IRRAS, 

however, infrared radiation is directed onto the sample surface at an angle, 

allowing for reflection and absorption by the surface-bound species. IRRAS can 

provide valuable insights into the structure, orientation, and interactions of 

molecules at surfaces 

IRRAS relies significantly on a highly reflective metal surface to optimize the 

signal-to-noise ratio. The reflectivity of the substrate covered with adsorbates is 

contingent upon both the type of metal surface utilized and the angle of incidence. 

Incident light can be separated into two components: the electric field parallel to 
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the plane of incidence (Ep) and the electric field perpendicular to the plane of 

incidence (Es) (Figure 18) [142]. 

 

Figure 18 – Beam geometry and polarization of IR radiation at the interface between two 

optically different media [142]. Reproduced with permission from Wiley 

 

Various substrate materials, such as gold, silver, silicon, or glass, demonstrate 

different levels of reflectivity when covered with an adsorbate, depending on 

factors such as the angle of incidence (θ1), polarization, and, to a lesser extent, 

the energy of the light. Generally, these materials react differently to the 

component of light parallel to the incident plane compared to the component 

perpendicular to the plane. When using unpolarized light, the intensity of the 

vibrational band may be minimal if an incorrect angle of incidence or substrate 

material is chosen. Gold, for instance, exhibits high reflectivity and eliminates 

the perpendicular light component. Its maximum reflectivity occurs around 87°, 

approximately 50 times greater than that of silicon or germanium. To circumvent 

issues related to interfering polarizations, setting the angle of incidence to the 

Brewster angle is an effective strategy. This angle, at which the reflectivity of 

parallel-polarized light is zero, ensures only the perpendicular light component 

remains. Moreover, the metal surface introduces additional effects, such as the 

surface selection rule [142], where only the vibration parallel to the incident plane 

is observable while the perpendicular component vanishes.  
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The beam initially deflects off a mirror towards the sample, where it penetrates 

thin films, reflects off the IR-reflecting metal, and ultimately redirects towards 

the detector. 

In the analysis of SURMOF thin films using IRRAS, the data provides key 

insights into the stepwise growth and structural composition of the layers. For 

instance, in the case of Znx(BDC)y multilayers grown on a MHDA SAM [76], the 

IRRAS spectra reveal that with each deposition cycle, characteristic peaks 

associated with the asymmetric (1585 cm⁻¹) and symmetric (1404 cm⁻¹) 

stretching modes of the coordinated carboxylic acid groups become more 

pronounced, indicating an increase in the film thickness (Figure 19). 

Additionally, the peak at 1505 cm⁻¹, attributed to the C=C stretching of the 

aromatic rings, further confirms the presence and growth of the Znx(BDC)y 

multilayers. These findings demonstrate the layer-by-layer construction of the 

SURMOF, with IRRAS serving as a valuable tool for monitoring the molecular 

structure and thickness evolution during the fabrication process. 

 

Figure 19 – IRRAS spectra of different cycles of Znx(BDC)y MOF grown on a MHDA 

SAM [76] 
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The IRRAS technique was utilized to investigate the SAMs of C18 and UiO-

66-NH-C18 as well as UiO-66-family SURMOFs before and after modifications. 

IRRAS data was achieved utilizing a Bruker VERTEX 80 (Germany). IRRAS 

accessory (A518) exhibits a fixed angle of incidence of 80°. The data were 

collected using a narrow-band liquid-nitrogen-cooled MCT detector. Per-

deuterated hexadecanethiol SAM on Au/Ti/Si was utilized for reference 

measurements. 

3.2.3 Field-Emission Scanning Electron Microscopy (FE-SEM) 

Scanning electron microscopy is a commonly utilized technique for capturing 

detailed images of surfaces at high resolutions, which can also be utilized for 

analyzing nanoscale substances. Like a light microscope utilizes visible light, 

SEM employs electrons for imaging purposes [128]. SEM has the capability to 

resolve details as small as 1 nm and can magnify images up to 400,000 

times [143]  

When the incident electron beam, carrying a negative charge, encounters the 

material with its distinct electron clouds and arrangement, it generates diverse 

signals that mirror both the topographic intricacies and the atomic makeup of the 

examined specimen's surface. This electron beam prompts the release of X-rays 

from the atoms located on the sample's surface, along with elastically 

backscattered (or primary) electrons (BSE), secondary inelastic electrons (SE), 

and Auger electrons (Figure 20) [143]. 
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Figure 20 – Electron – matter interactions: the different types of signals generated [144] 

 

Secondary electrons are particularly valuable for capturing the morphology or 

topography of a sample. These electrons enable the generation of high-resolution 

images that unveil details within the range of approximately 1 to 5 nanometers. 

Concurrently, characteristic X-rays are utilized in a technique known as energy 

dispersive X-ray analysis (EDX) to ascertain the elemental composition, while 

Auger electrons are employed in surface analytical methods [143]. The SE mode 

stands as the predominant signal type utilized for SEM image processing. Since 

incident electrons possess relatively low energy, detection is limited to only a few 

nanometers beneath the sample's surface. Consequently, SEs are quite effective 

in producing topological contrast, such as surface texture and roughness, for the 

sample. It's crucial to note that only the SEs reaching the detector contribute to 

image formation; obstructed SEs result in dark contrast within the image. 

Moreover, employing low-voltage electrons in the primary beam will likely 

generate SEs from the outermost surface layer of the sample, accurately depicting 

detailed topographic information [145]. 
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The BSE mode of scanning primarily focuses on detecting incident electrons 

with energies surpassing 50 electron volts (eV). When an electron undergoes an 

elastic collision resulting in a directional change exceeding 90 degrees, nearly 

half of these electrons bounce back toward their original direction, conserving 

much of their initial energy. Elements with higher atomic numbers tend to deflect 

more electrons due to the greater number of positive ions within their nuclei. For 

example, elements like gold, with higher atomic numbers, exhibit a BSE yield of 

approximately 50%, while for carbon, the BSE yield is around 6%. BSE yield 

refers to the percentage of reflected electrons produced by the sample. BSE 

electrons carry significant information regarding the structures beneath the 

surface of the samples [145]. 

A typical SEM (Figure 21) comprises several key components, including the 

electron source, column containing electromagnetic lenses, electron detector, 

sample chamber, and computer display [145]. Positioned at the top of the 

instrument, the electron gun emits electrons. There are two primary types of 

electron guns: field emission guns (FEG), which generate a potent electric field 

to extract electrons from atoms, and thermionic guns, where the filament is heated 

until electrons are emitted (typically employing tungsten (W) filament or solid-

state crystals like CeB6 or LaB6) [145]. These emitted electrons are then 

accelerated to voltages ranging between 1 and 40 kV and focused into a narrow 

beam for imaging and analysis. Typically, an optimal operating voltage of 20–25 

kV is utilized. Lower accelerating voltages (2.5–10 kV) result in high chromatic 

aberration of the incident beam, leading to poor resolution. Conversely, higher 

accelerating voltages (30–50 kV) cause the beam spot to enlarge, allowing deeper 

penetration into the sample and enlarging the zone of internal scattering, which 

generates backscattered electrons. The sample is positioned near the lower end of 

the column [143]. 
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Figure 21 – FE-SEM instrument illustration with all major components 

 

Initially, electrons traverse through two or more electromagnetic lenses that 

converge the electron beam into a minute spot, crucial for determining instrument 

resolution (with smaller spots yielding higher resolution). Subsequently, the 

electron beam, now finely focused, is systematically scanned across the specimen 

by scan coils, while a detector registers the quantity of low-energy secondary 

electrons or other emissions emanating from the specimen's surface. Utilizing the 

raster method, the resultant image is then displayed on a cathode ray tube, 

showcasing a distribution map of signal intensity emitted from the scanned area 

of the specimen. Due to the limited distance electrons can travel through air, the 

instrument operates within a high vacuum to facilitate the high-energy electron 

beam [143]. 

In SEM, ensuring the surface of the sample is electrically conductive and 

grounded is essential to prevent the accumulation of electrostatic charge, which 

can lead to distorted images and artifacts. To achieve this, non-conductive 
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samples are coated with an ultrathin layer of an electrically conducting material, 

such as Au, Au/Pd alloys, or Pt. Additionally, in conventional SEM, it's crucial 

to eliminate water from the sample as water molecules will evaporate under 

vacuum conditions, compromising image clarity. The environmental scanning 

electron microscope (ESEM), a more recent development, is designed to operate 

under lower vacuum and voltage conditions. ESEM enables the visualization of 

specimens in their "natural" state with minimal sample preparation, including the 

examination of moist samples like biological specimens [143]. 

In a field emission SEM, a FEG generates high-primary electron brightness 

and a small spot size, even at low accelerating potentials, resulting in minimal 

charging of the surface. Compared to conventional SEM, FE-SEM produces 

clearer and less electrostatically distorted images, boasting a spatial resolution as 

fine as 20 nm, which is three to six times superior to that achieved by conventional 

SEM [143]. 

SEM provides information about the shape, size, and size distribution of 

nanomaterials [143]. 

Nevertheless, SEM measurements do have limitations. During sample 

preparation, processes such as drying and contrasting can lead to the shrinkage of 

nanomaterials, altering their size and shape characteristics. Additionally, due to 

the small number of particles within the scanning region, biased statistics 

regarding the size distribution of heterogeneous samples are unavoidable [143]. 

To investigate the morphology of Zr-SURMOFs before and after 

modification, SEM measurements were conducted using a Field Emission Gun 

(FEI) Philips XL SERIES 30 ESEM-FEG (FEI Co., Eindhoven, NL). To preclude 

charging and increase sample's conductivity, all samples were coated with a ~5 

nm thick gold/palladium film before recording SEM micrographs. Moreover, all 

specimens underwent high-vacuum (1.5 Torr) using 20 keV acceleration voltage. 
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3.2.4 Atomic-Force microscopy (AFM) 

Atomic force microscopy, also known as scanning probe microscopy (SPM), 

is a microscopy technique capable of generating three-dimensional images of 

surfaces at high magnification [128]. Similar to SEM, AFM can be employed to 

examine the shape, size, structure, and degree of dispersion of nanomaterials. 

However, AFM offers several advantages over conventional microscopy 

techniques. It conducts measurements in three dimensions (x, y, and z), allowing 

for the creation of 3D images of the sample. The resolution ranges from 0.1 to 

1.0 nm in the x-y plane and achieves atomic resolution (0.01 nm) in the z-

direction. AFM does not necessitate conductive surfaces or any special sample 

preparation processes. It can operate under ambient conditions or in a liquid 

environment [143]. 

The topographic image is acquired by scanning a probe over the surface of a 

specimen using a sharp tip (probe) situated at the free end of a cantilever, typically 

composed of silicon or silicon nitride. This process relies on interatomic forces 

between the sample and the tip. AFM can detect various tip-surface interactions, 

depending on the distance between the tip and the sample. At short distances, the 

tip primarily encounters interatomic forces: very short-range (~0.1 nm) Born 

repulsive forces and longer-range (up to 10 nm) van der Waals forces. At greater 

distances from the surface (100–500 nm above the surface), long-range electric, 

magnetic, and capillary forces can be probed [143]. During scanning, the 

cantilever deflects due to attractive or repulsive forces between the tip and the 

sample surface (Scheme 8). This deflection is measured by a laser beam reflected 

on the backside of the cantilever. The forces are subsequently determined by 

combining the information from the laser variation with the known cantilever 

stiffness [128]. In most instances, a feedback mechanism is utilized to regulate 

the tip-sample distance and maintain a constant force between them. The sample 
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is mounted on a piezoelectric scanner, which moves it in the z-direction, thereby 

ensuring a constant force or height above the sample [143]. 

 

Scheme 8 – Schematic of AFM imaging technique [146]. Reproduced with permission from 

AIP Publishing 

 

AFM can be operated in various modes, depending on the application. 

Typically, imaging modes are categorized into contact modes and non-contact 

modes, with the cantilever either in continuous contact or vibrated during 

scanning. Contact mode entails the probe being drawn across the surface, 

scanning progressively in rows. However, direct contact with the surface may risk 

causing damage. Tapping modes (also referred to as intermediate or oscillating 

mode [128]) involve intermittent contact as the probe oscillates vertically towards 

and away from the surface during scanning. Other modes include non-contact 

modes, where interactions or currents occur between the probe tip and the 

surface [143]. 

In addition to analyzing the shape and size of nanomaterials, AFM excels at 

characterizing surface features, surface roughness, and the dynamics of 

nanomaterials in real-time, such as in biological systems. It can image 

biomaterials without significantly damaging their surfaces and can measure 
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various position-related properties like surface friction, hardness, electrical, and 

thermal conductivity. A key advantage of AFM is its ability to image a wide range 

of nanomaterials at the subnanometer scale under environmental conditions or 

even in fluid environments. However, a notable disadvantage of AFM is that the 

size of the cantilever tip is typically larger than the dimensions of the 

nanomaterials being examined, leading to an overestimation of the lateral 

dimensions of the sample. Furthermore, AFM is limited in its capability to detect 

or locate specific molecules. Nevertheless, recent advancements in single-

molecule force spectroscopy have addressed this limitation by employing an 

AFM cantilever tip modified with small molecules, cell adhesion molecules, or 

chemical groups, enabling the probing or detection of single functional molecules 

on a surface [143]. 

AFM offers the advantage of not requiring any surface modification or coating 

before imaging. It is capable of characterizing low-density materials that exhibit 

poor contrast in electron microscopy. Additionally, AFM provides the capability 

to image samples in three dimensions, enabling the characterization of 

nanoparticle height. Moreover, it offers resolution comparable to SEM and TEM 

while being more cost-effective and requiring less laboratory space. However, it's 

worth noting that AFM typically entails slower scanning times compared to 

electron microscopes [128]. 

AFM measurements were carried out with a Bruker Icon atomic force 

microscope operating in tapping mode. NSC15/Al-BS cantilevers were used at a 

scan rate of 0.295 Hz, with 256 samples per line. 

3.2.5 Water contact Angle (WCA) analysis 

The water contact angle serves as the primary data obtained from wettability 

studies, indicating the degree of wetting in the interaction between a solid and a 

liquid. This angle is formed at the juncture of the liquid under consideration and 
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the specific solid surface, thereby reflecting the properties and structure of the 

material's surface in contact with the droplet [147]. 

Geometrically, the contact angle is defined by drawing a tangent line from the 

contact point along the liquid-vapor interface in the droplet profile (Figure 22). 

In simpler terms, WCA is the angle formed by the intersection of the liquid-solid 

interface and the liquid-vapor interface, often referred to as a water-in-air contact 

angle [147]. 

 

Figure 22 – Illustration of three-phase contact line, where γιν, γsν and γsι represent the liquid-

vapor, solid-vapor and solid-liquid intermolecular tension, and ϴγ is the contact angle [147]. 

Reproduced with permission from Springer Nature 

 

A large contact angle is observed when the liquid forms beads on the surface, 

while a small contact angle indicates that the liquid spreads across the surface. 

When the contact angle is less than 90°, it signifies that the surface is hydrophilic, 

and the fluid spreads over a larger area of the surface (Scheme 9). Conversely, 

contact angles greater than 90° suggest that the surface is hydrophobic, causing 

the fluid to minimize contact with the surface and form a compact droplet. 

Complete wetting occurs when the droplet transforms into a flat puddle, resulting 

in a contact angle of approximately 0°, indicating a superhydrophilic surface. 

Conversely, for superhydrophobic surfaces, water contact angles are often greater 

than 150°, signifying minimal contact between the surface and the liquid, a 

phenomenon known as the lotus effect. The lotus effect is a self-cleaning 

phenomenon observed in nature, where water droplets rolling on the surface 
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collect particles due to the interaction between the water droplet and the 

nanoscale architecture of the surface [147]. 

 

Scheme 9 – Schematic representation of different measured contact angles where less than 

90o surface is hydrophilic and more than 90 o surface is hydrophobic [147]. Reproduced with 

permission from Springer Nature 

 

The surface tension of a liquid naturally forms it into a droplet shape. This is 

because, for a fixed volume, a spherical droplet provides the least surface area, 

driven by the intermolecular force that contracts the liquid surface to minimize 

its area, known as surface tension. Consequently, the shape of liquid droplets is 

determined by this surface tension. However, external forces such as gravity can 

influence and distort the droplet's shape, impacting the contact angle, which is 

defined by a combination of surface tension and these external forces [147]. 

The sessile drop method is a well-known technique for analyzing contact 

angles and involves directly measuring the tangent angle at the three-phase 

equilibrium interfacial position. By observing the drop profile on flat surfaces, 

the wetting property can be determined by directly recording the contact angle 

(Figure 23). To measure the contact angle, the sample stage needs to be flattened 

to prevent the droplet from moving during deposition. Subsequently, a droplet of 

liquid is dispensed onto the surface, and a light source illuminates the droplet 

from behind. An image of the droplet is then projected onto a screen and recorded 

by a camera for further analysis using software. The software conducts the contact 

angle analysis, while the images and/or recordings of the phenomenon are stored 

on the connected computer. Using relatively high magnifications improves the 
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accuracy of the method and allows for detailed exploration of the intersection 

between the solid surface and the drop profile. This technique is simple and 

straightforward to execute and requires only a small surface area of substrates and 

small quantities of liquid for analysis. However, impurities and irregularities on 

the surface can significantly influence the analysis outcomes [147]. 

 

Figure 23 – Graphical illustration of sessile drop technique. The camera takes images of the 

droplet, while the light is in the background and the contact angle is assessed by the 

software [147]. Reproduced with permission from Springer Nature 

 

In order to investigate the presence of Cassie-Baxter states, the modified UiO-

66-NH-C18 sample was evaluated using water contact angle measurement. The 

static WCA was measured using a Data physics contact angle meter with a droplet 

of distilled water (5 μL) at ambient temperature. 

3.2.6 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

Time of Flight Secondary Ion Mass Spectrometry is a material characterization 

technique known for its high chemical sensitivity, surface sensitivity (probing the 

upper 2–3 nm), and molecular specificity [128]. ToF-SIMS is widely employed 

for characterizing nanostructures within larger components, including electronic 

devices, as well as thin to ultrathin films of both organic and inorganic 

compositions [128]. 
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A beam of primary ions with high energy (ranging from 0.1 to 20 kiloelectron 

volts, keV) is directed at the surface of the sample. Upon bombarding the sample 

surface, the primary ions cause a variety of sputtered particles to be emitted 

(Scheme 10), including monatomic and polyatomic particles derived from the 

sample, as well as electrons, photons, and re-sputtered primary ions. The 

secondary ions that are generated possess negative, positive, and neutral charges. 

The desired secondary ions are selectively extracted and detected using mass 

spectrometry techniques [148]. 

 

Scheme 10 – Schematic representation of the collision of a primary ion (grey) with a sample 

surface (red). Energy is transferred onto the surface and distributed through several atoms 

(grey lines) until a secondary ion (blue) is ejected [148]. Reproduced with permission from 

Morgan & Claypool Publishers 

 

A schematic diagram illustrating the components of a dual- ToF-SIMS system 

is depicted in Scheme 11. In a dual-beam system, a primary ion gun is utilized to 

generate the secondary ions for analysis under static ion beam conditions, 

facilitating high-resolution surface mass spectrometry. The second ion beam, 

referred to as the sputter gun, can be employed for the controlled erosion of the 

sample, a process known as sputter depth profiling. This controlled removal of 

material enables the analysis of composition from the surface to the bulk [148]. 

The sample is positioned beneath the ToF analyzer and can be scanned with 

various ion sources, depending on the sample material and the required 

information. ToF-SIMS not only generates mass spectra from the surface, which 

can be translated into ion maps, but it also allows for depth profiling by sputtering. 
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During depth profiling, selected species and their intensities can be observed 

throughout the sputtering process. Moreover, the combination of depth profiling 

and ion maps enables the generation of 3D maps of the analyzed volume. 

 

Scheme 11 – Schematic representation of the main components of dual-beam time-of-flight 

secondary mass spectrometer. Secondary ions are sputtered from a target/sample by primary 

ion gun. The sputtered secondary ions are extracted by an extraction potential into the flight 

tube and detector electronically, typically with a microchannel plate. Depending on the mode 

of operation of the instrument, a range of signal outputs can be obtained: mass spectra, ion 

images, depth profiles and 3D analyses [148]. Reproduced with permission from Morgan & 

Claypool Publishers 

 

The primary ion beam in a dual-beam ToF-SIMS instrument is typically a 

liquid metal ion gun/source (LMIG/S), known for producing a highly focused ion 

beam, resulting in high lateral resolutions during secondary ion mapping. Initially 

based on gallium and gold, LMIGs have now shifted to bismuth ion sources, 

particularly in the form of small clusters of Bi3+, due to their improved secondary 

ion yields. Additionally, large cluster sources based on carbon fullerenes have 

shown potential for characterizing bio-molecular structures [148].  

Once the secondary ions are generated, they need to be separated based on 

their mass-to-charge ratio (m/z) to record the mass spectrum. Among the 

available analyzers such as quadrupole, magnetic sector, time-of-flight, ion trap, 
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and orbitrap, the ToF system is the most common and simplest. In this system, 

secondary ions are separated based on their flight time in a flight tube without the 

use of an electric or magnetic field. The primary ion beam is pulsed in extremely 

short pulses as it is rastered over the sample surface, creating a pulse of secondary 

ions from the sample surface. These ions are accelerated through an extraction 

plate into the ToF analyzer [148]. 

In the ToF analyzer, the lightest ions travel the fastest and arrive first at the 

detector, while heavier ions arrive later. The arrival times of the ions at the 

detector are dependent on their mass, allowing the arrival times to be transformed 

into respective m/z ratios, generating a mass spectrum from each pulse of the ion 

beam [148]. After passing through the mass analyser, the secondary ions are 

detected and amplified by a microchannel plate.  

Different types of analyses that can be obtained with ToF-SIMS include high-

resolution mass spectra, ion images (chemical maps), and depth profiles 

(including 3D analysis). High-resolution mass spectra are acquired from sample 

surfaces solely using the primary ion beam. Very short pulses of the primary ion 

beam (on the order of nanoseconds) are used to irradiate a predefined spot on the 

sample surface (Figure 24 (a)). The resulting secondary ions are then extracted 

and accelerated into the time-of-flight analyzer (Figure 24 (b)). Subsequently, the 

secondary ions are separated according to their mass-to-charge ratio (m/z), and 

the mass spectrum is recorded along with the coordinates of the ion beam spot. 

The primary ion beam is then moved to an adjacent pixel, and the process is 

repeated until the desired area (x, y) has been scanned and analyzed, producing a 

mass spectrum (Figure 24 (c) and (d)). Due to the very short pulses of the primary 

ion beam, the mass resolution of the mass spectra is very high, typically reaching 

a mass resolution (M/ΔM) of 10,000 routinely [148]. 
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Figure 24 – The steps needed to obtain mass spectra and ion images [148]. (a) A short pulse 

from the primary ion beam irradiates a spot and sputters secondary ions. (b) These are 

collected in the analyser, and separated according to (m/z). (c) The process is repeated on the 

neighboring pixel, until a specified area has been analysed. (d) Mass spectra are produced as 

the detector collects the sputtered secondary ions. (e) By selecting specific peaks from the 

mass spectrum, (f) the spatial distribution of the selected peaks can be generated to give ion 

images as the spatial co-ordinates for the secondary ion signals are known. Reproduced with 

permission from Morgan & Claypool Publishers 

 

During analysis, the ion beam dose must be strictly controlled to prevent 

excessive sputtering of the surface, a method known as "static SIMS." Static 

SIMS minimizes the interaction of the primary ion beam with the surface atoms 

or molecules, ensuring less than 1% of the surface is removed. Depending on the 

pulse time of the primary ion beam, the lateral resolution can reach up to 

approximately 250 nm [148]. 
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For many systems, understanding how composition varies with depth is 

essential. Depth profiling is achieved through the use of a sputter ion beam/gun, 

allowing for the measurement of mass spectra as a function of depth. In this 

method, the ion beam dose exceeds the static limit, and layers of material are 

"peeled away" by the sputter gun to expose further layers of atoms or molecules 

for analysis. This type of analysis, known as "dynamic SIMS," is more destructive 

compared to static SIMS, with ion beam doses greatly exceeding the static limit. 

Dynamic SIMS is typically used to characterize interfaces, compositional 

changes through a material due to a processing step, and features beyond the 

surface region [148]. 

The process of depth profiling in a dual-beam ToF-SIMS system involves 

three key steps, as outlined in Scheme 12. The first step is to raster the sputter 

beam over the predefined sputter area, typically a square with a side length 

between 250 and 500 μm (Scheme 12 (a)). The sputter ion beam is generally of a 

much higher current than the analytical ion beam, typically tens to hundreds of 

nanoamperes. This higher ion beam dose allows for the controlled removal of 

material, and it's crucial to maintain a stable current to ensure a constant sputter 

rate during the analysis. It's worth noting that besides removing material, the 

sputter beam may alter the surface chemistry of the sample, affecting ion yields. 

Therefore, careful selection of the sputter beam is essential to optimize 

measurement accuracy. After sputtering, the primary ion beam is applied to a 

smaller area within the larger sputter crater, forming a sub-crater (Scheme 12 (b)). 

This results in the emission of secondary ions, as described previously. The use 

of a sub-crater minimizes interference from material on the edge of the sputter 

crater, known as the 'edge effect'. Once the secondary ions have been collected in 

the analyzer, the process of sputtering and primary ion beam analysis is repeated 

sequentially until the desired depth of the sample has been measured. Again, the 

detected secondary ions produce a mass spectrum. Peaks of interest are selected 

from the mass spectra (Scheme 12 (d)), and a depth profile of those species is 
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generated (Scheme 12 (e)). Finally, to prevent any charge buildup that may occur 

on an insulating sample, a flood of low-energy electrons can be irradiated onto 

the surface [148] 

 

Scheme 12 – Schematic representation of the three main steps used in depth profile ToF-

SIMS [148]. (a) A high energy sputter beam is rastered over the sputter area. (b) The 

analytical beam is applied to the analysis area which is centered within the sputter area. (c) 

The secondary ions generated by the analysis beam are collected and accelerated into the 

analyser, and a mass spectrum produced. (d) By selecting certain peaks a depth profile of the 

species can be obtained (e). Reproduced with permission from Morgan & Claypool 

Publishers 

 

The location of each generated mass spectrum, and thus the selected peaks, 

are known, allowing for the generation of 2D ion maps. This also applies to 

chemical information obtained during depth profiling, but now includes the z-

axis. With secondary ions registered on all three axes, 3D chemical plots can be 

constructed [148]. 

ToF-SIMS was employed to study the surface modification of UiO-66-NH2 

SURMOF via ion maps and depth-profiling. 
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3.2.7 Quartz-crystal microbalance (QCM) 

The Quartz Crystal Microbalance operates on the principle of piezoelectricity 

exhibited by quartz crystals. Quartz, a crystalline form of silica (SiO2), 

demonstrates piezoelectric behavior, where mechanical stress induces an electric 

charge and vice versa. Quartz crystal is then sandwiched between two metal 

electrodes (Figure 25). 

 

Figure 25 – Design of quartz crystal (grey) with electrodes (yellow); (a) top view (b) bottom 

view. (c) A schematic illustration of the strain induced in an AT cut crystal on application of 

AC voltage. (d) A schematic illustration of how amplitude of vibration (A(r)) varies with the 

distance (r) from the center of the sensor. The area of vibration is called the active surface 

area and is sensitive to mass changes [149].  

 

When an alternating voltage is applied to the electrodes, the quartz crystal 

undergoes mechanical deformation, resulting in oscillations at its resonant 

frequency. This frequency, determined by the crystal's dimensions and material 

properties, remains stable under ideal conditions. Any change in the mass 

adhering to the crystal's surface alters its resonant frequency due to the added 

inertia, providing a sensitive measure of mass changes. 

The mass sensing mechanism of the QCM relies on the relationship between 

the frequency shift (Δf) and the mass change (Δm) according to the Sauerbrey 

equation [150]: 



84 

Δm = -
A √ρμ

2f0
2

Δf 

n
= -C

Δf

n
 (2) 

where A is the active area of the crystal; ρ is the density of quartz; μ is the 

shear modulus of quartz; f0 is the fundamental frequency of the quartz crystal 

before a mass change; as a result, C is usually defined as the mass sensitivity 

constant related to the structural and physical properties of the oscillating quartz 

QCM substrate and the driving fundamental resonance frequency [150, 151]. For 

a 5 MHz crystal, C = 17.7 ng/(cm2·Hz). The parameter n is the number of the 

odd harmonic and can be 1, 3, 5, 7, etc. 

The QCM has the capacity to offer valuable insights into both the quantity of 

mass deposited and the speed at which films are deposited or removed, achieved 

through continuous monitoring of frequency changes in real-time [152]. 

Moreover, QCM-D additionally furnishes immediate data concerning the 

viscoelastic characteristics of the adhered film, encompassing parameters such as 

viscosity, elasticity, and density. 
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4 Chapter IV. Functionalization of Monolithic MOF Thin Films with 

Hydrocarbon Chains to Achieve Superhydrophobic Surfaces with Tunable Water 

Adhesion Strength 

4.1 Introduction 

The external surfaces of metal-organic frameworks have recently emerged as 

intriguing subjects of study due to their unique characteristics and potential 

applications. While MOFs are well-known for their versatile properties and 

diverse applications in fields such as gas capture and catalysis, the attention to 

their surface properties has been relatively limited until recent advancements in 

thin film fabrication techniques, particularly the development of high-quality 

MOF thin films using layer-by-layer methods. Development of these films has 

unlocked new applications by enabling the integration of MOF thin films into 

(opto)electronic devices [153]. An especially intriguing aspect of SURMOF outer 

surfaces is that they reveal anchoring sites with significantly greater spacing 

compared to other substrates. 

One crucial aspect of MOF surface properties is their wettability, particularly 

by solvents like water. Grafting hydrocarbon chains onto SURMOF surfaces can 

lead to the formation of SAMs with brush-like structures, similar to polymer 

brushes [154]. This structural modification can significantly alter the surface 

properties, including increasing the WCA and reducing water adhesion strength, 

leading to superhydrophobic surfaces. The formation of brush-like SAMs hinges 

on achieving increased spacing between hydrocarbon chains, as illustrated in 

Scheme 13. Conventional substrates with closely spaced anchoring sites typically 

result in low-entropy hydrophilic states. In contrast, to achieve the brush-like 

configuration, a larger spacing between the chains is necessary. 
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Scheme 13 – The WCA on a hydrocarbon monolayer is shown to be substantially increased 

when instead of the normal close packing (left) the chains adopt a brush-like structure (right). 

The C18 hydrocarbon chains have an end-to-end distance of ~2 nm [155, 156], which is 

much larger than the separation of grafting sites in the SURMOF grid (~0.8 nm), such that 

the grafted hydrocarbons form a polymer brush. 

 

In this context, UiO-66-NH2, a member of highly water-stable MOF family, 

presents an attractive platform for surface modification due to its well-defined 

structure and functionalizable amino groups of the linker sites. By grafting 

hydrocarbon chains onto UiO-66-NH2 thin films, we could reach low-roughness, 

crystalline and porous superhydrophobic surfaces. A modest elevation in 

roughness, from as low as 31.4 nm to larger values, results in a significant 

decrease in water adhesion force. These surfaces, characterized by low adhesion, 

hold considerable promise for enhanced self-cleaning capabilities. Coupled with 

their low roughness, these interfaces are poised to deter the buildup of submicron-

sized solid particles, unlike traditional high-roughness superhydrophobic 

surfaces [157]. 

Additionally, superhydrophobic UiO-66-NH-C18 was also achieved on the 

highly porous material – α-alumina substrates. XRD and WCA measurements 

confirm the retention of crystal structure as well as superhydrophobicity. These 

membranes show potential for water treatment applications, such as cleaning 

water from oils, and will be tested in future studies. 

The aim of this study is to synthesize UiO-66-NH2 SURMOF on gold-coated 

substrates with low roughness and to achieve superhydrophobic surfaces through 
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Post-Synthetic Modification by grafting hydrocarbon chains onto the thin films. 

This research aims to investigate the feasibility and mechanisms of creating such 

surfaces for self-cleaning applications. Through comprehensive experimental 

characterization and theoretical analysis, we aim to advance our understanding of 

MOF surface modification and its potential implications for surface science and 

technology. 

4.2 Experimental section 

This section outlines the experimental methods used in this study. It covers 

the layer-by-layer synthesis of UiO-66-NH2, surface roughness reduction 

protocols, and post-synthetic modifications into UiO-66-NH-C18 and UiO-66-

NH-C18F SURMOFs. 

Additionally, molecular dynamic simulations provide structural insights, 

while ToF-SIMS results confirm chemical composition. AFM and SEM analyses 

ensure surface and morphological consistency before and after modifications. 

Discussions also focus on flexibility variations between SAM and 

hydrocarbons, with summaries provided via Ramachandran plots. Furthermore, 

surface density determination of C18 and C18F chains in UiO-66-C18(F) 

SURMOFs offers quantitative insights. 

4.2.1 Synthesis of UiO-66-NH2 via dip-coating 

UiO-66-NH2 was synthesized following a previously described by Dr. 

Hashem (KIT, IFG) et al. method [100]. The synthesis involves an automated dip 

coating technique using a silar coating system (Holmarc, HO-TH-03B1, India) to 

form LPE SURMOF of UiO-66-NH2 on a functionalized gold-coated substrate 

(FGCS) and α-alumina membranes (Scheme 14). Two solutions were prepared 

for this process. Solution A, which serves as the metal ion source, consisted of 

90 mM ZrCl4 in 100 mL DMF and 20 mL HCl. Solution B, which provides the 

organic linker, was made by dissolving 150 mM BDC-NH2 in 100 mL DMF. 
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Both solutions were heated and maintained at 80 ℃ throughout the preparation. 

The substrates were first immersed in solution A, stirred at 500 rpm for 

90 minutes, and then washed with DMF. Next, the substrates was immersed in 

solution B for 120 minutes under the same stirring conditions, followed by 

another DMF wash. This cycle of immersion in solutions A and B, along with 

washing, was repeated 30 times to build up 30 layers of UiO-66-NH2 on the 

FGCS. To ensure thorough exchange of guest molecules, the resultant SURMOF 

was washed with ethanol six times and then soaked in ethanol for 24 hours. After 

this washing step, the samples were allowed to dry in air overnight. 

 

Scheme 14 – Schematic diagram for the synthesis of UiO-66-NH2 SURMOF through LPE 

using dip-coating. Edited from [100] with permission from Wiley 

 

4.2.2 Surface functionalization with C18-SAM 

4.2.2.1 Materials 

Self-assembled monolayers of Octadecanethiol (ODT, Sigma Aldrich) was 

used to obtain C18 SAM@Au without further purification. 

4.2.2.2 Technique 

ODT SAM were employed to functionalize Au-coated silicon wafers. The 

substrates were left in the dark at room temperature for 48 h with the gold side up 

in a 0.1 mM ethanolic solution of ODT. After that the SAM@Au was completely 
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washed with pure ethanol and dried in a flow of dry nitrogen and then used for 

IRRAS and WCA. 

4.2.3 Surface Roughness Reduction Protocol 

The surface roughness of the prepared SURMOF samples was addressed 

through a treatment process as follows: initially, the prepared SURMOF samples 

were immersed in DMF for one hour at 90 degrees Celsius. Subsequently, the 

samples were immersed in ethanol and subjected to sonication for a duration of 

four hours. Throughout this period, the ethanol was refreshed every hour. This 

treatment protocol effectively contributed to the reduction of surface roughness 

in the UiO-66-NH2 SURMOF samples. 

4.2.4 Post-synthetic modifications of UiO-66-NH2 SURMOF  

4.2.4.1 Chemicals 

Triethylamine (TEA, 99.0%) was obtained from Merck, USA, octadecanoyl 

chloride (97%) was provided by Sigma-Aldrich, USA, and tetrahydrofuran (THF, 

99%) was supplied by VWR, EC.  

Perfluorooctadecanoyl chloride was synthesized (Scheme 15) by 

Prof. Dr. S. Bräse (KIT, IBCS-FMS & IOC), Dr. P. Hodapp (KIT, IBG3-SML) 

and M.Sc. A. Jung (KIT, IBCS-FMS), using the following chemicals: 

perfluorooctadecanoic acid (95%) from abcr, Germany, pyridine (99.5%, United 

Kingdom) and thionyl dichloride (+99.5%, BE) were supplied by Acros 

Organics. 

 

Scheme 15 – Schematic illustration of perfluorooctadecanoyl chloride preparation 
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To a flask containing a mixture of perfluorooctadecanoic acid (501 mg) and 

thionyl chloride (5 mL), a catalytic amount of pyridine (5 µL) was added under 

stirring. The flask was fitted with a reflux condenser, and the reaction mixture 

was heated in an oil bath at 80 °C for three days. After one day, an additional 5 

mL of thionyl chloride was added to the mixture. 

Once the reaction cooled to room temperature, the volatiles were removed 

using a rotavap under reduced pressure (180 mbar, 40 °C water bath). The 

resulting white/yellow powder (perfluorooctadecanoyl chloride) was stored 

under argon until further use. 

4.2.4.2 Modification to UiO-66-NH-C18 SURMOF 

To synthesize UiO-66-NH-C18 (C18@SURMOF), we immersed the prepared 

UiO-66-NH2 SURMOF in a glass container containing a mixture of 5 mL of TEA 

solution and 5 mL of DMF. The container was placed in an ice bath and gently 

shaken for one hour. Following this, a solution of 0.5 g of octadecanoyl chloride 

in 5 mL of THF was added to the sample. The reaction mixture containing the 

SURMOF was then heated to 45 ℃ for 24 hours. After cooling, C18@SURMOF 

was collected and washed five times with DMF and methanol. 

4.2.4.3 Modification to UiO-66-NH-C18F SURMOF 

To prepare UiO-66-NH-C18F (C18F@SURMOF), we followed the same 

procedure as for C18@SURMOF, with the exception of using 

perfluorooctadecanoyl chloride in place of octadecanoyl chloride. 

4.2.5 Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations were carried out by Dr. M. Liu (KIT, 

IFG) and Prof. Dr. W. Wenzel (KIT, INT).  

All-atom MD simulations were performed to determine the structure of C18 

chains grafted to the outer surface of the SURMOF and to investigate the wetting 

behavior of both pristine and modified substrates. To validate this theoretical 
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approach, the wetting behavior of thiolate-based SAMs on Au substrates was 

simulated using OPLS-AA force field parameters for C18 chains, following 

previously reported protocols [158]. For the SURMOF simulations, the 

UFF4MOF force field was used to describe the flexible UiO-66-NH2 SURMOF 

[159]. The C18 chains were modeled using the OPLS-AA force field [160, 161] 

with parametrization refined from LigParGen [162]. Water molecules in the 

wetting simulations were parametrized according to the SPC/E model [163]. 

MD simulations for grafting and wetting processes were conducted using the 

LAMMPS package [164]. In the grafting simulations, the timestep was set to 

τ = 0.01 fs in the canonical ensemble under a Nose-Hoover thermostat [165] at 

T = 300 K. During the wetting simulations, the timestep was set to τ = 0.25 fs 

under a Nose-Hoover thermostat [165] and Nose-Hoover-Andersen 

barostat [166] to model NPT conditions at ambient pressure (p = 1 atm) and 

temperature (T = 300 K). 

The initial molecular configuration consisted of a 4x4x2 supercell of UiO-66-

NH2 SURMOF. During the simulated grafting, C18 chains were tilted by 5° and 

artificially placed in the MOF, with the hydrophilic head of the chain within 

0.3 nm of the nitrogen on the -NH2 group of the MOF linker. One hydrogen atom 

from the head of the C18 chain and one hydrogen from the -NH2 group in the 

SURMOF linker were removed to allow bond formation to occur as a stochastic 

process. If the carbon from the C18 chain was within 0.4 nm of the nitrogen atom 

in the -NH2 group, an 80% probability was applied for forming a C–N bond, 

linking the hydrocarbon chain to the SURMOF and removing the extra hydrogen 

atoms. Chains that failed to anchor to the SURMOF were removed. For 

successfully grafted chains, partial charges on the -NH- group and the head of the 

C18 chain were reassigned using the Hartree-Fock method via MOPAC [167]. 

For the wetting simulation on a pristine UiO-66-NH2 MOF, a water "cube" 

consisting of 1074 water molecules was placed on top of the SURMOF. For the 

grafted UiO-66-NH-C18, a water "ball" consisting of 3604 water molecules was 



92 

placed on top of the grafted chains. The water droplet on the SURMOF system 

was relaxed for 3 ns in the MD simulation. After this time, the water contact angle 

was determined from the geometrical profile of the water droplets in MD 

snapshots using a previously established method [168]. 

4.2.6 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) results 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) results were 

obtained with the help of Dr. A. Welle (KIT, IFG). 

ToF-SIMS was utilized to examine the surface modification of UiO-66-NH2 

SURMOF. Figure 26 shows a blank sample (in black) representing the pristine 

SURMOFs before modification and two surface-modified SURMOF samples (in 

blue and red). The modified samples are identical to ensure test result 

repeatability. 

The results revealed that Zr4+ and Cl– were easily detected in the blank sample 

of pristine UiO-66-NH2 SURMOF (Figure 26 (a, b)). However, after post-

treatment, their signal intensities significantly decreased. These elements are 

present due to the hydrolysis of the ZrCl4 precursor used in MOF synthesis, 

forming ZrOCl2 trapped within the MOF structure. Following the modification 

process, several washes removed ZrOCl2 from the MOF structure. In Figure 

26 (c), the C–N bond was fully detected (100%) in the pristine SURMOF (blank 

sample). However, post-synthetic treatment of the amino groups in the pristine 

SURMOF (blank sample) with stearic acid chloride led to their partial conversion 

into -NH-C18 groups, as shown by the appearance of CNO bonds alongside CN 

bonds (red and blue peaks, Figure 26 (d)). Figure 26 (e) illustrates the residual 

part of stearic acid chloride after reacting with the amino groups in the pristine 

SURMOF, confirming their successful conversion into the amide form. 
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Figure 26 – ToF-SIMS results for pristine UiO-66-NH2 SURMOF (blank sample in black) 

and its surface-modified counterpart (modified samples in blue and red), demonstrating (a-b) 

the high prevalence of Zr4+ and Cl– in the blank sample before modification, which are 

washed away with (c) higher appearance of amino groups in the blank sample, followed by 

(d) concurrent appearance of amino and amido groups in the modified samples in addition to 

(e) full proof of the amidation reaction by the existence of the residual part of stearic acid 

chloride. 

 



94 

4.2.7 Surface Roughness Consistency before and after Post-Synthetic 

Modification 

The atomic force microscope analysis was performed to evaluate the surface 

roughness of UiO-66-NH2, C18F@SURMOF, and C18@SURMOF samples. 

The AFM results (Figure 27) showed no significant differences in roughness 

values among the three samples. This suggests that the post-synthetic 

modification (PSM) did not cause notable changes in the surface roughness of the 

SURMOF samples. The consistent roughness values indicate that the structural 

integrity and surface characteristics remained largely unaffected by the PSM 

process. These results highlight the robustness and stability of the synthesized 

SURMOF materials, which is crucial for their potential applications in various 

fields. 

 

Figure 27 – AFM comparison of UiO-66-NH2, UiO-66-C18F and UiO-66-C18 SURMOFs 
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4.2.8 Morphological Consistency before and after Post-Synthetic 

Modification 

The scanning electron microscope analysis was performed to examine the 

morphology of UiO-66-NH2, C18F@SURMOF, and C18@SURMOF samples. 

The SEM images (Figure 28) showed remarkable similarities in the morphology 

of the three samples, with no noticeable differences observed. This observation 

aligns with the AFM analysis results. The similar morphology across all samples 

indicates a high degree of structural uniformity and stability, which are 

advantageous for potential applications in various fields. Furthermore, the 

consistent morphology suggests that the surface structure of the SURMOF 

remained unchanged after the PSM. 

 

Figure 28 – SEM images and WCA of UiO-66-NH2, UiO-66-C18F and UiO-66-NH-C18 

 

4.2.9 Flexibility of hydrocarbon chains in dry conditions vs. during wetting 

The flexibility of hydrocarbon chains in SAM@Au, C18F@SURMOF, and 

C18@SURMOF is evident from their chain conformations. In SAM@Au (Figure 
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29 (a)), the densely packed all-trans hydrocarbon chains are stretched and tilted. 

In contrast, the increased spacing among grafted anchor points in 

C18F@SURMOF (Figure 29 (b)) and C18@SURMOF (Figure 29 (c)) allows for 

greater flexibility of the chains. 

In case of the perfluorinated chains, the stronger repulsion of fluorine atoms 

in -CF2- groups compared to hydrogen in -CH2- groups effectively stretches the 

hydrocarbon chains, resulting in enhanced rigidity. This increased rigidity of the 

CF chains leads to a greater film thickness of 0.4 nm. 

When a water droplet contacts SAM@Au (Figure 30 (a)), the hydrocarbons 

of SAM form a dense insulating layer, while the pristine SURMOF (Figure 30 (b)) 

adsorbs water. In the case of C18F@SURMOF (Figure 30 (c)), the perfluorinated 

hydrocarbon chains mix with water "pins" that penetrate the polymer brush. In 

contrast, C18@SURMOF (Figure 30 (d)) exhibits a clear separation between 

water and hydrocarbon chains, resulting in a much higher water contact angle. 

 

Figure 29 – The stretching of hydrocarbon chains in the dry conditions for (a) SAM@Au, 

(b) C18F@SURMOF, and (c) C18@SURMOF. The substrates are aligned, marked by the 

orange dotted line across the three systems, whereas the distinguished thicknesses between 

C18F@SURMOF and C18@SURMOF are illustrated by orange arrows. This difference in 

chain stretching is measured at 0.4 nm due to the stronger repulsion among fluorine atoms in 

CF chains, exemplifying a lower entropy in CF chains. The fluorine atoms are explicitly 

shown in bright yellow, whereas hydrogen atoms on hydrocarbon chains are omitted for 

clarity 

(a) (b) (c) 
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Figure 30 – Water contact angles in the wetting simulations for (a) SAM@Au, (b) SURMOF, 

(c) C18F@SURMOF, and (d) C18@SURMOFs. The substrates are aligned, marked by the 

orange dotted line across the four systems. The water contact angles are marked by orange 

dotted lines. Particularly, in the case of C18F@SURMOF and C18@SURMOFs, the water 

droplet cannot react to the reference surface on the substrate, where additional baselines are 

indicated by horizontal orange dotted lines. For better clarity, MOF linkers are shown in light 

gray. 

 

4.2.10 Intrinsic entropy of hydrocarbon chains from Ramachandran plots 

The intrinsic entropy for SAM@Au, C18F@SURMOF, and C18@SURMOF 

was calculated from the conformational phase space by Dr. U. Manna and 

Dr. A. Borbora, a member of Dr. Manna's research group at IITG. The torsional 

angles on the hydrocarbon C-C backbone statistically fall into the categories of 

trans-trans (180°–180°), trans-gauche (60°–180°), and gauche-gauche (60°–60°) 

conformations. In dry conditions, SAM is predominantly in an all-trans 

conformation, as indicated by the concentrated distribution at the 180°–180° 

extremities in the Ramachandran plot (Figure 31), with gauche defects being very 

rare. In contrast, the conformers in C18F@SURMOF and C18@SURMOF cover 

larger areas of the phase space with a reduced trans-trans density. 

Entropy was then estimated based on the probability of individual states across 

the phase space using the formula: 

S = −𝑘𝑏Σ𝑖𝑝𝑖ln𝑝𝑖, (3) 

where 𝑝𝑖 is the estimated kernel density over all conformers. 

The estimated entropy values were ranked as SAM@Au (5.3𝑘𝑏), 

C18F@SURMOF (6.47𝑘𝑏), and C18@SURMOF (6.97𝑘𝑏), indicating increasing 

(a) (b) (c) (d) 
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disorder. The number of gauche defects per chain was also calculated based on 

occurrence probability, averaging 0.04 gauche defects per hydrocarbon chain in 

SAM@Au, 1.42 per chain for C18F@SURMOF, and 2.89 per chain for 

C18@SURMOF 

 

Figure 31 – Ramachandran plots for the torsional angles of the C-C backbone in the dry 

conditions for (a) SAM@Au, (b) C18F@SURMOF, and (c) C18@SURMOF. Color-coded is 

the occurrence frequencies of individual states. The SAM is in all-trans states where the 

torsional angles are constrained to the π-π corners in all quadrants, whereas for 

C18F@SURMOF and C18@SURMOF, there exist numerous gauche defects. The entropy 

calculated based on the state occurrence frequencies ranks the SAM as the least entropic at 

5.3, the C18F@SURMOF in the middle with an entropy reference at 6.47, and 

C18@SURMOF with the highest entropy at 6.97. In dry conditions, the number of gauche 

defects per chain is 0.04 for SAM, 1.42 for C18F@SURMOF, and 2.89 for C18@SURMOF 

 

4.2.11 Determination of surface density of C18 and C18F chains in UiO-66-

C18(F) SURMOFs 

To assess the grafted density in C18F@SURMOFs, the CH2 stretching 

vibration intensity at 2929 cm-1, originating from the MUD-SAM used to 

functionalize the Au substrate prior to SURMOF deposition, was compared with 

the C-F stretching vibration intensity at 1151 cm-1, which is associated with the 

grafted hydrocarbons (Figure 32).  

(c) (a) (b) 
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Figure 32 – IRRAS data of UiO-66-NH2, C18@SURMOF and C18F@SURMOF 

 

Using theoretical results on the IR vibrational modes (Figure 33) obtained by 

Dr. M. Liu (KIT, IFG) and Prof. Dr. W. Wenzel (KIT, INT), the ratio of monomer 

coverage in MUD-SAM to C18F was determined to be 0.7:1, indicating that the 

surface density of C18F is comparable to that in the MUD-SAM. It is important 

to note that this is a semiquantitative estimate, as other factors (e.g., scattering of 

IR light passing through the SURMOF) could introduce errors. Nevertheless, the 

calculated surface density of C18F aligns with the density observed in partially 

fluorinated SAM [169]. 
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Figure 33 – DFT optimized molecular geometries and corresponding calculated IR spectra for 

isolated chains. 

 

Determining the surface density in C18@SURMOF is more challenging 

because the CH2 signals in the MUD-SAM and the C18 chains overlap. 

Additionally, surface selection rules [170] complicate the estimation of CH chain 

densities, as the C18 chains are coiled. Considering these factors, we conclude 

that the surface densities of grafted C18F and C18 are consistent with the setup 

in the MD simulations. 

For reference, isolated C18 and C18F chains in the linear (trans) conformation 

were structurally optimized using density functional theory (DFT) before 

calculating the vibrational intensities corresponding to their unique peaks in the 

IR spectrum. Geometry optimizations were conducted with the PBE0 hybrid 

functional under a tight convergence criterion (tightSCF) using Orca version 
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5.0.4. The optimized CH chain represents the all-trans configuration, while the 

optimized C18F adopts the helical configuration (Figure 33). 

After reaching the global minimum, the vibrational modes were determined 

using numerical Hessian calculations. To align with experimental IRRAS data, 

discrete IR peaks from DFT were integrated with Gaussian broadening with a 

bandwidth of 20 cm-1. The unique peaks at 3144 cm-1 for CH (indicated by the 

red arrow) and at 1227 cm-1 for CF (indicated by the yellow arrow) were chosen 

for calculating the surface densities of CH and CF. 

4.3 Results and discussion 

XRD analysis performed on UiO-66-NH2 and UiO-66-NH-C18 SURMOFs 

indicated high film quality. The XRD peak positions and intensities align with 

simulations (Figure 34 (a)) based on the previously reported UiO-66-NH2 bulk 

structure [171]. The samples retained their crystallinity after PSM, however the 

signal-to-noise (S/N) ratio decreased. This decrease could be related to the 

reaction conditions, particularly the acidic environment at a slightly elevated 

temperature (45°C) for an extended period (24 h). 

Successful grafting of alkyl chains to the SURMOF surface was confirmed 

using FT-IR spectroscopy. The IRRAS data of C18@SURMOF (Figure 34 (b)) 

clearly revealed symmetric (2920 cm-1) and asymmetric (2850 cm–1) stretching 

vibrations of alkyl -CH2- groups, which were missing in pristine UiO-66-NH2 

SURMOF.  
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Figure 34 – (a) XRD patterns and (b) IRRAS data for the pristine SURMOF UiO-66-NH2 and 

the modified UiO-66-NH-C18. 

 

The surface selection rule in IR spectroscopy is well-known for determining 

the chemical composition of films and the orientation of molecules near metal 

surfaces, such as the tilt of alkane chains relative to the surface [158]. IRRAS was 

also used to compare the IR spectra of C18 SAM (SAM@Au) and 

C18@SURMOF. Notably, the asymmetric and symmetric methylene peaks of 

C18@SURMOF are shifted by 5 cm⁻¹ compared to those of SAM@Au (Figure 

35), indicating the presence of a substantial amount of gauche-conformations in 

the SAM-forming monomers [172-174]. This shift confirms the disorder of C18 

chains in the modified SURMOF. Thus, the IRRAS technique strongly supports 

the proposed entropy effect discussed in this study. 
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Figure 35 – The IRRAS results demonstrate the shift in the CH-region of self-assembled 

monolayers (SAM@Au) and C18@SURMOF. The spectrum shows a noticeable shift in the 

CH stretching vibration for both samples, confirm the disorder of the C18 on the surface of 

C18@SURMOF. 

 

As evident from Figure 36 (a), the static water contact angle for the pristine 

SURMOF is quite small, less than 11°, which is similar to that of metal 

oxides [175]. Drastic changes in wetting properties are observed after grafting 

C18 alkyl chains to the crystalline array of anchoring sites on the outer surface of 

the porous SURMOF substrate. As shown in Figure 36 (c), the surface becomes 

superhydrophobic, with a static WCA exceeding 160°. Notably, when fluorinated 

hydrocarbon chains were used in place of standard ones, the WCA values 

unexpectedly decreased from 161° to 101°, as shown in Figure 36 (b). This 

outcome is remarkably different from that of conventional alkanethiolate-based 

SAMs, where fluorination enhances hydrophobicity [176]. 
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Figure 36 – Static water contact angle, snapshots taken from equilibrated MD-simulations for 

water droplets and enlarged structure of UiO-66-NH2.Top: Static water contact angle of (a) 

pristine UiO-66-NH2 SURMOF, (b) SURMOF grafted with perfluorinated chains, UiO-66-

NH-CF and (c) SURMOF grafted with C18 hydrocarbon chains from the experiment and the 

simulation. Center: Snapshots taken from equilibrated MD-simulations for water droplets on 

pristine (a) UiO-66-NH2 SURMOF, (b) SURMOF grafted with perfluorinated hydrocarbon 

chains, and (c) SURMOF grafted with C18 hydrocarbon chains. Bottom: Enlarged structure 

of UiO-66-NH2 (C48H34N6O32Zr6) SURMOF, formed by linking Zr-clusters (Zr6O4(OH)4) 

with organic linkers BDC-NH2 (C8H7NO4). Explicit hydrogen atoms are omitted for clarity. 

 

The roughness (arithmetic average, Ra) of C18@SURMOF, measured by 

AFM, is approximately 30 nm (Figure 37 (a) and Figure 27). The WCA value is 

around 154°, indicating the superhydrophobic character of these substrates. To 

fully characterize surface wetting, the contact angle hysteresis (difference 

between advancing and receding contact angles) was measured for 

C18@SURMOF substrates. Significant hysteresis was oserved, with advancing 
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angles around 163° and receding at 151°. Notably, a sample with higher Ra 

roughness (62.4 nm compared to 31.4 nm) showed hysteresis below 5°, 

suggesting a notable decrease in water adhesion strength with increasing 

roughness (Figure 37 (b), (c)) [177], [178]. 

 

Figure 37 – (a) AFM images comparing the surface roughness of two different SURMOF 

surfaces. (b) Sequential images showing static and receding water contact angles on 

C18@SURMOF with arithmetic average roughness (Ra) of 31.4 nm. (c) Sequential images 

showing receding contact angle and sliding angle on C18@SURMOF with Ra of 62.4 nm. (d) 

Adhesion force measurement of the water droplet on adhesive and non-adhesive 

superhydrophobic surfaces. (e) High-speed images depict the bouncing behavior of a water 

droplet dropped on the non-adhesive superhydrophobic SURMOF surface. (b)-(e)results were 

obtained by Dr. U. Manna and Dr. A. Borbora (IITG) 

 

An independent confirmation of roughness-induced reduction in adhesion 

strength of water droplets (volume = 5 μL; (Figure 37 (d)) was provided using a 

force-tensiometer-based system equipped with a micro-electromechanical 

balance [179]. When the sample with higher roughness (62 nm) was tested, a 
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decrease in adhesion from 106.3 ± 5.4 μN to 16.4 ± 4.2 μN was observed. 

Moreover, the sample surface demonstrated extremely low sliding angle 

(θSA = 1°, Figure 37 (c)), ensuring effortless and lossless rolling of water droplets. 

Furthermore, the dynamics of water droplets impinging on the SURMOF surface 

showed almost complete bouncing back (Figure 37 (e)). These results 

demonstrate the presence of a superhydrophobic, non-sticky surface. Notably, 

such non-adhesive superhydrophobicity usually indicates the presence of high-

roughness (> 100 nm, Table 3) substrates with micro- or nanostructures, where 

air pockets form between the rough surface and liquid, creating the Cassie-Baxter 

state [180-183]. 

 

Table 3 – WCA comparisons for hydrophobic thin films. WCA colored in red correspond to 

mediocrehydrophobicity and the rest corresponds to superhydrophobicity [184-194] 

No. Fabrication approach Chemistry Topography Roughness (Ra/Rq) WCA 

(o) 

Ref. 

> 100 nm < 100 nm 

1 Dip coating of 

PDMS@MOF@Cu mesh 

Hydrocarbon Micro-

/nanohierarchical 

8.94 µm  151.8 [184] 

2 Octadecylamine (ODA) 

modification in 

electrodeposited MOF (Zn-

BTC)-film 

Hydrocarbon Micro-

/nanohierarchical 

~ 3 µm  153 [185] 

3 Soot-templated fluorosilica 

protected with silicon 

microarmor prepared using 

photolithography 

Fluorocarbon Nano-structures 

within 

microstructure 

armor 

Micro-

roughness 

 > 170 [186] 

4 Zn-MOF film, subsequent 

fluoroalkylsilane coating 

Fluorocarbon Micro-

/nanohierarchical 

857 nm  155 [187] 

5 Polymer multilayers coating Hydrocarbon Micro-

/nanohierarchical 

~ 275 nm  138.0 

± 1.9 

[188] 

6 Polymer & SiO2 nanoparticle 

crosslinked films 

Hydrocarbon Nanohierarchical ~ 175 nm  > 160 [189] 

 ~ 113 nm  ~ 148 

7 Octyltrichlorosilane (OTS) 

SAM 

Hydrocarbon i) Micrometer-

sized spikes of 

Micro-

roughness 

 > 160 [190] 
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black silicon 

(bSi) 

ii) Nanostructur

ed SiO2 surface 

 0.21 nm 109 

8 Spin coating of silica particle 

with epoxy resin 

Fluorocarbon Nanohierarchical  96.5 nm 162 ± 

3 

[191] 

9 Boehmite and aluminum 

acetylacetonate film with 

fluoroalkylsilane coating 

Fluorocarbon Nanohierarchical  93 nm 152.5 

± 1.6 

[192] 

10 Solidification-induced phase 

separation ofpolysiloxane 

(PSO)/poly(dimethylsiloxane) 

(PDMS) 

Hydrocarbon Nanoporous  87.7 nm 155 [193] 

11 Alkylsilane functionalized 

MOF (UiO-66-OH) films 

Hydrocarbon Nanohierarchical  73.9 nm ~ 112 [194] 

12 Alkyl-modified SURMOF 

(UiO-66-NH2) films 

Hydrocarbon Nanohierarchical  31.4 nm 154.2 This 

work 
  62.4 nm 155.3 

 ~ 1 µm  164 

   ~ 

166.7 

 

The WCA values observed for C18@SURMOF samples are significantly 

higher than those found on other hydrocarbon-terminated surfaces, such as 

polyethylene (96°) [195], self-assembled monolayers on Au-substrates (Au-

SAMs) made from alkanethiols (109°–112°) [196], alkylsilanes (80°–

120°) [197], and polysiloxanes (107°) [198], which are commonly used to 

achieve hydrophilic and hydrophobic surfaces [199-201]. Despite the higher 

roughness of the present samples (30 nm) compared to other systems (sub-10 

nm), the WCA values are larger than any other substrate with low roughness 

(below 100 nm) reported in the literature. This strongly suggests an unusual 

mechanism yielding superhydrophobicity. 

This conclusion is supported by comparisons with two similar, recently 

studied similar substrates. First, an alkylsilane-modified MOF thin film with a 
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roughness of 73.9 nm exhibited only moderate hydrophobicity, with a WCA of 

112° [194]. Second, superhydrophobic films made from MOF powder with 

signifiantly higher roughness, in the micrometer range, achived WCA values of 

156° [202]. Whilethis is comparable to the 154.7° observed for our low-

roughness films, it is notably lower than the 165°, which was observed in our 

rough (1 micrometer roughness) C18@SURMOF substrate. 

Additionally, the WCA values of C18@SURMOF thin films exceeded those 

of fluoroalkylsilane-coated boehmite transparent thin films, which have 

roughness (Ra) of approximately 100 nm and reported WCAs of 150° [192]. 

The findings consistently suggest an unusual microscopic origin of 

superhydrophobicity observed for the C18@SURMOF substrates. A key 

difference from conventional SAM/Au systems is the spacing of the hydrocarbon 

chain anchoring sites. As indicated schematically in Scheme 13, for SAMs on 

Au(111), this spacing is approximately 0.4 nm [172], resulting in tight packing 

that forces the chains into an all-trans conformation. In contrast, the SURMOF 

outer surfaces have nearly double the chain spacing, which provides greater 

flexibility for the individual hydrocarbon chains. This suggests that the 

unexpected superhydrophobicity observed is likely due to entropic effects rather 

than static energy, a hypothesis supported by MD simulations. 

To verify the hypothesis that entropic effects are responsible for the super-

hydrophobicity observed, we conducted a comprehensive series of MD 

simulations, following previously established protocols [158, 168, 203]. For the 

SURMOF-based system, the simulations involved anchoring C18 hydrocarbons 

to the grid points defined by the NH2 groups exposed on the [001] surface of the 

SURMOF. Wetting simulations were then carried out by placing a water droplet 

on various substrates. For the C18@SURMOF substrate, the theoretical results 

showed strong hydrophobic interactions with WCA values of 165°, fully aligning 

with the experimental findings. 
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To validate our theoretical approach, a number of additional MD simulations 

were performed for reference systems. For alkanethiolate-based SAMs on 

Au(111), we obtained a contact angle of 108°, consistent with previously reported 

experimental and theoretical values [172]. For the pristine, bare SURMOF, a low 

WCA angle of 16° was observed in the simulations, in line with the expected 

behavior for a metal oxide cluster-terminated surface (Figure 36 (a)). In this case, 

snapshots of the wetting simulations showed that parts of the water droplet 

actually penetrate into the UiO-66-NH2 SURMOF, whereas for C18@SURMOF 

the droplet was repelled from the surface, maintaining its spherical shape (Figure 

38). 

 

Figure 38 – Snapshot of conformations of the water droplets on the grafted SURMOF with 

(a) perfluorinated hydrocarbons and (b) C18 hydrocarbons. The dashed region corresponding 

to the wetting on perfluorinated hydrocarbons exhibits pin-and-plug patterns, mixing with CF 

chains, whereas in the case of CH chains, the water droplet maintains its spherical shape. 

 

After confirming that the simulations accurately reproduce the experimental 

findings, we turned our attention to understanding the microscopic origins of this 

unusual hydrophobicity. A detailed analysis confirmed earlier findings for 

SAM@Au case, showing that the lowest energy state features alkyl chains rigidly 

packed into an array of all-trans chains tilted by 30°, with a low density of gauche 

conformations. Interestingly, in such SAMs on Au, an order-disorder transition 

occurs in the outermost segments at elevated temperatures above 80 °C [204]. 

This pre-melting can be described by the introduction of gauche defects at the 

ends of the chains. 
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In pronounced contrast, for the case of C18@SURMOF, the simulations 

reveal that the hydrocarbon chains adopt a coiled structure with an increased 

density of gauche defects, reaching 2.89 per hydrocarbon chain. This value is 

nearly as high as in the high entropy state of free C18 hydrocarbon tangles 

solvated in a poor solvent like ethanol [204]. Due to the repulsive interaction with 

the water droplet, these grafted C18 "brushes" become distorted, forming 

dimples. This structural deformation upon contact with water leads the 

hydrocarbon chains to adopt a more stretched configuration, incurring an entropy 

penalty. In this process, the coil-like hydrocarbon chains sacrifice their flexibility 

to accommodate the water droplet. Such dimples were not observed in the 

SAM@Au films, as the hydrocarbon chains there are already fully stretched and 

tightly packed before water droplet deposition. 

Therefore, we concluded that entropy contributions are responsible for the 

significant difference in wetting behavior between the spaced-out hydrocarbon 

chain arrays on SURMOF substrates and the rigidly packed arrays on SAMs on 

Au. This conclusion is supported by the observation that fluorination reduces the 

large WCA angles. In the case of C18F@SURMOF, the energy cost of forming 

gauche defects in perfluorinated chains is high, preventing the coiling necessary 

for the superhydrophobicity seen in C18@SURMOF. 

Entropic penalties associated with the stretching of hydrocarbon chains have 

been previously discussed for polymer brushes in non-aqueous environments 

[205-207]. Notably, Dimitrov et al. observed dimple formation when chains in a 

high entropy state interacted with a poor solvent The protrusions seen here with 

water (a poor solvent) align well with their findings. The significant role of 

entropy in the wetting of similar systems, such as large polymer brushes, was also 

highlighted by Mensink et al. [154]. Although their simulations involved 

significantly more segments (~1000) compared to ours (18), the key conclusions 

from their study are applicable to our system as well. As illustrated in Figure 29 

and Figure 30, despite being a poor solvent, water partially penetrates the arrayed 
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hydrocarbons, thereby limiting the conformational space available to the polymer 

chains. 

To enable a quantitative comparison, we calculated the conformational 

entropy for SAM@Au, C18@SURMOFs, and C18F@SURMOFs applying the 

formula S=-Σipi
ln p

i
, where p

i
 corresponds to the occurrence frequencies of 

conformers in Ramachandran plots (Figure 31). The entropies were found to be 

S= 5.3𝑘𝑏, 6.47𝑘𝑏, and 6.97𝑘𝑏 for the SAM, C18F@SURMOF, and 

C18@SURMOF, respectively. The highest conformational entropy was observed 

for C18F@SURMOF films, consistent with the fact that the interaction with the 

“poor solvent” water leads to the largest water contact angles In the case of 

C18F@SURMOF, forming gauche defects in CF chains incurs a significantly 

higher energy penalty than in CH chains, aligning most CF groups into a trans 

conformation. Consequently, the entropic influence is much smaller, as shown in 

Figure 38 and Figure 31. The lower density of gauche defects also results in an 

increased adlayer thickness (+ 0.4 nm) for the perfluorinated case (Figure 36 and 

Figure 29). Unlike the Cassie-Baxter wetting state, water molecules can penetrate 

between CF chains to reach the underlying SURMOF, resulting in wetting in the 

Wenzel state [208]. Here, water forms pin-like structures that plug into CF bushes 

(Figure 38), consistent with previous reports on a planar substrate [168]. As a 

result, the less flexible CF chains, with lower intrinsic entropy, mix better with 

water, leading to a contact angle reduction to around 120° on the fluorinated SAM 

on the SURMOF surface. 

In addition to the described experiments, superhydrophobic UiO-66-NH-C18 

was also synthesized on highly porous α-alumina substrates to explore its 

potential application in water treatment, particularly for cleaning water from oils. 

This preparation aimed to assess the robustness and effectiveness of the 

superhydrophobic films on a porous support. XRD analysis (Figure 39 (a)) 

indicated that there were no changes in crystallinity during the PSM from UiO-

66-NH2 SURMOF to UiO-66-NH-C18 SURMOF, suggesting that the structural 
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integrity of the MOF was maintained throughout the modification process. WCA 

measurements (Figure 39 (b)) demonstrated a significant transformation, with the 

surface of the membrane transitioning from superhydrophilic to 

superhydrophobic. This marked change in wettability is crucial for the intended 

application, as it indicates that the modified membrane can effectively repel water 

while potentially allowing for the separation and removal of oil contaminants, 

showcasing its promise for future water treatment technologies. 

 

Figure 39 – (a) XRD patterns and (b) WCA data for the pristine SURMOF UiO-66-NH2 and 

the modified UiO-66-NH-C18 on α-alumina substrate. 

 

In summary, MD simulations demonstrate the hydrophilic, hydrophobic 

characteristics of pristine SURMOF, C18F@SURMOF, and C18@SURMOF, 

respectively. The non-adhesive superhydrophobic behavior of C18@SURMOF 

arises from the high intrinsic entropy of the C18 hydrocarbon chains grafted at 

distances defined by the MOF lattice. Long-term experiments showed that this 

      

     

    

      

      

  
  
 
  
  
 



113 

non-adhesive superhydrophobicity remained stable on a low-roughness interface, 

with no significant changes in contact angle observed even after 90 days. 

4.4 Conclusion 

This study reports the successful fabrication of low-roughness 

superhydrophobic substrates by grafting C18 hydrocarbon chains onto UiO-66-

NH2 MOF thin films. The original SURMOFs, which exhibited strong wetting 

(contact angles under 11°), transformed into superhydrophobic surfaces after 

post-functionalization, displaying water contact angles exceeding 150°. The 

current approach allowed to combine superhydrophobicity with low water 

adhesion forces while maintaining nanometer roughness. Molecular dynamics 

simulations revealed that the high entropy state of the coiled C18 hydrocarbons 

is the primary factor behind this remarkable water repellency. This entropic effect 

is absent in UiO-66-NH2 substrates functionalized with less flexible fluorinated 

compounds, resulting in significantly lower water contact angles of 123° [176]. 

Additionally, the study found that adjusting the roughness of the SURMOFs 

could control water adhesion strength. Low roughness levels (31.4 nm) led to 

higher adhesion strengths, evidenced by significant differences between 

advancing and receding contact angles and in the water adhesion forces 

(16.4 ± 4.2 μN vs 106.3 ± 5.4 μN). Conversely, increasing roughness within the 

nanometric range significantly reduced contact angle hysteresis and decreased 

adhesion strength by nearly an order of magnitude. 

Given the variety of surface structuring techniques available for SURMOFs, 

such as photo- and e-beam lithography, these newly functionalized surfaces are 

well-positioned to  significantly influence the development of 

hydrophilic/hydrophobic nano- or micro-structured surfaces [209]. Moreover, the 

emergence of superhydrophobic substrates with low adhesion strength suggests 

numerous potential applications, particularly in the fabrication of self-cleaning 

surfaces [157, 210].  
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5 Chapter V. Optimized Detection of Volatile Organic Compounds Utilizing 

Durable and Selective Arrays of Tailored UiO-66‑X SURMOF Sensors 

5.1 Introduction 

Porous materials have emerged as highly effective for the development of 

sensors targeting volatile organic compounds (VOCs). The adsorption of gas-

phase molecules by these materials can be monitored using a variety of 

techniques, including gravimetric, optical, and electrical methods [211-214]. 

Among these porous materials, MOFs stand out due to their exceptional surface 

areas, significant pore sizes and volumes, and versatile structural properties [66, 

215, 216]. These attributes, coupled with their relatively straightforward 

theoretical modeling, make MOFs attractive for numerous applications, notably 

in sensing. 

For sensor applications, the use of monolithic MOF thin films with well-

defined structures is particularly advantageous. Surface-anchored MOFs 

produced via layer-by-layer (LbL) techniques offer notable benefits [63, 217]. 

Prior research has demonstrated the efficacy of single compound MOF films and 

MOF arrays in detecting and distinguishing pure single-component gases, vapors, 

and liquids [218-220]. Nonetheless, the reliable detection of complex 

multicomponent gas mixtures remains a challenge. 

Electronic nose (E-Nose) systems, which utilize sensor arrays made from 

various MOF types, have shown promise in this area. These arrays' 

multidimensional responses can be analyzed using machine learning (ML) 

methods such as principal component analysis, linear discriminant analysis 

(LDA), and k-nearest neighbor (k-NN) [221]. E-Nose sensors are molecular 

systems capable of distinguishing several similar molecules, including 

enantiomers [195-197]. 

This chapter explores the use of gravimetric E-Nose sensors based on QCM 

arrays to differentiate various VOCs. The QCM not only serves as a sensor 
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readout but also plays a role in monitoring and optimizing the synthesis of UiO-

66-NH2 SURMOF within a Teflon liquid cell equipped with a pump system at 

elevated temperatures [100]. Machine learning techniques are then applied to 

interpret the multidimensional sensor responses and quantify the relative 

concentrations of different VOCs. 

Previous studies on QCM-based sensor arrays using various MOFs have 

achieved notable results in detecting odor molecules, essential oils, and VOCs 

[222-226]. However, real-world applications often encounter issues related to 

MOF instability under humid conditions [227-231]. For instance, MOFs like 

HKUST-1 exhibit changes in morphology and framework integrity when exposed 

to moisture [232], which can detrimentally affect their performance in 

applications such as CO2 gas separation. 

UiO-66-NH2 MOFs are particularly well-suited for these applications due to 

their remarkable chemical, thermal, and architectural stability, attributed to robust 

Zr−O bonds. Traditional MOF forms, such as powders, are not ideal for 

fabricating gravimetric sensors and other application fields [63]. Our research 

group has pioneered the deposition of structurally well-defined UiO-66-NH2 

SURMOFs on various substrates, followed by stability assessments and their 

application in hydrogen separation [108, 117]. The primary amine group in UiO-

66-NH2 facilitates postsynthetic modification [233], allowing for conversion to 

functional groups like azide (N3) or chloride (Cl), thereby creating a wide array 

of multifunctional SURMOFs with high sensing performance for specific target 

gases or liquids. 

In this study, we synthesized three highly stable UiO-66-X (X = NH2, Cl, and 

N3) SURMOFs for E-Nose applications and employed them to distinguish eight 

VOCs in the gas phase. Utilizing three statistical models – LDA, k-NN, and 

neural network analysis (NNA) – we achieved discrimination accuracies 

exceeding 95% for concentrations between 50 and 100 ppm, with near-perfect 

accuracy at higher concentrations. 
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5.2 Experimental section 

All operations and control using the openQCM system were performed by 

Dr. S. Okur (KIT, IFG). 

5.2.1 Synthesis of UiO-66-NH2 via flow-cell using openQCM-D 

The UiO-66-NH2 SURMOF was grown on the functionalized gold-coated 

QCM sensor substrates using a LbL method. A commercial openQCM-D 

(Novatech, Italy) equipped with a Teflon liquid cell and DMF-stable Kalrez-type 

O-rings (DuPont, USA) served as the reactor. An integrated temperature sensor 

within the sensor module was used to monitor the temperature, while a homemade 

on/off heater installed beneath the sensor allowed for precise temperature control 

during operation. A peristaltic pump (Ismatec, Wertheim, Germany) facilitated 

the flow of solutions. 

Initially, 1 mL of metal ion solution was introduced into the liquid cell, 

allowing a one-hour reaction period with the functionalized surface. 

Subsequently, the cell was flushed with 5 mL of DMF to remove any unreacted 

metal ion clusters. Following this, the cell was filled with 1 mL of MOF linker 

solution, with a 45-minute interval for the linker molecules to interact with the 

remaining reacted Zr clusters on the surface, completing the reaction and 

functionalizing the surface. The SURMOF layer deposition cycle concluded with 

a final rinse of pure DMF to clear out any unreacted linker molecules (Scheme 

16). A total of 26 deposition cycles were performed to grow the SURMOFs. The 

entire synthesis process and data acquisition were managed by a MATLAB 

2021B software in combination with Python. 
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Scheme 16 – A schematic illustration of the working principle of the one-channel openQCM 

for SURMOF synthesis. Reprinted with permission from [234]. Copyright 2024 American 

Chemical Society  

 

5.2.2 Post-synthetic modification to UiO-66-N3 and UiO-66-Cl  

A Sandmayer reaction-type [235-237] two-step procedure was applied to 

refunctionalize the amino groups in UiO-66-NH2 SURMOF-coated QCM 

sensors, converting them into the corresponding azide (UiO-66-N3) or chloride 

(UiO-66-Cl) versions. Reactions parameters were optimized by Dr. P. Hodapp 

(KIT, IBG3−SML) and Prof. Dr. S. Bräse (KIT, IBCS−FMS & IOC). 

First Step: Diazonium Salt Formation.  

The diazonium salt-functionalized SURMOF was synthesized through the 

diazotization of a UiO-66-NH2 SURMOF-coated QCM crystal sensor. Initially, 

a solution of 500 mg of sodium nitrite (7.23 mmol) in 15 mL of deionized water 

was cooled to 0 °C, followed by the gradual addition of 3 mL of 6 M HCl. While 

maintaining a temperature of 0 °C and continuous slow stirring, the UiO-66-NH2 

SURMOF-coated QCM crystal was immersed in the solution for 15 minutes 

using a custom-machined PTFE holder. This holder ensured the SURMOF-

coated surface was exposed to the solution while keeping the QCM crystal steady 

and preventing mechanical damage to the SURMOF layer. After immersion, the 

SURMOF-coated QCM sensor was carefully rinsed with deionized water and 
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then placed in a beaker with deionized water for 1 minute. Following a second 

rinse with deionized water, the diazonium salt-functionalized SURMOF was 

immediately used for the subsequent reaction step without further treatment or 

drying. 

Second step: A. Modification to UiO-66-N3 

The diazonium-salt-functionalized SURMOF-coated QCM sensor was 

placed in a solution containing 1.30 g of sodium azide (20.0 mmol) in 20 mL of 

deionized water cooled to 0 °C, using PTFE holder, for 5 minutes under slow 

stirring. The ice bath was then removed, allowing the solution to gradually warm 

to room temperature. After two hours, the QCM sensor was taken out of the 

solution, rinsed with deionized water, immersed in a beaker of deionized water 

for 2 minutes, and then rinsed again. Excess water was carefully removed using 

a nitrogen gas stream, and the sensor was dried in an oven at 40 °C overnight. 

Second step: B. Modification to UiO-66-Cl 

The diazonium-salt-functionalized SURMOF-coated QCM sensor was placed 

in a suspension containing 1.98 g of copper(I) chloride (1 mol/L) in 20 mL of 

deionized water cooled to 0 °C, using PTFE holder, under slow stirring. The ice 

bath was removed, allowing the solution to gradually warm to room temperature. 

After two hours, the QCM sensor was taken out of the solution, rinsed with 

deionized water, immersed in a beaker of deionized water for 2 minutes, and then 

rinsed again. Excess water was carefully removed using a nitrogen gas stream, 

and the sensor was dried in an oven at 40 °C overnight. 

5.2.3 Gas Delivery System and VOC Measurements 

The Teflon liquid cells from the openQCM-D system, initially utilized for 

high-temperature SURMOF synthesis, were also utilized for VOC testing in 

gaseous environments. Figure 40 illustrates our custom-made four-channel 
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QCM-type E-Nose experimental setup for VOC measurements, featuring three 

functionalized UiO-66-X SURMOFs and a gas delivery setup.  

 

Figure 40 – QCM type E-Nose experimental setup for VOC measurements with three 

functionalized UiO-66-X SURMOFs (X: NH2, N3, and Cl). Reprinted with permission 

from [234]. Copyright 2024 American Chemical Society 

 

The test setup comprised four interconnected openQCM Teflon cells using 

Teflon tubes (1 mm diameter). Three of these units were allocated for the 

functional UiO-66-X sensors (X: NH2, N3, and Cl), while the fourth unit housed 

a bare QCM sensor with a gold surface, serving as a control channel. Two mass 

flow controllers were connected in parallel between the argon (Ar) source and the 

test cell. One controller purged the test cell with Ar to remove VOC residue and 

regulated the Ar flow during VOC concentration dilution. The other controller 

determined the flow rate passing through the liquid inside the VOC bubbler, 

transporting saturated VOC gas just above the surface into the test cell. The VOC 

concentration inside the test cell was calculated by multiplying the saturated 

concentration value with the ratio of the flow rates from these two mass flow 

readings. The saturated concentrations of each gas were determined using well-

established Antoine parameters [238] at room temperature (20 °C). Throughout 

the VOC test measurements, the temperature remained constant to minimize 

small temperature fluctuations. 
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To assess the QCM data, including SURMOF deposition and sensing, the 

Sauerbrey equation was employed. This equation enables the calculation of the 

mass change of the thin film during UiO-66-NH2 synthesis or the quantity of 

VOC gas absorbed by the SURMOF when exposed to the respective gases. 

Two sets of gas phase adsorption measurements were conducted for eight 

VOCs, including water vapor, ethanol, cyclohexane, 2-propanol, methanol, p-

xylene, toluene, n-hexane. The first measurement involved high concentrations 

of eight targeted VOC analytes at their respective saturated pressures, as detailed 

in Table 4. Each VOC gas was introduced into the gas test cell for 10 minutes for 

adsorption, followed by a 10-minute purge with inert Ar gas for desorption. These 

adsorption and desorption cycles were repeated four times to assess repeatability. 

For the second measurement, six different low VOC concentrations (10, 15, 25, 

50, 75, and 100 ppm) were utilized to determine the detection limit of the 

functional UiO-66-X SURMOF sensor films. In this instance, the gas injection 

time remained at 10 minutes for adsorption, but the Ar rinsing time was extended 

to 20 minutes for desorption to evaluate the sensor response time. 

 

Table 4 – Calculated concentrations under saturated pressures of eight VOCs used for gas 

adsorption measurements at room temperature (25 °C) 

VOCs Csat (ppm) 

Ethanol 68,776.3 

Water 23,531.6 

Cyclohexane 117,210.5 

2-propanol 50,684.2 

Methanol 150,328.9 

p-xylene 12,907.9 

Toluene 27,631.6 

n-hexane 182,381.6 
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5.2.4 Data analysis 

The entire setup control, data acquisition, and analysis of E-Nose data were 

managed using a MATLAB 2021B by Dr. S. Okur (KIT, IFG). Two standard 

supervised ML algorithms: LDA [239, 240] and k-NN [224, 241], as described 

in previous work [224, 240, 241], were utilized for classifying the sensing data in 

E-Nose discrimination analysis. Specifically, data points in the saturated region 

(highest response region) of the adsorption-desorption curves were utilized to 

enhance accuracy during data analysis. A 10-fold cross-validation procedure was 

implemented for the classification analysis, with 90% of the total observations 

allocated to the training set and the remaining 10% for testing discrimination 

accuracies. The results were presented as a confusion matrix to illustrate the 

discrimination analysis outcomes of LDA, k-NN, and NNA models. 

5.3 Results and discussion 

5.3.1 Synthesis of UiO-66-NH2 SURMOF Films with the Layer-by-Layer 

Method Using a High-Temperature QCM-D Liquid Cell. 

The synthesis parameters, including temperature, injection and exposure 

times, flow rates, metal ion/cluster concentration, organic linker, and rinsing 

solutions, have a direct impact on the growth kinetics of UiO-66-NH2 SURMOF 

films. The growth of these films on MUD SAMs was monitored using a QCM. 

Figure 41 illustrates the typical time-dependent synthesis kinetics of UiO-66-NH2 

SURMOF films employing the LBL method with a high-temperature QCM-D 

liquid cell at 100 °C. For this setup, a brief injection time of 7.5 seconds was 

utilized for both the solutions of Zr metal clusters and linker with continuous 

flow. Between cycles, a 2-minute DMF rinsing was conducted through the MUD-

coated QCM substrate inside the liquid cell to expedite SURMOF film formation. 

Typically, a mass upload of -2100 Hz (37 μg/cm2, equivalent to 57.5 μg with a 

1.54 cm2 Q-Sense QCM substrate surface area) of UiO-66-NH2 SURMOF was 
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achieved with 26 cycles. Throughout this synthesis, the temperature remained 

constant at 100 °C. An incrementally increasing upload was observed during 

synthesis with each additional LBL cycle. A linear fit yielded a synthesis upload 

speed of -19.2 Hz/min, totaling -2100 Hz over 26 cycles. 

 

Figure 41 – Typical temperature and time-dependent synthesis kinetics of UiO-66-NH2 

SURMOF films with the LBL method using a high-temperature QCM-D liquid cell. 

Reprinted with permission from [234]. Copyright 2024 American Chemical Society 

 

Figure 42 illustrates the structural analysis. In Figure 42 (a), the XRD pattern 

of the functional UiO-66-X after post-modification shows the exchange of 

functional groups among NH2, N3, and Cl. The XRD peak positions at 7.4° 

(representing (111)) and at 8.5° (representing (200)) are in complete agreement 

with the simulations of the previously reported UiO-66-NH2 bulk structure [100, 

117, 123]. SEM imaging was performed to examine the topography of the 

synthesized sensors. Figure 42 (b) presents SEM images of the top surface, while 

Figure 42 (c) provides a cross-sectional view for the structural analysis of UiO-

66-NH2 SURMOF films. The SEM surface topography reveals smooth crystalline 

UiO-66-NH2 SURMOF films covering the entire QCM surface, with thicknesses 

approximately between 300 and 500 nm. 
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Figure 42 – The structural analysis: (a) XRD pattern, (b) SEM surface topography, and (c) 

SEM cross section of the functional UiO-66-X after post-modification process. Reprinted 

with permission from [234]. Copyright 2024 American Chemical Society 

 

To verify the effectiveness of the modification process the modified 

SURMOFs were subjected to a comprehensive characterization utilizing IRRAS. 

The results clearly confirm the success of the modifications (Figure 43). 
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Figure 43 – IRRAS data of UIO-66-NH2, UIO-66-N3 and UIO-66-Cl. Reprinted with 

permission from [234]. Copyright 2024 American Chemical Society 

 

5.3.2 Stability test 

To assess the stability of our sensors, the modified system was analyzed before 

and after exposure to saturated hot water vapor under controlled conditions of 

90 °C for 120 minutes (Figure 44 (a) and (b)). The results indicate that the system 

maintains high stability. Although minor changes were observed after exposure, 

this is attributed to hot water molecules diffusing through the empty pores during 

prolonged exposure, which are not easily recoverable in a short time. To fully 

recover the water molecules, the films need to be heated above 100 °C and 

annealed for a sufficient duration in a nitrogen environment. 
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Figure 44 – Ethanol uptake results (a) before and (b) after saturated hot water vapor at 

relative humidity conditions at 90 °C. XRD results of UiO-66-X (c) before and (d) after a 

high-humidity test (100% RH at 90 °C). Reprinted with permission from [234]. Copyright 

2024 American Chemical Society 

 

The mass uptake decreases as the temperature rises due to a lower 

concentration of water molecules within the cell. This occurs because the relative 

humidity inside the cell is proportionally linked to the water molecule 

concentration, which, according to the general gas law, is inversely related to the 

environmental temperature when pressure and volume remain constant. QCM 

sensor adsorption tests demonstrate consistent cycles even at elevated 

temperatures up to 90 °C and under high-humidity conditions up to 100% relative 

humidity. XRD results before and after high humidity tests (Figure 44 (c),(d)) 
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show that the functionalized UiO-66-X sensors maintain structural stability at 

high humidity levels. Figure 45 ((a)-(c)) presents uptake results for saturated hot 

water vapor for UiO-66-X. Additionally, SURMOF retains its crystallinity after 

exposure to 100% relative humidity at various temperatures as well as HCl/water 

vapor at 25 oC (Figure 45 (d)). 

 

Figure 45 – Uptake results at saturated hot water vapor at relative humidity conditions 

between 25 and 90 ℃ for (a) UiO-66-NH2, (b) UiO-66-Cl, (c) UiO-66-N3. XRD results of (d) 

UiO-66-NH2@QCM sensor after high humidity/HCl test. Reprinted with permission from 

[234]. Copyright 2024 American Chemical Society 

 

5.3.3 Adsorption Measurements under Saturated VOC Concentrations 

Eight VOCs were tested at both high and low concentrations. The initial 

adsorption measurement was conducted at high concentrations under their 

saturated pressures (Table 4). Each VOC was injected into the gas test cell for 

10 min for adsorption, followed by a 10 min flush with inert argon gas for 
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desorption. This adsorption-desorption cycle was repeated four times to assess 

repeatability. The second measurement aimed to determine the limit of detection 

(LOD) [242] for the functional UiO-66-X SURMOF sensor films at low 

concentrations (10, 15, 25, 50, 75, and 100 ppm). The gas injection time for 

adsorption was maintained at 10 min for quick testing suitable for practical 

applications, while the desorption phase involved a 20 min argon rinse. 

Figure 46 illustrates the negative QCM frequency changes due to mass uptake 

on the three functional UiO-66-X SURMOF sensors when exposed to the eight 

VOCs: X = NH2 (Figure 46 (a)), X = Cl (Figure 46 (b)), and X = N3 (Figure 

46 (c)). Each analyte underwent four cycles with 10 min adsorption and 10 min 

desorption phases. The UiO-66-X sensors exhibited a response time of less than 

1 min, and the radar plot in Figure 46 (d) shows the maximum sensor responses 

to each VOC gas. 

 

Figure 46 – Negative QCM frequency changes observed due to mass uploads on three 

functional UiO-66-X SURMOF sensors with X = NH2 (a), X = Cl (b), and X = N3 (c) when 

exposed to VOCs. The radar plot (d) illustrates the maximum sensor responses against each 

VOC gas. Reprinted with permission from [234]. Copyright 2024 American Chemical Society 
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The adsorption tests conducted at high concentrations revealed that the sensors 

had response times of less than 1 min, reaching saturation rapidly and returning 

to their initial background values within 10 min. The NH2-functionalized UiO-

66-X sensor exhibited responses more than twice as high as those of the N3- and 

Cl-functionalized sensors. Among the Cl-functionalized sensors, slightly higher 

responses were observed compared to the N3-functionalized sensor. All three 

sensors showed their strongest responses to water and methanol, while they 

exhibited lower responses to toluene. 

5.3.4 Adsorption Measurements under Low Concentrations (10−100 ppm) 

The second set of measurements involved testing the functional UiO-66-X 

SURMOF sensor films at six low concentrations (10, 15, 25, 50, 75, and 100 

ppm) to determine their lowest sensing limit. Gas injection for adsorption was 

again set at 10 min, while the desorption phase involved an extended 20 min rinse 

with argon to evaluate sensor response times. Figure 47 depicts the QCM 

responses of three functional UiO-66-X variants (X = NH2, X = Cl, and X = N3) 

to p-xylene (Figure 47 (a)−(c)), water (Figure 47 (d)−(f)), toluene (Figure 

47 (g)−(I)), ethanol (Figure 47 (i)−(k)), 2-propanol (Figure 47 (l)−(n)), n-hexane 

(Figure 47 (o)−(r)), and cyclohexane (Figure 47 (v)−(z)) at concentrations 

ranging from 10 to 100 ppm. 

 
UiO-66-NH2 UiO-66-Cl UiO-66-N3 

Xylene 

   
 
 

(a) (b) (c) 
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UiO-66-NH2 UiO-66-Cl UiO-66-N3 

Cyclohexane 

   
Methanol 

   
Figure 47 – QCM responses of three functional UiO-66-X with X=NH2, X=Cl, and X=N3, 

against p-xylene (a-c), water (d-f), toluene (g-i), ethanol (j-l), 2-propanol (m-o), n-hexane (p-

r), cyclohexane (s-u), and methanol (v-x) at different low concentrations between 10 and 100 

ppm. Reprinted with permission from [234]. Copyright 2024 American Chemical Society 

 

The sensitivities of each UiO-66-X sensor are represented by the slopes of the 

plots depicting QCM frequency changes versus concentration for each sensor's 

response (Table 5). The slopes varied for each sensor depending on the gas 

molecules tested and the specific concentrations and functional groups present in 

the SURMOF material.  

 

Table 5 – The sensor names, the calculated sensitivity (a), and limit of detections (b) of 

individual sensors 

 

a) 

Sensitivity in Hz/ppm 

2-

proponol 

Cyclohex

ane 

Ethanol n-

Hexane 

Methanol Toluene Water p-Xylene 

S

1 

UiO-66-

NH2 

0.0028 0.0024 0.0055 0.0007 0.0025 0.0036 0.0169 0.0108 

S

2 

UiO-66-

Cl 

0.0021 0.0011 0.0023 0.0004 0.0011 0.0026 0.0067 0.0060 

(p) (t) (u) 

(v) (w) (x) 
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S

3 

UiO-66-

N3 

0.0020 0.0013 0.0019 0.0006 0.0012 0.0031 0.0076 0.0090 

 

b) 

Limit of Detection (LOD) in ppm 

2-

proponol 

Cyclohex

ane 

Ethanol n-

Hexane 

Methanol Toluene Water p-Xylene 

S

1 

UiO-66-

NH2 96.0 79.5 105.4 439.3 66.1 131.7 19.0 58.3 

S

2 

UiO-66-

Cl 79.1 115.7 50.7 331.1 287.3 47.3 24.0 25.0 

S

3 

UiO-66-

N3 190.8 148.5 191.1 715.7 200.4 82.5 35.5 44.4 

 

The sensitivities of the UiO-66-NH2 sensor to 2-propanol, cyclohexane, 

ethanol, n-hexane, methanol, toluene, water, and p-xylene were 0.0028, 0.0024, 

0.0055, 0.0007, 0.0025, 0.0036, 0.0169, and 0.0108 Hz/ppm, respectively. Water 

showed the highest sensitivity at 0.0169 Hz/ppm among all functional UiO-66-X 

sensors (Table 5 (a)). UiO-66-NH2 exhibited greater sensitivity compared to other 

functionalized sensors. The second highest sensitivity was observed for p-xylene 

(0.0108 Hz/ppm). Sensitivities ranged from 0.0004 to 0.0067 Hz/ppm for UiO-

66-Cl sensors and from 0.0006 to 0.0090 Hz/ppm for UiO-66-N3 sensors. The 

lowest sensitivity was found for n-hexane (0.0004 Hz/ppm), followed by 

cyclohexane (0.0011 Hz/ppm) among the UiO-66-Cl sensors. The same UiO-66-

X sensor exhibited varying sensitivities depending on the analyte due to different 

affinities stemming from diverse functional groups. This variability is crucial for 

distinguishing analytes using machine learning methods such as LDA, k-NN, and 

NNA. 

The LOD for each sensor (Table 5 b) were calculated as three times the 

standard deviation divided by the sensitivity. The standard deviations of the 

signals were determined from the baseline values before exposure to analytes 

began. The average standard deviations were 0.23 Hz for the UiO-66-NH2 sensor, 

0.10 Hz for the UiO-66-Cl sensor, and 0.28 Hz for the UiO-66-N3 sensor. The 

UiO-66-Cl sensor achieved the lowest LOD primarily due to its minimal standard 

deviation. Detection limits varied depending on the type of analyte and were 

generally around 50 ppm for most VOCs. The LOD values obtained with these 
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sensors are comparable to those reported for alcohol vapors in Table 6. As 

mentioned earlier, the mass sensitivity constant C is determined by the 

fundamental resonance frequency f0 and the material properties of the quartz 

crystal. Therefore, LOD not only relies on the affinity of the functional groups in 

UiO-66-X films but also on the resonance frequency of the underlying QCM 

oscillator sensors [150, 151]. Thinner QCM oscillator sensors with higher 

resonance frequencies can potentially lower the LOD to below the ppm level for 

lower concentrations. 

 

Table 6 – Comparison of LOD of the present sensor with some published sensors for alcohol 

vapors 

Type Analytes LOD Ref. 

SURMOF-QCM UiO-66-X E-

Nose 

MeOH 

EtOH 

66-287 ppm 

50-191 ppm 

This work 

SURMOF inverse opal film MeOH 

EtOH 

1-PrOH 

1-BuOH 

10~60 ppm [243] 

Magnetic nanoemulsion MeOH 100 ppm [244] 

MOF crystal MeOH NA [245] 

Cellulose photonic crystal EtOH 

PrOH 

BuOH 

250 ppm [246] 

Porous silicon fiber PrOH 160 ppm [247] 

QCM HKUST-1 MeOH 

EtOH 

158.0 ppm 

140.6 ppm 

[248] 

 

5.3.5 E-Nose Discrimination Analysis 

The response patterns of functionalized UiO-66-X sensors vary for each VOC, 

making them distinctive identifiers for different gases suitable for electronic nose 
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(E-Nose) applications. Discrimination analysis employed three models: LDA 

[224, 241], which maximizes the ratio of variances between classes and within 

classes; k-NN [225], utilizing a k = 10 nearest neighbor approach where an 

unknown data point is classified based on its proximity to its 10 nearest 

neighbors; and NNA [249-252], employing a single hidden layer neural network 

with 25 nodes, lambda zero, rectified linear unit (ReLU) activation function, and 

standardized data. E-Nose discrimination analysis was conducted using both 

adsorption data under VOCs' saturated vapor pressures and at six low 

concentrations ranging from 10 to 100 ppm. 

Data extracted from the saturated region of the adsorption/desorption curves 

(Figure 48) were utilized for discriminating VOCs in the analysis. A 10-fold 

cross-validation method was applied for classification, involving 4638 individual 

observations. Typically, 10% of these observations were reserved for testing, 

leaving 4175 for the training set and 463 for comparing discrimination accuracies 

achieved by LDA, k-NN, and NNA models separately. 

Figure 48 (a) presents a two-dimensional discriminant plot from LDA 

analysis, showing a 95% confidence ellipse for eight VOCs, including water, at 

their saturated vapor pressure concentrations. The LDA model achieved a 

discrimination of 96.3% in the first component and 3.1% in the second 

component. Confusion matrix results for the LDA model with 100% test 

discrimination accuracy are displayed in Figure 48 (b). Similarly, the k-NN model 

achieved 100% discrimination accuracy, illustrated in Figure 48 (c). The NNA 

model also demonstrated 100% discrimination accuracy, with its confusion 

matrix depicted in Figure 48 (d). 
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Figure 48 – E-Nose analysis results. (a) Two-dimensional plot of LDA with a 95% 

confidence ellipse of eight VOCs, including water, at their saturated vapor pressure 

concentrations. The confusion matrix results of the (b) LDA, (c) k-NN, and (d) NNA models. 

True classes (Y-axis) represent the already trained (labeled) values introduced to the models 

and predicted classes (X-axis) are the calculated results by the model. The discrimination 

accuracy is 100% for all three models. Reprinted with permission from [234]. Copyright 

2024 American Chemical Society 

 

The functional UiO-66-X sensors (X = NH2, Cl, and N3) were also evaluated 

under six low concentrations (10, 15, 25, 50, 75, and 100 ppm). E-Nose analysis 

using all three models (LDA, k-NN, and NNA) employed a 10-fold cross-

validation method across all concentrations ranging from 10 to 100 ppm. 

Specifically, each analysis utilized 10 test sets consisting of 1780 observations 

(1602 for training and 178 for testing). Here, only the analysis results for the E-

Nose measurements at 25 ppm and 100 ppm are presented for comparison. 

Figure 49 presents the E-Nose analysis of the functional UiO-66-X sensor 

array at 25 ppm using three models: LDA, k-NN (with k = 10), and NNA (with a 

single hidden layer of size 25 and ReLU activation). In Figure 49 (a), two-
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dimensional plots from LDA depict the 95% confidence ellipse of frequency 

changes for the three functional UiO-66-X sensors across all eight VOC analytes, 

including water vapor, at 25 ppm. LDA achieved a discrimination accuracy of 

88.7%, as shown in the confusion matrix in Figure 49 (b).  

 

Figure 49 – E-Nose analysis results at 25 ppm concentrations. (a) Two-dimensional plot of 

LDA with a 95% confidence ellipse of eight VOCs, including water. The confusion matrix 

results of (b) LDA model with 88.7% discrimination accuracy, (c) k-NN model with 96.1% 

test discrimination accuracy, and (d) NNA model with 96.2% test discrimination accuracy. 

Reprinted with permission from [234]. Copyright 2024 American Chemical Society 

 

The k-NN model achieved a discrimination accuracy of 96.1%, as illustrated 

by the confusion matrix in Figure 49 (c). Meanwhile, the NNA model performed 

slightly better with a discrimination accuracy of 96.2%, and its confusion matrix 

is displayed Figure 49 (d). Notably, the NNA model demonstrated the highest 

discrimination accuracy among the three models tested. 



136 

Figure 50 showcases the E-Nose analysis of the functional UiO-66-X sensor 

array at 100 ppm using three models: LDA, k-NN (with k = 10), and NNA (with 

a single hidden layer of size 100 and ReLU activation). In Figure 50 (a), the two-

dimensional plots from LDA depict the 95% confidence ellipse of frequency 

changes for the three functional UiO-66-X sensors across all eight VOC analytes, 

including water vapor, at 100 ppm. LDA achieved a discrimination accuracy of 

90.0%, as indicated by the confusion matrix in Figure 50 (b).  

 

Figure 50 – E-Nose analysis results at 100 ppm. (a) Two-dimensional plot of LDA with a 

95% confidence ellipse of eight VOCs, including water. The confusion matrix results of (b) 

LDA model with 90% discrimination accuracy, (c) k-NN model with 99.9% test 

discrimination accuracy, and (d) NNA model with 99.6% test discrimination accuracy. 

Reprinted with permission from [234]. Copyright 2024 American Chemical Society 

 

The k-NN model demonstrated superior discrimination accuracy with 99.9%, 

as shown in the confusion matrix in Figure 50 (c). Similarly, the NNA model 
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performed well with a discrimination accuracy of 99.6%, and its confusion matrix 

is displayed in Figure 50 (d). Among the models tested, the k-NN model achieved 

the highest discrimination accuracy at 100 ppm. 

Figure 51 illustrates the variation in discrimination accuracy of the three 

models as concentrations increase from 10 to 100 ppm. The discrimination 

accuracy of LDA increased from 74.8% to 98.4%, while that of k-NN increased 

from 89.9% to 100%. This upward trend in accuracy was observed across all 

models as concentrations increased up to 100 ppm. However, both k-NN and 

NNA consistently demonstrated higher discrimination accuracies compared to 

LDA throughout the concentration range. 

 

Figure 51 – Change in the discrimination accuracy of LDA, k-NN, and NNA models with 

increasing concentration from 10 to 100 ppm. Reprinted with permission from [234]. 

Copyright 2024 American Chemical Society 

 

Classification models such as LDA, k-NN, and NNA are instrumental in 

discerning the responses of a sensor array to various VOC vapors, including low 

concentrations up to 10 ppm in this study. UiO-66-X, known for its stability, 

features a prominent zirconia cluster with a large central pore and eight smaller 

pores, enabling selective interaction with VOC molecules based on their size and 

affinity. The efficacy of these classification models in QCM-type E-Nose 
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applications is demonstrated using just three distinct functional groups within the 

robust UiO-66 SURMOF sensor array. 

The degree of differentiation in sensing responses to the same VOC odor 

correlates directly with selectivity. Thus, enhancing the selectivity of the 

SURMOF sensor array for E-Nose applications can be readily achieved by 

incorporating additional functional groups into the sensor array using the PMS 

techniques proposed in this research. By introducing other types of functional 

groups, the sensor's selectivity and discrimination accuracy in E-Nose 

applications can be further enhanced. 

Highly stable UiO-66-X SURMOFs can be easily postmodified for this 

purpose. Figure 52 illustrates a potential post-modification of UiO-66-NH2, 

demonstrating the addition of various functional groups tailored to meet the 

requirements of industrial applications. 

 

Figure 52 – Possible postmodification of UiO-66-NH2 to add different functional groups. 

Reprinted with permission from [234]. Copyright 2024 American Chemical Society 

 

5.4 Conclusion 

We introduced a novel gravimetric sensor platform based on UiO-66-X, a 

series of MOF thin films known as SURMOFs, obtained through post-synthetic 

modification of UiO-66-NH2 SURMOF. As a proof of concept, we developed 

three sensors with variations X = NH2, Cl, and N3, integrated into an array to 

detect and distinguish eight different VOCs. These UiO-66-based sensors 
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exhibited exceptional stability, enduring severe conditions such as operation at 

100% relative humidity and 90°C. 

The sensor array analysis employed three machine learning methods: LDA, k-

NN, and NNA. Near 100% discrimination accuracy was achieved at saturated 

vapor pressure, while at lower concentrations ranging from 10 to 100 ppm, 

discrimination accuracies ranged from 74.8% to 99.9%. Detection limits varied 

depending on the VOC type, typically falling between 19 and 440 ppm. However, 

utilizing QCM oscillator sensors with higher resonance frequencies could 

potentially lower detection limits below the ppm concentration range, given that 

QCM sensor mass sensitivity depends on the square of the resonant frequency. 

Our results demonstrate that QCM-based sensors employing UiO-66-NH2 

SURMOFs represent a very versatile, robust, and sensitive platform for VOC 

detection. By appropriately functionalizing the NH2 side groups in UiO-66-NH2, 

high sensitivity to target VOCs can be achieved. With just three different side 

groups, our sensors reliably detected and differentiated eight VOCs. Future 

applications could explore additional side groups such as Br, I, OH, CN, OMe, 

and NO2 to expand the sensor's capability for detecting other VOCs. Furthermore, 

for chiral VOCs like biomolecules, we envision employing click chemistry [252-

254] to attach short peptides to the UiO-66-N3 MOF, potentially enabling 

differentiation between different enantiomers [239, 255] using our E-Nose 

platform. 
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6 Chapter VI. SURMOF E-Tongue: Highly Stable Functionalized UiO-66-

X Sensor Array for liquid Discrimination 

6.1 Introduction 

The detection and discrimination of liquids in various applications, ranging 

from environmental monitoring to food quality control [256-260], pose 

significant challenges due to the diverse chemical properties and concentrations 

of target analytes.  

In response to these challenges, sensor technologies such as QCM sensors 

have emerged as versatile tools for detecting both gases and liquids [261]. QCM 

sensors operate by coating the quartz crystal with sensing materials that interact 

with target analytes (gases/vapors or liquids/ions), resulting in a measurable 

change in resonant frequency correlated with the mass of the adsorbed/desorbed 

substances. This approach offers advantages such as low cost, simplicity, high 

sensitivity and selectivity, low power consumption, compact volume, facile 

portability, along with the ability to be customized to achieve the highest sensing 

performance [223]. However, while QCM sensors have shown great promise in 

gas sensing applications (E-Nose), their application to liquid analysis (electronic 

tongue, or E-Tongue [262, 263]) remains less developed. Many existing QCM-

based E-Tongue sensors rely on non-porous coatings [264-267], which limit their 

adsorption capacity and selectivity. 

To address these limitations, there is a growing interest in utilizing porous 

materials, particularly MOFs, as coatings for QCM sensors. MOFs offer high 

surface areas and tunable chemical functionalities, making them ideal for 

enhancing the sensitivity and selectivity of sensors [223]. Recent advancements 

have demonstrated the effectiveness of MOF-based coatings in E-Nose devices 

for gas sensing, including the use of SURMOFs for detecting VOCs [224-226, 

240, 241, 255]. However, the application of MOFs to liquid sensing, specifically 

using QCM sensors, remains underexplored. 
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In previous work [234], we synthesized three highly stable UiO-66-X (X = 

NH2, Cl, and N3) SURMOFs for E-Nose applications and employed them to 

distinguish eight VOCs in the gas phase, achieving discrimination accuracies 

exceeding 95% for concentrations between 50 and 100 ppm, with near-perfect 

accuracy at higher concentrations. Herein, we employed these functionalized 

UiO-66-X SURMOFs for E-Tongue applications as coating materials for QCM 

surfaces to discriminate six liquids, including water and 18% HCl in the liquid 

phase. The discrimination accuracies were calculated to be over 100% using three 

statistical models: Linear Discriminant Analysis, k-Nearest Neighbor, and Neural 

Network Analysis. 

This study aims to address the current gaps in liquid detection by leveraging 

the high stability and versatility of these SURMOFs. 

6.2 Experimental section 

The contributions to the E-Tongue project are identical to those described for 

the E-Nose project in the previous chapter. 

6.2.1 Synthesis of UiO-66-X SURMOF 

The surface preparation, synthesis of UiO-66-NH2 SURMOF, and PSM of 

SURMOFs were conducted according to the previous chapter. 

6.2.2 Liquid delivery system and E-Tongue measurements 

Six pure liquids, comprising water and 36% HCl at their highest 

concentrations, were subjected to absorption measurements in liquid phase. 

During liquid phase absorption and desorption, pure ethanol was employed as the 

reference background solution. In the liquid phase, 10 minutes of pure ethanol 

were used to bring the sensor to the reference level, clean the liquid cell, and 

prepare the functional UiO-66-X sensors for absorption measurements, followed 

by 10 minutes of test liquids for absorption measurements. The test liquid was 
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then replaced with ethanol for 10 minutes to prepare the sensors for the desorption 

procedure. This process of absorption and desorption was repeated four times. 

6.2.3 Data analysis 

The control of the complete system, data acquisition, and E-Tongue data 

analysis were carried out using MATLAB 2021B-written program code. The 

sensing data for E-Tongue discrimination analysis were classified using three 

standard supervised ML algorithms, LDA [239, 240] and k-NN [224, 241]. To 

improve accuracy, data from the saturated area (highest response region) of 

adsorption/desorption curves were employed during data analysis. Classification 

analysis included a 10-fold cross-validation process. Typically, 90% of the total 

observations were used for the training set, while 10% were used to evaluate the 

discrimination accuracy. The findings of LDA, k-NN, and NNA models' 

discrimination analyses were presented as a confusion matrix. 

6.3 Results and discussions 

Synthesis of UiO-66-X SURMOF 

As was mentioned above the synthesis of UiO-66-NH2 and SURMOF 

functionalization process were conducted same way as in previous chapter.  

The growth kinetics of UiO-66-NH2 SURMOF films are directly affected by 

synthesis parameters such as temperature, injection volume and exposure 

duration, flow rate, metal ion/cluster concentration, as well as organic linker 

concentration and type of rinsing solution. QCM with dissipation (QCM-D) was 

employed to follow the growth/deposition rate of such films. A typical time-

dependent growth kinetics of UiO-66-NH2 SURMOF films synthesized with the 

LbL approach in a high-temperature QCM-D liquid cell at 100 °C demonstrated 

linear dependence of the deposited SURMOF on the cycle number. In this setup, 

a 7.5-second injection time was chosen for Zr metal clusters and linkers in 

continuous flow mode. For rapid SURMOF film generation, a 2-min DMF rinse 
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was employed, at a pumping speed of 6 rpm in between each cycle. The 

temperature was maintained in this synthesis at 100 ℃. With increased LBL 

cycle, a linearly rising upload was recorded during synthesis.  

The XRD patterns of functional UiO-66-X following post-modification with 

NH2, N3, and Cl are shown in Figure 53 (a). The XRD peaks at 7.4° representing 

(111) and 8.5° at (200) orientation as well as intensities show complete 

consistency with simulations of the previously published UiO-66-NH2 bulk 

structure [117, 123, 268]. By employing SEM imaging, the topography of 

synthesized sensors was analyzed. Figure 53 (b) depicts SEM images of the top 

surface, whereas Figure 53 (c) depicts a cross-sectional view of UiO-66-NH2 

SURMOF films for structural investigation. SEM surface topography reveals 

smooth, crystalline UiO-66-NH2 SURMOF films with estimated 300–500 

nm thicknesses that cover the entire QCM surface.  

 

Figure 53 – Structural analysis of the functional UiO-66-X following the post-modification 

process: (a) XRD pattern, (b) SEM surface topography, and (c) SEM cross-section. 
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Sensor stability against moisture and HCl 

The stability of the surface functionalized QCM sensor was tested in water 

vapor at temperatures between 25-90 °C for 45 minutes, as well as for exposure 

to 18% HCl (5.43 M) aqueous solution for 6 hours. The results were discussed in 

detail in previous chapter. 

Adsorption measurements 

The enhanced response of the QCM bearing SURMOF layer was evident from 

comparison of the recorded magnitude of ∆f, where the UiO-66-NH2@QCM 

demonstrated far enhanced signal as compared to the bare QCM (Figure 54 (a)). 

This behavior was consistent for the six tested liquids of ethanol, isopropanol, n-

hexane, p-xylene, toluene, and water. The sensor was flushed with N2 gas 

between tests to regenerate the sensor for subsequent test. In all tests conducted, 

the signal recovered back to its initial value upon flushing with N2, indicating the 

full recovery of the sensing element after exposure to the various liquids.  

To attain differential responses for each tested liquid, the array of four QCM 

sensing elements, namely the bare QCM and the QCM coated with UiO-66-X 

(X = NH2, Cl, N3) were simultaneously tested against the six liquids (Figure 54 

(b)). Each sensor demonstrated a different magnitude of ∆f for the same tested 

liquid, as well as dependence of ∆f on the kind of liquid tested. Additionally, all 

sensing elements demonstrated rapid and full recovery after each test when 

regenerated through exposure to a stream of N2. 
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Figure 54 – Changes in resonance frequency of (a) the bare QCM as compared to UiO-66-

NH2@QCM, indicating enhanced response for the MOF-coated QCM towards all the liquids 

tested; (b) the bare QCM and the three different UiO-66-X@QCM sensors 

 

Moreover, ethanol (in liquid form) was tested as a baseline for liquid sensing 

(Figure 55). The frequency difference ∆f for the UiO-66-NH2@QCM sample and 

the bare QCM sample differs depending on the liquid type. Moreover, after 

washing with ethanol, the sensor signals returned to their initial values, 
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demonstrating the full recovery of the sensors after tests and showing the 

possibility of using ethanol as a baseline. 

 

Figure 55 – Frequency difference for the UiO-66-NH2@QCM sample and the bare QCM 

sample using ethanol as a baseline 

 

In order to evaluate the sensitivity of the sensors, different concentrations of 

analytes diluted in the baseline liquid were used. The bare sample and UiO-66-

NH2 with ethanol as a baseline were tested first (Figure 56 (a)). The responses to 

varying concentrations of 2-isopropanol and n-hexane (C/4, C/2, 3C/4, C) 

indicate that the ∆f depends on both: the type of tested liquid and its 

concentration. Distinct differences were observed at each concentration level. 

This test was repeated for all four sensors: the bare QCM, UiO-66-NH2, UiO-66-

Cl, and UiO-66-N3 (Figure 56 (b)). This comprehensive comparison highlights 

the differential sensitivity of each sensor type to varying concentrations of 2-

isopropanol and n-hexane. 
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Figure 56 –Response to varying concentrations of 2-isopropanol and n-hexane with ethanol 

as a baseline for (a) bare QCM and UiO-66-NH2@QCM; (b) all four sensors: bare QCM, 

UiO-66-NH2, UiO-66-Cl, and UiO-66-N3 

 

To check if the response would change depending on a different baseline 

material, the experiment was repeated with toluene (Figure 57). The process was 

repeated several times, cycling between different concentrations of 2-isopropanol 

and n-hexane, and returning to the toluene baseline between tests. This cyclic 

testing demonstrates the stability and repeatability of the sensors' responses to 
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different liquids and concentrations, with clear and consistent recovery to the 

baseline after each test cycle. 

 

Figure 57 – Response to varying concentrations of 2-isopropanol and n-hexane with toluene 

as a baseline, demonstrating sensitivity, stability and repeatability 

 

These results underscore the high sensitivity, selectivity, and stability of the 

UiO-66-X coated QCM sensors across a range of liquids and concentrations, 

addressing the current gaps in liquid detection technology. 

Figure 58 depicts the liquid phase test findings for UiO-66-X when X=NH2 

(Figure 58 (a)), X=Cl (Figure 58 (b)), and X=N3 (Figure 58 (c)) for 36% HCl, 

water, n-hexane, 2-isopropanol, toluene, as well as p-xylene relative to pure 

ethanol in liquid form as a reference. The dissipation changes of UiO-66-X 

sensors for X=NH2 (Figure 58 (d)), X=Cl (Figure 58 (e)), and X=N3 are presented 

(Figure 58 (f)). During the testing, 5-min liquid analytes were introduced to the 

liquid cell and washed for 10 minutes with ethanol to determine the adsorption 

and desorption parameters 
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Figure 58 – The liquid phase test results for the (a) UiO-66-X for X=NH2, (b) X=Cl and (c) 

X=N3 for 36% HCl, water, n-hexane, 2-isopropanol, toluene, and p-xylene with respect to 

pure ethanol in liquid form as a reference solution 

 

To the end, all sensor responses remained constant. HCl and water elicited the 

strongest absorption responses, whereas toluene and p-xylene elicited the weakest 

responses. During QCM oscillations, the functional UiO-66-X sensor recorded a 

positive frequency effect for toluene, n-hexane, and p-xylene due to the distinct 

viscosity mass effect of each liquid (Table 7).  

 

Table 7 – Viscosity values of liquids 

 Isopropanol Water HCl Ethanol n-Hexane Toluene p-

Xylene 

Viscosity 

(mPa·s) 

2.37 1.67 1.5 1.04 0.3 0.6 0.6 

 

During oscillation, various disturbances in the quartz crystal's mechanical 

damping characteristics and energy dissipation to the viscous liquid environment 

lead to the mass effect of a liquid (Kanazawa effect) on the frequency shift or 

positive shifts in the resonance frequency [269]. According to Figure 58 (d)-(f), 
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this demonstrates that the recorded dissipation change is a function of the 

coupling between the oscillating sensor and its environment. Table 7 displays the 

viscosity values of liquids relative to that of ethanol. The frequency changes of 

liquids with greater viscosities than ethanol are diametrically opposed to those of 

liquids with lower viscosities than ethanol. 

E-Tongue Discrimination Analysis 

For E-Tongue analyses of functional UiO-66-X sensor array in liquid phase, 

three models were utilized: LDA, k-NN k = 10, and NNA. Figure 59 (a) depicts 

two-dimensional LDA plots of frequency changes of three functional UiO-66-X 

sensors against n-hexane, 2-isopropanol, toluene, p-xylene, water, as well as 36% 

HCl (11.65 M), with a 95% confidence ellipse. With LDA and confusion matrix 

depicted in Figure 59 (b), 99.6% discrimination accuracy was achieved. Figure 

59 (c) depicts the 99.5% discrimination accuracy derived from k-NN model with 

k=10 and confusion matrix. Utilizing the NNA model, Figure 59 (d) demonstrate 

the confusion matrix where 99.9% discrimination accuracy was attained. In this 

case, the NNA model was the most accurate of the three models. 
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Figure 59 – E-Tongue analysis results: (a) Two-dimensional plot of LDA with a 95% 

confidence ellipse of six different liquid, e.g. n-hexane, 2-isopropanol, toluene, p-xylene, 

including water and 36% HCl; (b) the confusion matrix results of LDA model with 99.6% 

discrimination accuracy, (c) the confusion matrix results of k-NN model with 99.5% test 

discrimination accuracy; (d) the confusion matrix results of NNA model with 99.9% test 

discrimination accuracy. 

 

6.4 Conclusions 

In this study, we have demonstrated the successful development and 

application of a highly stable and functionalized selective UiO-66-X SURMOF 

QCM-sensor array, where the different functional groups within the SURMOF 

coating (NH2, Cl, and N3) aided differential sensing of six distinct liquids with 

high accuracy. The performance of the functionalized QCM sensors array is 

compared to that of the bare QCM element and demonstrated clearly the 

enhancement in signal and differential response to the tested liquids. Moreover, 
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the stability of the sensing array was tested in humid conditions and in acidic 

solution, demonstrating strong stability of the SURMOF functional coating.  

The SURMOF E-Tongue's ability to achieve high accuracy in distinguishing 

between various liquids highlights its potential for a wide range of practical 

applications, including environmental monitoring, quality control in the food and 

beverage industry, and medical diagnostics. The robustness, stability, and 

functionalizability of the UiO-66-X based SURMOFs make them ideal 

candidates for developing next-generation E-Tongue systems. 

In conclusion, the integration of functionalized UiO-66-X SURMOFs with 

advanced machine learning techniques has enabled the creation of a highly 

effective and reliable electronic tongue system. Future work could explore the 

application of this technology to a broader range of analytes and real-world 

samples, as well as the development of miniaturized and portable E-Tongue 

devices for on-site analysis. The findings of this study pave the way for further 

innovations in the field of chemical sensing and liquid discrimination, leveraging 

the unique properties of metal-organic frameworks.  
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7 Chapter VII. Advancements in Zr- and Hf-Based UiO-66-NH2 SURMOF 

Membranes: Synthesis, Stability, and Applications 

7.1 Introduction 

Membrane technologies have become indispensable tools across various 

fields, transforming processes from water treatment to gas separation and 

catalysis. Their power lies in their ability to selectively separate molecules or 

particles based on various factors like size, shape, charge, or affinity, providing 

effective and sustainable solutions to complex challenges. Among the diverse 

materials used for membranes, MOFs have gained significant attention due to 

their exceptional properties, including high surface areas, adjustable pore sizes, 

and customizable chemical functionalities. 

Among various MOFs, UiO-66-NH2, is expected to give promising results 

across a wide range of applications due to its sturdy structure and adaptable 

surface chemistry. By adding amino functional groups, its ability to grab onto 

contaminants from both water and air is greatly enhanced. However, fully 

leveraging its potential in membrane-based applications requires optimizing its 

synthesis and integration into functional membranes. 

UiO-66-NH2 usually consist of zirconium (Zr) metal ions and amino-

functionalized terephthalic acid (BDC-NH2) as an organic linker, however, 

suggestion was made to replace Zr ions with hafnium (Hf), as both Zr-UiO-66-

NH2 and Hf-UiO-66-NH2 share similar structural properties but are differentiated 

by their metal nodes. 

Hf-MOFs have gained increasing attention due to their superior performance 

as gas adsorbents compared to Zr-MOFs. This improved performance is 

attributed to the presence of Brønsted acid sites with a high affinity for adsorbates, 

coupled with chemical and hydrothermal stability comparable to their Zr 

counterparts [109]. Additionally, Hf-based UiO-66 MOFs have shown superior 

catalytic performance compared to Zr-UiO-66, suggesting that the type of metal 
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center in the MOF structure has a greater impact than the presence of amine 

functional groups [270]. However, the progress in developing Hf-MOFs has been 

limited by the lack of efficient synthesis methods [109]. 

Layer-by-layer (LbL) synthesis techniques provide an excellent way for 

creating MOF-based membranes with precise control over thickness, pore size, 

and surface properties. By layering MOFs alternately with compatible materials 

onto porous substrates, LbL synthesis allows for the development of composite 

membranes with improved stability, selectivity, and overall performance. In this 

context, Zr(Hf)-UiO-66-NH2 membranes synthesized via LbL deposition on 

cellulose substrates represent a significant leap forward in membrane technology.  

However, despite the considerable potential of Zr(Hf)-UiO-66-NH2 

membranes, their synthesis faces several challenges. Achieving optimal 

parameters like surface functionalization, concentrations of reagents, timing for 

each step, temperature, and choice of solvents is crucial. Additionally, ensuring 

compatibility between MOF precursors and cellulose substrates is essential to 

promote efficient nucleation and growth without compromising membrane 

integrity. 

Despite these challenges, the development of Zr(Hf)-UiO-66-NH2 membranes 

holds promise for numerous applications, with water treatment, gas separation, 

and catalysis emerging as particularly promising areas. These membranes offer 

the potential to tackle pressing environmental issues such as water scarcity and 

air pollution, while also driving advancements in industrial processes and 

healthcare. 

In this study, we first present the LPE LbL SURMOF synthesis of Hf-UiO-

66-NH2@gold as well as Zr(Hf)-UiO-66-NH2@cellulose membranes. Moreover, 

the stability of Hf-UiO-66-NH2@gold SURMOF in acidic (pH 2), neutral (pH 

7.5) and alkaline (pH 11) media is investigated, demonstrating the practical 

viability and durability of these innovative membrane technologies. 
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7.2 Experimental section 

7.2.1 Synthesis of Zr- and Hf-UiO-66-NH2 MOFs 

UiO-66-NH2 MOF was prepared using solvothermal method. The synthesis 

involved the preparation of two separate solutions. Solution A was prepared by 

dissolving 0.251 g (90 mM) of ZrCl₄ in 10 mL of DMF, followed by sonication 

until complete dissolution. Subsequently, 2 mL of 36% HCl was added to solution 

A, which was further sonicated to ensure homogeneity. Solution B was prepared 

by dissolving 0.271 g (150 mM) of BDC-NH₂ in 10 mL of DMF, with sonication 

until fully dissolved. Solution A was added to 20 mL of DMF and then heated to 

80°C under stirring at 300-500 rpm until the set temperature was reached. 

Following this, solution B was added dropwise to the diluted solution A. The 

mixture was then sealed in a vial, covered with aluminum foil, and maintained at 

80°C with continuous stirring until the solution became milky (the reaction was 

typically allowed to proceed overnight), indicating the formation of UiO-66-NH2. 

After the synthesis, the stirring and heating were switched off, and the vials 

were allowed to cool to room temperature. The MOF was then collected via 

centrifugation, washed three times with DMF, and subsequently three times with 

ethanol. The collected powder was soaked in ethanol for 24 hours and finally 

dried in an oven at 70°C. 

7.2.2 Synthesis of Zr- and Hf-UiO-66-NH2 thin films on different substrates 

Zr- and Hf-UiO-66-NH2 SURMOFs on FGCS were prepared using a flow cell 

system. First, metal ion (MI) and linker (L) solutions were prepared. The MI 

solution consisted of 90 mM of Zr(Hf)Cl4 in 35 mL of DMF with 7 mL of HCl. 

The L solution was composed of 150 mM of NH2-BDC dissolved in 40 mL of 

DMF. Pure DMF was used as the washing solution. 

Next, all three solutions were filled into Teflon tubes using a peristaltic pump 

(Ismatec, Wertheim, Germany) controlled by MATLAB 2021B. The sample was 
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placed inside the cell, and the MI solution was introduced into the flow cell. The 

heating was switched on to reach 80 °C, allowing for a 20-minute reaction period 

between the MI solution and the functionalized surface. 

A cycle started with a 20 second flow of fresh MI solution, and the reaction 

was maintained for 90 minutes. Then, the washing agent was introduced for 

20 seconds to refill the cell and push out the MI solution. After that, the L solution 

was introduced for 20 seconds to fill the cell, and the reaction with the sample 

was maintained for 120 minutes. Following the interaction with the linker 

molecules, the cell was refilled with DMF. This process was repeated for 20-25 

cycles to obtain the UiO-66-NH2 SURMOF. 

At the end of the synthesis, the flow cell was cooled to room temperature in 

air, the sample was taken out, and it was washed with ethanol six times, followed 

by immersion in ethanol for 24 hours. After the washing process, the samples 

were left to dry overnight in air. The entire synthesis process was managed using 

the MATLAB 2021B.  

UiO-66-NH2 thin film on functionalized membranes were prepared using two 

different methods: for Zr-based film LPE LbL method using dip-coating (see 

details in 4.2.1 Synthesis of UiO-66-NH2 via dip-coating) was applied; while in 

case of Hf-based film flow cell method described above was employed. Similar 

to UiO-66-NH2@ FGCS samples the membranes were washed six times with 

ethanol, followed by immersion in ethanol for 24 hours. After the washing 

process, the samples were left to dry overnight in air. 

7.2.3 Chemical Stability Experiments of Hf-UiO-66-NH2@gold in Acidic, 

Neutral and Alkaline Media 

To evaluate the stability of Hf-UiO-66-NH2 SURMOF films in different 

environments, the films were immersed in solutions with pH values of 2, 7.5 and 

11. The pH of the different solutions was adjusted with distilled water using 1 M 

HCl for the acidic environments and 1 M NaOH for the basic environments. 
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Initially, a Hf-UiO-66-NH2@gold sample was cut into three pieces (1 cm × 1 cm). 

Each piece was then subjected to specific pH conditions at room temperature as 

follows: the sample was first immersed in the solution for 1 minute, rinsed three 

times with ethanol, and dried with a stream of dry nitrogen. Subsequently, XRD 

was used to check for any changes in crystallinity. Based on the results, the same 

sample was then immersed for progressively longer durations (10 minutes, 20 

minutes, 60 minutes, 120 minutes and one day), followed by the same rinsing and 

XRD characterization process. The pH of the solutions was also measured after 

immersion to ensure it remained unchanged upon contact with the sample. 

7.3 Results and discussion 

XRD analysis results show that the calculated XRD patterns for Zr- and Hf-

UiO-66 (Figure 60) look very similar in terms of diffraction peak positions and 

relative intensities giving that the crystal structure is perfect with no metal nodes 

vacancies and all the pores are empty and the electron density distribution is 

uniform. This is due to the similarities between Zr and Hf ions and the identical 

arrangement of metal nodes inside UiO-66 structure. The primary difference 

between their XRD patterns is the slightly higher peak intensities ratio observed 

for Hf-UiO-66 due to higher electron density. However, subtle variations in peak 

positions and intensities might be observed in the experimental XRD patterns due 

to factors such as synthesis conditions or structural defects.  

The calculated XRD pattern for Zr- and Hf-UiO-66 show two main 

diffraction orientation at (111) and (200), that correlates to the metal and linker 

arrangement within the UiO-66 structure (Figure 60 inset), with the 

corresponding second order plans (222) and (400), respectively, which have low 

intensity. In addition, several peaks for other diffraction plans can be observed. 

Crystal maker simulation software showed that Zr- and Hf-UiO-66 have the same 

powder XRD pattern in terms of peak positions but showed that the ratio between 

the (111) and (200) plans are slightly higher in the case of Hf-UiO-66. However, 
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the low difference between the peak intensities’ ratio cannot be used to 

differentiate between Zr- and Hf-UiO-66 as multiple factors can affect the 

intensities in the case of experimental data such as the pore filling, the electron 

density distribution, and the metal vacancies leading to false identification of the 

structure. 

 

Figure 60 – Calculated XRD patterns for Zr- and Hf-UiO-66. The inset is from [100]. 

Copyright 2020 Wiley 

 

LPE LbL flow-cell method was used to grow Zr(Hf)-UiO-66-NH2 SURMOF 

on the FGCS. PXRD confirmed crystal structure of the resulting UiO-66-NH2 

(Figure 61). In the case of SURMOF it can be noticed that only two peaks for 

(111) and (200) appear which indicates the oriented growth of both MOFs. The 

main reason for the existence of two different crystal planes in the SURMOF 

XRD can be explained by the growth method of the SURMOF on the substrate 
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surface where two possible ways of growth happens at the same time in the (111) 

and (200) directions with small energy difference, however, the (111) plane is 

more energetically favorable. The low intensities of the corresponding second 

order plans in the calculated XRD (Figure 60) explains their absences from the 

experimental XRD patterns. 

 

Figure 61 – XRD patterns of (a) Hf- and (b) Zr-UiO-66-NH2 

 

In the IRRA spectra (Figure 62 (a)), the main peaks characteristic of UiO-66-

NH2 were observed for both the Zr- and Hf-based MOF bulk and SURMOF. The 

carboxylate peaks from the linker appeared at 1576 cm⁻¹ and 1658 cm⁻¹, while 

the amino group vibrations were detected at 3390 cm⁻¹. SEM images (Figure 

62 (b)) confirm homogeneous films of the SURMOFs. 
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Figure 62 – (a) IRRA spectra and (b) SEM top-view images of Zr- and Hf-UiO-66-NH2 

SURMOF 

 

The stability study of Hf-UiO-66-NH2 SURMOFs showed that the Hf 

SURMOF exhibited impressive stability when exposed to both acidic (pH 2) and 

neutral (pH 7.5) conditions, as evidenced by the consistent diffraction peak 

intensity and unchanged crystal morphology even after immersion in different pH 

solutions for a day (Figure 63 (a, b, d)). However, immersion of the Hf-UiO-66-

NH2 SURMOF film in a pH 11 solution (Figure 63 (c. d)) resulted in significant 

degradation of the film within just one minute of immersion. 
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Figure 63 – XRD patterns of Hf-UiO-66-NH2 SURMOF films immersed in a: (a) pH 2 solution, 

(b) pH 7.5 solution, and (c) pH 11 solution; and (d) SEM images before and after immersions 

 

The obtained results align well with previous findings on Zr-UiO-66-

NH2@gold stability [117]. However, additional tests with pH 10 should be 

conducted for further confirmation of the similar behavior of Zr-UiO-66-NH2 and 

Hf-UiO-66-NH2 SURMOFs. 

While this study primarily focuses on exploring homogeneous and stable 

films, it's worth noting that controlled SURMOF growth could offer advantages 

in various applications, including electrochemical, optical, electronic, sensing, 

and separation processes. 

Additionally, to showcase the flexibility of the UiO-66-NH2 deposition 

techniques discussed in this study, membranes were created through the LbL 
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process to deposit UiO-66-NH2 thin film on a cellulose substrate. The successful 

formation of crystalline Zr(Hf)-UiO-66-NH2 thin film was verified (Figure 64). 

 

Figure 64 – XRD patterns and SEM images of (a) Zr- and (b) Hf-UiO-66-NH2 SURMOF 

films; (c) IR-ATR spectra 
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The availability of monolithic, pinhole-free MOF coatings on different substrates 

is crucial for various membrane applications [100], including medical use, water 

treatment, gas separation as well as catalysis.  

7.4 Conclusion 

The flow cell synthesis method effectively produced Hf-UiO-66-NH2 

SURMOF on gold-coated Si substrates. The stability of these Hf-UiO-66-NH2 

SURMOF films was tested in various acidic and alkaline environments (pH 2, 

7.5, and 11), showing consistency with previous findings for Zr-UiO-66-

NH2@gold SURMOF. The Hf-UiO-66-NH2 films retained their highly 

crystalline structure after 24 hours in highly acidic (pH 2) and neutral (pH 7.5) 

conditions, but exhibited significant instability in a pH 11 basic solution. 

Future research should address the need to examine the performance impact 

of MOF materials, beyond preserving crystallinity and morphology, by 

evaluating factors like adsorption behavior and surface area. Concurrently, the 

optimization of UiO-66-NH2 SURMOF films' quality, especially in acidic and 

mildly basic conditions, should be pursued. 

Zr- and Hf-UiO-66-NH2 SURMOFs were successfully fabricated on cost-

effective cellulose substrates using dip-coating and flow cell methods, 

respectively. These membranes present numerous potential applications, with 

water treatment, gas separation, and catalysis being particularly promising. 

Consequently, this study represents a significant advancement in the development 

and application of Zr- and Hf-SURMOF-based materials. 

7.5 Outlook 

Our further steps in this research are as follows: 

1) Testing Dip-Coating Method for synthesis of Hf-UiO-66-NH2 

SURMOF: We aim to explore the dip-coating method for the preparation of Hf-
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UiO-66-NH2 SURMOF membranes. This method will be evaluated for its 

efficacy in achieving uniform and consistent coatings on larger substrates.  

2) Stability Testing of Hf-UiO-66-NH2@Gold at pH 10: We plan to test the 

stability of Hf-UiO-66-NH2@gold samples under pH 10 conditions. The results 

will be compared with the previously published stability data of Zr-UiO-66-

NH2@gold membranes [117]. This comparative analysis will provide insights 

into the relative durability and performance of Hf-based UiO-66-NH2 SURMOFs 

versus Zr-based ones in a milder (than pH 11) alkaline environment.  

3) Application Testing for Water Treatment: Both Zr- and Hf-UiO-66-

NH2 membranes will be tested for water treatment applications. This involves 

evaluating their effectiveness in removing contaminants from water, assessing 

parameters such as selectivity, flux, and long-term operational stability. The 

outcomes will help determine the practical applicability of these MOF 

membranes in addressing water treatment challenges. 

By pursuing these steps, we aim to enhance the synthesis, stability, and 

application potential of MOF-based membranes, contributing to advancements in 

membrane technology for environmental and industrial applications. 
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8 Chapter VIII. NU-1000 SURMOF/thin film for enzymes immobilization 

8.1 Introduction 

Enzymes are biological catalysts that accelerate chemical reactions by 

lowering the activation energy required. They are crucial in various biological 

processes and industrial applications, including pharmaceuticals, food 

processing, and biofuel production, due to their high specificity and efficiency. 

However, using enzymes in catalysis poses significant challenges, primarily due 

to their instability and difficulty in recovering and reusing them, which increases 

costs and limits their practical applications [271]. 

One effective way to address these limitations is through enzyme 

immobilization [272]. Immobilization involves attaching enzymes to a support 

material, which provides a stable environment for the enzymes to function 

effectively. Various materials such as natural polymers, synthetic polymers, 

inorganic materials, and hybrid materials can serve as scaffolds for enzyme 

immobilization.  

Immobilization offers several advantages, including enhanced enzyme 

stability, improved functionality in extreme conditions, and the ability to recycle 

enzymes for repeated use in catalytic processes [273]. Among the various 

scaffolds available for enzyme immobilization, MOFs are particularly well-suited 

due to their tunable porosity, high surface area, and structural versatility. MOFs 

provide a stable environment for enzymes, protecting them from denaturation and 

enhancing their catalytic activity. Specifically, Zr-based MOFs have shown 

significant advantages in enzyme immobilization, offering high stability and 

efficient catalytic performance [274, 275].  

Immobilization of enzymes into NU-1000 bulk MOF has demonstrated high 

catalytic efficiency and stability [274, 276]. Despite these promising results, 

further improvement could be achieved by using MOF thin film membranes 

instead of bulk materials (Scheme 17). Membranes can handle higher flow rates, 
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avoid issues like bed splitting and backpressure, and provide a highly oriented 

structure of NU-1000 crystals, which enhances the immobilization process. 

Additionally, customized membranes can be designed to accommodate different 

substrates, making the system more versatile and easier to operate. 

 

Scheme 17 – Continuous flow reactor scheme for catalytic process using a membrane 

 

In summary, NU-1000 thin film membranes for enzyme immobilization 

present a highly effective solution for continuous catalysis, combining the 

benefits of MOF stability and enzyme efficiency with the practical advantages of 

membrane systems. This approach holds significant promise for advancing 

industrial biocatalytic processes, making them more efficient, sustainable, and 

adaptable to a wide range of applications 

Here, we present a successful method for growing NU-1000 SURMOF on 

solid substrates, including FGCS, QCM-D sensors, and α-alumina, as well as 

synthesizing NU-1000 thin films on cellulose membranes (functionalized filter 

paper, FFP). Additionally, we successfully immobilized enzymes into NU-

1000@QCMs using solutions with varying enzyme concentrations. 



167 

8.2 Experimental section 

8.2.1 Synthesis of NU-1000 SURMOF 

NU-1000 SURMOF was prepared using the automated dip coating method 

using a silar coating system (Holmarc, HO-TH-03B1, India). Two different 

solutions were prepared. Solution A, the metal ion source, consisted of 37.6 mM 

(1.05 g) of ZrCl4 dissolved in 120 mL DEF using an ultrasonicator. To this, 

2.813 M (41.25 g) of benzoic acid was added, and the mixture was dissolved until 

clear using ultrasonication. The final clear mixture was incubated in an oven at 

80 °C for 1 hour. Solution B, the organic linker source, consisted of 6.78 mM 

(0.60 g) H₄TBAPy dissolved in 120 mL DEF using ultrasonication. All solutions 

were heated to 80 °C and maintained at this temperature during all preparation 

steps. 

Samples were immersed in Solution A for 30 minutes until the hotplates 

reached the set temperature. The immersion time in the metal ion and linker 

solutions was 30 minutes, and the washing time in pure solvent (DEF) was 

2 minutes. Stirring was applied at each step at 300 rpm. Up to 50 cycles were 

applied. The resulting NU-1000 SURMOFs were washed with ethanol six times 

after cooling to room temperature. The samples were then immersed in ethanol 

for 24 hours. After the washing process, the samples were left to dry overnight in 

air. 

8.2.2 Synthesis of NU-1000 thin films 

Solvothermal one-pot synthesis was used (Figure 65). First, 38 mM (0.980 g) 

of ZrOCl2·8H2O was dissolved in 80 ml DMF using ultrasonicator. Then 2.76 M 

(27 g) of benzoic acid was added, and the solution was completely dissolved via 

ultrasonication. The resulting clear solution was incubated in an oven at 100 °C 

for 1 hour, then cooled back to room temperature. Functionalized substrates were 

fixed in a Teflon holder and placed in an autoclave filled with 40 mL of the metal 
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ion solution, and incubated in the oven at 100 °C for 1 hour. The autoclave was 

then cooled to room temperature. 

 

Figure 65 – The preparation process of NU-1000 thin films using custom-machined PTFE 

holder 

 

Next, 12.18 mM (0.240 g) of H4TBAPy was added to 60 mL of the second 

part of the metal ion solution, and the mixture was sonicated for 20 minutes. The 

metal ion solution from the substrates was disposed of, and the autoclave was 

filled with the resulting yellow solution and then heated in an oven at 120 °C for 

24 hours. After cooling to room temperature, the yellow polycrystalline reaction 

product was separated by filtration and washed three times with DMF and 

ethanol. The NU-1000 thin films were immersed in ethanol several times to 

remove residuals of the NU-1000 bulk (Figure 66). The samples were then 

immersed in ethanol for 24 hours and dried overnight. 

 

Figure 66 – (a) XRD pattern, (b) SEM image of NU-1000 bulk 
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8.2.3 Materials for enzyme immobilization 

Enzymes were provided and purified by KIT, IBG. The esterase AaEST2-His 

(EC 3.1.1.1) was prepared as described in [276]. 

Tris(hydroxymethyl)aminomethane (Tris) and sodium chloride were 

purchased from Merck, Germany and used as received. 

8.2.4 Enzyme immobilization into NU-1000@QCM-D 

Operations and control using the openQCM system were performed by 

Dr. S. Okur (KIT, IFG). 

The Teflon cells from the openQCM-D system were used for testing of 

immobilization of esterase into NU-1000 thin films (Figure 67). The openQCM 

teflon cell contained a QCM-D sensor with an NU-1000 thin film. Three solutions 

(water, Tris-buffer saline (TBS), and esterase in TBS) were introduced to the cell 

via a peristaltic pump, with water serving as a washing agent. Various 

concentrations of esterase (20 µg/mL, 80 µg/mL, and 200 µg/mL) were tested, 

and the mass of adsorbed enzymes was calculated using the Sauerbrey equation. 

For each concentration, enzyme loading was performed at room temperature 

(25 °C) for 2 hours, followed by washing with water after each cycle for 

additional 2 hours. To assess repeatability, the adsorption and desorption cycles 

were repeated three to four times. A control experiment using TBS without 

enzymes was conducted to ensure that water effectively removed salts from the 

thin film surface. 
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Figure 67 – QCM type experimental setup for enzyme immobilization 

 

The entire setup, control, data acquisition, and analysis of enzyme 

immobilization data were managed using MATLAB 2021B. 

8.3 Results and discussion 

The LPE LbL dip-coating method was used to synthesize NU-1000 SURMOF 

on FGCS (Au-coated Si wafers and Au-coated QCM sensors) and α-alumina 

substrates, while successfully avoiding polymorphism (NU-901). Based on the 

analysis of XRD data (Figure 68 (a)) and SEM-results (Figure 68 (b), showing 

only hexagonal rods with smooth surfaces), we conclude that the synthesized 

SURMOFs are exclusively NU-1000. When using FGCS substrates, a high 

degree of orientation is observed in the resulting films, likely due to the smooth 

and uniform surface of the gold, which promotes crystallite alignment. In 

contrast, a greater variety of crystallographic planes are detected on α-alumina 



171 

substrates. This difference can be attributed to the initial roughness and high 

porosity of the α-alumina surface, which disrupts uniform growth and leads to the 

exposure of multiple planes in the XRD patterns. 

 

Figure 68 – (a) XRD patterns and (b) SEM images of NU-1000 SURMOFs 

 

Moreover, NU-1000 thin films were grown on a cost-effective substrate, 

cellulose. Functionalized filter paper [123] was used as the cellulose substrate for 

better attachment. Resulting XRD, IR and SEM analysis confirmed synthesis of 

NU-1000 crystals on the cellulose substrate (Figure 69). 

   

         

         

        

   



172 

 

Figure 69 – (a) XRD, (b) IR and (c) SEM data of NU-1000 thin films on the cellulose 

substrate 

 

In order to confirm possibility of enzymes immobilization into NU-

1000@QCM films, an initial experiment was done using openQCM system. The 

recombinant esterase AaEST2 (molecular weight of 35 kDa), purified to at least 

98%, was chosen for this study. PXRD confirmed crystallinity of NU-

1000@QCM thin films (Figure 70). 
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Figure 70 – PXRD data of NU-1000@QCM films before enzyme immobilization process 

 

Initially, water was tested as a washing agent to confirm its effectiveness in 

removing salts from TBS and to ensure that the buffer itself did not affect mass 

uptake (Figure 71). Initially, the cell was filled with water to setup the baseline. 

Then, TBS was introduced into the openQCM cell to monitor mass uptake. After 

2 h the cell was flushed with water in order to remove any molecules that might 

have adsorbed onto the surface of the sample. The graph returned to its initial 

values, confirming the efficiency of water as a washing agent. This process was 

repeated three times to ensure repeatability. 



174 

 

Figure 71 – Uptake results for TRIS buffer saline 

 

Following this, enzyme immobilization was evaluated using three different 

concentrations (20 µg/mL, 80 µg/mL, and 200 µg/mL) (Figure 72 (a, b, c)). First, 

all samples were filled with water to establish a baseline. Then, TBS with esterase 

was introduced into the openQCM cell for 2 h to monitor mass uptake. Afterward, 

water was used to flush the cell. After washing process a mass uptake of esterase 

was observed, which might indicate the encapsulation of esterase into the pores 

of SURMOF. However, a more detailed study needs to be carried out to confirm 

this claim and demonstrate the actual distribution the enzyme inside the pores of 

the SURMOF or on the surface. This process was repeated 3-4 times. Since the 

primary goal of the experiment was to demonstrate enzyme encapsulation, the 

saturation point was not reached. 

The mass uptakes for esterase concentrations of 20 µg/mL, 80 µg/mL, and 

200 µg/mL were 12 ng, 41 ng, and 201 ng, respectively, indicating a higher 

degree of enzyme immobilization with increasing enzyme concentration. It can 

be also stated that the increasing slope of the baseline with increasing enzyme 

concentration might also come from a thickness increase of a decorating enzyme 

layer and this why a more detailed study is required. 
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Figure 72 – Top: Uptake results for esterase immobilization at different concentrations: 

(a) 20 µg/mL, (b) 80 µg/mL, and (c) 200 µg/mL. Bottom: Schematic representation of MOF 

pores with varying percentages of pore filling by the immobilized enzyme 

 

The amounts of immobilized esterase were calculated to be 2.07 × 1011 

molecules, 7.04 × 1011, and 3.56 × 1012, respectively. Considering the dimensions 

of NU-1000 MOF (Figure 73) and the AaEST2 (45 × 32 × 32 Å3) it was 

determined that at least 3 unit cells of NU-1000 are required to encapsulate a 

single esterase molecule. Given the working area of the QCM sensor (113.1 mm²) 

and an approximate MOF thickness of 250 nm, the estimated volume of the MOF 

film on the substrate is 0.0283 mm³. The maximum amount of esterase that could 

be encapsulated in this volume is 232.4 ng, indicating that the different 

concentrations of esterase achieved approximately 5.2%, 17.6%, and 89.1%, of 

the maximum capacity, respectively. 
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Figure 73 – The dimension of NU-1000: the hexagonal and triangular channels along 

the c direction (left), and the small pore connecting the ab layers along the c direction (right). 

Edited from [277] with permission from the Royal Society of Chemistry 

 

The results described above gives an initial description and rational of the 

immobilization of esterase into the NU-1000 SURMOF. 

8.4 Conclusion 

In summary, we successfully demonstrated the synthesis and application of 

NU-1000 SURMOF on various solid substrates, including Au-coated Si wafers, 

QCM-D sensors, and α-alumina substrates, as well as NU-1000 thin films on 

cellulose membranes. Our synthesis methods effectively prevented 

polymorphism, ensuring the exclusive formation of NU-1000 crystals. 

Furthermore, our experiment showed that the successful immobilization of 

recombinant esterase AaEST2 into the NU-1000 MOF thin films could be done, 

but further confirmation experiments are required.  
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8.5 Outlook 

Our further steps in this research are as follows: 

1) Repeating and Investigating the Immobilization of Esterase into NU-

1000@QCM: We will conduct additional experiments to refine the 

immobilization process, explore the detailed interaction mechanisms, and 

specifically investigate and confirm that the enzymes are immobilized within the 

pores of NU-1000, rather than merely adhering to the surface. 

2) Performing Continuous catalysis Tests for Membranes: We will 

compare the results achieved using bulk and membrane technologies to evaluate 

the effectiveness of the membrane approach. 

3) Exploring Organic Solvent Stability: Since encapsulation into MOF thin 

films is expected to enhance enzyme stability under harsh conditions, we will 

evaluate the performance of enzyme@NU-1000 membranes in various organic 

solvents. This will involve testing solvents such as ethanol, methanol, and 

acetone, and assessing the catalytic activity, stability, and reusability of the 

immobilized enzymes. 

By pursuing these steps, we aim to improve the stability and application 

potential of enzyme@MOF thin film membranes, advancing biocatalysis and 

membrane technology for a range of industrial and environmental applications. 
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9 Chapter IX. Conclusion and Outlook 

This study presents significant advancements in the synthesis, 

characterization, modification, and application of highly stable Zr(Hf)-based 

SURMOFs. The findings demonstrate the potential of these materials in various 

technical applications, from superhydrophobic substrates to gravimetric sensor 

platforms and selective QCM-sensor arrays. 

The successful fabrication of low-roughness superhydrophobic substrates 

was achieved by grafting C18 hydrocarbon chains onto UiO-66-NH2 SURMOFs. 

This post-functionalization transformed the initially wetting SURMOFs into 

superhydrophobic surfaces with water contact angles exceeding 150°. The 

remarkable water repellency was attributed to the high entropy state of the coiled 

C18 hydrocarbons, which was not observed in substrates functionalized with less 

flexible fluorinated compounds. Additionally, the roughness of the SURMOFs 

influenced water adhesion strength, with higher roughness reducing adhesion 

strength significantly. These findings suggest potential applications in creating 

self-cleaning surfaces due to the low adhesion strength of the superhydrophobic 

substrates. 

A novel gravimetric sensor platform based on UiO-66-X SURMOFs was 

introduced, demonstrating exceptional stability and high accuracy in VOC 

detection under severe conditions. The sensor array, utilizing variations X = NH2, 

Cl, and N3, achieved near 100% discrimination accuracy at saturated vapor 

pressure and high accuracy (74.8%-99.9%) at lower concentrations. Detection 

limits varied between 19 and 440 ppm. The QCM-based sensors showcased 

versatility, with future potential in expanding detection capabilities by 

functionalizing the -NH2 side groups in UiO-66-NH2 SURMOF. This E-Nose 

platform represents a robust and sensitive method for VOC detection. 

Moreover, the highly stable and functionalized UiO-66-X SURMOF QCM-

sensor array highlighted its ability to accurately distinguish between various 
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liquids. The functionalized sensors demonstrated enhanced performance and 

stability in humid and acidic environments. The robustness and 

functionalizability of these SURMOFs make them ideal candidates for 

environmental monitoring, quality control in the food and beverage industries, 

and medical diagnostics. The integration with machine learning techniques 

further enhances the effectiveness and reliability of this E-Tongue system. 

The LPE LbL dip coating and flow cell synthesis methods effectively 

produced Zr- and Hf-UiO-66-NH2 SURMOF films on different substrates 

including membranes. The high stability of Hf-UiO-66-NH2@gold was 

demonstrated in acidic and neutral environments, but instability was observed in 

basic conditions. The films retained their crystalline structure in pH 2 and 7.5 

conditions. These results are consistent with those for Zr-UiO-66-NH2@gold. 

This study represents significant advancements in the development and 

application of Zr- and Hf-SURMOF-based materials, with promising potential in 

water treatment, gas separation, and catalysis. 

The synthesis of NU-1000 thin films on various substrates was successfully 

demonstrated, and an initial test of enzyme immobilization into NU-1000@QCM 

sensors showed promising results. However, more detailed analysis is required to 

confirm that the enzymes are immobilized within the pores. The achieved results 

provide a strong foundation for future research in enzyme immobilization within 

SURMOFs and the use of those immobilized enzymes in catalysis. 
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