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Abstract: 

Metal-organic frameworks (MOFs) are hybrid porous materials consisting of a metal center 

connected with an organic linker via coordination bonds. Virtually infinite possibilities of metal-

linker combination have resulted in a large number of MOF structures (>100,000) to date, with 

different structural topologies. The properties of MOFs can be tuned by the rational selection of 

the metal centers and organic linkers to design specific MOFs to be adequate to the in-demand 

applications. Regarding more advanced applications, the bulk MOFs synthesized via conventional 

solvothermal method are not always suitable. Heterogeneous morphology, weaker adhesion to 

substrate, and high defect densities present in the powder MOFs greatly influence the structure 

property correlation. One approach used to fabricate monolithic, crystalline, and well-controlled 

thickness is the layer-by-layer (LbL) method via the liquid phase epitaxy technique. So, in the 

present thesis, I used this technique to build a highly crystalline, monolithic, and orientated a 

surface-anchored metal-organic frameworks (SURMOFs) thin films. One type of organic linkers 

was used here is called a photoactive compound. The spatial arrangement of these photoactive 

molecules in the SURMOF leads to materials with distinguished photophysical properties. In the 

present work, I studied bianthryl chromophoric linker, equipped with metal-coordinating groups, 

to construct a photoluminescent Zn-bianthryl based surface-anchored MOF (SURMOF) thin film. 

The Zn-bianthryl SURMOF has a 2D-layer stacked structure and shows cyan luminescence upon 

excitation with ultraviolet (UV) light. In response to the prolonged UV irradiation under ambient 

conditions, the Zn-bianthryl based SURMOF exhibited a prominent change in the ground and 

excited-state optical properties, without losing its crystalline structure. A detailed spectroscopic 

study using UV-Vis, FTIR, Raman, EPR, and NEXAFS indicated the formation of stable oxidation 

products of bianthryl (endoperoxide bianthryl) in the SURMOF. The present study identifies the 

key factors of the bianthryl oxidation process which involve a self-sensitized photochemical 

pathway. Also, redox-active viologen-based metal-organic frameworks (MOFs) have received an 

increasing interest in recent years, from the perspective of smart optically active materials. In this 

respect, a dicarboxylate functionalized viologen, 1,1‵-bis (4-(carboxylic acid) phenyl)-[4,4‵-

bipyridine]-1,1‵-diium dichloride (Viologen) is used as a linker to construct a surface-anchored 

metal-organic framework (SURMOF) thin film using a layer-by-layer liquid-phase epitaxy 

method. This technique produces a highly crystalline, oriented viologen-based SURMOF-2.  The 

oriented, monolithic, crystalline SURMOF exhibits fast reversible photochromism, compared to 
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the previously reported viologen-based powder MOFs. The photochromism in the SURMOF is 

investigated by the UV-Vis, EPR and XPS.  

Zusammenfassung 

Metallorganische Gerüste (MOFs) sind poröse Hybridmaterialien, die aus einem Metallzentrum 

bestehen, verbunden über Koordinationsbindungen mit einem organischen Linker. Nahezu 

unendliche Möglichkeiten der Metall-Linker-Kombination haben bisher zu einer großen Anzahl 

von MOF-Strukturen (>100.000) mit unterschiedlichen Strukturtopologien geführt. Die 

Eigenschaften von MOFs können durch eine durchdachte Auswahl der Metallzentren und 

organischen Linker abgestimmt werden, um MOFs spezifisch für  bedarfsgerechte Anwendungen 

zu entwickeln.  

Bezugnehmend auf die weit fortgeschrittenen Anwendungen, ist die Herstellung von Festkörper-

MOFs mittels der herkömmlichen Solvothermal-Methode nicht immer zielführend. Heterogene 

Morphologie, schwächere Anbindung an das Substrat und eine hohe Fehlstellendichte , wie in 

Festkörper-MOFs vorhanden, beeinflussen stark die Struktur-Eigenschafts Korrelation. 

Ein Ansatz  zur Herstellung monolithischer  kristalliner MOFs mit  gut kontrollierten Dicke ist das  

Schicht-für-Schicht (LbL – layer-by-layer) -Verfahren über das Flüssigphasen-Epitaxie-Technik. 

In dieser Arbeit habe ich diese Technik verwendet, um hochkristalline, monolithische und 

orientierte SURMOF Strukturen aufzubauen. Eine hier verwendete Art von organischem Linker 

nennt sich photoaktive Verbindungen. Die räumliche Anordnung dieser photoaktiven Moleküle in 

der SURMOF-Plattform lieferte also hervorragende photophysikalische Eigenschaften. In der 

vorliegenden Arbeit habe ich ein Bianthrylchromophor untersucht, das mit metallkoordinierenden 

Gruppen ausgestattet ist, um einen photolumineszierenden oberflächenverankerten MOF -

Dünnfilm (SURMOF) auf Zn-bianthrylbasis zu konstruieren. Die Zn-bianthryl-SURMOF haben 

eine gestapelte 2D-Schichtstruktur, die bei Anregung mit ultraviolettem (UV) Licht eine Cyan-

Lumineszenz zeigt. In Reaktion auf die verlängerte UV-Bestrahlung in der 

Umgebungsbedingungen, zeigte der SURMOF auf Zn-bianthrylbasis jedoch eine deutliche 

Änderung der optischen Eigenschaften des Grund- und des angeregten Zustands, ohne seine 

Kristallstruktur zu verlieren. Eine detaillierte spektroskopische Untersuchung unter Verwendung 

von UV-Vis, FTIR, Raman, EPR und NEXAFS zeigte die Bildung der stabilen oxidierten Produkte 

von Bianthryl (Endoperoxid-Bianthryl) im SURMOF. Die vorliegende Studie identifiziert die 
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Schlüsselfaktoren des Bianthryloxidationsprozesses, die einen selbstsensibilisierten 

photochemischen Weg beinhalten. Auch redoxaktive metallorganische Gerüste (MOFs) auf 

Viologenbasis haben in den letzten Jahren unter dem Gesichtspunkt intelligenter optisch aktiver 

Materialien großes Interesse gefunden. Hier wird ein Dicarboxylat-funktionalisiertes Viologen, 

1,1‵-Bis (4- (carbonsäure) phenyl) - [4,4‵-bipyridin] -1,1‵-diiumdichlorid (viologen), als Linker 

zum Aufbau von SURMOF-Dünnfilmen  unter Verwendung eines Schicht-für-Schicht-

Flüssigphasen-Epitaxie-Verfahrens hergestellt. Diese Technik erzeugt ein hochkristallines, 

orientiertes SURMOF-2 auf Viologenbasis. Der orientierte, monolithische, kristalline SURMOF-

Dünnfilm zeigt im Vergleich zu den zuvor beschriebenen Pulver-MOFs auf Viologenbasis eine 

schnell reversible Photochromie. Die Photochromie im SURMOF wird mittels UV-Vis, EPR und 

XPS untersucht. 
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1 Introduction  
 

1.1 Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are hybrid porous materials consisting of a metal center 

connected with an organic linker1, as shown in figure 1.1. MOFs are also referred to as porous 

coordination polymers (PCPs) or porous coordination networks (PCNs). They are hybrid organic-

inorganic materials containing di-or higher topic organic linkers, and inorganic units called 

vertices, metal nodes, or metal-oxo cluster.2 

 

Figure1-1: Schematic of the metal-organic framework (MOF) structure, the figure was reproduced 

from ref.3 

 

Because of the large number of combinations between metals and organic linkers, there are more 

than 100,000 different crystal structures described in literatures.4 MOFs have large pore sizes with 

high surface area compared to conventional porous materials including zeolites and carbon area,5 

as shown in figure 1.2. 
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Figure 1-2: Evolution of MOFs with ultrahigh BET surface areas compared to conventional porous 

materials. The values in parentheses stand for the pore volume (cm3/g). This picture was 

reproduced from Ref.1  

 

As a result of  the unique chemical and physical properties of MOFs, they have been used for 

several applications including gas storage6, separation7, adsorption8, water harvesting9, catalysis10–

12, energy13, sensing14,15, diagnosis16, therapy17,18, and advanced environmental and energy-based 

technologies19–22, as shown in figure 1.3. MOFs have high thermal and chemical stability. Thus, 

MOFs are an attractive topic for scientists from different disciplines to utilize this kind of materials 

for different applications.  
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Figure 1-3 :Applications of MOFs materials. The figure was reprinted with permission from 

Elsevier, Ref.23 

As aforementioned, MOFs consist of two important parts, firstly, the secondary building units 

(SBUs) are molecular complexes and cluster entities that coordinate with multitopic organic 

linkers to afford the porous coordination networks.2 The geometric and chemical properties of the 

organic linkers and the secondary building units determine the topology of these networks. The 

secondary building units consist of a combination of metal ions that are attached to multidentate 

functional groups such as carboxylates.24 Therefore, the metal cluster in the material affects the 

stability and practical use. For instance, the Cu-acetate paddle wheel with linker such as benzene-

1,3,5-tricarboxylic acid (BTC) yields a MOF called Cu-HKUST-1 which is stable after water 

removal.25 When the Cu-acetate paddle wheel was changed to the Zn-acetate paddle wheel, it was 

found that the Zn-HKUST-1 MOF is unstable after water removal.26,27 The secondary building 

units can be classified according to the number of points of extensions, points of extension can be 

defined as the number of possible connections between one metal cluster and other metal clusters 

through organic linkers, starting from three extension points to 66 points of connection, as shown 

in figure 1.4. The secondary building units (SBU), are connected to the organic linkers via co-

ordination bonds through nitrogen atoms, oxygen, more rarely by fluorine and nonmetal atoms.28 

The coordination with carboxylates was found to yield the strongest coordination bonds. Also, the 
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points of connections play role in the determination of the geometry of the MOFs, for instance, 

five points of extension can afford the square pyramid, while four points of the extension can afford 

a rectangular. 

 

 

Figure 1-4: Metal nodes or clusters from Ref.1 

 

Metal centers in the MOFs can be metal nodes or metal clusters. For example, copper in copper-

based MOFs is mostly present as paddlewheel.24 The same metal topology was also observed for 

metals such as Chromium (III), Rhodium(II), Zinc(II).29 Zn(II), and Cu(II) paddlewheels form five 

coordinated bonds, four coordination bonds resulted from the coordination with the oxygen atoms 

of the carboxylate groups in the linker. The fifth coordination bond results from the coordination 

of the metal with water molecules or solvents. As a result, these metal paddlewheels are classified 

as a four-point of extensions, which afford MOFs with square planar geometric. The second 

important part which plays a crucial role in building MOFs is the multi-topic linker which connects 

two or more-vertices to afford a solid structure. Linkers show high importance in building MOFs 

in which pore size and the chemistry can be controlled by changing the functionality and the length 

of the used linkers.30 In the design of the bulk MOFs, the linker is not necessary to have strictly 

linear (ditopic) molecules. It can also be tri to octa-topic complexes.31,32 Table 1-1  shows different 

topologies realized in MOFs.  
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Two- connected building blocks 

 

Three- connected building blocks 

 

Four- connected building blocks 

 

Hexa-connected building blocks 

 

Table 1-1: Examples of MOF linkers. They were classified according to the number of topics.32 

 

MOFs can be prepared using different methods including conventional methods such as solvoth- 

ermal synthesis, hydrothermal synthesis and grinding.31 In addition, modern technologies techni-

ques have been reported in the synthesis of MOFs such as microwaves, ultrasonication, ..etc, as 

shown in figure 1.5. The selection of the method depends on the nature of the reactants and the 

nature of the desired compounds.  
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Figure 1-5: The synthesis of reticular nanoparticles. This picture was reproduced from ref.31 (IBU) 

means inorganic unit and (OBU) means an organic linker or organic building block. 

 

The properties of the MOFs in demand can be controlled via the rational selection of the starting 

materials, e.g. SBUs and organic ligands, or can be modified after the construction of the MOFs.33 

Consequently, the pore size can be increased without changing the topology of the crystal via 

increasing the length of the linker that has been used, as shown in figure 1.6. It is called the 

expansion of the metal-organic frameworks, for example, the MOF-5 series which were expanded, 

in which the linkers were variously functionalized. This increase in the length of the linker 
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produced an isostructural series with tunable pore size.34,35 This property opens the door to produce 

materials with tailored physicochemical properties.31 However,  increasing the length of the linker 

led to an increase in the pore size of MOFs, but also it produced large pores that tend to have 

interpenetration. That means small crystals of the MOFs formed inside the crystal of the large 

pores. In conclusion, increasing the length of linkers afforded inter-penetration instead of affording 

large pores size, also by increasing the length of the linker, the solubility of the linkers decreases. 

It is reported that the interpenetrations can be suppressed by changing the concentration of the 

reactants, temperatures, or other experimental conditions.30 Another way has been reported called 

a decoration process that means the vertices can be replaced by a group of vertices. This method 

led to a structure with open pores and prevented interpenetration.  

 

Figure 1-6: Expansion of the metal-organic framework, for example, MOF-5 series which is 

expanded and variously functionalized organic linkers. That picture was reprinted with permission 

from AAAS, Ref.30 

 

MOFs have an ultrahigh porosity, large surface area and provide the option to tune their inner and 

outer surface areas. Because of the rational selection of linkers or metal vertices, MOFs are used 

to realize a plethora of various applications. MOFs have been applied for drug delivery36,37, gene 

delivery38–39, photodynamic therapy41, photothermal therapy42,43, heterogeneous catalysis44,45, gas 
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storage6,46, adsorption47–49, separation7,50, water harvesting9, catalysis51, energy applications13,52, 

solar cells53, hydrogen generation54, sensing14,55, analytical chemistry56, diagnosis16, and therapy. 

17  Besides, MOFs have been used in catalysis57, photocatalytic CO2 reduction using visible light58, 

CO2 capture,  and storage.59–61 With regard to the applications, bulk powder MOFs are not always 

suitable. Heterogeneous morphology, weaker adhesion to substrate, and high defect densities 

present in the powder MOFs greatly influence the structure property correlation. Using a layer-by-

layer liquid-phase epitaxy (LPE) method to fabricate surface-anchored MOF (SURMOF) has been 

found as a potentially useful approach to fabricate monolithic thin films with reduced defect 

density.62 

1.2 Surface anchored Metal-Organic Frameworks (SURMOFs) 

For many applications, integrating MOFs into devices is of paramount importance. Several metho-

ds including growing MOFs into thin films were reported.63 Thin-film technological applications 

open new opportunities to avoid the limitation of powder MOFs.4 There is a need to develop new 

methods suitable to deposit MOFs onto different types of substrates in connection with advanced 

applications. Several methods have been established to fabricate MOFs thin films, including 

chemical vapor deposition (CVD) 64, atomic layer deposition (ALD) 65, substrate-seeded hetero-

epitaxy (SSH)66, bottom-up modular assembly (BMA)67, electro-chemical fabrication (ECF)68 as 

well as liquid‐phase epitaxy of metal-organic frameworks62or surface anchored metal-organic 

frameworks (SURMOFs). Epitaxy is the process of growing a crystal on another crystalline 

substrate with a fixed phase relation between the epitaxially grown film and the nucleating 

surface.69 This method has many advantages, it allows to control the thickness and crystal orienta-

tion, decrease the roughness of the obtained SURMOFs. Furthermore, the layer-by-layer approach 

is a suitable method to get multilayered films using heteroepitaxy and patterned SURMOFs. The 

lbl method has been used for many advanced applications such as catalysis, gas adsorption, gas 

separation70, sensor71, electronic devices72, and photovoltaic.73 This fabrication technique opens 

the door for using MOFs in more advanced technological applications such as photonic, electronic, 

display, laser, memory switching, and supercapacitor devices. Thus, SURMOFs not only become 

a prime candidate for industrials applications but also to study physical properties of MOFs such 

as optical, photonic, electronic, photoluminescence, and nonlinear optical properties, as well as the 

static dielectric and super-capacitance properties. This technology can be used to study SURMOFs 

using a surface-sensitive technique such as X-ray photoelectron (XPS) and other techniques.  
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1.2.1 Fabrication of SURMOFs 

There are several methods to grow MOFs thin films. The most promising method is layer-by-layer 

deposition using the liquid-phase epitaxy method(LPE).74,75 SURMOFs offer several advantages 

compared to powders fabricated using the conventional solvothermal method. The LPE approach 

for the synthesis of SURMOF thin-films consists of sequential exposures of the functionalized 

substrates to individual reactant solutions of ethanol metal-oxo-cluster followed by a linker solu-

tion, at a temperature ranging from 25ᵒC to 65ᵒC. The individual immersion steps are separated by 

rinsing with pure ethanol to remove uncoordinated reactants, side products, and to prevent the 

formation of the large-scale crystals. After optimization of the reaction conditions, the previous 

steps can be repeated several times until the desired thickness is obtained, as shown in figure 1.7. 

This method has several advantages compared to the other methods. It offers to tune thickness by 

controlling the number of deposition cycles.76 In addition, the obtained thin films are compact, 

high quality, open porosity, highly orientated77, homogenous morphology78, and with low defects 

density compared to powder MOFs.79 In addition, they can be deposited on a large scale for indu-

strial applications.80 There are several techniques that can be used to grow SURMOF by LPE such 

as spin coating81, dipping robot82, and quartz crystal microbalance (QCM) 83, spray method80, pump 

methods84, and flow-based automation methods.85 

 

Figure 1-7: The scheme of prepared SURMOFs by using LPE layer-by-layer techniques the 

functionalized substrate is sequential exposed to the metal solution and linker solution with rinsing 

using pure ethanol in between each step. The figure was reprinted with permission from Elsevier. 

Copyright (2015) ref.86 

 

To grow SURMOF, choice a suitable substrate and suitable surface modifications is a crucial step 

in the deposition of SURMOFs to produce desired thin films to fulfil the planned-applications. 
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1.2.1.1 Substrates  

SURMOFs can be grown on a huge variety of substrates. The selection of a suitable substrate as 

well as the proper functionalization depends on the desired application. As demonstrated in the 

literature, great efforts have been devoted to establishing various deposition techniques for 

SURMOFs.64,65,77,87–90 These techniques opened the door for deposition MOFs onto different 

substrates which afforded compact and homogenous MOFs thin-films. A wide variety of substr-

ates have been used for the growth of the SURMOFs including the planar substrate such as TiO2, 

FTO, quartz, SiO2, Au, and flexible substrates like aluminium foil, plastic, fibres, metal oxides, or 

polymers.91 Moreover, nano and micro-particles were also used to grow core-shell particles, for 

instance, commercially available magnetic beads were functionalized and used to grow HKUST-

1(Hong Kong University for Science and Technology) on them.92 The produced magMOF particles 

were used as a chromatographically active stationary phase to separate solvents from mixtures such 

as pyridine and toluene. 

1.2.1.2 Functionalization of the substrate  

To grow SURMOFs by the LPE approach, one of the crucial factors that should be thoroughly 

considered is the functionalization of the substrate. This step is important to get the desired 

orientation. The LPEs approach has different advantages, such as providing highly oriented thin 

films, while the other approaches provide polycrystalline films. A convenient way to functionalize 

gold substrates is to use organothiols. These compounds are organic molecules that have the 

structure HS-R-X93, as shown in figure 1.8-a.  The SH group is known as an anchoring group and 

has a high affinity to attach the gold substrate Au-S-R-X, while X is known as a terminate group. 

Organothiol compounds are distinctive due to the easy growth on the substrate by immersing the 

substrates into a solution of organothiols, which produces a self-assembled monolayer (SAMs). 

Accordingly, head groups can be classified into to the monodentate and bidentate groups. 

Organothiol compounds have an affinity to attach with the metal (Au, Ag, Cu) substrate only. As 

a result, they cannot form a second layer. The terminate group of SAMs used for functionalization 

gold substrates, can be COOH, OH, NH3, pyridine such as 16-mercaptohexadecanoic acid 

(MHDA), 11-mercapto-1-undecanol (MUD),4‵-carboxter-phenyl-4-methanethiol (TPMTA) and 

9-carboxy-10-(mercaptomethyl) triptycene (CMMT), as shown in figure 1.8b. Another example 

is the silicon substrate which can be treated with silane SAMs.94,95 In addition, other factors are 

affecting the orientation of MOF thin film growth such as the density of the functional groups on 
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the surface.96 Figure 1.8b shows the structures of MHDA, TPMTA, and CMMT SAMs attached 

with Au (111) substrate, respectively.   

 

Figure 1-8: a) SAMs, SH-R-X, shows structure of an organothiol used in forming SAMs the 

anchor group (orange box) consisting of the sulfhydryl (SH) unit, a coupling unit R (in this case 

an alkyl group), and a terminal function X. This picture was reprinted with permission from 

Elsevier ref.93 ;  b) example of SAMs attached to Au-substrate. This picture was reproduced from 

ref.96
 

1.2.2 Techniques for the growth of SURMOFs 

Several LPE techniques have been set up for growing homogenous morphology SURMOF/ MOFs 

thin-films or minimizing the roughness, control thickness, monolithic, and free pinholes and 

cracks. The techniques that have been used include hand spray methods80, spin coating81, dipping 

method82, pump method84, and quartz crystal microbalance (QCM) methods. 

1.2.2.1 Spin coating  

This is a method used to grow metal-organic framework (MOFs) thin films either oriented or 

polycrystalline.81 The spin coating method has several advantages. First, it provides MOFs thin 

films with high throughput and allows for the cost-effective construction of thin films. 

Furthermore, this method requires shorter reaction times for the preparation of MOFs thin film 

than other methods, such as dipping method and pump methods. It decreases the amount of 

required chemicals and solvents as compared to other variant of the LPE-process. The thickness 

of the SURMOFs can be controlled by adjusting the number of deposited cycles. This deposition 

method can be fully automated using a spin coating machine consisting of four micro-syringes, 
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which contain metal precursors solution and linker solution. The other two syringes contain pure 

ethanol to remove the uncoordinated metals precursors and side products, as shown in figure 1.9. 

The metal precursors solution and linker solution drop through these micro-syringes on the 

substrate in a certain duration of time and spin coating with specific speed rpm in a continuous 

system respectively. Also, these two steps are separated by rinsing with the pure ethanol.  The 

drops deposited on the substrate are spread homogeneously by centrifugal forces. 

 

Figure 1-9: Schematic representation of spin coater is using for the fabrication of MOFs thin films 

by LPE approach, syringe number 4, and 2 are pure ethanol 1, and 3 are a metal solution, and the 

linker solution syringe respectively. This picture was reprinted with permission from ref81 

Copyright © 2016, American Chemical Society. 

 

The spin coating technique was used in the synthesis of HKUST-1, zeolitic imidazolate 

frameworks (ZIF-8), Cu2(bdc)2.xH2O, and Zn2(bdc)2.xH2O (bdc, refers to benzene-1,4-dicarbox- 

ylic  acid). The pre-functionalized substrate is placed on a vacuum chuck; the speed spin coater is 

optimized to start from slow to high-rotating speed. Ethanol solution of metal precursor (0.05ml) 

is added and spin coated for 5 seconds at 25ᵒC, followed by a rinsing step with a pure ethanol 

(0.05ml) to remove uncoordinated metal precursors and the side products. Thereafter, ethanol 

solution of the linker (0.05ml) is deposited and spin coated for 5 seconds, followed by rinsing step 

with a pure ethanol (0.05ml) to remove uncoordinated precursors and side products. The different 

steps described above from one deposition cycle, and by repeating cycle several times until the 

desired thickness is obtained. Several parameters can be optimized, which have an effect on the 

thickness e.g., the volume of solvents, the number of cycles, and the speed of rotation of spin 

coating. 
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1.2.2.2 Spray method 

 The hand spray method can also be used to grow SURMOFs based on LPE-method.80 This  

method allows to decrease the time of preparation of SURMOF by two orders of magnitude 

compared to other LPE-methods. Besides, it provides high thickness with a deposition cycle in 

comparison with other LPE methods. This system is built on a nozzles system basis, as shown 

figure 1.10.  The pre-functionalized substrate was fixed on the holder and 1 mM of ethanol solution 

of Cu (CH3COO) 2.H2O or ethanol solution of a metal nodes was sprayed for 15 seconds, followed 

by spraying the ethanol solution of the linker, ethanol solution of BTC in the case of HKUST-1, 

for 25s in sequence. The spraying of ethanol metal solution and ethanol solution of the linker was 

separated by an interval of 35s to allow precursors to coordinate with the previous active groups 

on the substrate. These two periods of spraying were separated by an intermediate rinsing step with 

pure ethanol for 5s to remove the uncoordinated precursors and the side products. Finally, this 

process produced one deposition and took a time of 2 mins. The desired thickness can be obtained 

by repeating the numbers of cycles. Furthermore, some factors have an effect on the produced 

thickness, such as the pressure of gas carrier for the solution of metal precursors and linkers 

solution, the distance between nozzles and substrate, and flow rate. The pressure of the gas used 

in the case of HKUST-1 and SURMOF-2 was 0.2 mbar. In addition, an automated spray setup is 

available that is working with an automated program. The automated spray technique affords a 

high roughness thin-film. As a result, manually hand spray is commonly used than automatically 

spray techniques. The automatic spray setup machine and manual hand spray are shown in figure 

1.10. 

 

 

Figure 1-10: a) Setup of the automated spray method which used to fabricate SURMOFs with the 

spray method: (1) Gas supply, (2) gas flow controller (3) three‐way gas valve (4) (A, B, C) 

solutions storage containers (5) sample holder (6) dosing valves, (7) spray chamber, (8) PC. The 
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picture was reprinted with permission from ref;80 b) Schematic diagram of the steps of producing 

one cycle-SURMOF using a manual setup of spray method, M is the metal solution, R is the rinsing 

liquid, and L is the linker solution. By repeating the previous step, the desired thickness can be 

obtained.  This picture was reproduced from ref.74  

 

1.2.2.3  Dipping robot  

The dipping robot method can be used to get SURMOFs of highly homogenous morphology with 

low roughness.82 In addition, it does not consuming a large amount of solutions. It requires a 

relatively long time in comparison to the spray method and spin coating method. The function- 

nalized substrate is dipped into the metal solution for 10 min container No. (1), followed by dipped 

into pure ethanol Container No. (2) for 2 mins to remove uncoordinated metal precursors or side 

products. Thereafter, the substrate is dipped into the ethanol solution of the linker on container No. 

(3) for 15 mins to allow the metal node to coordinate with linker, followed by dipped into the 

substrate into container No. (4) which contains ethanol to remove uncoordinated precursors and 

the side products. A full deposition cycle consists of the steps described above, as shown in figure 

1.11. The thickness can be controlled by repeating the number of cycles. This method has the 

advantage of combining the sonication and the heating system. Thus, it yields a highly homogenous 

morphology of the deposited MOF thin-films. This deposition time was used to prepare HKUST-

1.  

 

 

Figure 1-11: The dipping robot setup is using to fabricate SURMOF equipped with an ultrasonic 

bath. The factionalizing substrate is immersed in the ethanol metal-salt solution (1), pure ethanol 
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(2), ethanolic organic-linker solution (3), and pure ethanol (4) respectively. These four steps from 

a deposition cycle, which can be repeated many times. The figure was reprinted with permission 

from Elsevier Copyright (2015) ref.82 

1.2.2.4 Pump method 

The automated pump technique has been built to control the temperature precisely during the 

synthesis of SURMOFs by using a heating and cooling circulation system ranging from-20ᵒC to 

100°C.84 In this method, the functionalized substrate is placed inside the chamber jacket, sample 

cell. The system consists of four pumps with three different containers. The fourth pump is used 

to pump out the solution at the end of every step, as shown in figure 1.12. The first pump transfers 

the metal precursor solution for a specific programmed time. The metal solution covers the 

substrate for a specific time to allow the metal precursor to coordinate with the functional group 

exposed by the surface of the substrate. Consequently, the fourth pump starts to pump out the 

uncoordinated precursor solution and side products at the end of the reaction time. Thereafter, 

rinsing with pure ethanol is important here to remove the uncoordinated metal precursors and side 

products. Consequently, the linker solution is transferred by pump (3) to allow the active layer of 

metal nodes to coordinate with the linker. At the end of the previous step, pump No (4) removes 

the linker solution from the sample cell, followed by a rinsing step. The previous steps afford one 

deposition cycle. Theses previous steps can be repeated several times until the desired thickness 

can be obtained. For instance, the synthesis of HKUST-1 has been performed by using the pump 

system, as described in the following steps.  

The functionalized substrate was placed inside the sample cell, then:  

1-The functionalizing substrate was immersed with freshly prepared metal solution of 

Cu(CH3COO)2.H2O (1 mM) for 30 min. 

2- The substrate was rinsed with pure ethanol for 2 mins. This step was repeated two times. 

3- The substrate was immersed with ethanol solution of 1,3,5-benzene tricarboxylic acid (BTC, 

0.2 mM), as a linker for 1hour. 

4- The substrate was rinsed with pure ethanol for 2 mins, two times to complete one cycle. 

5- By repeating the previously described, a homogeneous coated thin film of HKUST-1  

was obtained.  
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Figure 1-12:The schematic diagram for the pump system that is used to growth SURMOFs via 

layer-by-layer LPE. The figure was reprinted with permission from ref 84 Copyright (2011) 

American Chemical Society. 

1.2.2.5 Quartz crystal microbalance (QCM) 

The principle of the QCM is based on the piezoelectric property, when applying alternating electric 

voltages to the quartz leads to produce mechanical shear oscillations.83,97 Figure 1.13 shows the 

QCM step up.  In the field of SURMOFs preparation, QCM is used to monitor the deposition of 

MOFs on the quartz (thin films), and the oscillation frequency allows to determine the thickness 

of the produced thin-film. The data can be analyzed using the Sauerbrey equation 1.1. 

∆𝑚 =
𝐴√𝑄𝑞𝐺𝑞

− 2𝑓ₒ2  
⁄ 𝛥𝑓                             Equation    1-1         

where Δm is the change in mass, A is the surface area of the resonator, Qq, and Gq is the density and 

shear modulus of quartz, f0 is the resonance frequency of the unloaded resonator and Δf is the change in 

resonance frequency.  

From the Sauerbrey equation, any change in the mass of substance on the surface leads to changes 

in the frequency. A QCM setup can also be used to monitor adsorption and absorption of different 

molecules in SURMOF.98–101 The temperature degrees can also be controlled using QCM. Some 

factors have an impact on the growing SURMOF such as adhesion of the film to the surface of the 

quartz crystal that affects the measurement accuracy when the accumulated stress is present and 

the quality of the surface of the quartz crystal. In the reported experiments, pure ethanol was 
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circulated in QCM until the frequency stabilized. Sequential addition of ethanol solution of 

Cu(CH3COO) 2.H2O and ethanol solution of benzene-1,3,5-tricarboxylic acid (BTC) to the 

functionalized the quartz crystal. These previous steps of deposition were separated by an 

intermediate rinsing with pure ethanol to remove uncoordinated metal, linkers, and side products. 

Finally, controlled thickness thin-film was obtained, as shown in the figure 1.14.  

 

Figure 1-13:QCM setup; (1) Inert gas  supply, (2) gas controller (FMD PR4000), (3) main valve, 

(4) three-way valve, (5) storage container with the loading substance, (6) thermostat, (7) glass tube, 

(8) QCM sensor with gold electrodes, (9) sample holder with electric feed through, (10) membrane 

pump, (11) impedance analyzer, (12) PC, (13, 15) outlet valves, (14) inlet valve. This picture was 

reproduced from Ref.101  

 

 
 

Figure 1-14: QCM-D signal as a function of time recorded during the growth of SURMOFs. 

HKUST-1 was grown in MHDA SAM (left), and MUD SAM (right)-QCM substrates, which 

were sequentially injected with an ethanol solution of Cu(CH3COO)2. H2O, ethanol solution of 

H3btc. These figures were reproduced from Ref.102  

 

1.3 Photophysical properties of photoresposinve MOFs: 

As described above, MOFs are built from the coordination between organic linkers and metal / 
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metal-oxo nodes, and have accessible pores with large surface area. Since the first report on MOFs 

in the 1990s by Omar Yaghi103, large numbers of MOFs have been reported. These are used mainly 

for gas separation, adsorption, and storage.104 The properties of MOFs can be tuned by rational 

selection of the linkers, or metal nodes with specific properties. On the other hand, the development 

of new materials, which can alter the physical properties and chemical properties under the effect 

of external stimuli such as (pressure, heat, light, pH, etc) is attracting a huge interest. 

Among these, in particular, photoresponsive materials105–108 i.e. in response to photoexcitation can 

undergo a chemical or physical change, are of high importance. Because the physical and chemical 

properties of the MOFs can be changed by retaining the structural periodicity, these materials have 

been explored in many applications such as electronic devices, molecular machines, data storage, 

and sensors.109–114 The combination of the properties, such as the high surface area  and photores- 

ponse115, in MOFs can open the doors to the new smart material design, which can be used in the 

next generation technology sector, such as smart windows, sensors, erasable ink, data storage.116  

1.3.1 Synthetic strategies for combine Photoresponsive materials within MOFs: 

As mentioned before, photoresponsive materials can be assembled into the MOFs. As MOFs are 

intrinsically porous, encapsulation of photoresponsive guest is also possible.117 The assembling of  

photoresposive materials into MOFs scaffold revealed a variety of photophysical phenomenon, 

such as photoconductivity118, energy transfer119, photon upconversion, photol-uminescence120, and 

producing singlet oxygen.121    

1.3.1.1 Followings are the three possible strategies: 

1) Linker precursor: Photoluminescent chromophores, like naphthalene122,anthracene123, pyrene 

124, porphyrin125, and photoswitchable chromophores, like azobenzene126 can be functionaliz- 

ed with suitable functionalities to coordinate to metal center.  

2) Metal nodes, such as lanthanide metal ions55  

3) Guest: Anthracene127, pyrene128 and azobenzene126 etc can be encapsulated as guest molecules, 

as shown in figure 1-15. 
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Figure 1-15: : Some of the photoactive molecules.108,22 

1.3.2 Types of photoresponse: 

As mentioned above the photoresponsive materials are a broad field, but, we will focus of some 

properties resulted from organic photoresponsive material within MOFs. We can categorize the 

response upon photoexcitation in the following categories: 
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1.3.2.1 Short-lived photoexcited states decaying to ground state via light emission or 

Photoluminescence 

 

1.3.2.1.1 Photoluminescence  

To exploit MOFs-based photoluminescence120, the MOF must release the absorbed energy by 

radiative pathways. Therefore, the non-radiative pathways in MOFs materials have to be suppre-

ssed. The Non-radiative pathways can be resulted due to the presences of torsion, rotation, or low 

energy vibration to the linker /chromophores. On the other hand, the chromophores that exhibit a 

high quantum yield emissive in dilute solution, exhibit very low emission or are quenched in the 

concentrated solution and in the solid-state due to aggregation or self-quenching. For the previous 

mentioned reasons, the alignment of those chromophoric linkers into the MOFs/SURMOFs platf-

orm can control the topological arrangement of linkers that leads to an increase in radiative ways 

and suppressed the non-radiative ways. In addition, when the chromophores have been aligned into 

the MOFs platform, they shown emission which is similar to the emission in a dilute solution.129 

For instance, MOFs have been constructed from  Zr-2,6-anthracenedicarboxylate exhibited 

emission as the emission resulted from 2,6-anthracenedicarboxylic acid in N,N-

dimethylformamide (DMF).130 MOFs platf-orm is controlling the chromophore organization and 

alignment, which reflected on the way of communication between chromophores. Furthermore, 

the local environment, the alternative orientation of the chromophores embedded within the 

framework, the spatial orientation, and inter-or intramolecular interaction lead to control the 

physical properties, and the physicochemical prop-erties. Yet, the most important point is the 

alignment of the chromophore inside the MOFs with the modulation of the photoluminescence 

which have a significant effect on photoluminescence.  

 

Photoluminescence based MOFs have been used in many applications e.g. the fabrication of 

sensors for different amino alcohol, ammonium gas131, Cr2O7
2– and nitroaromatic explosives,132 

also a sensor for detec-ting Fe3+ in serum and bioimaging133 and fabrication white–light-emitting 

diodes.134  

1.3.2.1.2 Multi-chromatic emission 

MOFs scaffolds provide a good platform where the chromophoric linkers can be aligned. Besides, 

MOFs scaffold can be built from mixed-chromophoric linkers with a different emission. Different 

chromophoric linkers can be oriented in two different directions, also the pores of the MOFs can 
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be infiltrated with different chromophores molecules. This strategy can be used to produce MOFs 

with different emissions than the emissions of the initial chromophoric linkers. For instance, the 

reported MOFs [Zn4O(4,4′,4′′-(9H-carbazole-3,6,9-triyl)-tribenzoate)2·xDMF]n,has blue emission.  

When it was loaded with two different dyes namely 4-(dicyanomethylene)-2-methyl-6-(p-dimeth-

ylaminostyryl)-4H-pyran (DCM) and coumarin, it exhibited a white emission due to guest@host 

interaction134, as shown in figure 1-16. The two different chromophoric molecules have two differ-

ent emissions red and green emission respectively.  

 

Figure 1-16: This figure shows MOF that have blue emission, but after loading with DCM and 

coumarin (C6), it produced a white-light emitting. This figure was reproduced from ref.134 

 

There is a different approach that can be used to fabricate white–light emission by core-shell 

growth.135 For instance, rhodamine B dye was encapsulated in the CD-MOF which produced 

fluorescence rhodamine B dye@CD-MOF. Also, non-emissive MOFs can be encapsulated with 

different emissive dyes to produce white-light emission such as, encapsulated non-emissive ZIF-

8-MOF with different dyes fluorescein, rhodamine B, and 7-amino-4-(trifluoromethyl) coumarin 

that have different emission via using several methods.136 This combination was done by three 

different methods. The first method is that a specific dye was added to the components of ZIF-8 

MOFs during preparation, in situ-method, then it was shelled by the pristine ZIF-8 MOF. There-

fore, these steps were repeated with others dyes. As a result, the encapsulated dye@ZIF-8 MOF 

was separated by the pristine ZIF-8 MOF sample to produce a core. Then the three cores were 

mixed together. Therefore, the mixture of dyes@ZIF-8 afforded white light emission and this 

method was called as multiphase single-shell, model 1. In the second method, the three dyes were 

embedded together in the same single crystal of ZIF-8 MOFs. The emission of these dyes was 
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suppressed by the solid MOF, and this method was called a single-phase single-shell, model 2. The 

last method was prepared via shell-by-shell overgrowth and in which every dye was embedded in 

one crystal. Followed by a layer of the pristine ZIF-8 MOF was grown upon previous dye@ZIF-

8. A consequence, the encapsulated other dyes into the pores of dyes@ZIF-8 MOF, was covered 

with layer of the pristine ZIF-8 MOF. Finally, the product afforded white emission and this method 

was called as single-phase multi-shell, model 3, as shown in figure 1-17.   

 

Figure 1-17:Schematic diagrams of three models for the preparation of dye and ZIF-8-based 

composites for white light emission. This picture was reproduced from ref136, without modifica-

tion. 

 

1.3.2.2 Sensitization of singlet oxygen  

Some organic chromophores can sensitize singlet oxygen. When these organic chromophores are 

excited, they produce a triplet excited state which transfers the energy to the oxygen molecules, 
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producing a singlet excited state, as shown in figure 1-18.  The porphyrin molecule belongs to this 

category, while using the organic compounds as a photosensitizer have some limitations. As a 

result, MOF scaffolds provide a system where these chromophores can be aligned to prevent the 

aggregation, producing materials with large surface area, rigid symmetry, have a high porosity and 

a good chemical stability. MOF-based photosensitizer solved the issues related to using solvated 

photosensitizer. In 2013, a first reported photosensitizer-based MOFs (3D-Eu-TPPS) have been 

fabricated from of porphyrin derivatives.137 Eu-TPPs produced 1O2  via illumination, which have a  

luminescence at 1270 nm. Due to the limited light penetration within 3D structure, that led to red- 

uce 1O2 permeation. Therefore, ultrathin 2D material was prepared to overcome the previous issue 

related to using porphyrin-based MOF 3D.138 Lately, more photosensitizer-based MOFs and photo-

sensitizer-based-thin-film MOFs have been reported.139–141 Photosensitizer-based MOFs have 

been used in different applications such as digesting a mustard gas to a non-toxic products142, oxid-

izing alcohol to aldehyde143, and antibacterial.141 

 

Figure 1-18 : Jablonski diagram describing the underlying photophysics and photochemistry of 

photodynamic therapy generation of excited photosensitizer states and reactive dioxygen species. 

The figure was reproduced with permission from WILEY from ref.41 

 

1.3.2.3 Stable charge separated state or radical ion state formation 

Viologen, and naphthalene diimide, are redox active chromophores. Due to stable oxidation and 

reduction states, these types of chromophores exhibit persistent, unique color corresponding to the 

oxidation state. For example, in case of viologen, V2+ state has a pale-yellow colored, and V+˙ 

which have green, blue, or dark color takes place under external stimuli. The oxidation process can 

also occur by photoexcitation144–147, as shown in the reaction scheme1. The change in the structure 

of viologen compounds under illumination is not a drastic change in the geometry of the linker. 
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Therefore, viologen compounds are suitable linkers for construction viologen-based MOFs. Upon 

irradiation the viologen-based MOFs, they are under photoinduced electrons transfer from electron 

donor i.e. counterion producing viologen radical. This process depends on many factors, one of 

them is the distance between the pyridinium and an electron donor, such as halide ions, O, N3.
148–

150 The produced viologen radical-based MOFs are metastable, in which the transition to the initial 

color happens after exposure to the ambient conditions.144,149,151,152 This photophysical reaction is 

very important which makes viologen based MOFs can be used in the data storage, inkless, and 

erasable ink in printing paper.153 Furthermore, naphthalene diimide (NDI)  in the presences of 

electron donor, under illumination showed photochromism.154–157 As a result, MOFs-based (NDI) 

have been used in coating papers ,158 as sensors to amines, in which the color of NDI based MOFs 

changed due to electron transfer from amines as a donor to the NDI as an acceptor.159 

 

 

 

Reaction scheme 1: The redox process  of viologen.160 

1.3.2.4 chemical bond formation or cleavage 

The spiropyran compounds and diarylethene(DTE)161, show bond cleavage upon illumination, as 

shown in the reaction scheme 2. Building MOFs using spiropyran, and diarylethene a photo-

responsive compounds is not always successful. Due to the dramatic change in the geometry of the 

structure after illumination as a change from orthogonal to planar structure, while the MOFs 

scaffold is a rigid platform. As a result, spiropyran compounds have been loaded into MOFs 

/SURMOFs 162,163, the compounds are in the close form, spiropyran, under visible light or high 

temperature. When they are illuminated using UV-light, they isomerize to the open form, 

merocyanines, which are conjugate compounds. The spiropyran compound has been loaded into 
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the pores of Uio-67 thin-film.164 After successfully loading, the UV-light has been used to switch 

the loaded spiropyran from the closed structure, spiropyran, to open form, merocyanine. The open 

form, merocyanine, is a conjugated compound, which produced photoconductivity of more than 

one order of magnitude. 

 

Reaction scheme 2: Isomerization of diarthethenes and spiropyrans under light.108 

 

Combination between different types of chromophoric linkers into MOFs platform afforded 

interesting properties, such as a remote-control 1O2 generation.165 MOF called So-PCN has been 

built from two photochromic linkers. 1,2‐Bis(2‐methyl‐5‐(pyridin‐4‐yl)thiophen‐3‐yl)cyclopent‐

1‐ene (BPDTE) has been used as a photoswitchable linker.166 It is a very important photo-chromic 

linker due to its interesting properties, such as thermal stability, fast response to illumination, and 

fatigue resistance. The second linker has been used is porphyrin derivatives as a photosensitizer. 

As a result, So-PCN MOF has been obtained from the previous two photo-active linkers. Conseq- 

uently, the illumination of the SO-PCN made DTE derivatives undergo photoisomerization, which 

led to open and close form according to the absorbed energy. This differently absorbed energy 

provided different pathways for the porphyrin to produce singlet oxygen 1O2, as shown in figure 

1-20. 
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Figure 1-19: The proposed mechanism of the controlling single oxygen that was produced by SO-

PCN MOFs, the figure was reproduced with permission from john Wiley and sons.166 

 

1.3.2.5 Reversible conformational change of the organic linker or encapsulated guest 

Azobenzene, and stilbene are photoresposive materials, which exhibit trans-cis isomerization upon 

illumination with a light with a suitable wavelength, as show in the reaction scheme 3.  Azobenz-

ene compounds have been intensively studied in the MOFs field as a photoactive compound.167–

169  

 

 

Reaction scheme 3: The effect of light on stilbene and azobenzene  

 

This compound has been encapsulated into bulk MOFs as well as into SURMOFs.170 In one of 
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these studies171, azobenzene was encapsulated into different MOFs such as MOF-5, MIL-68- (In), 

MIL-68(Ga), MIL-68(Al) in gas-phase. The obtained azobenzene@MOF-5, azobenzene@MIL-68 

(In), azobenzene@MIL-68(Ga), azobenzene@MIL-68(Al) showed trans-cis isomerization. One 

exception was azobenzene@MIL-68(Al), which did not exhibit isomerization. Since there was not 

enough free space to allow for the isomerization. 

In a further experiment, the azobenzene was introduced into the pores of [Zn2(terephthalate)2- 

(triethylenediamine)] via mixing the MOF with molten trans-azobenzene which diffused into the 

pores of MOFs.172 The obtained azobenzene@MOF showed trans-cis isomerization upon illumina-

tion also it was switched via heating at 120°C. Interestingly, the embedded azobenzene into MOFs 

showed different N2 adsorption behavior depending on the isomerization form. For instance, the 

embedded azobenzene under the cis form showed higher N2 uptake higher than the trans form. 

Furthermore, the azobenzene and the o-tetrafluroazobenzene were infiltrated into HKUST-1 thin-

film via diffusion process.170 The obtained azobenzene@HKUST-1 and the o-tetrafluoroazoben- 

zene@HKUST-1were under trans-cis isomerization upon illumination with  light at 365nm, and 

green light at 530 nm respectively. Also, they were under the reverse isomerization from cis-to 

trans via illumination with blue light 455nm, and violet light 400 nm respectively. Accordingly, 

the embedded azobenzene and o-tetrafluoroazobenzene into HKUST-1 thin-film revealed butane-

diol uptake by cis-form higher than butanediol uptake by trans-form.  

The aforementioned strategies of encapsulating the azobenzene, which is called as an  extrinsic 

method, has drawbacks either in the loading process, which does not proceed effectively, or the 

used MOFs have small pores size in comparison with the space required for the rotation of the 

photoactive molecule.171 As a result, an alternative strategy has been used is called an intrinsic 

method.  

This method showed a solution for the drawbacks of the aforementioned strategy. The intrinsic 

method was performed via using the photoactive compounds into the backbone of the MOFs 

/SURMOFs. The photoactive materials have been used as a side chain in the linkers that have been 

used to build MOFs/SURMOFs.108,173,174 For instance, azobenzene was used a side group in the 

linkers that have been used to build SURMOF/MOFs.126,173,175–178 Another way was functiona- 

lization of the linkers that have been used via post synthetic modification.126,179 Interestingly, the 

SURMOFs / MOFs that have been built using linkers have azobenzene as a side group in the 

backbone showed the same behavior of embedded analogies, for instance it was used as a remote 
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control for butanediol uptake.177,180 Building MOFs/SURMOFs with photoactive materials in the 

backbone produces smart materials that can be used in many applications such as gas uptake 

remote control, conductance remote control,164 and used as smart vessels.175,178,181 Furthermore, a 

SURMOF that has been made from linker with azobenzene as a side chain attached to the backbone 

showed a controlled proton conduction. The SURMOF has been loaded with 1,4‐butanediol and 

1,2,3‐tria-zole, and a switching between trans-cis photoisomerization showed a decrease in the 

proton conduction.182 In addition, remote control of magnetism was afforded due to illumination 

of a Zr-MOF that was embedded with endohedral metallofullerenes Sc3C2@C80 and DySc2N@C80 

and has azobenzene as a side chain in the linker.183  
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2 Characterization methods 

A plethora of techniques are used in the characterization of reticular chemistry MOFs, and also of 

SURMOFs.184 The technique that can be applied, depends on the desired characterization.31 For 

instance, techniques like electron microscopy (SEM and TEM) are suitable in describing the shape 

of the MOFs. Whereas, other techniques such as X-ray diffraction (XRD, SAXS) and can help to 

characterize the crystallinity of the materials. In this section, I will describe the relevant methods 

and instruments that have been used in the characterization of SURMOFs in the present thesis, 

such as X-ray diffraction (XRD), ultraviolet-visible spectroscopy (UV-Vis), infrared spectroscopy 

(IR), scanning electron microscopy (SEM), Raman spectroscopy, fluorescence lifetime, and near-

edge X-ray absorption fine structure spectroscopy (NEXAFS). 

2.1 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is an important tool for answering different scientific questions, such as 

determining the crystal structure of crystalline materials, quantifying the change in the cell 

parameters, identifying structure phases via comparing the measured data with data from known 

structures, the orientation of the crystal, size of the crystal, and other structural parameters. In 

addition, it is a well-established and non-destructive technique. In general, it does not need special 

sample preparation. Different conditions can be applied during the measurement of the sample 

such as temperature, pressure. XRD used in the case of powder samples is called powder X-Ray 

diffraction (PXRD). 

2.1.1 Theoretical background 

XRD-diffraction is a kinematic process based on a single scattering of incident X-ray photons by 

the outer shell electrons of atoms forming a crystalline material, which has a symmetric and 

periodic arrangement of atoms in three dimensions.185 The distance between atoms forming layers 

is d, as shown in figure 2.1. When a monochromatic X-ray beam with a specific wavelength λ is 

directed on the sample under investigation (crystalline material) with an angle of incidence θ, it 

alters its direction due to the scattering by the outer shell electrons of the atoms. Coherently 

scattered monochromatic X-rays beams from adjacent atomic layers have a difference in the path 

length, thus interfere constructively or destructively with each other. If their path difference AB + 

BC is an integral number n of the wavelength i.e. = n λ, then constructive interference can occur.  
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This condition is embraced in the Bragg equation:   

Bragg’s equation                                           n λ = 2 d sin θ                   Equation 2-1 

 

Figure 2-1: Schematic illustration of the constructive interference on a periodic lattice plane.  

 

2.1.2 X-Ray diffractometer  

X-ray diffractometers are used to measure the intensity of   the diffraction of X-rays by crystal- 

line materials. Such a device consists of three main parts: X-ray source, detector, and gonio- 

meter.186 The X-ray source consists of an evacuated tube that contains a specific metal target 

(anode) made out of Cu, Mo, or Ni. In this evacuated tube high-velocity electrons hit the anode, 

which emits an electron from lower energy levels (K shell) and creates vacancies. These vacancies 

are filled by an electron from a higher energy level (L shell). The electron transfers from the higher 

energy level to the lower energy level creates a quantum of energy called X-ray photon with an 

energy equal to the energy difference between the two energy transition levels. These emitted 

photons have a wavelength in the range of 0.01-1 nm. The produced X-ray beam is directed to the 

sample under investigation. The angle of incidence (ω in fig. 2.2) can be changed by the mechan- 

ical movement of the goniometer arms, as shown in figure 2.2. Scattered X-ray beams by the atoms 

of crystalline materials are directed forward and collected by the detector under the scattering angle 

2θ. The read-out is used to produce the XRD diffractogram in which the intensity of the scattered 

beam is plotted over the scattering angle 2θ. 
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Figure 2-2: A schematic illustration of 5-circle goniometer system; this picture was reproduced 

from ref.187 

2.1.3 X-Ray-Out-of-plane and X-Ray-in-plane 

XRD diffraction is a very important tool to characterize the thin-film. The thin-films are 2-dimen-

sional(2D) structures in many cases. In the case of conventional XRD applied to powder samples, 

the angle of the incident and diffracted beams has the same angle θ and in that case, it is called 

symmetrical reflection measurements. In this case, the scattering vector is perpendicular to the 

sample surface and the measurement is called out-of-plane XRD.188 Conversely, when X-ray 

beams incident parallel to the surface and are used to measure the perpendicular lattice planes of 

thin films, then the scattering vector is parallel to the surface and it is called as in-plane XRD,187,189 

as shown in figure 2.3.  

To obtain an informative result from the sample under investigation by in-plane XRD, parameters 

must be adjusted, such as the height of the sample surface with the center of the incident X-ray 

beam called as Z-axis. In addition, the correct ϕ-angle and the angle of incidence αi should be 

adjusting.  

 

Figure 2-3: A schematic diagram of the geometries of thin film X-ray diffraction measurement, 
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showing relations between the lattice planes of a thin-film sample and different X-ray geometries: 

red in-plane, dark green out-of-plane, and light green grazing incident. This figure was reproduced 

from ref.187 

 

In this thesis, the XRD out-of-plane measurements were carried out using a Bruker D8-Advance 

diffractometer equipped with a position-sensitive detector PSD Lynxeye® in Bragg-Brentano-

geometry, variable divergence slit and a 2.3° Soller-slit on both sides. Also, XRD in-plane measu-

rements were conducted on a Bruker D8 Discover in θ-2θ geometry which is equipped with a 

quarter Eulerian cradle, tilt-stage, 2.3°Soller-slits on both sides, a Göbel-mirror, and a PSD Lynx-

eye®. The two XRD diffractometers were operated with Cu-anodes producing Cu Kα1,2 radiations 

with wavelength (λ = 0.15419 nm). 

2.2 Infrared Spectroscopy (IR) 

Infrared spectroscopy is an easy, inexpensive, and fast characterization method. It can also be used 

to collect information about the sample’s chemically functional groups. Therefore, IR is a techni-

que that is widely used. IR190 covers a specific wavelength range between the wavelength of 

microwave and higher than the wavelength of visible light 700 nm– 1mm. IR radiation can- not be 

seen by the naked eye. IR is classified into three regions depending on the wavenumber: (i) near-

infrared (NIR) in the range of 12820 cm-1 - 4000 cm-1, (ii) mid-infrared (MIR) that lies in the range 

of 4000 cm-1 – 400 cm-1 and (iii) far-infrared (FIR) 400 cm-1 - 10 cm-1. When IR radiation incidents 

on molecules that are IR active, part of IR radiation, particularly MIR and NIR, is absorbed by 

molecules and causes vibrational and rotational changes.191  

Linear molecules consisting of n atoms have (2n-5) different vibration modes, while nonlinear 

molecules exhibit (2n-6) modes. There are two main types of vibration modes. Firstly, stretching 

vibration, which is a symmetrically or antisymmetrically rhythmical change of the interatomic dist-

ance along the bond axis. The second one is the bending vibration mode causing changes in the 

bonding angles. Some examples of different stretching and bending modes are shown in figure 2-

4.192 
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Figure 2-4: The vibration modes of molecules after absorption of IR radiation, showing bending 

modes, and stretching modes. This figure was reproduced from ref.192 

   

In addition, there are two different types of bending vibrations: rocking and scissoring; while the 

out-of-plane has two vibration modes, twisting, and tagging, as shown in figure 2-4. 

To simplify the IR effect on the bond the vibration modes activated by IR energy can be compared 

with the physical model of the spring system by using Hooke’s law in the case of diatomic and 

polyatomic. let’s supposed,  two atoms, with different masses m1&m2,  are connected with each 

other by spring of force constant k, as shown in figure2-5.193 This model can be described as a 

simple harmonic oscillator.  

The energy of the harmonic oscillation can be calculated using the following equation2-2. 

 

𝐸 = 1/2. 𝐾. ∆𝑟            Equation 2-2 
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Figure 2-5: Schematic representation of a vibration featuring two different masses around the 

equilibrium distance r0.  

 

The frequency of the light that absorbed by the bond can be calculated from the following 

equation2-3. 

𝜐 = 1/2𝜋√𝑘/µ              Equation 2-3 

Also, it can be formulated as the following equation2-4. 

𝜐‵ = 1/2𝜋𝑐√𝑘/µ              Equation 2-4  

υ is the frequency of absorption, while υ‵ is the wavenumber in cm-1; k, is the force constant of the 

bond; c is the light velocity; and µ is the reduced mass, which can be calculated from the equation 

2-5.  

µ =
𝑚1⋅𝑚2

𝑚1+𝑚2
            Equation 2-5       

The large force constant (k) means that the bond strength increases, and leads to increases in the 

frequency vibration. Furthermore, a decreasing k constant represents a decrease in the bond 

strength, as well as a decreasing vibration frequency. The reduced mass is reverse proportional to 

the frequency. For instance, “k for a single bond is = 0.5*103  N/m5x105; double bond = 1*103 

N/m, triple bond= 1.5103 N/m.”.190 Therefore, the wavenumber of C=C is higher than C-C. When 

the same bond but with different mass of atoms, the wavenumber of the vibration mode increases 

with increasing the mass of the atoms e.g. C-C has a wavenumber of the vibration mode higher 
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than C-H bond.  

Classical IR instruments are called dispersive spectrometers, which depended on splitting the light 

emitted by the IR light source into individual wavelengths. This separation happened by two 

methods, either by using an infrared prism or a grating. Due to this separation, the time required 

to measure one sample takes several minutes. State of the art new IR instruments are Fourier 

transform infrared spectroscopy (FTIR)194,195, and it is widely used nowadays. It has many 

advantages over the dispersive one. The first advantage is using an interferometer196, which 

produces a signal made up of all infrared frequencies. All of the produced IR frequencies are 

measured simultaneously making FT-IR a very fast method to receive a spectrum. This advantage 

can be used to measure several spectra successively, and the recorded data can then be processed 

by a CPU to produce a spectrum with increased signal-to-noise ratio. This advantage is called 

Felgett Advantage.197 Due to the using of less optical components, such as slits in the monoch-

romator over dispersive IR spectroscopy, FT-IR provide a high throughput,  known as Jacquinot 

Advantage.198 In addition to the mechanical simplicity, it has only movable mirrors. Finally, FTIR 

has an internal laser for internal wavelength calibration, which known as Connes Advantage. All 

of these advantages made FTIR highly accurate and sensitive even for impurities. It is a very fast 

technique that can be used to get a high-quality spectrum by repeating scans several times. As a 

result, IR becomes intensively used many practical applications as quantitative analysis. 

2.2.1 Infrared Reflection Absorption Spectroscopy (IRRAS) 

Infrared reflection–absorption spectroscopy (IRAS, or IRRAS) is used to study thin films. As 

IRRAS offers low depth information in the sample volume, it can be used to study the absorption 

of the upper layer including self-assembled monolayers on a  reflective substrates by comparing 

the emitted light before and after its reflection at the surface.199,200  

The incident infrared beam on the sample surface is resolved into p-polarized, and S-polarized IR 

light. The electric vector of p-polarized IR light is parallel to the incident plane, then it is reflected. 

In this thesis, the IRRAS spectra were recorded using a FTIR-infrared spectrometer (Bruker 

VERTEX 80).  The incident angle relative to the normal surface is 80ᵒ. The mercury cadmium 

telluride (MCT) narrow band detector was cooled down using liquid nitrogen in the ambient 

conditions. Then, the spectra were collected with a resolution of 2 cm-1, and perdeuterated 

hexadecanethiol SAMs on Au substrates were used as background for the SURMOFs. 
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2.2.2 Attenuated Total Reflectance (ATR) 

ATR can be used to collect high quality IR spectra for solids materials, liquids, and gas phase. 

Measuring ATR does not require complex or a long time of sample preparation.201,202 It is based on 

the total reflectance of an incident beam through ATR crystal (reflectance between 5 to 10 times) 

producing evanescent waves, which provides a high sensitivity and improves the signal-to-noise ratio. 

In addition, the incident beam can penetrate the sample in the depth up to 2 µm. The penetration 

depths depend on the angle of the incident IR beam, the crystal material and the sample under 

investigation. The incident beam hits the surface, where the sample under investigation, several times 

producing an evanescent wave. Finally, the produced wave is collecting with the detector producing 

an IR spectrum shown in figure 2-6.  

 

Figure 2-6 Schematic illustration of the ATR setup.202 

In this thesis, ATR measurements were conducted by Bruker Optics Tensor 27 spectrometer 

equipped with platinum® ATR accessory and a deuterated L-Alanine doped triglycine sulfate 

(LaDTGS) detector. The spectra were collected at room temperature, with a resolution of 4 

cm-1, and air is used to collect the background. 

2.3 Ultraviolet-Visible (UV-Vis) spectroscopy  

Ultraviolet-visible spectroscopy (UV-Vis), is a simple, fast, and suitable tool for a wide range of 

compounds, which can be measured in transmittance /absorption or reflectance mode.203 It is 

composed of two ranges: the ultraviolet light with wavelengths ranging from 200-400 nm and the 

visible light with wavelengths between  400 and 800 nm. Through using this technique, we can get 

information about the π-system of the molecules under investigation, including e.g. conjugated 

unsaturated, aromatic compounds, and conjugated non-bonding electron systems. 
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The energy of a molecule is the sum of its electronics, vibrational, and rotational energy.  When a 

molecule absorbs UV-Vis radiation, electronic energy of the molecule changes. When the UV-Vis 

light is absorbed, an electron is exited and lifted energetically usually from a bonding - or a - 

molecular orbital to the antibonding *- or *-orbital, respectively or from a non-bonding n orbital 

to either a *- or *-orbital, as shown in figure 2.7. 

 

Figure 2-7: Electronic transitions between molecular bonding orbitals, anti-bonding orbitals and 

n orbitals did not involve into the molecular bond (left). Spectral regions (right), in which light is 

absorbed due to electronic transitions. This picture was reproduced from ref.204 

 

The electrons of the aliphatic compound occupy the lowest occupied molecular orbital σ, and the 

energy which is required to prompt electron from σ  σ* is large. Because the energy is inversely 

proportional with the wavelength, the required wavelength for this promotion lies outside the 

ultraviolet range. Ultimately, molecules with different functional groups, such as (C=O), can 

absorb enough energy to prompt the electrons to different unoccupied energy levels. Then, the 

molecules show different absorption peaks. As a result, the UV-Vis spectroscopy is called electron 

spectroscopy. 

UV-Vis absorption obeys to Beer-Lambert’s law, which states that the number of molecules 

absorbing light of a specific wavelength is directly proportional to the intensity of the absorption 

spectrum as long as the molecule concentration is low enough, as in equation 2-6. 

     Therefore 
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log (Io/I) = ɛ c L           Equation 2-6                    

 Io = intensity of the incident light, I = intensity of light transmitted through the sample solution, c 

= concentration of the solute in mol/ l-1, L = path length of the sample in cm; ɛ = the molar 

extinction coefficient of the substance is unique for every substance.   

log(I0/I) =A where A is the absorbance, the amount of the light absorbed by the solution / 

substance, the reverse of log (I/I0) is -log (I0/I) = -A= T with T is the transmittance, the amount of 

light transmitted through the solution/substance. 

Lambert-Beer’s law can be written as A=ɛ c L. From this law, the amount of light absorbed or 

transmitted by the solution under investigation is directly proportional to the concentration of the 

solution and with the path length of the travelling light. Besides, ε the molar extinction coefficient 

is constant for every substance.  

In the present thesis, UV-Vis absorption spectra were collected using an Agilent Cary 5000 UV-

Vis-NIR spectrophotometer, with the wavelength range 200-800 nm. The spectra were collected 

in transmission mode. 

2.4 Scanning Electron Microscopy  

This technique is used to investigate the morphology, crystal size, and homogeneity of SURMOFs. 

The eligible substance that can be investigated by SEM is the solid substrate.   

  

Figure 2-8: Schematic of a scanning electron microscope, this picture was reproduced from ref.205  

 

SEM has a source of the electrons to produce electron beams at the top of the column called an 
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electron gun, as described in figure 2-8. The column has a combination of electron lenses and 

apertures to accelerate the passing electron beam. Ultimately, the electron beam hit the sample206–

208, which is fixed or mounted at a stage inside the sample chamber. Before the beam hits the 

sample, the column and the chamber have to be evacuated using a combination of pumps. The 

position where the electron beam hits the sample can be controlled by scan coils.  

The incident beam can penetrate the surface to a depth of 1 µm, because the electrons are accele-

rating with a potential of typically 2-40 keV. This penetration depends on different factors, such 

as the kinetic energy of incident electrons, the incidence angle, and the atomic mass or the density 

of the material. The interaction of the incident beam of electrons and the mounted sample produces 

various radiation emissions from the atoms of the substrate including elastically scattered electro-

ns, inelastically scattered low-energy secondary electrons, or X-rays.  

The scanning electron microscopy is based on collecting secondary electrons, which expresses the 

morphology of the sample under investigation. The quality of SEM data /images depends on 

different factors, such as electron beam spot size and the interaction volume of the electron beam 

with the sample.  

Regarding the sample preparation, SEM is working on a conductive surface, while the majority of 

reported MOFs/SURMOFs are insulators. To get high-quality images, the surface of MOFs or 

SURMOFs have to be coated with a conductive layer, such as Au or carbon layer.  

In the present thesis, a Philips XL30 (FEI Co., Eindhoven, NL) SEM for the SURMOFs was used, 

which has a field emission gun and can be used as an environmental scanning electron microscope 

(FEG-ESEM). The machine is operated with acceleration potential in the range between 15 keV 

and 30 keV. The applied pressure is in the range of 0.7 to 1.0 Torr. 

2.5 Near Edge-X-Ray Absorption Fine Structure (NEXAFS) 

This technique is a synchrotron-based variant of photoelectron spectroscopy.209 It is used to 

investigate atomic and electronic structures210–212, and molecular orientations.213,214 It works as 

incident photons, with sufficient energy, hit the sample under investigation.  Those photons excite 

a bound electron e.g., a core electron or from an inner shell in an unoccupied level. This empty 

core level is unstable and has a short lifetime in the range of femtosecond. Therefore, it is filled 

with another electron from a higher energy state and is accompanied with release of energy. This 

energy is released in the form of radiation in a way of the emission of fluorescence or by non-

radiative kind as emission of an Auger electron, as described in figure 2-9. It shows different core 
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levels, which have different binding energies. The binding energy is distinct to each element. 

 

Figure 2-9: The photo-absorption process including filling of the core hole by emission of a photon 

or an Auger electron. This picture was taken from ref.215 

 

This technique has some importance when applied to light elements, such as Carbon, Nitrogen, 

and Oxygen. These elements have intensive absorption in the soft X-ray region (100 –700 eV). As 

a result, organic compounds are suitable probes to be  investigated by this technique.216 Absorption 

of the soft X-ray causes transition of electrons from the  K-edge , the deepest core shell, into 

unoccupied molecular orbitals.  

NEXAFS has many advantages superior to other characteristics techniques. One of these advan-

tages is the highly sensitivity to chemical nature of intramolecular bonds. This technique is suitable 

to different between (C-C) and (C=C), which can be detected easily in comparing with using XPS. 

Because the difference in the binding energy between π* and σ* that can be detected using XPS, 

lies in the range of 0.1eV. While the binding energy difference between them that can be detected 

using NEXAFS lies in the range of several electron volts.  

X-ray beam produced in the NEXAFS device travels through vertical and horizontal slits. To 

monitor the intensity of the X-ray beam, it must pass through a gold grid, which transmit 85%. The 

predefined X-ray beam hits the sample under investigation inside the sample chamber, which can 

be aligned to the specific spot. The alignment of the sample under investigation help to prevent the 

incident X-ray to illuminate the sample holder.  

The X-rays that absorbed by a cross-section of the sample can be measured by two methods. The 

first method is using an X-ray sensitive detector to measure the beam of X-ray that transmitted by 

the sample under investigation. Due to the lack of the surface sensitivity, this method is suitable 

for thin-films that have a thickness between µm-mm. The second method is measuring the 

secondary electrons produce from the decay of the core hole that emitted from the sample into the 

vacuum. Later method is the most commonly used method nowadays. Because it was designed to 
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overcome the sensitivity of the prior method. Figure 2-10 shows the scheme of the NEXAFS 

experimental setup. 

 

Figure 2-10: The scheme of the NEXAFS experimental setup. This picture was reproduced from 

ref.215 
 

In this thesis, The NEXAFS measurements were conducted using the dipole beamline HE-SGM 

of the synchrotron storage ring BESSY II in Berlin (Germany).213 NEXAFS measurements were 

carried out with linearly polarized radiation (polarization factor P ≈ 82%) with an energy 

resolution of better than 350 meV which were recorded at the C K-edge in the partial electron yield 

mode with a retarding voltage of −150 V at the C K-edge. In the partial electron yield mode, 

retarding potentials are applied to assure that only near-surface electrons are detected. The 

NEXAFS raw data were normalized in a multi-step procedure by considering the incident photon 

flux which was monitored by the photocurrent on the gold grid and using the background signal of 

the clean Au substrate.  
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3 Materials and experiments 

3.1 Chemicals     

Methyl-4-ethynylbenzoate (sigma Aldrich), dimethylsulfoxide-d6 (99.9 atom, sigma Aldrich), bis-

(triphenylphosphine) palladium (II)chloride (sigma Aldrich), 9,10-dibromoanthracene (Alfa Aesa 

r), Tri-(p-tolyl)-phosphine (98%, across organics), tris(dibenzylideneacetone)dipalladium (0) (sig- 

ma Aldrich), 4-Methoxycarbonylbenzeneboronic acid (95%) (sigma Aldrich) were used as purch-

ased without further purification. Ethyl acetate, dichloromethane, potassium hydroxide, and pota-

ssium tribasic phosphate, zinc acetate dihydrate, copper acetate monohydrate, and n-hexane were 

purchased from Merck Millipore and they were used without further purification. 16-Mercapt-

ohexadecanoic acid (MHDA, 97%), 11-mercapto-1-undecanol (MUD), and absolute ethanol were 

purchased from VWR (Germany) and they were used without further purification. 

3.2 Substrates 

Gold substrates were obtained from Georg Albert-Physical Vapor Deposition (Silz, Germany). The 

silicon substrates were coated with a gold layer on the surface with a thickness of 100nm. Further-

more, 5 nm of titanium layer was deposited between Si and 100 nm gold layers to improve the 

adhesion. The silicon substrates (Si) with [100] orientation were obtained from Silicon Sense (US). 

The quartz glass substrates were purchased from GVB Solutions in Glass (Herzogenrath, Germ-

any). These substrates were sonicated in acetone and ethanol for 5min, and 10 min respectively, 

and finally were dried in a flux of N2.  

3.3 Preparation of the substrates.  

As mentioned in the introduction, the functionalization of the substrate is a crucial step in the 

preparation of homogenous, orientated thin-films, reproducible, as well as, afford the desired 

SURMOFs to fulfill the desired applications.  

3.4  Functionalization of silicon substrates  

The Si-substrates were sonicated in acetone and ethanol for 5 min and 10 mins respectively, 

followed by rinsing with pure ethanol and drying with N2 flux. The functionalization of Si-

substrates is required to increase the number of reactive –OH groups on the surface and to remove 

organic residues from the surface. This functionalization can be performed using UV/ozone cleaner 

or O2 plasma cleaner. Functionalization using UV/ozone cleaner was done for 30 minutes (UV 

Ozone Cleaner ProCleaner, BioForce Nanosciences, Salt Lake City, USA; or UV Ozone Cleaner, 



46 
 

Ossila, Sheffield, United Kingdom). The substrates can also be functionalized using an O2 plasma 

cleaner (Nano low-pressure plasma system, Diener electronics, Ebhausen, Germany) at an oxygen 

flow of 50 sccm and vacuum pressure of 0.5 mbar for 30 mins. Thereafter, the substrates were kept 

in an ethanol solution of the metal sources which used in the synthesis of the SURMOFs. The pre-

functionalized substrates were used immediately to avoid the formation of metal rods on the 

surface. The Si-substrates were coated with Zn-bianthryl to conduct Raman measurement, and 

SEM. Furthermore, the Si-substrates were coated with Zn-viologen based SURMOF to conduct 

the XPS measurement.   

3.5 Functionalization of quartz glass substrates  

Quartz glass substrates were cleaned using the same procedure as described above for the Si-

substrates namely sonicating first in acetone, and pure ethanol for 5 mins, and 10 mins respectively. 

Then, they were rinsed with pure ethanol and dried in a flux of N2.  

3.6 Preparation of SAMs 

3.6.1 Preparation of MHDA SAMs on gold substrate 

After the gold substrates were cleaned with ethanol and acetone and dried with N2 flux, they were 

immersed in a 0.02 mM 16-Mercaptohexadecaonic acid (MHDA) solution (5% acetic acid, 95% 

ethanol).217 Then, they were kept in dark at room temperature for 72 h. Thereafter, the Au-substr- 

ates were removed from the solution, rinsed with pure ethanol and dried with N2 flux.to get MHDA 

SAMs. The samples were used immediately to fabricate SURMOFs. 

3.6.2 Preparation of MUD SAMs on gold substrate 

The Au-substrates were cleaned with pure ethanol and acetone and dried in an N2 flux. Then, they 

were immersed in a 1 mM ethanolic solution of 11-Mercapto-1-undecanol (MUD). After that, they 

were kept in the dark at room temperature for 24 h. Then, the samples were removed and cleaned 

with pure ethanol, and gently dried in an N2 flux to get MUD SAMs. They were used immediately 

to grow SURMOF. The Au-substrates that were treated with the SAMs, MUD and MHDA, were 

freshly prepared prior to SURMOF deposition to prevent decomposition of SAM. 

3.7 Synthesis of Zn-bianthryl-based SURMOF using spin coating  

Zn-bianthryl based SURMOF was prepared by layer-by-layer liquid phase epitaxy (LPE) using the 

so-called spin coating approach.81 The functionalized substrates (pre-cleaned quartz, Si/SiO2, and 
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MUD functionalized Au) were placed on the vacuum chunk and subjected to spin coating. The 

ethanol solution of zinc acetate dihydrate; metal nodes (1 mM, 0.5 ml), was deposited for 10 s at a 

speed 1000 rpm, followed by deposition ethanol solution of the bianthryl; linker (0.05 mM, 0.5 

ml). The deposition of the ethanol solution of the zinc acetate dihydrate and ethanol solution of 

bianthryl were separated by rinsing step with pure ethanol (0.7 ml) to remove uncoordinated metal 

nodes or linkers, and the side products. This deposition cycle was repeated for 50, 75, 100, 200 

times to get the desired thickness. Finally, the grown films were thoroughly rinsed with ethanol 

and dried under aN2 flow. All the Zn-bianthryl based SURMOF samples were kept in the dark 

until the desired measurement was conducted. 

3.8 Preparation of Zn-bianthryl based SURMOF (pristine)spray method. 

Zn-bianthryl based SURMOFs were also prepared by using the spray method as described in 

chapter 1.2.2.2.80 The functionalized substrates (precleaned quartz glass substrates, Si/SiO2, or 

MUD-Au) were fixed on the sample holder. Then, ethanol solution of zinc acetate dihydrate 1 mM, 

was sprayed for 15 s, followed by spraying with 0.05 mM of an ethanolic solution of bianthryl for 

25 s. The previous depositions of the metal solution and linker solution were separated by an 

intermediate rinsing step using pure ethanol to remove the unreacted precursors and the side 

products. For spraying N2 gas were used at a pressure of 0.2 mbar). This deposition cycles were 

repeated until the desired thickness was obtained. Finally, the grown films were thoroughly rinsed 

with ethanol and dried under N2 flow. All the Zn-bianthryl based SURMOF were kept in dark after 

direct preparation until the desired measurement was conducted. 

3.9 Preparation of irradiated Zn-bianthryl based SURMOF  

Zn-bianthryl based SURMOFs were irradiated with an UV-lamp emitting light with a wavelength 

of 365 nm in an ambient condition for 6 h. For comparison, the sample was irradiated in an inert 

atmosphere (N2), which was kept inside the round bottom flask connected with the Schlenk line. 

Then, it was evacuated under pressure and flashed with N2. This process was repeated several times 

to get rid of any traces of O2. The sample was irradiated with the UV-lamp for the same duration 

of time. These samples were used for further characterization such as Raman, UV-Vis, IRRAS, 

and NEXAFS measurements. 

3.10 Preparation of Zn-viologen based SURMOF (pristine) 

Zn-viologen-based SURMOFs were prepared by using the  spray method, as described in chapter 
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1.2.2.2.80 The functionalized substrates (precleaned quartz glass substrate, Si/SiO2, or MUD-Au) 

were fixed on the sample holder. Then, ethanol solution of zinc acetate dihydrate 1 mM, was 

sprayed for 15 s, followed by spraying 0.05 mM of ethanol solution of viologen for 25 s. The 

previous deposition was separated with an intermediate rinsing step for 5s with pure ethanol to 

remove the uncoordinated precursors and the side products. The pressure (0.2 mbar) and N2 were 

used. With repeating the previous steps for 30, 45, and 60 times, the desired thickness was obtaine-

d. The growth films were rinsed thoroughly with pure ethanol and dried under N2 flow. All Zn-

viologen-based SURMOF samples were prepared and kept in the dark until the desired measure-

ment was conducted. 

3.11 Irradiation of the Zn-viologen based SURMOF. 

Zn-viologen based SURMOFs were irradiated under ambient conditions with an UV-lamp emitting 

light with a wavelength of 365 nm. To study the effect of the ambient conditions, Zn-viologen 

based SURMOF samples were put in a round bottom flask that connected with the Schlenk line, 

then was evacuated. Thereafter, Ar gas was flashed the round bottom flask and evacuated again. 

The previous steps were repeated several times to get rid of O2 traces. Finally, the sample was 

irradiated for 1.5 h by light with UV-lamp emitting light with a wavelength of 365 nm under 

flowing of Ar gas.  

3.12 Electron paramagnetic resonance (EPR) measurements: 

Zn-viologen-based SURMOF samples grown on Au-substrates were placed inside the EPR tube. 

The EPR signal was collected for the pristine sample in the dark. Then, the sample was illuminated 

under ambient conditions with a light of a wavelength 600 nm, (in situ illumination). For compar- 

ison, the data was also collected under Ar, an inert condition), in which the sample was inserted in 

the EPR tube, evacuated and sealed inside the glovebox. Then, the EPR signal was collected for 

the pristine sample in the dark. Followed by illuminating the sample in situ and EPR signals were 

collected within the time. 

3.13 Quartz crystal microbalance  

A Q-Sense E4 Auto4 device was used in connection with a Q-Sense QCM sensor, diameter 14 

mm, thickness 0.3 mm, AT cut, and a fundamental frequency 4.95 MHz. The Zn-viologen-based 

SURMOF was grown on the Au coated QCM sensor and prepared using the lbl-spray method as 

described in chapter 1.2.2.2.80 The samples were activated in a N2 gas flow at 30 °C overnight. 
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The temperature and the N2 flow rate were kept constant during the experiment at 30 ᵒC and at 100 

ml min-1 using a mass flow controller, respectively. For the aniline adsorption, the N2 gas flow was 

enriched with aniline by bubbling through a bottle filled with 10 ml aniline. The aniline-enriched 

gas flow streamed through the QCM cell with the SURMOF sample. For desorption, the gas flow 

was switched back to pure N2 gas. 

3.14 Electrical conductivity  

For the measurements of the electronic conductivity and the photoconductivity, the SURMOF 

films are synthesized on glass substrates with pre-deposited interdigitated gold electrodes (IDE). 

The IDE-glass substrates were obtained from DropSens. The gap width is 10 µm, as shown in 

figure 3.1. The total length of the gap between the gold electrodes amounted to 1.69 m (= 2 times 

125 gaps of 6.76 mm length). Prior to SURMOF synthesis, substrate functionalization was carried 

out by UV-ozone treatment for 30 min to remove impurities as well as to increase the number of 

surface-OH functional groups. Before the measurements, the sample was activated at 50°C for 30 

min, to remove residual water. The electrical conductivity of the sample in a pure nitrogen 

atmosphere was measured with a Keithley 2635B source meter. The DC voltage was kept constant 

at 1 V. The light irradiation was performed with LEDs from PrizMatix with emission maxima at 

365 nm and 455 nm, and power densities of approximately 140 mW cm-2, and 127 mW cm-2, 

respectively. More details for the setup can be found in ref. 164 

 

  

 

Figure 3-1: a) The IDE-glass substrates; b) The gap width is 10 µm of the electrode used. This picture 

was reproduced with modification from ref.218 
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3.15 Synthesis of the organic linkers  

3.15.1 (dimethyl-4,4‵-(anthracene-9,10-diyl) dibenzoate) ADB-COOCH3 

 
 

Reaction scheme 3-1: Synthesis of ADB-COOCH3 
  

The compound was prepared according to ref.219 In 50 ml a round bottom flask, 9,10-

dibromoanthracene (2.0 g, 8.47 mmol), 4-(methoxycarbonyl) phenylboronic acid (3.24 g, 18 

mmol), tetrakis(triphenylphosphine) palladium (0) (0.49 g, 0.42 mmol), and potassium tribasic 

phosphate (5.39 g, 25.41 mmol) were mixed and dissolved in 200 ml of degassed 1,4-dioxane. The 

reaction mixture was heated to reflux under N2 for 12 h. The reaction was followed by TLC. Then, 

the reaction mixture was cooled down and the solvents were removed under rotary evaporator. The 

mixture was washed with water and extracted with ethyl acetate. The separated organic layers were 

concentrated by removing the solvents and applied to column chromatography using hexane: ethyl 

acetate (9:2) as eluting. The target compound was obtained as a faint yellow powder with a yield 

of 85%. 1H NMR (400 MHz, CDCl3) δ 8.23 (d, J = 8.3 Hz, 2H), 7.57 – 7.53 (m, 2H), 7.51 (d, J = 

8.2 Hz, 2H), 7.30 – 7.26 (m, 2H), 6.54 – 6.41 (m, 2H), 6.40 (dd, J = 132.2, 66.8, 29.9 Hz, 2H), 

3.95 (s, 3H) ppm. 
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3.15.2 4,4'-(anthracene-9,10-diyl) dibenzoic acid (ADB). 

 
 

Reaction scheme 3-2: Synthesis of ADB linker 

 

In 250ml a round bottom flask, dimethyl-4,4‵-(anthracene-9,10-diyl) dibenzoate (2 g, 4.5 mmol) 

was dissolved in 15 ml of tetrahydrofuran, and 3 ml of water dissolved KOH (0.6 gm, 11 mmol) 

was added. Then, the reaction was refluxed with stirring for 9 h. The reaction mixture was 

concentrated by rotary evaporator, followed by dissolving the product in water and neutralizing 

with hydrochloride acid (4 ml, 0.1 N). The precipitate was filtered off and extracted from ethyl 

acetate three times. It dried under vacuum to obtain a faint yellow powder with a yield of 95%. 

1HNMR, (400MHz, DMSO-d6) δ 13.15 (s, 1H), 8.23 (d, J = 8.1 Hz, 2H), 8.23 (d, J = 8.1 Hz, 2H), 

7.62 (d, J = 8.1 Hz, 2H), 7.56 (dd, J = 6.8, 3.3 Hz, 2H), 7.46 (dd, J = 6.9, 3.3 Hz, 2H); and  13CNMR, 

(400 MHz, DMSO-d6)⸹ 167.69, 143.33, 136.46, 131.77, 130.81, 130.11, 129.34, 126.67, 126.39 

ppm.   
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3.15.3 Dimethyl 4,4'-([9,9'-bianthracene]-10,10'-diyl) dibenzoate (bianthrylCOOCH3). 

 

 
Reaction scheme 3-3: Synthesis of bianthryl -COOCH3 
 

The compound was prepared according to ref. 220 In 50 ml a round bottom flask, 9,10-dibromo-

anthracene A (0.3 g, 5.85 mmol) , (4-(1-methoxyvinyl) phenyl) boronic acid (0.26 g, 1.45 mmol), 

tetrakis(triphenylphosphine) palladium (0) (0.034g, 0.029 mmol), anhydrous potassium carbonate 

(0.37 g, 2.6 mmol), and p-tolylphosphine (0.036g, 0.12 mmol) were mixed up. The solids were 

evacuated under vacuum pressure to get rid of any O2 traces. Then, 200 ml of degassed toluene 

and methane (6:4) were injected into the reaction mixture. Thereafter, the reaction mixture was 

heated to reflux under N2 for 12 h. The reaction was followed by TLC. The reaction mixture was 

cooled down and the solvents were removed under rotary evaporator. The mixture was washed 

with water and extracted with dichloromethane. The compound was applied to column chromat-

ography using hexane: ethyl acetate (9:2) as eluent solvents. The desired compound was obtained 

as faint yellow powder with a yield of 0.33gm, 90% and was confirmed by 1HNMR, (400 MHz, 

DMSO-d6) δ 4.00 (s, 3H), 7.10 (d, J = 8.8 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.62 – 7.43 (m, 2H), 

7.69 (d, J = 8.8 Hz, 2H), 7.84 (d, J = 7.1 Hz, 2H), 8.33 (d, J = 7.0 Hz, 2H), and 13CNMR, (400MHz, 

CDCl3), 52.31, 125.68 (d, J = 9.2 Hz), 126.80, 127.13, 129.77 (d, J = 6.3 Hz), 131.28, 131.67, 

133.84,136.47, 144.23, 167.13 ppm.  
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3.15.4 - 4,4'-([9,9'-bianthracene]-10,10'-diyl) dibenzoic acid (bianthryl). 

 

 
 

Reaction scheme 3-4: Synthesis of bianthryl  

 

In 250 ml a round bottom flask, the (bianthrylCOOCH3) compound (0.3 g, 0.48 mmol) was 

dissolved in tetrahydrofuran, and KOH (0.056 g, 1 mmol) in 3 ml of water added to the mixture. 

The reaction was refluxed for 36 h under N2 gas. After completion, the solvent was removed by 

rotary evaporator, followed by dissolving the product in water and neutralizing with hydrochloride 

acid (4 ml, 0.1 N). Then the product was precipitated and washed several times with water to obtain 

highly pure compound with a yield of 98% as faint yellow color. The product was confirmed using 

1HNMR, (400 MHz, DMSO-d6) δ 13.17 (s, 2H), 8.30 (d, J = 7.8 Hz, 4H), 7.79 (d, J = 7.7 Hz, 4H), 

7.69 (d, J = 8.8 Hz, 4H), 7.45 (d, J = 14.9 Hz, 4H), 7.29 (d, J = 14.9 Hz, 4H), 7.09 (d, J = 8.7 Hz, 

4H); and 13CNMR, (400, DMSO-D6) 126.51 (s), 127.78 – 126.68 (m),129.66(s), 130.15 (s), 131.25 

– 131.20 (m), 131.25 – 131.20 (m), 131.97 (s), 133.39 (s), 137.10 (s), 143.46 (s), 167.99 – 167.79 

(m)ppm.  
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3.15.5 - Dimethyl-4,4'-(anthracene-9,10-diylbis(ethyne-2,1-diyl)) dibenzoate (C-C ADB-CH3)  

 

 

Reaction scheme 3-5: Synthesis of CCADBCOOCH3 

The compound was prepared according to ref 221 using Sonogashira coupling reaction, In 50 ml a 

round bottom flask, 9,10-dibormoanthracene (0.524 g, 1.56 mmol), Pd(PPh3)2Cl2 (0.0328g, 0.045 

mmol, 3%), and CuI (0.01485 g, 4%, 0.08 mmol ). The solid mixture was evacuated under vacuum 

for 3 h, followed by injection the degassed tetrahydrofuran to the solid mixture. Methyl 4-

ethynylbenzoate (0.50 g, 3.12 mmol) was dissolved in THF and added dropwise in range one hour 

and 0.5ml of diisoproplyamine was added. The reaction was left for stirring at RT for half hour 

followed by refluxing at 80˚C overnight. The reaction was followed by TLC. Then, the reaction 

mixture was concentrated by removing the solvents using rotary evaporator. The reaction mixture 

was dissolved in ethyl acetate and water. Then, the organic layer was separated by a separation 

funnel. The precipitated was applied to column chromatography using hexane: ethyl acetate (10:1) 

as eluent solvents. The desired compound was obtained as red-orange powder with a yield of 60%.  

1H NMR (400 MHz, CDCl3) δ 8.62 (dd, J = 6.6, 3.2 Hz, 2H), 8.07 (d, J = 8.1 Hz, 2H), 7.77 (d, J 

= 8.1 Hz, 2H), 7.62 (dd, J = 6.6, 3.2 Hz, 2H), 3.91 (s, 3H); and 13C NMR (101 MHz, CDCl3) δ 

132.58, 132.11, 131.60 (s), 129.76 (t, J = 16.5 Hz), 127.19 (s, 3H), 127.94, 118.40, 101.84, 89.32, 

52.32 (s, CH3) ppm.  
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3.15.6 4,4'-(Anthracene-9,10-diylbis(ethyne-2,1-diyl)) dibenzoic acid (C-C ADB). 
 

 
 

 

Reaction scheme 3-6: Synthesis of CCADB  

 

In 250ml a round bottom flask, the previous compound (0.40 g, 0.80 mmol) was dissolved in 

tetrahydrofuran and water. KOH (0.12 g, 2 mmol) in 3 ml of water was added. The reaction was 

refluxed for 9 h at 110 °C under N2 gas flow. The reaction mixture was concentrated by removing 

the solvent. The product was dissolved in water and neutralized with hydrochloride (0.1N, 4 ml). 

The precipitated was filtrated off and washed with ethyl acetate and water. The product was dried 

under vacuum to orange powder with a yield of 90% and was confirmed using, 1H NMR (400 

MHz, DMSO) δ 13.26 (s, 1H), 8.73 (dd, J = 6.6, 3.2 Hz, 2H), 8.09 (d, J = 8.2 Hz, 2H), 8.03 (d, J 

= 8.1 Hz, 2H), 7.84 (dd, J = 6.6, 3.1 Hz, 2H); and 13C NMR (101 MHz, DMSO) δ 167.19, 132.35, 

131.91, 131.51, 130.18, 128.55, 127.28, 126.86, 118.04, 102.65, 88.75 ppm. 



56 
 

4 Results: 

4.1 Self-Photosensitized Oxidation of a Bianthryl-Based SURMOF 

4.1.1 Introduction  

In the present work, the SURMOF approach has been used to assemble the organic chromophore 

bianthryl as a linker to produce well-defined 2D-layered Zn-bianthryl-based SURMOF-2. The 

bianthryl-linker is arranged in a closely-packed geometry, as shown in figure 4.1. Photophysical 

characterizations of the Zn-bianthryl based SURMOFs thin-film revealed the presence of inter-

bianthryl electronic interactions and a photochemical reaction after prolonged UV-light irradiation 

in the presence of oxygen. In-depth structural and spectroscopic characterizations (UV-Vis, infra-

red, Raman, EPR and NEXAFS spectroscopy) revealed an oxidation process involving one of the 

anthracene cores of bianthryl and the formation of singlet oxygen (1O2). In the following, we show 

the sensitization process of 1O2 by the Zn-bianthryl based SURMOF and the consequent photoche-

mical reaction with the second anthracene moiety yielding a stable peroxide-functionalized 

SURMOFs.     

4.1.2 The structure of the linkers and the SURMOFs. 

The chemical structures of 10,10-diphenyl-9,9‵-dianthracene (bianthryl) and Zn-bianthryl based 

SURMOF-2 shown in figure 4-1. a, and 4-1.b respectively.   

  

Figure 4-1: a) The structure of the bianthryl linker; b) the simulated structure of the Zn-

bianthryl based SURMOF-2. 
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4.1.3 Synthesis and characterization Zn-bianthryl based SURMOF 

The Zn-bianthryl based SURMOFs were prepared by using layer-by-layer spin coating (LbL), and 

layer-by-layer spray as described in chapter 3.7&3.8. Zn-bianthryl-based SURMOF was confirm- 

ed by using out–of plane XRD diffraction scans and in-plane XRD.  The out-of-plane XRD pattern 

showed that it is highly crystalline and oriented with the [001] direction perpendicular to the subs-

tarte.84 The out-of-plane XRD data exhibited reflexes corresponding to (001), (002), (003), (004), 

and (005) planes at 2θ = 3.26, 6.5, 9.78, 13.08, and 16.38°, respectively. The in-plane XRD pattern 

showed reflexes corresponding to (100), (200), (300), (400) and (010), planes at 2θ = 3.28, 6.63, 

9.8, 13.03, and 13.29°, respectively. Due to the P4 symmetry of the SURMOF-2 structure222, the 

position of the orientation [001], and [100] are similar. The diffraction peak corresponding to the 

(010) plane suggested an inter-2D sheet distance of ~ 6.5 Å (c-axis). For this orientation of 

SURMOF-2, the 1D pores characteristic for the SURMOF structure run parallel to the substrate 

plane (c-axis). These XRD data confirmed the presence of a square grid-like 2D structure of the 

Zn-bianthryl-based SURMOF. Also, the simulated XRD agree with the XRD patterns, as shown 

in figure 4-2.  

 

 
 

Figure 4-2:XRD pattern of the calculated Zn-bianthryl-based SURMOF (black), XRD -out-of-

plane (red), and XRD in-plane (blue). 
 

IRRAS data recorded for Zn-bianthryl-based SURMOF which was grown on MUD SAMS/Au and 

bianthryl (linker), as organic compounds are shown in figure 4-3. IR data revealed two-bands at 

1592 cm-1 and 1410 cm-1, which are attributed to asymmetric and symmetric stretching of the COO- 
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group, respectively. The IR spectrum recorded for the bianthryl linker showed two bands at 1685 

cm-1 and 1607 cm-1, which can be assigned to the asymmetric and symmetric bands of the COOH 

group. From these results,  we can notice that the difference between the coordinating carboxylate 

and carboxylic acid is around (ΔνCOO-) ~197 cm-1, which is an indication for the coordination 

between the metal center, Zn,  and the carboxylic acid.223  

 

Figure 4-3:IR spectrum of the bianthryl linker (black color), and IRRAS spectrum of the Zn-

bianthryl based SURMOF-2 grown on MUD SAMS/Au (red color). 

 

The Zn-bianthryl-based SURMOF was grown on a quartz substrate, as described in chapter 3.7, 

and subsequently characterized by UV-Vis spectroscopy. The UV-Vis spectrum of the ground state 

of Zn-bianthryl based SURMOF showed an absorption band located at 273 nm. The UV-Vis 

spectrum of the solvated bianthryl showed an absorption band at 257nm.  In addition, for both 

systems additional weaker absorption bands were absorbed at 342, 361, 382, and 405 nm, which 

were attributed to π-π*, and n-π* transition of bianthryl. From this data, we concluded that the Zn-

bianthryl SURMOF showed a red shift around 16 nm, as shown in figure 4-4. This indicates that 

the anthracene units of the bianthryl linker interact along the stacking direction, i.e. [010] axis, as 

expected from the short distance between the 2D layers. 
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Figure 4-4: UV-Vis spectrum of Zn-bianthryl based SURMOF (black color), and the UV-Vis of 

the ethanol solution of the bianthryl (in red color).  The data were recorded in transmission. 

4.1.4 Photophysical characterization of Zn-bianthryl based SURMOF 

Zn-bianthryl SURMOF-2 samples showed cyan color when illuminated with an UV-lamp with 

wavelength (365 nm). After prolonged continuous irradiation of Zn bianthryl-based SURMOF for 

6 h with UV-lamp under ambient conditions, the luminescence of the sample disappeared and the 

color of the sample switched to reddish-yellow color, as shown in figure 4-5. 

 

Figure 4-5: a) Zn-bianthryl-based SURMOF under UV-lamp immediately; (b)Zn-bianthryl-based-

SURMOF after continues irradiation for 6h under ambient conditions.  

After prolonged illumination of the sample under ambient conditions, UV-Vis spectra were 

collected. The corresponding spectrum showed two new bands around 315 nm, which has been 

reported in the literature224, and 440 nm, as shown in figure 4-6a.  For comparison, UV-Vis spectra 

were recorded for samples that were irradiated in an inert atmosphere for the same time, such 

spectra did not show any new bands, as shown in figure 4-6b. The recorded UV-Vis spectrum for 

the sample which was illuminated under ambient conditions revealed that a reaction happened 

between the excited Zn-bianthryl-based SURMOF and O2.   
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Figure 4-6: a) UV-Vis spectra of Zn-bianthryl based SURMOF as a pristine (black),  after irradia-

tion under  ambient conditions for 6h (red); b) Zn-bianthryl based SURMOF as a pristine sample 

(black), and after irradiation under an inert conditions for 12 h (Red).  

 

For comparison, Zn-anthracene based (ADB) SURMOF samples were synthesized and characteri-

zed as described in ref.225 UV-Vis spectra were collected for the pristine Zn-ADB based SURMOF 

sample, and after prolonged irradiation of the sample under ambient conditions with an UV-lamp 

for 6h. The corresponding UV-Vis spectra of the irradiated samples did not show any additional 

bands after prolonged irradiation under ambient conditions, as shown in figure 4-7. From these 

results, we concluded that a photochemical reaction took place under irradiation of Zn-bianthryl-

based SURMOF in ambient conditions. The same reaction conditions did not show the same effect 

on the Zn-ADB-based SURMOF. 

 
Figure 4-7: a) The structure of the linker (ADB); b) UV-Vis spectra of the pristine Zn-ADB based 

SURMOF sample (black color); Zn-ADB based SURMOF after irradiated for 6h under ambient 
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conditions (red color). 

 

4.1.5 Further characterization of the prolong irradiation product  

Further characterizations have been done to characterize the product of prolonged irradiated Zn-

bianthryl-based SURMOF under ambient conditions, such as in situ in-plane, out-of-plane XRD, 

IR, Raman spectroscopy, and NEXAFS. 

In situ in-plane and out-of-plane XRD were measured for the Zn-bianthryl based SURMOF, during 

continuous irradiation for 6 h under ambient conditions. The XRD patterns for the Zn-bianthryl-

based SURMOF did not show any degradation, or any new substantial peaks appear. However, the 

third order peaks corresponding to the (003) and (300) peaks showed a slight lattice contraction 

for the irradiated Zn-bianthryl SURMOF. In the case of the out-of-plane XRD pattern, the (003) 

peak was contacted by 0.2%, while in the in-plane XRD pattern the (300) peak around 1.1%. From 

this data, we proposed that this contraction is due to water loss from the structure of the SURMOF 

caused by irradiation, as shown in figure 8-4 .   

 

Figure 4-8: The d /A corresponding to (003/300) peaks as function of time of irradiation for both 

out-of-plane, and in-plane XRD as, a pristine sample and during irradiation. 

 

To understand the effect of prolonged irradiation under the ambient conditions, IRRAS data was 

collected for the pristine sample, and the sample after irradiation under ambient conditions for 2h, 
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and 6h. IRRAS data were recorded for the aforementioned samples are shown in figure 4-9. From 

these spectra, we concluded that the Zn-paddlewheel (Zn-COO-) was not affected by prolonged 

irradiation under ambient conditions. This result suggested that the Zn-bianthryl based SURMOF 

was stable under prolonged irradiation. However, IRRAS spectra showed the effect of the 

prolonged irradiation under ambient conditions in the aromatic structure of the linker. After 

irradiation a clear change on absorption intensity of C=C was observed.  In addition, a change was 

detected for the aromatic C-H vibration bands. The intensity of the absorbance of C=C aromatic 

bending appears around 830-810cm-1 and decreased gradually after long irradiation. This decrease 

in absorbance intensity of C=C aromatic stretching around 3100 cm-1 took place gradually with 

increasing the irradiation time. After 6 h of irradiation, the two peaks of C=C aromatic merged into 

one broad peak.  Therefore, IRRAS data showed that a photochemical reaction took place in the 

bianthryl, linker, after the prolonged irradiation under ambient condition.  

 

 

 

Figure 4-9: IRRAS spectra for Zn-bianthryl SURMOF, the pristine sample (black), the sample 

that was irradiated under ambient conditions for 2h (green), 6h (red). 

 

 

3000 1480 1110 740

3120 3060 3000

A
b
so

rb
an

ce
/a

.u

Wavenumber/cm-1

 6h

 2h

 p

1409

1592

1049
827

30633076



63 
 

 

The functional group, 

wavenumber /cm-1 

Pristine  Irradiated  

2 h 

Irradiated  

6 h 

Two neighboring C-H 
aromatic, 830-840 cm-1 

 strong The intensity 

decreased, but did 

not vanish 

The intensity 

is decreased 

too much 

Aromatic C-H in plane 

bending, 1049 cm-1 peak  

medium 

 

decreased  Vanished  

Carboxylate COO- Two 

peaks at 1410, 1592 cm-1 

strong strong strong  

C-H aromatic stretching, 

at 3050-3100 cm-1 

medium  broadened  broad peak. 

 

Table 4-1: Vibrational frequencies of Zn-bianthryl based SURMOF as a pristine sample, after irra-

diation under ambient conditions for 2h and 6h. 

 

UV-Vis spectra, emission spectra, in-plane and out-of-plane XRD patterns, IR data, and the naked 

eyes-pictures under UV light for prolonged irradiated sample under ambient conditions revealed 

that a photochemical reaction took place affecting the linker. Furthermore, the product of the 

reaction that formed in Zn-bianthryl-based SURMOF was stable.  

To understand the photochemical reaction that took place on the Zn-bianthryl SURMOF upon 

prolonged irradiation under ambient conditions, an indirect method was applied to detect 

potentially sensitized 1O2.
226 50 µL of the compound 2,2,6,6-tetramethyl-piperidine (TEMP) were 

dissolved in 5 ml of methanol and 10 ml of chloroform. The solution was flashed with O2 for 5 

min. Subsequently, the pristine Zn-bianthryl-based SURMOF sample was added to the solution 

and the electromagnetic resonances signal (EPR) was recorded for the mixture in dark. The UV-

lamp was switched on and the EPR signals were collected after 1 min, 3 min, 6 min, 9 min, and 2 

h. EPR signal for the mixture in the dark was silent, while EPR spectra for the mixture under 

illumination in the ambient condition showed signals. EPR data recorded after 1 min of illumina-

tion under ambient conditions showed the highest signal intensity, see figure 4-10a. On the basis 

of this data we concluded that the illumination of the sample Zn-bianthryl SURMOF first converted 

3O2 to 1O2. Then, the produced 1O2 reacted with TEMP and afforded TEMPO, which is EPR active. 

Irradiation for more than 1 min produced more 1O2, which reacted with one of the anthracene 

moiety of the bi-anthracene to produced endoperoxide, as shown in figure 4-10b. As a result, the 

EPR signal intensity decreased with further irradiation.  

Generally, 1O2 that is produced upon irradiation of the photosensitizer reacts with 1,3-dienes to 
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afford endoperoxide.227–231When the electron density of aromatic hydrocarbon increases232, the 

reactivity toward 1O2 also increases due to the electrophilic nature of 1O2.
233 Also, increasing the 

numbers of fused phenyl rings of the aromatic hydrocarbons increases the reactivity toward singlet 

oxygen by two orders of magnitude for each supplementary fused ring.232 Herein, two reactions 

took place at the same time. The first reaction, the reaction between TEMP and the produced 1O2 

afforded 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), as shown in reaction scheme 4-1. In 

addition, the reaction of the produced 1O2 with one anthracene moiety produced an endoperoxide. 

The reaction rate of the anthracene moiety of bianthryl (linker) with 1O2 in the excited state was 

higher than the reaction rate of TEMP with 1O2, as shown in reaction scheme 4-2. Therefore, the 

EPR signal of the formed TEMPO decreased clearly after 1 min of irradiation due to the self-

photooxidation reaction that happened on one anthracene moiety in bi-anthracene molecule 

(bianthryl). 

 

  

Figure 4-10:  EPR signal recorded for the product TEMPO, which was produced from the reaction 

between 1O2 and TEMP during irradiation of Zn-bianthryl-based SURMOF sample (a) sol. Mix; 

MeOH/CHCl3/TEMP /SURMOF. This mixture was measured in dark and after irradiation for 

1min(b) the solvent mixture, CHCl3, MeOH/SURM, TEMP, after irradiation for 1 min, 3 min, 6 

min, 9min and 2 hours.  
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Reaction scheme 4-1:The reaction of TEMP with 1O2. 

 
 

Reaction scheme 4-2: Reaction of one anthracene moiety with produced 1O2 by irradiation of Zn-

bianthryl based SURMOF as a photosensitizer. 

 

Moreover, there are two photochemical reactions that can be happened during the illumination of 

the photosensitizer. These reactions are like hydrogen atom abstraction or electron transfer 

between the excited state of the photosensitizer and other an organic molecule or the molecular 

oxygen in the medium of the reaction to produce radicals or superoxide anions (O2
•–) respectively, 

as shown in figure 4-19. These products are EPR active.234 To prove that the EPR signal did not 

result from the superoxide, an experiment was done by using 5,5-dimethyl-1-pyrroline-N-oxide 

(DMPO) instead of TEMP. Chloroform (10 ml) was put in a round bottom flask and Zn-bianthryl 

based SURMOF was added to the solvent. This mixture was flushed with O2 for 5 min, followed 

by addition of 0.05 ml DMPO to the reaction mixture. Consequently, EPR spectra were recorded 

for the mixture in dark, then the UV-lamp was switched on and the EPR spectra were recorded 
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over time, as shown in figure 4-11. The EPR spectra did not show a signal for the mixture in the 

dark nor after irradiation. This result revealed that the reaction did not take place via superoxide 

mechanism. The proposed reaction is shown in the reaction scheme 4-3.  

 

Figure 4-11: EPR signal recoded for the reaction of DMPO with the produced singlet oxygen 

produced with irradiation of Zn-bianthryl based SURMOF. 

 

 
 

Reaction scheme 4-3: The reaction between DMPO and the expected radical to produce 

superoxide. 

 

Furthermore, 1,3-diphenylisobenzofuran (DPBF) was used as a detector for 1O2 because it is 

undergoing a 2,4-cycloaddition reaction with 1O2 to afford endoperoxide. DPBF is a conjugated 

system and shows an absorption band at 412 nm.235 The reaction between DPBF and 1O2 is shown 

in the reaction scheme 4-4. The DPBF endoperoxide compound is unstable and irreversibly trans- 

forms to 1,2-dibenzoylbenzene with lost π-system. Consequently, the absorption of DPBF at 412 

nm is lost. As a result, the photobleaching of DPBF is expected under the irradiation of a 

photosensitizer.236 On the other hand, the lifetime of the 1O2 depends on the solvents.  Therefore, 

two different types of solvent have been used: ethanol (a protic solvent), where the lifetime of 
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singlet oxygen is very short, and  acetonitrile (an aprotic solvent like DMF, DMSO, acetonitrile, 

acetone, THF) where the lifetime of the singlet oxygen is longer than in protic solvents237, as shown 

in figures 4-12. Three different solutions of DPBF (0.05mM, 10ml) have been used; a solvated 

bianthryl linker in ethanol (0.05mM,2ml) was added to the first solution. A pristine Zn-bianthryl-

based SURMOF sample was added to the second solution, and the last DPBF solution was used as 

a control to monitor the effect of UV lamp.  Afterwards UV-Vis spectra were collected during 

irradiation every 10 min until photobleaching of DPBF was observed. As shown in figure 4-12, 

the effect of the irradiation on the ethanol solution of DPBF and solvated bianthryl with an ethanol 

solution of DPBF did not show photobleaching. While the lifetime of the 1O2 in ethanol is very 

short, the irradiation the Zn-Bianthryl based SURMOF showed an effect of the photobleaching of 

DPBF solution, as shown in figure 4-12b.   

 

Reaction scheme 4-4:The reaction between DPBF with singlet Oxygen. 

 

 
 

  
 

Figure 4-12: UV-Vis spectra for photobleaching of DPBF a) solvated DPBF / ethanol (control); 

b) Zn-bianthryl based SURMOF; c) the effect of ethanol solution of the bianthryl linker DPBF/  

Et OH.  
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In contrast to the protic solvents, the aprotic solvent such as acetonitrile is a suitable medium for 

singlet oxygen due to the long-lifetime of 1O2, which has lifetime of 81.8 µs at room temperature.238 

A 0.02 mM solution of bianthryl in acetonitrile (2 ml) was added to a 0.05 mM  solution of DPBF 

in acetonitrile (10 ml). In addition, Zn-bianthryl based SURMOF was added to another container 

that has DPBF/acetonitrile (10 ml, 0.05 mM). The previous two different containers were irradiated 

using an UV-lamp with a wavelength of 366 nm under ambient conditions, as shown in figure 4-

13 a,b. Consequently, UV-Vis spectra were recorded for both of them in dark and after every 10 

minutes of irradiation. The data revealed that Zn-bianthryl based SURMOF produced 1O2 immedi- 

ately, while the solvated bianthryl required longer time to produce 1O2. Also, the solvated bianthryl 

and Zn-bianthryl based SURMOF worked in the aprotic solvent. While the rate of the 

photobleaching DPBF using the Zn-bianthryl based SURMOF was faster than the rate of photob-

leaching of DPBF using solvated bianthryl. A control experiment was done to exclude the effect 

of light on the photobleaching of DPBF in acetonitrile, as shown in figure (4-13c).  From UV-Vis 

spectrum of the control experiment, we observed a little light effect on the photobleaching of the 

DPBF. This effect can be neglected in comparison with the photobleaching of DPBF using the 

solvated bianthryl or Zn-bianthryl SURMOF as a photosensitizer. 

   

Figure 4-13:  Photobleaching of DPBF in acetonitrile a) using Zn-bianthryl based SURMOF as a 

photosensitizer in acetonitrile; b) photobleaching of DPBF using solvated bianthryl / acetonitrile; 

c) the effect of light on DPBF in acetonitrile. 

The results of the experiments discussed above revealed that a photobleaching of DBPF took place 

using Zn-bianthryl based SURMOF. This is an indication for the production of 1O2 via a prolonged 

irradiation of Zn-bianthryl based SURMOF. The rate of photobleaching of DPBF using Zn-bianth- 

ryl based SURMOF was slow in comparison to the reported photosensitizer-based powder MOF-
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that took place in the same time of formation the DPBF-endoperoxide. To probe the product of the 

self-photooxidation of the Zn bianthryl-based SURMOF, further experiments were done using X-

ray absorption near edge fine structure (C-K edge NEXAFS) spectroscopy. C-K-edge NEXAFS 

data were collected for the pristine Zn-bianthryl based SURMOF sample, after prolonged irradia- 

tion under ambient conditions for 6 h with an UV-lamp with a wavelength of 365 nm. NEXAFS 

spectra for the sample after illumination showed a difference in the absorption resonance intensities 

compared to the pristine sample. These absorptions are characteristic for the excitation of C1s core 

electrons from occupied orbitals localized at bianthryl molecule (linker) to unoccupied π* and σ* 

orbitals into molecular orbitals of Rydberg character. The pristine sample showed C1s-π* transi-

tion, the majority of π* transition occur between 284 and 288 eV. This excitation also overlaps 

with the σ* transitions above 287 eV. The pristine SURMOF sample showed four absorption 

transition band at 284 eV (aromatic-C associated with aromatic C, (C=C), 285 eV211 (protonated 

substituted aromatic-C, C-H), 286 eV C-aromatic associated with Benzoate (phenyl carboxylate 

ring, C-Ph-COO-), and 288.4 eV for carboxylate carbon. The irradiated sample exhibited the same 

four absorption bands with a dramatic decrease in the absorption intensity of two absorptions at 

284eV and 286 eV. This decrease revealed the change in transition of C1s-π* due to the loss of 

aromaticity and transformed to aliphatic carbon. The reaction between one anthracene moiety in 

bi-anthracene and 1O2 produced endoperoxide. Then, the aromaticity of in the 10,9- position of the 

bi-anthracene is lost, while the other anthracene moiety kept its aromaticity. The aliphatic carbon 

has absorption energy higher than 293 eV and exhibited broad absorption, as shown in figure 4-

14. 

 

Figure 4-14: NEXAFS spectra for Zn-bianthryl SURMOF pristine (black), and Zn-bianthryl 
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SURMOF after irradiation under ambient conditions. 

To prove the formation of the endoperoxide product, which cannot be detected using IRRAS due to 

the absence of transition dipole moment in O-O vibration. IRRAS affords a weak band for O-O or 

undetectable. As a result, Raman spectroscopy is a suitable tool to detect the formed new bond O-O 

which is detected in the range 700-950 cm-1 by Raman spectroscopy.240 Accordingly, the pristine Zn-

bianthryl based SURMOF sample and the irradiated sample were measured using Raman spectrosco-

py, as shown in figure 4-15b. The pristine Zn-bianthryl-based SURMOF sample showed a similar 

spectrum, which is similar to that reported in the literature.241 While the irradiated Zn-bianthryl-based 

SURMOF in the ambient conditions showed three new peaks of 803.5 cm-1 (strong) that peak can be 

attributed to ν (O-O), 870 cm-1 (medium) may result from stretching of ν (C-O-C), and  peak at 1047 

cm-1  may be attributed to ν (C-O-C).242 Raman spectra for the pristine Zn-bianthryl-based SURMOF 

sample and the irradiated sample showed that there was an endoperoxide bond formed due to produci-

ng 1O2 by Zn-bianthryl-based SURMOF. That new bond resulted from reaction between 1O2 with one 

anthracene unit of bi-anthracene which afforded endoperoxide. The resulted molecule endoperoxide 

is shown in figure 4-15a.  

 

 

 

Figure 4-15: a) The product of irradiation in ambient condition; b) Raman spectra for Zn-bianthryl 

SURMOF pristine sample (black) and irradiated sample (red).      
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irradiated Zn-ADB based SURMOF sample did not show any change, as shown in figure 4-16 b. 

These results provide a clear evidence for the new bands formed in Zn-bianthryl SURMOF resulti-

ng from endoperoxides. Bianthryl produced 1O2 under illumination, followed by reaction of 1O2 

with anthracene. Because anthracene is a diene compound it reacted with the produced 1O2 as a 

self-photooxidation.   

  

Figure 4-16:  a) The structure of the 4,4'-(anthracene-9,10-diyl) dibenzoic acid (ADB) linker; b) 

Raman spectra of Zn-ADB SURMOF as pristine and after irradiation under ambient conditions for 

6h. 

 

The morphology of the Zn-bianthryl-based SURMOF sample before and after irradiation showed 

a compact, pinhole-free, and homogenous film with little roughness. From pictures we concluded 

that the irradiation of the Zn-bianthryl based SURMOF did not change the morphology of the 

SURMOF, as shown in figure 17a, b.   

 

 
     a) The pristine sample 

 
     b) The irradiated Sample  

 

Figure 4-17: a) SEM for the pristine Zn-bianthryl based SURMOF sample; b) and the Zn-bianthryl 

based SURMOF after irradiation under ambient conditions for 6h.  
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The generation efficiency of the 1O2 and the self-quenching (self-photooxidation) efficiency depe-

nds on the solvent polarity.243–245Accordingly, the irradiation was done for the solvated bianthryl 

in different solvents, on protic solvents, such as ethanol and aprotic solvents, such as tetrahydrofu-

ran (THF) and acetonitrile. The UV-Vis spectrum of solvated bianthryl in ethanol (0.02mM) 

irradiated with the same wavelength for 1 day did not show any detectable change. This observati-

on can be explained by the short lifetime of 1O2 in ethanol which is around 9,7 µs.246 UV-Vis spec- 

tra recorded for a solution of the solvated bianthryl in acetonitrile (0.02 mM ) and bianthryl in THF 

(0.02 mM) after irradiation in ambient condition for 12 h  showed a new band. The change in the 

UV-Vis spectra of the solvated bianthryl in THF afforded obvious bands around 300 nm, and 450 

nm, while UV-Vis spectrum of the solvated bianthryl in acetonitrile did not afford the same obvious 

change. However, the lifetime of 1O2 in acetonitrile is longer than the lifetime of 1O2 in THF 81.8 

µs, and 20 µs respectively.238,247 This result suggested that not only solvent polarity has an effect, 

but also the solubility plays a role in the reaction rate, as shown in figure 4-18.   

 
 

Figure 4-18: a) UV-Vis of bianthryl in THF as a pristine solution, and after irradiation under 

ambient conditions for 70 min, 200 min, and 12 hours.; b) UV-Vis spectra of bianthryl in acetoni- 

trile as pristine solution, and after irradiation in the ambient conditions for 70 min, 200 min, and 

12 hours.   

 

Generally, for molecules that have fused phenyl rings, such as bi-anthracene, the energy difference 

between HOMO and LUMO is small. In addition, introducing more phenyl rings in position 9,9’ 

of bi-anthracene moiety further decreases the energy difference between HOMO and LUMO.224 

As a result, the energy required for the promotion of the electrons from the ground states to the 

excited states is small. After promotion of the electrons to the highest excited states, intersystem 
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crossing (ISC) to the excited triplet state can happen in the range 10-11 – 10-9s, 10-10 – 10-8s respect- 

ively. The excited electrons in the triplet state have a long lifetime in the range of (µs). This 

followed with the relaxation to the ground state transfers the energy to O2 molecule. The oxygen 

molecule is excited to the singlet states, as shown in figure 4-19. 

   

 

Figure 4-19: Jablonski diagram describing the underlying photophysics and photochemistry of 

excited photosensitizer states and reactive dioxygen species. This figure was reproduced with 

modification with permission from WILEY ref.41  

 

The SURMOFs offer a platform for assembling the photosensitizer and avoid aggregation and 

solubility issues of the photosensitizer in a suitable solvent for 1O2. Furthermore, the SURMOF 

platform plays an important role for O2 permeation, which increase the rate of the reaction. These 

advantages of the SURMOF platform enhanced the photoresponsive properties of Zn-bianthryl-

based SURMOF, which has a crystalline structure, open pores, and high accessibility. As a result, 

the produced 1O2 reacted with one anthracene moiety of the bianthryl compound because it is a 

diene compound.230,245,248,249   

The endoperoxide can be decomposed by two methods, the first method is chemically. The self-

photooxidation SURMOF product was soaked in tetrabutylammonium-hexafluorophosphate (TB- 

APF6) 1mg/mL ethanol for 8 h. The UV-Vis spectrum for the aforementioned SURMOF after 

reaction showed decomposition of the endoperoxide, as shown in figure 4-20b. In addition, acid 

or base medium can be used to decompose the endoperoxide product.250 The other method is using 

an elevated temperature to release 1O2. Consequently, the irradiated Zn-bianthryl SURMOF sam- 

ple under the ambient conditions was kept in a flask connected with the Schlenk line, then it was 

heated under inert conditions to160 °C overnight. The UV-Vis spectra for the sample Zn-bianthryl- 
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based SURMOF after heating revealed that 1O2 did not lose via heating. From this data, we can 

conclude that the Zn-bianthryl based SURMOF was stable at elevated temperature, as shown in 

figure 4-20a. 

 

 

Figure 4-20: a) UV-Vis spectra for the effect of heat under N2 for irradiated Zn-bianthryl-based 

SURMOF; b) UV-Vis for irradiated sample which was kept in TBAPF6 for 6 h. 

 

To confirm that no further reaction happened in the linker, acid media have been used to decom- 

pose the endoperoxide product.250 In the case of SURMOF using acid led to decomposition of the 

SURMOF, which was confirmed by using LC-MS. This experiment was performed by dissolving 

the irradiated Zn-bianthryl SURMOF in 0.2 ml of acetic acid and 1 ml of ethanol. The solution 

mixture was used to measure the mass of the linker, as shown in figure 4-21. Also, the linker was 

dissolved in ethanol, while the pristine Zn-bianthryl based SURMOF sample was decomposed 

using the aforementioned method. Column chromatography was used to detect the mass of the 

linker for the three mixtures separately. As a result, one compound was detected at retention time 

10.6 min. From the mass spectra, the three mixtures showed the same molecular weight, as shown 

in figure 4-21b. This data revealed that the acetic acid used, led to decomposition of the endoper-

oxide product and the SURMOF.  In addition, there was not any further reaction took place in the 

linker. 
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Figure 4-21:  a) Retention time by liquid chromatography (LC); b) The mass detected for the 

bianthryl linker; black, the pristine Zn-bianthryl SURMOF sample; blue, and the irradiated Zn-

SURMOF sample; red.           

4.1.6 Conclusion  

The chromophoric linker bianthryl was successfully aligned into the SURMOF platform. The Zn-

bianthryl SURMOF showed a highly ordered crystalline structure. The highly orientated Zn-

bianthryl based SURMOF-2 showed the luminescence properties upon immediate illumination 

using an UV-lamp. But, the prolonged illumination of the SURMOF under ambient conditions 

exhibited a prominent change in the ground and excited state. As a result, the optical properties of 

the SURMOF changed without losing the crystallinity, which can be concluded that Zn-bianthryl 

based SURMOF sensitized 1O2. The sensitized 1O2 was detected by using an indirect method as a 

2,2,6,6-tetramethylpiperidine (TEMP), which produced TEMPO radical that was detected by using 

EPR. additionally, the produced 1O2 was also confirmed by the photo-bleaching of 1,3-diphenyl-

isobenzofuran. Furthermore, the Zn-bianthryl based SURMOF underwent self-photooxidation by 

the produced 1O2. The product of the self-photo-oxidation, endoperoxide, was characterized by 

using IR, Raman, and NEXAFS spectroscopy. Also, the product of photooxidation has high 

stability at elevated temperatures.  
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4.2 Viologen-based MOFs Thin Films with Highly Orientation and Photochro-

mic Properties 

4.2.1 Introduction  

Viologen-based SURMOF is required, to avoid the characterization limitations resulting from the 

bulk viologen-based MOFs. The conventional solvothermal methods afforded bulk viologen-based 

MOFs with a closed structure. 152,251,252In addition, several more advanced applications require 

transparent films like transient optical absorption spectroscopy.4  

 In the present work, viologen linkers have been assembled into-SURMOF-2 to produce a 2D 

crystalline structure. Exploiting the reported room temperature synthesis methods for SURMOFs 

to build Zn-viologen-based SURMOF, which helps in suppressing the unwanted interactions with 

the counter ions and the metal centers.74 The assembling of viologen intoSURMOF-2 afforded 

SURMOFs with accessible pores reverse to the reported build viologen-based MOFs.4 As a result, 

Zn-viologen-based SURMOF is well suited to use to probe the mechanism of the electron transfer. 

The viologen SURMOFs were characterized with XRD, UV-Vis, IR. In addition, the photophy-

sical properties of the viologen-based SURMOF were studied using UV-Vis, X-ray photoelectron 

spectroscopy (XPS), and electron paramagnetic resonances (EPR). 

4.2.2 The structure of the linkers and the SURMOF. 

 

The molecular structure of viologen compound and Zn-viologen based SURMOF-2 is shown in 

figure4-22. 

 

Figure 4-22: a) the viologen Structure; 1,1'-bis(4-carboxyphenyl)-[4,4'-bipyridine]-1,1'-diium-

dichl-oride;  b) the structure of Zn-viologen based SURMOF , (viologen compound); The red 

color: O; blue color: N; grey: C; green: Cl; violet color: Zn.  H atoms are removed to simplify the 
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structure.  

4.2.3 Synthesis and characterization of Zn-viologen based SURMOF. 

 

Zn-viologen based SURMOF-2 samples were prepared by using a layer-by-layer- LPE approach 

called spray method as described in chapter 3.10. 

 

Figure 4-23: Simulate XRD of Zn-viologen SURMOF (black), out-of-plane XRD (red) and in-

plane XRD (blue).  

 

The structure of Zn-viologen-based SURMOF-2 was confirmed by using out-of-plane and in-plane 

X-ray diffraction (XRD), as shown in figure 4-23. The out-of-plane pattern showed that Zn-

viologen-based SURMOF was highly crystalline and orientated with the [001] orientation 

perpendicular to the substrate. The in-plane diffraction pattern showed that the [100] and [010] 

orientations are oriental parallel to the substrate.84 The out-of-plane XRD pattern exhibited reflexes 

corresponding to (001), (002) and (003) planes at 2θ = 3.3, 6.6, and 9.9°, respectively. The in-plane 

diffraction pattern showed reflexes corresponding to (100), (200), (300), and (010), planes at 2θ = 

3.3, 6.72, 10.0, and 14.54°, respectively. The position of the [010] diffraction peak at 14.54°(2θ) 

suggested that the interplane distance is 6 Ǻ. For this orientation of the SURMOFs, the 1D channels 

characteristic for the SURMOF-2 structure run parallel to the substrate plane. The counter-ions 

(Cl-) are hosted within these channels. These XRD data revealed that the Zn-viologen based 

SURMOF-2 exhibits a tetragonal cell.222 
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Figure 4-24: a) IR spectrum for the viologen linker(black), IRRAS spectrum for Zn-viologen base 

d SURMOF-2 (red); b) UV-Vis for the pristine Zn-viologen based SURMOF-2 sample and ethanol 

solution of viologen compound(0.02mM).  

 

Figure 4-24 shows IRRAS data recorded for Zn-viologen-based SURMOF grown on (MUD 

SAMs) /Au substrate.  The spectra revealed two-bands at 1607 cm-1 and 1416 cm-1, which are attri-

buted to asymmetric and symmetric stretching of COO- group, respectively. The linker (viologen) 

showed two bands at 1678 cm-1 and 1602 cm-1, which are attributed to asymmetric and symmetric 

stretching of the COOH group. From this result we concluded that the difference between the 

coordinate carboxylate and carboxylic acid (Δν COO-) is around ~186 cm-1, which resulted from 

the formation of Zn paddle-wheel structure.223 The UV-Vis absorption spectrum of Zn-viologen 

based SURMOF showed a fairly sharp absorption peak due to n-π* and π-π* transition at 294 nm, 

while UV-Vis spectrum of the solvated viologen in ethanol showed an absorption peak at 309 nm. 

Furthermore, the Zn-viologen-based SURMOF exhibited a broad peak around 420 nm, which resu-

lted from the presences of a small quantity of the radical in the pristine sample. Generally, viologen 

in the pristine MOFs /SURMOFs exists as a di-cation in the dark. The (V+2) species exhibit a pale-

yellow color, while upon irradiation a (V+•) species is generated. V+• is a radical and exhibits a 

green color or black.152,253,254 From these results, we concluded that the viologen in the pristine 

samples exist mainly as a di-cation with a little quantity of radical. In addition, UV-Vis spectrum 

of Zn-viologen-based SURMOF showed a blue shift around 15 nm relative to viologen, which is 

attributed to the absences of solvatochromic interactions (negative solvaochromism)108, and the 

presence of inter-linker interactions in the SURMOF, as shown in figure 4-24b. 
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Figure 4-25: a) SEM top view for Zn-viologen based SURMOF-2; b) the cross-section of Zn-

viologen based SURMOF. 

 

The scanning electron microscope (SEM) shows the top view of Zn- viologen based SURMOF, 

micrograph reproduced in figure4-25a. From SEM, the Zn-viologen-based SURMOF looks like a 

compact, and homogenous thin-film MOF-2.  In addition, the cross-section showed that the pristine 

Zn-viologen-based SURMOF sample is pinhole and cracks free, and showed a thickness around 

400 nm. This sample was prepared using the lbl spray for 30 cycles, as shown in figure 4-25b.  

The energy-dispersive X-ray (EDX) data for Zn-viologen-based SURMOF showed that Cl- ions 

are presented as counterions. The amount of Cl- was roughly equal to that of N+ in the SURMOF, 

as shown in figure4-27. These data showed that the chloride ions did not change to acetate ions 

that are the anions in the metal sources. On contrast to the reported bulk viologen based MOFs, the 

ions of the metal sources play a role as counter ions in the obtained bulk viologen-based 

MOFs.152,255–257 In our case, the viologen linker is bearing two carboxylic acid group that has a 

higher electronegativity compared to N, or halides ions. As a result, the carboxylic group has the 

ability to coordinate with the metal center  at the room temperature relative to halides258, as shown 

in figures 4-26&4-27.  

 

Figure 4-26: The map of the Zn-viologen based SURMOF, a) C in the SURMOF, b) Cl- 

(counterion), c) O, and d) Zn element.  
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Figure 4-27:  EDX for Zn-viologen based SURMOF. 

 

The adsorption/desorption kinetics of the Zn-viologen-based SURMOF have been investigated 

using quartz crystal microbalance (QCM). Interesting, Zn-viologen–based SURMOF showed high 

porosity, conversely to the majority of bulk viologen-based MOFs. Because of the ionic nature of 

the viologen linker, the assembly of those linkers into MOFs platform via conventional (solvothe-

rmal) methods153,254,259, in many cases led to low porosity coordination polymers. The porous 

nature of the viologen SURMOFs studied here allowed to study the loading of aniline and 

phenols into the Zn-viologen-based SURMOFs. The results showed the mass uptake over the time 

at 30°C, after the SURMOF was reached stability via flowing N2 gas for a long time, was in the 

range of µg, as shown in figure 4-28. From these result, we concluded that the Zn-viologen based 

SURMOF have high porosity.101,260 The desorption curve of the aniline /phenols revealed that the 

SURMOF did not release the whole uptake mass due to the interaction between the aniline /phenols 

and the SURMOF. 

 

Figure 4-28 :Schematic diagram showing a) the mass uptake from the adsorption and desorption 

of phenol by Zn-viologen based SURMOF(30 cycles thin-film) at 30°C using a QCM; b) the mass 



81 
 

uptake from the adsorption and desorption of aniline by Zn-viologen-based SURMOF at 30°C 

using a QCM (60cycle thin film). 

4.2.4 Photochromism 

Bipyridinium (V2+) is an electron-deficient molecule, which can accept electrons from electron 

donors. Bipyridinium units are known to undergo a reversible one-electron reduction in response 

to many external physical or chemical stimuli. This change from V2+ to V+• is accompanied by a 

color change. One of these external stimuli is irradiation with light. Illumination of viologen 

compounds lead to the creation of V+• radicals that are accompanied with color change, as shown 

in the reaction scheme 4-5. Based on the properties of the viologen linkers upon illumination, the 

Zn-viologen based SURMOF showed a photo-response upon illumination with ultraviolet (UV) in 

the ambient conditions, or under inert atmosphere. The color of the Zn-viologen based SURMOF 

changed from pale-yellow color , where the viologens exist as di-cation V+2 to the green color261, 

as shown in figure 4-29a.  From the Figure 4-29a, we observed that, the green color was saturated 

after 30 min of illumination under ambient conditions. The change in the color was also detected 

using UV-Vis spectroscopy, as shown in figure4-29b. The photo-induced green color state is 

metastable, the transition to the initial color took place after four hours while keeping the sample 

in the dark ambient condition. The transition could be accelerated by heating the sample at 50°C 

for 20 min. From these results, the illumination of Zn-viologen-based under ambient conditions 

did not show a deep green color change. While, the illumination of the Zn-viologen-based SUR- 

MOF samples under inert conditions afforded a deep green color, as shown in figure, 4-30. 

 

 

 

The reaction scheme 4-5: The redox reaction of viologen. 
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a) 

 

 

Figure 4-29: a) The change in the color of Zn-viologen-based SURMOF induced by irradiation 

under ambient conditions; b) UV-Vis spectra of Zn-viologen based-SURMOF, 1, when it was 

irradiated under ambient conditions for 5, 15, 30 mins, and overnight. The differences spectra were 

obtained by subtraction of UV-Vis of the irradiated sample from the UV-Vis of the pristine sample. 

 

 
 

Figure 4-30: The picture of the pristine Zn-viologen -based SURMOF sample left, and after 

irradiation in the inert conditions on the right.  

 

To understand the photochromic effect, we measured the absorption of the pristine Zn-viologen-

based SURMOF sample upon irradiation under inert conditions to exclude the role of oxygen, and 

moisture, as shown in figure 4-31. The UV-Vis spectrum for the pristine sample showed only one 

peak around 296 nm, which is assigned to the π-π*, n-π* transition from the conjugation of the 
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linker. In addition, a small peak was present at 420nm. After the illumination, the sample showed 

four new peaks at 420, 600, 650, 720 nm. These new peaks are attributed to the viologen radical, 

V+•, produced due to the electron transfer from the electron-donor Cl− to the electron-deficient 

group V2+ producing the bipyridinium radicals, V+•.262,263 The absorption intensity was observed 

to increase linearly with illumination time until it reached saturation after 90 mins. After switching 

off the light, and keeping the sample in the dark, the intensity started to decrease until the green 

color mostly vanished after 4 hours. The transition to the initial color could be accelerated by 

heating the thin-film at 50ᵒC for 30 mins. as shown in figures 4-32a &4-32b.  

 

 

Figure 4-31: a) UV-Vis for Zn-viologen-based SURMOF as a pristine sample and after irradiation 

under inert conditions.  

 

 

 

 

Figure 4-32: UV-Vis spectra of the pristine Zn-viologen-based SURMOF sample (1, black); 

irradiated for 1,5 h (2, red), irradiated sample overnight (1, blue); and the color transition back 
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within the time.; the difference spectra was obtained from subtraction of  UV-Vis of the irradiated 

sample from the UV-Vis of the pristine sample;  b) the pictures of the pristine Zn-viologen based 

SURMOF sample, irradiated under inert conditions, and the transition back by heating 

respectively.  

 

The photochromic switching can be repeated for three cycles only, as shown in figure 4-33. These 

changes are fully consistent with the photoinduced electron transfer from Cl- to V2+ and the 

corresponding back transfer that have been reported in the literature.262,264 Interestingly, the XRD 

and IRRAS of the two samples which were irradiated either in the ambient conditions or in the 

inert conditions did not show a significant change upon irradiation. These data revealed the 

absences of photochemistry or photodissociation of the SURMOF which is an indication of the 

structure stability under illumination, as shown in figures 4-34 a, 4-34b for XRD, and IRRAS 

respectively. 

 

 

Figure 4-33: Change in absorption during a sequence of photoswitching cycles of Zn-viologen 

based SURMOF. 
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Figure 4-34:  a) Out-of-plane XRD patterns for the pristine Zn-viologen-based SURMOF sample 

and after irradiation; b) IRRAS spectra for the pristine Zn-viologen based-SURMOF sample and 

after irradiation.  

 

To characterize the electron transferred to the bi-pyridine V2+ unit, EPR measurements were 

recorded to demonstrate the presence of the photoinduced radicals. The pristine Zn-viologen-based 

SURMOF samples that were grown on Au substrates functionalized with SAMs, were also used 

to measure the electron magnetic resonances (EPR). EPR signals were collected for the two initial 

samples ambient conditions and under inert conditions, respectively. EPR has detected a small 

intensity signal for both samples in the dark prior to exposure. During the irradiation of the samples 

in situ, the signal intensity of EPR increased linearly with increasing time of the irradiation due to 

the continued creation of photoinduced radicals. EPR signal for the sample that was irradiated 

under ambient conditions increased and reduced a maximum 10 min, as shown in figure 4-35a. 

While EPR signal for the sample that was irradiated under inert conditions increased linearly with 

time and reached a maximum after 4.5 hours of continuous irradiation by light with a wavelength 

of 600 nm, as shown in figure4-35b. These results showed a strong interaction with the ambient 

conditions, mostly O2 and moisture.144,149,151,152 Since the SURMOF has open pores O2 and moist-

ure penetrate into the SURMOF and interact with  radicals. 
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Figure 4-35: a) EPR recorded for Zn-viologen-based SURMOF in the pristine state and after 

irradiation under ambient conditions; b) EPR for Zn-viologen-based SURMOF, and after irrad-

iation within the time in the inert conditions,  pristine sample (black), and irradiated sample (red), 

the irradiation took place with light of a wavelength 600 nm in-situ. 

 

X-ray photoelectron spectroscopy (XPS) was used here to analyze the pristine Zn-viologen-based 

SURMOF sample. In the XPS data, Zn 2p3/2 and Zn LMM peaks were detected in Zn-viologen- 

based SURMOF at 1022.3 eV binding energy and 987.1 eV kinetic energy, as shown in figures 4-

36a and 4-36b, respectively. The O1s peak showed two components with binding energy 530.6, 

532.1 eV, which are assigned to C-O and C=O, respectively. The C1s signal showed three 

components with binding energy at 285.0 eV, 286.35 eV, and 288.95, which were assigned to C-

H/C-C, C-N, and C=O, respectively, as shown in figure 4-37. The N1s signal and the counterions 

Cl 2p signal showed two and three components, respectively. This observation is attributed to the 

presence of a small quantity of the radicals in the pristine sample, as shown in figure4-38. From 

these results, we conclude that the viologen was almost perfectly aligned into the SURMOF 

platform.  
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Figure 4-36: a) Zn 2p region; b) ZnLMM region 

 

  
 

Figure 4-37: C1s region in the Zn-viologen-based SURMOF; b) O1s region in the Zn-viologen 

based SURMOF. 

  
 

Figure 4-38: Cl 2p region in the pristine Zn-Viologen-based SURMOF sample, Cl; b) N 1s region 

in the pristine Zn-viologen based SURMOF sample. 
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Furthermore, XPS was used to monitor the electron transfer process. To accomplish these measure-

ments, the XPS were recorded in the pristine Zn-viologen-based SURMOF sample and after the 

irradiation under in an inert atmosphere in situ. XPS results of the sample after irradiation showed 

that the binding energies of the Zn 2p and Zn LMM did not show any change, as shown in figure 

4-39. Also, the O1s and C 1s signals did not show any change after irradiation, as shown in figure 

4-40. From these results, we concluded that the metal center Zn, O 1s and the C1s were stable and 

did not participate in the photon-induced electron transfer process. The N 1s signal corresponding 

to the V2+ species exhibited two peaks at 400.7153 (indicated in red color in N 1s spectra) and 402.5 

eV.265,266 Upon irradiation, the lower energy peak increased and higher energy peak decreased in 

intensity. The peak at 402.5 eV can be assigned to the V2+ state of the linker, which reduce to 

neutral state corresponding to the lower binding energy peak (400.7 eV), as shown in figure 4-41. 

In the case of Cl, we could identify three different states at 196.9, 198.4 and 199.3.eV. The Cl 2p3/2 

peak at 198.4 eV can be attributed to the counter ion Cl- and Cl 2p3/2 at 199.3 eV to the oxidized 

Cl. In addition, the peak with lowest binding energy at 196.9 eV can be assigned to a weakly 

interacting state with metal center Zn2+ or an anion-π interaction. Interestingly, upon irradiation 

ratio of the Cl-/Cl changes from 55:25 to 40:55, as shown in figure4-42. The lowest binding energy 

of Cl 2p peak almost disappears after irradiation. These results are supporting the electron transfer 

from Cl- acting as electron donor to the electron deficient V2+, which is accompanied by a color 

change. 

  

Figure 4-39: a) XPS data recorded for Zn in the Zn-viologen based SURMOF before and after 

irradiation; b) XPS data recorded for ZnLMM in Zn-viologen based SURMOF before and after 

irradiation.  
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Figure 4-40: a) C 1s region in the Zn-viologen based SURMOF recorded before and after 

irradiation; b) O 1s region in the Zn-viologen based SURMOF before and after irradiation.  

 

  

Figure 4-41: a) N 1s region in the pristine Zn-viologen-based SURMOF sample; b) N 1s region 

in the irradiated Zn-viologen-based SURMOF.  

  

  

Figure 4-42:  a) Cl 2p region in the pristine Zn-viologen-based SURMOF sample; b) Cl 2p region 

in the irradiated Zn-viologen-based SURMOF sample. 
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In general, photochromism in the bulk viologen-based MOFs takes place through intermolecular 

electron transfer due to the short distance between electron-deficient V2+ and electron donors, such 

as O in carboxylate group or the counterions as Cl, N3.
149,255 In our case, the photo-induced electron 

transfer took place between the counter-ions, Cl-, and the electron deficient V2+. 

4.2.5 The photoconductivity of the Zn-viologen-based SURMOF 

The photoresponse of the electric conduction was explored by DC measurements, as shown in 

figure 4-43. The Zn-viologen-based SURMOF exhibited a current 0.9 pA without irradiation. The 

conductivity of the thin-film with a thickness of 600 nm of thickness was 8 pS m-1. The electrical 

conductivity of the same sample increased during irradiation with two different wavelengths 455 

nm and 365 nm by around two orders of magnitude to 1 nS m-1 and 3 nS m-1, respectively. 

Importantly, the Zn-viologen-based SURMOF showed a higher on-off ratio than other viologen-

based thin-films that have previously been reported in the literature.267,268  

 

Figure 4-43:  Current versus time recorded at a DC voltage of 1 V. The dark current is 0.9 pA. 

The sample is irradiated with blue and UV light for 2 min, as indicated, resulting in a current 

increase to 1 nS m-1 and 3 nS m-1respectively.  

 

4.2.6 Conclusion 

Viologen, as a chromophoric linker was assembled into Zn-SURMOF-2 thin-films, which 

produced high orientated, crystalline, and a 2D stacked chromphoric arrays. The photochromism 

of Zn-viologen-based SURMOF-2 showed substantial differences to these revealed for bulk 

viologen based MOFs. We explained these differences by the fact that the SURMOFs were 

prepared at room temperature, which suppressed unwanted interactions with the Cl- counter ions 
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and the metal MOFs centers. As a result, the majority of the carboxylate groups coordinated to Zn-

metal centers yielding a higher order MOF thin-film. Then, the photoinduced electron transfer took 

place between chloride ion (a counter ion) and pyridinium dication (deficient group). The photo-

induced electron transfer produced, V+• a radical that was accompanied by a color change for the 

Zn-viologen-based SURMOF. The change in the color was detected using UV-Vis and the 

prescences of the radicals by EPR. In addition, the experiments showed that the photochromism of 

Zn-viologen-based SURMOF has a shorter lifetime in comparison with the reported bulk viologen-

based MOFs. 
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5 Conclusion  

The present thesis shows the alignment of the chromophoric linkers /molecules into the SURMOF-

2 platform. Different types of chromphoric SURMOF-2 system were prepared by using the layer-

by-layer method via the liquid phase epitaxy approach. This technique produces highly crystalline, 

monolithic, homogenous thin films with controllable thickness. The alignment of the chromopho-

ric linkers into the SURMOF-2 platform enabled studying the photophysical properties of those 

chromophoric linkers. The chromophoric compounds have a wide variety of potential applications 

in different fields.  

In Chapter (4.1), the synthesized bianthryl linker has been assembled into the SURMOF-2 

platform by using zinc acetate as the source for the metal node, which afforded Zn-bianthryl based 

MOF thin-films. The assembly of bianthryl in SURMOF-2 yielded a close-packed, highly crystall-

ine, orientated 2D stacked structure. The luminescence of the highly orientated Zn-bianthryl-based 

SURMOF-2 was studied, which demonstrated the presences of cyano-color upon short time illumi- 

nating using ultraviolet (UV) light. In addition, prolonged illumination under ambient conditions 

switched off the luminescence. The experiments showed that Zn-bianthryl based SURMOF-2 was 

able to convert triplet oxygen, 3O2, to singlet oxygen, 1O2, which was detected using indirect meth-

ods such as photolysis of the DPBF compound and using the EPR technique. The produced 1O2 

reacted with one anthracene moiety of bi-anthracene, resulting in the formation of endoperoxide. 

The experiments showed that the formed endoperoxide was stable at elevated temperature. The 

Zn-endoperoxide-based SURMOF did not lose crystallinity compared to the pristine material.  

Chapter (4.2) showed the assembly of another chromophoric linker, viologen (1,1‵-bis (4-(carbox- 

ylic acid) phenyl)-[4,4‵-bipyridine]-1,1‵-diium dichloride), into MOF thin-films. Zinc acetate was 

used as a source for the metal center. The experiments showed that the obtained Zn-viologen-based 

SURMOFs were high crystalline, orientated, and had a 2D stacked structure. The photochromism 

was studied for Zn-viologen-based SURMOF-2, which exhibited a color change upon irradiation 

under ambient as well as under inert conditions. The color changed due to photoinduced electron-

transfer from a counter ion, Cl- acting as an electron donor, to the electron-deficient group V2+. The 

change in color was detected using UV-Vis spectroscopy, EPR, and XPS. The presences of O2 and 

H2O, played a role in the initial color transition. In addition, heating the samples, which existed in 

the radical’s states at 50 ᵒC for 20 min has been used to accelerated the color transition back to the 

initial state.  
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6 Abbreviation 
 

2D  two-dimensional 

ATR  attenuated total reflection 

3D  Three-dimensional 

AFM  atomic force microscopy 

BTC  1,3,5-benzenetricarboxylic acid 

EDX  Energy-dispersive X-ray 

FT-IR  Fourier Transform Infrared 

HKUST-1  Hong Kong University of Science and Technology-1 

MOFs  metal-organic frameworks 

SURMOFs Surface inchord metal-organic frameworks 

SBU  secondary building units 

OBU  organic building unite /linker 

sTTA  sensitized triplet-triplet annihilation 

IRRAS infrared reflection absorption spectroscopy 

MHDA  16-mercaptohexadecanoic acid 

PPP1  (4-(4-pyridyl) phenyl)-methanethiol 

MUD  11-mercapto-1-undecanol 

UV  ultraviolet 

QCM  quartz crystal microbalance 

SAM  self-assembled monolayer 

SEM  scanning electron microscope 

THF  Tetrahydrofuran 

UV-Vis  ultraviolet–visible spectroscopy 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 

LbL The layer-by-layer 

LPE liquid-phase epitaxy 

EPR electron paramagnetic resonance 

PCPs porous coordination polymers 
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PCNs porous coordination networks 

MOF-5 isoreticular metal organic framework-1 (IRMOF-1) 

CVD  chemical vapor deposition 

ALD atomic layer deposition 

ECF electrochemical fabrication 

BMA bottom-up modular assembly 

SSH substrate-seeded heteroepitaxy 

TPMTA  4‵-carboxyterphenyl-4-methane-thiol 

CMMT 9-carboxy-10(mercapto -methyl) triptycene 

bdc  benzene-1,4-dicarboxylic acid 

ZIF-8 zeolitic imidazolate frameworks 

MIL Matériaux de l'Institut Lavoisier 

NDI naphthalene diimide   derivatives 

DMF  N, N-dimethylformamide 

CD-MOF Cyclodextrin-metal–organic framework 

DSM (4-p-(dimethylamino) styryl)-1-methylpyridinium iodide  

DCM 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-

pyran  

ISC intersystem crossing by electrons  

Pd-H2DCP pd-porphyrin derivatives 

ADB 4,4'-(anthracene-9,10-diyl)dibenzoic acid 

TPPS 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin) (TPPS) 

So-PCN (singlet oxygen‐generating porous coordination network 

DTE dithienylethene 

BPDTE 1,2‐bis(2‐methyl‐5‐(pyridin‐4‐yl)thiophen‐3‐yl) cyclopent‐1‐ene 

TEM Transmission electron microscopy 

SAXS Small-angle X-ray scattering 

NEXAFS Near-edge X-ray absorption fine structure spectroscopy  

(TCSPC), time-correlated single-photon counting  

ADB-COOCH3 dimethyl-4,4‵-(anthracene-9,10-diyl) dibenzoate 

TLC Thin layer chromatography 
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NMR Nuclear magnetic resonance 

CDCl3  Deuterated chloroform 

ppm.      Parts per million 

DMSO-d6 Dimethyl sulfoxide-d6 

bianthrylCOOCH3 Dimethyl 4,4'-([9,9'-bianthracene]-10,10'-diyl) dibenzoate  

bianthryl 4,4'-([9,9'-bianthracene]-10,10'-diyl) dibenzoic acid  

C-C ADB-CH3 Dimethyl-4,4'-(anthracene-9,10-diylbis(ethyne-2,1-diyl)) 

dibenzoate  

C-C ADB 4,4'-(anthracene-9,10-diylbis(ethyne-2,1-diyl)) dibenzoic acid  

HOMO highest occupied molecular orbital  

LUMO unoccupied molecular orbital  

TEMP 2,2,6,6-Tetramethylpiperidine  

TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy  

DMPO (5,5-dimethyl-1-pyrroline-n-oxide)  

DPBF 1,3-diphenylisobenzofuran  

TBAPF6 Tertiarybutylammonium hexafluorophosphate  

LC-MS Liquid chromatography–mass spectrometry 

     DPBF 1,3-Diphenylisobenzofuran 
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