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Abstract

Among the well-established metal-organic framework (MOF) thin film fabrication approaches,
the liquid-phase epitaxy (LPE) method has showed great advantage of growing crystalline and
highly oriented MOF thin films on functionalized solid substrates. The corresponding MOF thin
films, with controllable thickness, are referred to as surface-mounted MOFs (SURMOFs).
Porphyrin-based compounds have been successfully utilized across wide applications, such as
dye-sensitized solar cells and photodynamic therapy, due to their central role in metabolic
processes in living organism. Therefore, this thesis is focused on the growth of different kinds of
porphyrin-based SURMOFs on various substrates, post-synthetic modification (PSM) of the
porphyrin SURMOF and their applications.

The successful growth of several porphyrin-based SURMOFs is demonstrated and the XRD
results show that the SURMOFs are highly crystalline and oriented on various substrates. This
ordered structure enables the electronic structure calculation. The calculation results show that an
ordered array of porphyrins in this manner forms a small dispersion of occupied and unoccupied
bands leading to the formation of a small indirect band gap. The measurement results also show
that the porphyrin-SURMOFs exhibit lager charge-carrier mobility and an unusually large
charge-carrier generation efficiency. By assembling this porphyrin-SURMOF into photovoltaic
device using fluorine-doped tin oxide (FTO) substrate as bottom electrode and I/13” electrolyte as

top electrode, a remarkable efficiency was achieved.

With regard to the practical application, the first porphyrin-MOF device need to be improved
since the I7/l3 liquid used as the top electrode is highly corrosive and not well suited for large
scale fabrication process. In this study, a new type of porphyrin-SURMOF using a modified
porphyrin linker with two diphenylamine (DPA) groups was designed and successfully
synthesized. The prepared porphyrin SURMOFs were assembled to all solid state photovoltaic
device using conductive polymer as top electrode, which is the first example of MOF-based solid

photovoltaic device.

In order to improve the electron transport in the porphyrin-based MOF structure, an electron
donor-acceptor (D-A) system was designed by loading Cgo-fullerene into the pores of the MOF

framework, where porphyrin served as electron donor and fullerene was electron acceptor. The



successful loading of Cgo-fullerene was verified by XRD and UV-Vis measurements. After the
introduction of the electron acceptor into the porphyrin SURMOF, the photocurrent was

significantly enhanced.

An azido-functionalized porphyrin SURMOF was synthesized with highly crystallinity as well.
The functional azide groups in the framework allow for further post-synthetic modifications
(PSM) using the strain-promoted azido-alkyne cycloaddition (SPAAC) click chemistry. A
conversion yield of 75% was achieved, remaining the crystalline structure after reaction. Further
experiments were carried out to synthesize porphyrin surface-grafted gels (SURGELS) via cross-
linking of the azido-porphyrin linkers in SURMOFs and alkyne cross-linker, followed by the
removal of metal ions. The obtained porphyrin SURGELS, without cytotoxic metal ions but
exhibit pronounced stability against water, have potential applications in biology and offer the

opportunity to introduce other functional groups to the pores of the gels.

Mass transfer of guest molecules in nanoporous host materials, particularly in MOFs, is a crucial
parameter governing the performance of their applications, for example, in molecules separation.
In this thesis, the diffusion of ferrocene in vapor and in ethanolic and hexanic solution in
HKUST-1 was investigated using SURMOF in combination with a quartz crystal microbalance
(QCM). For the first time, liquid- and gas -phase diffusion in MOFs was compared directly in the
identical sample.



Zusammenfassung

Unter den etablierten Herstellungsansédzen fir dinne Schichten metallorganischer
GerUstverbindungen (metal-organic frameworks - MOFs) haben FlUssigphasen-Epitaxie(LPE)-
Verfahren besonders grof®s Potenzial. Diese MOF-Dinnschichten mit kontrollierbarer Dicke
werden als oberfl&hen-verankerte MOFs (SURMOFs) bezeichnet. Porphyrin-basierte
Verbindungen haben verschiedenartige Anwendungen, als farbstoffsensibilisierte Solarzellen
oder in der photodynamischen Therapie aufgrund ihrer zentralen Rolle in Stoffwechselprozessen
im lebenden Organismus. Daher fokussiert diese Arbeit auf das Wachstum verschiedener
Porphyrin-basierter SURMOFs auf verschiedenen Substraten, deren postsynthetische
Modifikation (PSM) des Porphyrin-SURMOF und deren Anwendungen.

Das Wachstum von unterschiedlichen Porphyrin-basierten SURMOFs wird gezeigt. Die XRD-
Ergebnisse zeigen, dass die SURMOFs hochkristallin und orientiert auf verschiedenen
Substraten wachsen. Diese geordnete Struktur ermdglicht die Berechnung der elektronischen
Struktur. Die Berechnungsergebnisse zeigen, dass die besetzten und unbesetzten B&nder eine
geringe Dispersion mit einer kleinen indirekten Bandlitke haben. Die Messergebnisse zeigen
auch, dass das Porphyrin-SURMOFs grof® Ladungstr&germobilit&en und ungewchnlich grof®
Ladungstr&ererzeugungseffizienzen zeigen. Durch den Aufbau dieses Porphyrin-SURMOF in
photovoltaischen Vorrichtungen auf FTO-Substraten (Fluorine-doped Tin Oxide) als untere
Elektrode und 171*-Elektrolyt als obere Elektrode wurde eine bemerkenswerte Effizienz fir

diese neue Klasse von Materialien erreicht.

Im Hinblick auf die praktische Anwendung muss der Aufbau des Porphyrin-MOF-Systems
verbessert werden, da die verwendete I/l3-FIUssigkeit stark korrosiv und nicht fir
grof3echnische Herstellungsverfahren geeignet ist. In dieser Arbeit wurden modifizierte
Porphyrin-Linker mit zwei Diphenylamin-Gruppen (DPA) genutzt. Die hergestellten Porphyrin-
SURMOFs wurden zu einem festen Photovoltaik-System mit leitfénigem Polymer als obere
Elektrode zusammengebaut, was das erste Beispiel fir MOF-basierte Festk&per-Photovoltaik-

Anlagen ist.

Um die Effizienz zu verbessern, wurden die MOF-Poren mit Cgo-Fulleren beladen. Somit dient

Porphyrin als Elektronendonor und Fulleren als Elektronenakzeptor. Dadurch wurde der



Elektronentransport in der Porphyrin-basierten MOF-Struktur verbessert und ein Elektronen-
Donor-Akzeptor (D-A)-System entwickelt. Die erfolgreiche Beladung mit Fulleren wurde durch
XRD und UV-Vis-Messung nachgewiesen. Nach der Implementierung des Elektronenakzeptors
in den Porphyrin-SURMOF wurde der Photostrom deutlich erh@nt.

Hochkristalline  Azid-funktionalisierte  Porphyrin-SURMOFs wurden synthetisiert. Die
funktionellen Azidgruppen ermcglichen weitere post-synthetische Modifikationen mittels
strain-promoted azido-alkyne cycloaddition (SPAAC) ,Klick“-Chemie. Dabei wurden
Ausbeuten von 75% ohne Zerst&Gung der kristallinen Struktur nach der Reaktion erreicht.
Weitere  Experimente  wurden  durchgefthrt, um die  Porphyrin-SURMOFs in
oberfl&chenverankerte Porphyrin-Gele (Porphyrin-SURGELs) umzuwandeln. Diese Gel-Filme
haben keine zytotoxischen Metallionen und sind stabil gegentber Wasser. Sie haben potenzielle
Anwendungen in der Biologie und bieten die M&ylichkeit, andere funktionelle Gruppen in die

Poren der Gele einzulagern.

Der Stofftransport der GastmolekUe in nanopor&en Materialien ist ein entscheidender
Parameter, insbesondere fUr MOFs, der zum Beispiel fr die Effizienz der Stofftrennung &uf%rst
wichtig ist. In dieser Arbeit wurde die Diffusion von Ferrocen in HKUST-1 SURMOFs mittels
einer Quarzkristallmikrowaage (QCM) untersucht. Dabei wurde die Diffusion des Ferrocens in
verschiedenen Phasen verglichen, d.h. die Diffusion des Ferrocens als Dampf in Argon
beziehungswiese die Diffusion des Ferrocenes in ethanolischer oder hexanischer L&ung wurde
untersucht. Dies ist die erste Arbeit, wo FIUssigphasen- und Gasphasendiffusion eines MolekUs

in einer MOF-Struktur direkt miteinander verglichen wurde.



1 Introduction

1.1 Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs), also known as porous coordination polymers (PCPs), are a
class of crystalline materials self-assembled from organic linkers and inorganic connectors of
metal ions or clusters (Figure 1.1).®! Although the first coordination polymers can be dated
back to 1959, the first MOFs constructed by organic molecular building blocks and metal ions
appeared in 1990.! Since then, more than 20,000 MOF structures have been reported with a

variety of constituents’ geometry, size and functionality.!

+ @ —

organic metal ions or metal organic
linkers clusters frameworks

Figure 1.1 Schematic graph of MOF structure constructed by the metal nodes and organic

linkers.(Taken from Ref.[')

MOFs are constructed by joining metal-containing units with organic linkers through
coordination bonds. When the organic linkers are linked to the metal-containing units, the
architecturally robust crystalline MOF structures are formed. The extraordinary degree of
variance in both the inorganic and organic components of their structures makes MOFs a highly
flexible class of materials in terms of pore size and chemical properties compared with
traditional porous materials, such as zeolites, active carbons and mesoporous silicon. The surface
areas of the MOFs can range from 1000 to 10,000 m? g™ and the density can be as low as 0.13 g
cm®. Typically, the MOFs have the porosity greater than 50% of the crystal volume and the
largest pore aperture is 98 A."®! Due to high surface area, high porosity and the tunable structure
as well as functionality, MOFs have attracted considerable attention in many areas, including gas

[8,9] [17]

storage,’®¥ gas separation,'*>*? sensing,[** catalysis!***®! and drug delivery.



1.1.1 Design of MOFs

In principle, MOFs can be designed with controlled pore size, structure, and functionality for
specific applications by judiciously selecting the metal unit and the organic linker.”! Generally,
metal clusters which result from the initial bonding of the metal ions and the bridging ligands
serve as secondary building units (SBUs), which are crucial to the design of MOFs and to the
topology of the robust frameworks.™ Yaghi et al have made a summary of metal-cluster-based
SBUSs, where 131 geometries along with the corresponding connectivity are described.*® Four
typical metal-cluster-based SBUs are listed in Figure 1.2, which are represented as trigonal,

square planar, tetrahedral and tetragonal paddlewheel arrangements, respectively.

Figure 1.2 Structural representations of several SBUs. (a) trigonal planar, (b) square planar, (c)

tetrahedral, and (d) tetragonal paddlewheel. (Taken from Ref.['¥1)

The SBUs are not isolated entities. They are formed by bridging the metal ions with the
coordinating atoms of the ligands, resulting in the different geometrical orientations of the
linkers.™ The organic linkers, including ditopic or polytopic organic carboxylates or other
organic anions, such as phosphonate, sulfonate, and heterocyclic compounds,®! play an
important role in controlling the orientation of the structure for a given metal ion. On the other
hand, the structure of the organic SBUs seldom changes during MOF assembly. Once metal-
cluster based SBUs are formed, the chemical properties of highly ordered frameworks with rigid

organic linkers can be predicted.

Overall, the combination of both metal-based and organic SBUs determines the final topology of
framework. However, it is difficult to achieve a well-predicted design of MOFs due to the
influence of temperature, solvent, and the composition or concentration of the reactants,

especially in the more complicated cases, like polytopic linkers. Nevertheless, the careful

2



selection of the inorganic and organic components could tune the topology and functionality for
different applications. Some representative MOFs, either well characterized or widely studied
because of their specific properties, are depicted in Figure 1.3. MOF-5 (Zn,O(BDC)3;, BDC =
1,4-benzenedicarboxylate) has uniform microporous structure and good thermal stability.”®
HKUST-1 (HKUST = Hong Kong University of Science and Technology), firstly synthesized in
1999, is one of the most widely studied MOFs due to it is easily synthesized. ZIF-8 (ZIF =
zeolitic imidazolate framework) exhibits high stability against water”? and MIL-53 (MIL =
Maté&ial Institut Lavoisier) is featured by the breathe behavior.”®! UiO-66 (UiO = Universitetet i

Oslo) retains its properties under a relative wide range of chemical and physical conditions.*

o

MiL-101

Figure 1.3 Representative MOFs (Taken from Ref.[6252%])

1.1.2 Synthesis of MOFs
Numerous methods or techniques for the synthesis of MOF materials have been developed for
the last two decades, which are described in the following.

1.1.2.1 Conventional solvothermal synthesis
The most conventional method used to prepare MOFs is solvothermal synthesis, in which the
metal salts and the linkers, sometimes accompanying with a templating agent, are dissolved in an



organic solvent or water and then placed in an autoclave or a tube to be stored at a certain

temperature for several hours or days, allowing the formation of bulk MOFs.[2%34

Although the solvothermal method is commonly used, it is limited by the long reaction time,
low quantities and the cost of the involved solvents.*? Therefore, new approaches were
developed to overcome the disadvantages.

1.1.2.2 Microwave-assisted synthesis

To accelerate the organic chemical reaction, microwave-assisted method was proposed in
1986.1%*34 Since then, high-speed synthesis via the microwave irradiation has attracted
considerable attention.®>3®! The rate acceleration is due to the efficient heating of materials by
“microwave dielectric heating” effects, i.e. the material can absorb microwave energy and then

convert it into heat.

The first microwave-assisted synthesis was established to synthesize three known MOFs, namely
IRMOF-1, IRMOF-2, and IRMOF-3, by Ni and Masel.E” The mixture of the metal precursor
and the corresponding organic linker was dissolved in N, N™-diethylformamide (DEF) and then
the solution mixture was heated by a microwave synthesizer for a few seconds to form the
desired MOFs. This technique allows the formation of high quality uniform crystals in one

minute.

1.1.2.3 Mechanochemical synthesis

Although the microwave-assisted synthesis could efficiently accelerate the formation of MOFs, it
may lead to the formation of by-products and environmental contamination due to its lingering
presence in the solvents. To avoid this drawback, a non-solvent approach, named
mechanochemical synthesis, was proposed in 2006 by Pichon et al.8 The metal salts or oxides
are ground together with the bridging organic ligands. During the grinding, the metal ions react
Fabian found that the addition of a small amount of solvents to the reaction mixture of ZnO and
fumaric acid during the mechanochemical approach, could enable the rapid conversion of the
metal oxide precursor into a variety of metal-organic architectures. The improved approach is
referred to as liquid-assisted grinding (LAG). The LAG approach not only neutralizes the

reactants acid-base reactants, but also drives the coordination self-assembly.*



1.1.2.4 Electrochemical synthesis

The first example of the electrochemical synthesis of HKUST-1 was reported by the researchers
in BASF,[*Y since then, the synthesis route has been expanded to other MOFs.'*** In this
method, the metal source, which serves as the electrode, is placed in the linker solution
containing the electrolyte. When an appropriate voltage or current is applied, the metal source
dissolves and releases the metal ions near the surface of the electrode. Then the metal ions react
with the organic linkers in the solution and the MOF is generated near the electrode surface.!*®! It
was found that the applied voltage, current density, solvent, electrolyte, and temperature have an

impact on the quality of the resulting MOFs.[41:44-48]

Compared with other methods, the electrochemical synthesis method exhibits several advantages,
like shorter synthesis time and milder synthesis conditions, giving the chance to directly control
the reaction conditions during the process and allowing the formation of the MOF films without

surface pretreatment.[**]

Besides the afore-mentioned processes, sonochemical synthesis,*” catenation control,*? post-
modification synthesis®® and liquid-phase epitaxy (LPE) process®™*? have also been developed
to synthesize MOFs. Among these processes, the LPE method plays an important role in

preparing MOF films, which will be described in detail in the latter chapter.

1.1.3 Applications of MOFs

Compared with other traditional porous materials, MOFs exhibit remarkable properties, such as
high porosity, high specific surface area, relatively high thermal and chemical stability and
versatile chemistry. These remarkable properties enable MOFs to have potential applications in

many aspects.

1.1.3.1 Gas storage

One of the most promising and widely studied applications of MOFs is gas adsorption due to
their tunable pore geometries and flexible frameworks, especially the adsorption of hydrogen,
methane and CO..

Rosi et al. first reported the adsorption of hydrogen by MOF-5 in 2003, which was able to adsorb
up to 4.5 wt% of hydrogen at 78 K and 1 wt% under ambient conditions at a pressure of 20

bar.*®! Subsequently, hydrogen storage capacity of other MOFs, such as MILs,®? ZIFs,
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DUTs,® NOTTs, B PCNs®! and SNUs,®® has been extensively investigated. The introduction
of open metal sites and high surface area has remarkably enhanced the hydrogen uptake in MOFs,
as exemplified by Zn3(BDC)s[Cu(Pyen)] (PyenH, = 5-methyl-4-oxo0-1,4-dihydro-pyridine-3-
carbaldehyde)®! and NU-100.1°"

Concerning the adsorption of methane in MOFs, it was firstly reported by Kitagawa et al. in
1997 that a coordination polymer compound (Co,(4,4 -bpy)s(NOs)4 4H,0) was found acting as a
potential material to effectively adsorb methane. It exhibited an uptake capacity of 52 cm?
(STP) g at 298 K and 30 bar.’? Yaghi’s group reported the methane storage capacities of a
series of isoreticular MOFs in 2002, where IRMOF-6 and IRMOF-1 (MOF-5) exhibited a
methane uptake of 240 cm®(STP) g™ and 228 cm*(STP) g™, respectively, at 298 K and ~36 bar.
Since then, high methane storage capacities in dozens of MOFs have been exploited by various

groups.

MOFs are also promising for the capture of CO,, the major cause of greenhouse effect, from the
atmosphere and combustion gases. Amounts of studies have ascertained the high affinity of some
porous MOFs towards CO,, such as MOF-200 (53.4 m mol) g™ at 50 bar and 298K)[** and MIL-
101 (40.0 m mol) g™ at 5 MPa and 303 K).*¥

1.1.3.2 Catalysis

Grafting

Functional

Semiconductor
Photocatalysis

Figurel.4 Different strategies for the inclusion of catalytic moieties into a MOF scaffold (Taken
from Ref.[%))



MOFs may play a decisive role in catalysis through several approaches, summarized in Figure
1.4. The catalysis function can arise from the unsaturated metal sites or functional organic sites,
which can be implemented by direct synthesis or post-synthetic modification (PSM).
Alternatively, the pores or channels of MOFs can afford the potential to encapsulate catalytic
species (e.g., metal or metal oxide nanoparticle, metal coordination complexes or other discrete

molecular species) (>

Highly robust UiO-66-CAT MOF with coordinatively unsaturated active metal centers, which is
formed by incorporating catechol species into the robust UiO-66 framework, can be modified as
a catalyst by postsynthetic deprotection (PSD) and postsyntheticexchange (PSE).[” The catalytic
performance of Cr-metalated UiO-66 MOF was investigated for the oxidation of alcohols to
ketones using a wide range of substrates. The results indicated that the catalysis could be
achieved with very low metal loadings (0.5-1 mol%). Unlike zeolite-supported, Cr-exchange
oxidation catalysts, the MOF-based catalysts could be reused over five catalytic runs without any

significant loss in the catalytic activity.

1.1.3.3 Sensors
By incorporating appropriate signal-transduction capabilities, MOFs can be used as sensors by
monitoring the optical, electrochemical and mechanical signals to realize selective detection of

solvent molecules, metal ions, DNA, proteins, and other biologically important targets.®

A series of ZIFs, including ZIF-7, ZIF-8, ZIF-67, ZIF-68, and ZIF-70 with different pore sizes,
surface areas, and functional groups, were synthesized to serve as the matrix for constructing
integrated dehydrogenase-based electrochemical biosensors for in vivo measurement of
neurochemicals, such as glucose.®® The biosensor was formed by coating a glassy carbon
electrode with methylene green/ZIFs composites and following with glucose dehydrogenase. In a
continuous- flow system, the ZIF-70 based biosensor was sensitive to glucose in a linear range of
0.1-2 mM. This biosensor was capable of selectively monitoring dialysate glucose collected from

the brain of guinea pigs in a near real-time pattern (Figure 1.5).
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Figure 1.5 (a) The ZIF-70-based biosensor. (b) Online current—time response recorded for the
brain microdialysates of guinea pig on the online detecting systems with the MG/ZIF-70-
modified GC electrode (i.e., GDH-free ZIF-70-based sensor, black line) and ZIF-70-based

biosensor (red and blue line) as the detector. (Taken from Ref. [5%)

1.1.3.4 Drug delivery
Due to regular porosity and organic functionality, MOFs are capable of optimal drug-delivery
applications. The bulk MOF materials are able to uptake and release large amounts of

therapeutics such as ibuprofen, procainamide, and nitric oxide.

Fé&ey and coworkers discovered the remarkable capacity for drug hosting and controlled delivery
of the MIL family.["™ They explored the absorption and release of ibuprofen with MIL-100 and
MIL-101. Both materials showed remarkable ibuprofen adsorption, 0.347 g ibuprofen/g MOF for
dehydrated MIL-100 and 1.376 g ibuprofen/g MOF for dehydrated MIL-101, as a result of their
different pore sizes. Compared with MCM-41, with a pore diameter of 36 A, MIL-100 showed
very similar ibuprofen dosage and kinetics. Interestingly, MIL-101 absorbed the drug by amount
four times more than MCM-41, but released more slowly. Therefore, MIL-101 allows a higher
drug dosage and a longer controlled delivery, which proves advantageous for larger

pharmacological molecules.

1.2 Surface-mounted Metal-Organic Frameworks (SURMOFs)
MOF thin films are a rapidly developing field, which enable many potential applications, ranging
from membrane separations over sensor techniques to potential electronic devices.["*" Fischer

et al. distinguished the MOF thin films in two classes: polycrystalline films and surface-mounted
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MOF (SURMOFs).™ The former is generally regarded as an assembly of randomly oriented
MOF crystals or particles on a surface. In some cases, the crystals prefer attaching in one
particular direction with respect to each other and the surface of the substrates, which results in
oriented films. The polycrystalline films can be prepared either during the reaction or from MOF
powders. The approaches of these films include direct solvothermal deposition,”™ solvothermal
mother solution,!”® spin-coating,’”! seeded growth,!® electrochemical deposition™ and
Langmuir-Blodgett (LB) method.®™ The thicknesses of these films are related to the size of the
MOF particles or crystallites, ranging up to micrometers. The surface-mounted MOF is a special
class of MOF films, which is uniform and perfectly oriented. The SURMOFs were introduced by
wadl in 2007,82 employing the liquid-phase epitaxy (LPE) approach to the MOF growth on a
solid substrate. The thickness of the SURMOFs can be precisely controlled.l” In the following,
a more detailed description of SURMOFs will be provided.

1.2.1 Functionalized Surface

The first choice for the growth of MOF films is self-assembled monolayers (SAMs) on Au
substrates.”® SAMs are organic assemblies formed by the adsorption of molecular constituents
from solution or the gas phase onto the surface of solids or in regular arrays on the surface of
liquids.® Due to the relatively straightforward preparation, spontaneous assembly and diverse

functionality, SAMs become an attractive interface for the MOF growth.®

In the case of Au substrate, three typical organothiols, 16-mercaptohexadecanoic acid
(MHDA)®®! (4-(4-pyridyl)phenyl)-methanethiol (PP1)!¥®! and 11-mercapto-1-undecanol (MUD),
are selected to assemble monolayer by carefully controlling synthesis conditions (Figure 1.6).
The thiol groups react with gold following RSH + Au — RS-Au +1/2H, to form a self-assembled

monolayer.

Apart from the fabrication on SAM surfaces, SURMOFs can also be deposited on other surfaces,
ranging from polymer surfaces and conductive substrates over quartz glass to metal-oxide
membranes, as well as multilayered SURMOF films, even differently shaped substrates, like
magnetic nanoparticles.’®”! Generally, the nonmetallic surface can be functionalized by plasma
treatment to clean the surface and increase the hydroxyl groups on the surface. The
functionalization can also be achieved by a chemical process, where the substrates are immersed
in a piranha solution (98% H2S04/30% H202 (3/1, v/v)) at 80 T for 30 min to form -OH

9



functionalized surface.® The carboxyl groups can be obtained from hydroxyl by reacting with

11-(triethoxysilyl)undecanal.
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Figure 1.6 Typical SAMs on Au substrates for the growth of SURMOFs

1.2.2 Liquid phase epitaxy

Liquid-phase epitaxy (LPE) relies on the stepwise adsorption of components from the liquid
phase to a surface, which is also called layer-by-layer (LbL) method. Since the early 1990s,
layer-by-layer method has been developed for the construction of multi-composite films via the
electrostatic attraction between oppositely charged molecules,® where a glass slide was
alternatively immersed in solutions of positively charged and negatively charged components.
Subsequently, Bell et al. synthesized Hofmann clathrate ([Ni(bpy)Pt(CN)4]) layers, involving
sequential adsorption of the three components of the solid from ethanol solutions.*” The

molecular building blocks were held together solely by covalent bonds.

In 2007, the LPE method was for the first time employed to grow MOF films on a surface,®™ as
exemplified by HKUST-1 ([Cus(btc),]). The organic (e.g. Hsbtc) and inorganic precursors (e.g.
Cu(OAc),) were dissolved in pure ethanol and placed in separate beakers. The MHDA SAM,
with a functional -COOH head group on Au substrate was immersed in the ethanolic Cu(OAc).
solution, where the metal compound chemically binds to the SAM. After rinsing with ethanol to
remove any unreacted compounds, the substrate was immersed in Hsbtc solution and the btc-
linker molecules bind to the metal units, giving rise to the first layer of SURMOF. The repetition
of these procedures was performed to obtain SURMOF films, see Figure 1.7. The rinsing with a

solvent has been shown to be a crucial step for the oriented growth in the LPE process.!®"
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Figure 1.7 Step-by-step approach for the growth of the SURMOFs on a SAM-functionalized
substrate. The approach involves repeated cycles of immersion in solutions of the metal
precursor and solutions of organic ligand. Between steps the material is rinsed with solvent.
(Taken from Ref.l8)

1.2.3 Techniques for the growth of SURMOFs
So far, several LPE based techniques have been established for the growth of SURMOF to
achieve homogeneous morphology and high-throughput fabrication or monitor in situ

B29315ump,¥ the spray®® and quartz crystal microbalance

experiments, including the dipping,
(QCM)®! methods. This method has also been extended to coat magnetite particles with

SURMOFs.[°®!

1.2.3.1 Dipping method

Manual-dipping is the initial method used to prepare the SURMOFs,'® where four containers
are required for solutions: (I) metal source, (I1) rinsing solvent after metal precursor exposure,
(11) organic ligands and (IV) rinsing solvent after ligand exposure. During the manual-dipping,
the functionalized substrate is alternatively immersed into the containers with the order from | to
IV. By subsequently repeating the immersion in a certain cycles, the SURMOF films with
desired thickness and orientation are obtained. Generally, the soaking time in the metal and
ligands precursors is tens of minutes, that is, each cycle requires 0.5-1.5 h, which consumes

much time for thick films.
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Figure 1.8 The setup of the dipping robot. PO: starting and final position for the sample holder;
P1-P7: containers for immersion solutions; 1: Teflon working table; 2: container lid; 3: gripper;
4: sample holder; 5: sample; 6: position controller; 7: ultrasonic bath; 8: shower; 9: parking
position of container lid; 10: pump and solution bottle for showering; 11: computer. (Taken from
Ref.[%])

Recently, an automated, computer-controlled dipping robot equipped with an ultrasonic bath has
been introduced to prepare homogeneous SURMOFs with low surface roughness and low defects
density.®®! The setup is shown in Figure 1.8. The synthesis of HKUST-1 SURMOF growth on
MHDA SAM is taken as an example. The functionalized substrate is dipped sequentially in an
ethanolic copper acetate (Cu(OAc),, 1 mM) solution (P1), pure ethanol (P3), an ethanolic 1,3,5-
benzenetricarboxylate (Hsbtc, 0.2 mM) solution (P2) and again pure ethanol (P4) for 10 min, 2
min,15 min, 2 min, respectively. The ultrasonication is switched on during the immersion of the
substrate in pure ethanol (P3 and P4). Between each step, the sample will go back to the center (8)
of the table to be rinsed with the pure ethanol for typically 3 seconds to provide a more thorough
rinsing. The repetitions of these dipping steps are performed to grow SURMOFs following a
software (LabView) controlled protocol. It was proven that the samples prepared with the
dipping robot equipped with ultrasonication have a significantly higher quality in terms of a

considerably smaller surface roughness than the samples prepared without ultrasonication.®!
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1.2.3.2 Spray method

The spray method is regarded as a high-throughput technique, which denotes the reduction of the
required time for preparing SURMOFs by more than two orders of magnitude.®™™ the spray
method is based on a nozzle system (Figure 1.9), where an aerosol of the reactant solutions
required for the MOF synthesis is produced. There are three nozzles each for spraying the metal,
ligands and pure solvent solutions, respectively. After the droplets of the aerosol impinge on the
substrates, materials will be deposited at the solid-liquid interfaces and coat the surface with a

thin film of the reactant.

In the spray process, separate metal and ligands solutions are sprayed alternatively on the
substrates with a rinsing step in between by exposing the substrate to an aerosol produced from
the pure solvent. Generally, it takes only a few hours to achieve a thickness of micrometer

SURMOFs films with high quality.

2

X
3

U i

Figure 1.9 Setup employed for the fabrication of MOF thin films with the spray method: (1) Gas

supply, (2) gas flow controller (3) three-way valve gas distributor (4) (A, B, C) solutions storage
containers (5) sample holder (6) dosing valves, (7) spray chamber, (8) PC. (Taken from Ref. )

1.2.3.3 Pump method

Pump method® has been established to precisely control the temperature by a heating and
cooling circulation system ranging from -20 to 100 <C during the growth of SURMOFs. The
schematic diagram of the pump method for the fabrication of SURMOFs is shown in Figure 1.10.
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There are four pumps. Among them, three pumps are responsible for the injection of the solution
into the sample cell and the other one is used to pump the solution out of the cell. Similar to
other techniques, the metal solution and organic linker solution are injected into the sample cell
alternatively and in between the pure solvent is pumped through the sample cell to remove the

excess reactants. The repetition of these steps produces the SURMOF thin films. All the steps are

|_ » | Ausubstrat ‘
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sample cell
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1: metal solution

2: ethanol
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a 4: waste solution
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Figure 1.10 Diagram of the pump system for the automated layer-by-layer growth of SURMOFs.
(Taken from Ref. )

performed by a Labview program.

L
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1.2.3.4 Quartz crystal microbalance (QCM)

The quartz crystal microbalance (QCM) is used to measure the changes in the mass of
piezoelectric quartz substrate during the loading with or the release of materials. The mass
difference can be calculate from the change in the substrate resonant frequency with time by
applying the Sauerbrey equation.’V The QCM method for the growth of SURMOFs is an
extension of pump method, where the solutions are also pumped into the QCM cell. During the
synthesis, film growth is monitored by the changes of the resonance frequency of the sensor
(Figure 1.11).

Here is a detailed preparation of SURMOFs by the QCM method. Firstly, a QCM sensor, an
electrode coated with gold, functionalized with SAM is placed in the QCM cell. Then the pure
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solvent is pumped through the QCM cell. After achieving a stable baseline, the metal solution,
pure solvent and the organic ligand are pumped through the cell sequentially in a similar manner.
After each subsequent flow, it will reach equilibrium as detected from the frequency signal,
which means all the chemicals have reacted completely. The steps are repeated until sufficient
materials are deposited on the QCM sensor. It is an automated real-time analytical instrument for

the studies of molecular events occurring on the electrode surface.
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Figure 1.11 Sauerbrey mass change after three Cu(OAc),-Hsbtc deposition cycles on SiO,-
coated electrodes at 15, 30 and 45<C.(Taken from Ref.[%1)
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Figure 1.12 Stepwise liquid phase epitaxy growth of MOF thin films on the pretreated magnetic

nanoparticles.(Taken from Ref.[*))
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The LPE method for the growth of SURMOFs is not limited to the flat substrates, but can also be
applied for the solid particles. More recently, highly defined magnetic MOF (magMOF)
core/shell nanoparticles where the MOF coating is very homogeneous and of a uniform, well-
defined thickness for all particles were fabricated based on a modification of the LPE process.!®!
The scheme of this method is shown in Figure 1.12. For each full cycle, the magnetic particles
are first immersed in metal precursor (I) solution and second in a solution of organic linker (I1).
In between the particles are washed with pure solvent to remove the unbound components. The
separation of the magnetic particles from the suspension is performed by a magnet, which is fast,

scalable and easily automated.

1.2.4 Advantages and applications of SURMOFs

In addition to the common properties of MOF films prepared by other methods, SURMOFs
exhibit several unique properties, such as: (1) highly oriented and controllable growth orientation;
(2) controllable thickness according to the number of the deposited; (3) smooth and
homogeneous morphologies with roughness of the order of a few elementary cells; (4) easy

scale-up in mild conditions and (5) lower defects.®

The unique properties of SURMOFs make these thin films perfectly suitable for the sensors in
gas or liquid phase,[*®” fabrication of membranes, determining the diffusion coefficient,[** mass

transfer investigations and other MOF properties in a quantitative fashion.”!

1.3 Surface-grafted gels (SURGELS)

Functionalization of MOFs can be realized by using linkers with extra functional groups or by a
so-called post-synthetic modification (PSM). In general, PSM leads to new MOF configurations
by covalently reacting molecules into the framework, which cannot be achieved during the
synthesis of MOFs. A number of MOFs, from IRMOF-3 to ZIF-90, even SURMOFs, are
amenable to PSM.!% Wang et al. obtained functional SURMOFs using post-synthetic
modification based on two types of azide-alkyne click reaction, Cu(l)-catalyzed and strain-
promoted, as well as to monitor such reaction using IRRAS and XRD. The results revealed that

the yield could reach almost 100%.™%!

SURMOFs grown using liquid-phase epitaxy on functionalized substrates are an interesting class

of MOFs that have wide applications as surface coatings. The cytotoxic metal ions and instability
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against water of some SURMOFs limit the biological application, for example, cell culture. To
settle the problem, surface-grafted gels (SURGELS) with three-dimensional structure were first
proposed and fabricated by Tsotsalas et al. in 2013.1%! The linker equipped with azide side
groups were used to achieve the post-synthetic modification via click chemistry. The scheme of
the approach for SURGEL is shown in Figure 1.13. The SURGELs were synthesized from
SURMOFs via copper-free click reaction of the ligands (diazido-stillbenedicarboxylic acid) with
the cross-linker (trimethylolethane tripropiolate), followed with ethylenediaminetraacetic acid
(EDTA) treatment to remove the metal ions."*"! The obtained film is metal-free and covalently
connected. The corresponding XRD and IRRAS data confirmed the coupling reaction and

revealed that the SURGELSs are amorphous.

cross-linking EDTA

Figure 1.13 Schematic representation of SURGELS synthesis.(Modified from Ref.[***)

The SURGELs combine the advantages of MOFs and polymer hydro-gels, exhibiting the
properties of versatile chemistry with various functional groups, pronounced water stability and
metal ions absence.l***1%! SURGELs provide a drug-release platform in in vitro cell culture
studies™®! as well as the chance of introducing guests into the SURGELSs.%! The method of
SURGELs synthesis has been successfully extended to the fabrication of SURGEL capsules
(magGELs), where the cargo molecules can be loaded and released under different

environment, %!
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1.4 Porphyrins

1.4.1 Introduction

)

+ B-pyrrole positions

O  meso positions

Figure 1.14 The unsubstituted porphyrin macrocycle

Porphyrins are a group of compounds containing the porphin structure to which a variety of side
chains are attached. As shown in Figure 1.14, the simplest porphyrin, named porphin, are
composed of four modified pyrrole (5-membered organic ring) subunits connected by methine
(=CH-) bridges. The structure of porphyrin supports a highly stable configuration of single and
double bonds with aromatic character, resulting in a highly-conjugated molecule containing 18
pi-electrons. The porphyrin nucleus is a tetradentate ligand in which the space available for a
coordinated metal has a maximum diameter of approximately 3.7 A. During the coordination,
two protons are removed from the pyrrole nitrogen atoms, leaving two negative charges,™”!
which could bind with transition metal ions to form metalloporphyrins. In the porphyrin
macrocycle, there are two different sites where electrophylic substitution can take place with

different reactivity™*®: meso and S-pyrrole positions.

Porphyrins are involved in the metabolism of living organisms and have a universal biological
distribution, for example, the iron-containing porphyrins found in hemoglobin®® and the
reduced magnesium-containing porphyrins found in chlorophyll.**®! The history of porphyrin
synthesis began in the middle of the 1930s. Hans Fischer’s group developed an enormous
number of synthetic procedures for porphyrins and began to investigate and manipulate the
chemistry of the porphyrin macrocycle and its diverse substituent groups.™™ Until now, the
synthesis of porphyrins has been achieved by common methods, ranging from using naturally
occurring hemoglobin or chlorophylls to total synthesis from monopyrroles. Various synthetic
routes are available in the literature for the synthesis of substituted porphyrins and for the
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structural modification of porphyrins, such as monopyrrole polymerization, MacDonald route
((the [2+2] approach)),i*'? a [3+1] approach™! and from a,c-Biladiene salts.**¥ The choice of

the synthetic route depends upon the symmetry features of the porphyrins.

Owing to structural robustness, attractive absorption and emission properties, strong aromaticity
and rich metal coordination chemistry properties, porphyrin and derivatives have been
successfully utilized across a wide range of applications, such as mimicking enzymes,™*

r, 118117 photodynamic therapy (PDT),8% molecular electronic devices™ and

chemical senso
dye-sensitized solar cells,"*? as well as many applications as functional materials, like non-

linear optical materials,'**®! light-emitting materials,™***! magnetic materials.[***

1.4.2 Porphyrin-based MOFs
Due to the above properties and wide applications, porphyrins have successfully attracted
attentions to construct MOFs recently. Various kinds of MOFs constructed from porphyrin-based

linkers have been synthesized.!*®!

The first porphyrin-based coordination polymer was reported in 1991,2" earlier than the
benchmarks of HKUST-1 and MOF-5. However, the first porphyrin-based MOF supported by 5,
10, 15, 20-tetra-4-pyridyl-21H, 23H-porphine (H,TPyP) and Cu,(AcO); was successfully
synthesized in 2006, which is constructed by the self-assembly of a 2D coordination network
consisting of a 22.2 A square grid. The characterization by N, adsorption indicated that this
coordination network has uniform micropores and gas adsorption cavities.*?® Since then, an

exponential increase in the numbers of porphyrin-based MOF structures has occurred.[*?®!

Hupp’s group combined ZnPO-MOF under solvothermal conditions (Figure 1.15 (a)), with large
channels in three directions occupied by a substantial amount of disordered solvent. The free-
base porphyrin was metallized during the course of the solvothermal synthesis. The obtained
ZnPO-MOF can efficiently catalyze acyl-transfer reactions primarily by preconcentrating the
substrates within its pores, in stark contrast to analogous supramolecular systems 12! Afterwards,
a pillared-paddlewheel type MOF featuring bodipy- and porphyrin-based struts, and capable of
harvesting light across the entire visible spectrum (Figure 1.15 (b)), has been synthesized via a

standard solvothermal method by the same group.™*”!
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Figure 1.15 Synthesis procedures of (a) ZnPO-MOF and (b) the isostructural BOP MOF (Taken

from Ref [129:1%0])

Kitagwa and coworkers applied the layer-by-layer deposition coupled with the Langmuir
Blodgett (LB-LbL) technique using CoTCPP and pyridine molecular building units spread onto
an aqueous solution of CuCl, 2H,0 in a Langmuir trough, leading to the formation of a copper-
mediated COoTCPP 2D array (CoTCPP-py-Cu) on the substrates, named NAFS-1.5%
Subsequently, they used the same method to prepare NAFS-2 consisting of 5, 10, 15, 20-
tetrakis(4-carboxyphenyl)porphyrin (H,TCPP) molecules and copper ion metal linkers were
assembled on a surface. The interlayer spacing in NAFS-2 varied while retaining the same in-
plane molecular arrangement by employing different molecular building units than for the
previously reported NAFS-1. The obtained NAFS-2 showed a thermal stability above 200 <C.[**!

H. C. Zhou et al. employed Fe-TCPP (TCPP = tetrakis(4-carboxyphenyl)porphyrin) as a heme-
like ligand and chose highly stable Zrg clusters as nodes to construct a 3D heme-like MOF,
designated as PCN-222(Fe). The PCN-222(Fe) , acting as an effective peroxidase mimic, shows

good activity for the oxidation of a variety of substrates.™*?
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Figure 1.16 (a) Schematic diagram of step-by-step growth of the DA-MOF and L2-MOF
structures resulting in (b) a film after N cycles of growth. (c) Representations of building blocks

used in fabrication of MOF film. (Taken form Ref.[*%l)

A pillar-layered paddlewheel type MOFs, DA-MOF consisting of [5,15-di(4-pyridylacetyl)-
10,20-diphyenyl] porphyrinatozinc-(I1), 1,2,4,5-tetrakis(4-carboxyphenyl)benzene, zinc-(I1)
acetate (Zn,*") and L2-MOF composed of Zn,**, 4,4’-bipyridine (P2), and 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (Figure 1.16), have been synthesized on functionalized surfaces using
a layer-by-layer (LbL) approach. The obtained porphyrin-based MOF thin films are
preferentially oriented, highly porous and have controlled thickness.™**! Long-range energy
transfer is demonstrated for both MOF films and the findings point to the potential utility of
porphyrin-based MOF films for light-harvesting and efficient energy transport in solar energy

conversion devices.

1.5 Objectives

In the past, a large amount of work has been devoted to prepare porphyrin thin films on solid
substrates using different techniques, especially self-assembly approach, but the resulting
systems are not highly ordered and crystalline. Recently, numerous “artificial or human-made”
porphyrins MOFs have been prepared, but mainly focused on solvothermal synthesis. The
studies regarding thin film of porphyrin-base MOFs are quite rare.
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The major aims of this thesis are the preparation of porphyrin-based SURMOFs by LPE
approach and the investigations of their properties as photovoltaic devices. The LPE approach
avoids the metalloporphyrin complexes which are always produced during the conventional
solvothermal synthesis. Herein, two groups of different porphyrin SURMOFs were prepared:
free base porphyrin and Pd metalized porphyrin SURMOF, Zn(ll)porphyrin and DPA-
Zn(I)porphyrin SURMOF. Due to the light-harvesting properties, all the porphyrin based
SURMOFs were assembled as photovoltaic devices. The obtained porphyrin-based SURMOFs
provide a platform for in-depth investigations between structure-function relationships.

Porphyrins serve as the electron-donor in the electron and energy-transfer processes. If the
porphyrin is combined with an acceptor moiety, a donor-acceptor (D-A) system is formed. The
formation of D-A systems plays a very important role because of the potential application of
such systems to enable artificial photosynthesis and organic solar cells. Among the donor-
acceptor systems, porphyrin-fullerene systems are one of the widely studied classes of
compounds due to their rich photo- and redox chemistry.[*** Therefore, to improve the properties
of the porphyrin SURMOF based photovoltaic devices, Cgo-fullerene were involved in the
porphyrin SURMOF.

Surface-grafted gels (SURGELSs), with the absence of cytotoxic metal ions and pronounced
stability against water, have high potential for applications in biology, especially porphyrin based
SURGEL that combines the advantages of porphyrins. In this thesis, post-synthetic modification
was used to modify the porphyrin SURMOF equipped with two azide groups. Then, further
experiments were carried out to synthesize porphyrin SURGEL via cross-linking and removal of

metal ions.

In addition, the mass transfer of guest molecules in nanoporous host materials, in particular in
MOFs, is among the crucial features of their applications. Finally, the diffusion of ferrocene in
vapor and in ethanolic and hexanic solution in HKUST-1 was investigated by using SURMOF

thin films in combination with QCM technique.
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2 Characterization methods

In this section, the relevant methods and instruments applied for the characterization of
synthesized thin films in the thesis are described, including X-ray diffraction (XRD), ultraviolet-
visible (UV-Vis) spectroscopy, infrared spectroscopy (IR), scanning electron microscope (SEM),
X-ray photoelectron spectroscopy (XPS), quartz-crystal microbalance (QCM), fluorescence
lifetime, transient absorption spectroscopy (TAS) and flash-photolysis time-resolved microwave
conductivity (FP-TRMC).

2.1 X-ray diffraction (XRD)

XRD is one of the most important, powerful and widely used analytical techniques available to
determine the nature and identity of crystalline substances. A primary use of this technique is the
identification and characterization of compounds based on their diffraction pattern. XRD has
been applied to many different types of materials including single crystals, poly- and amorphous
materials, thin film analysis, sample texture evaluation, monitoring of crystalline phase and
structure, and investigation of sample stress and strain. Therefore, the XRD technique is used to

determine the crystalline structure of the synthesized SURMOF thin films in the studies.

The principle of X-ray diffraction is based on the constructive interference of X-ray radiations
resulting from the interaction through the probed crystalline sample. The X-ray wavelengths are
comparable with the inter-atomic distances. A crystalline material has an ordered and periodic
arrangement of elements. When incident monochromatic X-rays impinge on a sample, their
scattered waves off the various crystal planes within the sample can interfere constructively. This
constructive interference produced the so called “X-ray diffractions”, which were first
discovered by Laue in 1912. Braggs proposed the Bragg’s law related the X-ray diffraction
pattern with the crystalline structure of the probed material as exemplified by their study of the
crystalline structure of sodium chloride (NaCl) and potassium chloride (KCI) using XRD. Bragg
diffraction principle is schematically shown in Figure 2.1. Two coherent beams of X-rays
approaching a crystalline solid are scattered off two different atoms from neighboring lattice
planes separated by the inter-planar distance d and undergo interference. Constructive
interference occurs when the path difference between two waves, 2d sin 6 as shown in Figure
2.1, equals to an integer multiple of the X-ray wavelength. The Bragg’s law can be expressed as

follows:
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nd = 2d sin 6@ (2.1)

where n is a positive integer which defines the order of the reflection; A denotes the wavelength
of the incident X-rays; d is the perpendicular spacing between the lattice planes and 6 is the

scattering angle.
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Figure 2.1 Schematic representation of XRD showing the geometrical parameter of the Bragg'’s
law with the solid lines representing two d distant crystalline planes and the solid beads the

atoms.

For the powder materials, there are often many individual crystals of random orientation in the
sample, so all possible Bragg diffractions can be observed in the “powder pattern”. Consequently,
the structure of the crystal can then be determined by comparing the measured diffraction
patterns with simulated results or with a database. However, a thin-film sample is two-
dimensionally formed on the surface of a substrate, and normally has a large anisotropy either
parallel along the stacking (thickness) direction or in the in-plane direction (within surface plane).
Therefore, it can be difficult to use a conventional powder diffractometer to acquire high-quality
diffraction data from a thin film and it is necessary to obtain the information in both directions.
Generally speaking, X-ray diffraction techniques for thin films can be divided into two groups in

terms of sample geometry; “out-0f-plane” diffraction or “in-plane” diffraction.

Out-of-plane diffraction can be obtained by collecting diffracted X-rays from crystal lattice
planes that are parallel to the sample surface and gives crystallographic information along the

perpendicular direction to the sample surface. While in the case of in-plane, the perpendicular
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directions of these lattice planes to be measured lie parallel to the sample surface. Figure 2.2

shows a schematic diagram of geometries for the two measurement techniques.

Parallel to the surface Perpendicular to the surface
Incident beam Diffracted beam %
/ \
Incident beam Diffracted beam
out-of-plane scan in-plane scan

Figure 2.2 Schematic diagrams of geometries for the out-of-plane and in-plane XRD scan mode

In this thesis, both out-of-plane and in-plane XRD were carried out on two diffractometers,
respectively. For the out-of-plane, a Bruker D8 Advance was equipped with a Si-strip detector
(PSD Lynxeye©) in 6—0 geometry. On the tube side a variable divergence slit was placed and on
the receiving side a 2.3°Soller-slit was used. For the in-plane, a Bruker D8 Discover in 6-26
geometry was equipped with a quarter Eulerian cradle, tilt-stage, 2.3 °Soller-slits on both sides, a
Gbel-mirror, and a PSD Lynxeye®. For both machines, Cu-anodes producing Cu Kal,2
radiation (A = 0.15419 nm) was used.

2.2 Ultraviolet-visible (UV-Vis) spectroscopy

The ultraviolet-visible (UV-Vis) spectroscopy is divided, according to the wavelength, into
ultraviolet (UV, 200-400 nm) and visible (Vis, 400-700 nm) regions, where a molecule undergoes
electronic transition under the ultraviolet or visible radiation. It commonly provides the
information about w-electron system, conjugated unsaturation, aromatic compound and

conjugated non-bonding electron system.

The total energy of a molecule is considered as the sum of its electronic energy, the vibrational
energy between its constituent atoms and the rotational energy. An electronic transition could be
sufficiently excited by the energy from UV to visible range, so the UV-Vis spectroscopy is also
called electronic spectroscopy. When the energy from UV or visible light is absorbed by a
molecule, one of its electrons will be excited from a lower to a higher energy orbital. Generally,

the lowest occupied molecular orbitals are ¢ orbitals. The © bonding orbitals have higher energy
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than the o orbitals, but lower energy than the non-bonding (n) orbitals. The exact energy
difference between the orbitals depends on the atoms and the bonding system. Under the
electromagnetic radiation with an appropriate frequency, a transition will occur to excite one
electron from its occupied orbital to an empty orbital, which is usually an antibonding orbital (c*
or n*) (Figure 2.3).
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Figure 2.3 Electron transitions in UV-Vis spectroscopy (Taken from Ref.[**])

UV spectroscopy obeys the Beer-Lambert law, which states that absorption is proportional to the
number of absorbing molecules and the fraction of absorbed radiation is independent of the

intensity of the radiation. The Beer-Lambert law is expressed as:
Iy
A =logq T= ele (2.2)

where A is the absorbance, Iy is the intensity of the incident radiation, | is the intensity of the
transmitted radiation, ¢ denotes the molar absorptivity, | is the path length of the absorbing
solution in cm and c is the concentration of the absorbing species in mol dm™. From the Beer-
Lambert law, it is clear that the greater the number of molecules capable of absorbing light of a

given wavelength, the greater the light absorption. This is the basic principle of UV spectroscopy.
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The UV-Vis spectra were recorded on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer in
the 175-3300 nm range of wavelength. All the UV-Vis spectra were recorded in transmission

mode.

2.3 Infrared (IR) spectroscopy

Infrared spectroscopy is a technique based on the vibrations of atoms of a molecule. Infrared
refers to that part of the electromagnetic spectrum between the visible and microwave regions.
When the IR radiation passes through organic molecules and matches the molecular vibration
energy, it will be absorbed by the molecules and converted into energy of molecular vibration.
The information of the vibration frequency between bonding atoms of the measured material will

be obtained from the resulting IR spectrum.

Vibration includes a change either in bond length (stretching) or bond angle (bending) (Figure
2.4 (a)). Some bonds can stretch in-phase (symmetrical stretching) or out-of-phase (asymmetric
stretching), as shown in Figure 2.4 (b). If a molecule has different terminal atoms, such as HCN,
CICN or ONCI, the vibration turns to be the joint effect of each group.
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Figure 2.4 (a) Stretching and bending vibrations. (b) Symmetric and asymmetric stretching
vibrations. (c) Different types of bending vibrations. (d) Out-of-plane and in-plane bending

vibrations.(Taken from Ref.[*3¢])

Bending vibration also contributes to the infrared spectrum, which is summarized in Figure 2.4
(c). It is better to imagine the molecule being cut by a plane through the hydrogen atoms and the

carbon atom (the plane of the page in here). The hydrogen atoms can move in the same direction
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or in opposite directions in this plane. For more complex molecules, the analysis becomes
simpler. In this case, hydrogen atoms could be treated as isolated since they are usually attached
to more massive (rigid) groups. This results in in-plane and out-of-plane bending vibrations, as
illustrated in Figure 2.4 (d).l**®

Therefore, IR spectroscopy is a reliable and generally accepted method which allows identifying
and characterizing numerous chemical moieties within the studied material. In this thesis, two
kinds of IR spectroscopy technigques were used: attenuated total reflection and infrared reflection-

absorption spectroscopy.

2.3.1 Attenuated total reflection (ATR) spectroscopy

Attenuated total reflection (ATR) is a technique used to record the infrared characteristics of
solid or liquid samples without prior preparation. The basic principle of ATR is depicted in
Figure 2.5. The beam undergoes multiple internal reflection in an optically dense crystal of a
high refractive index surface in contact with the sample. Evanescent waves generated in the
internal reflection extend only to a few microns (0.5-5 um) off the crystal-sample interface, i.e.
into the sample. The evanescent waves are attenuated or altered in regions of the infrared
spectrum where the sample absorbs a part of the energy. The attenuated IR radiation is reflected
back and exits from the other end of the crystal to be recorded by the detector, resulting in the

specific absorption spectrum of the sample.
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Figure 2.5 Schematic representation of ATR principle.(Taken from Ref.[**"])
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In the thesis, ATR measurements were obtained with a resolution of 4 cm™ by a Bruker Optics
Tensor 27 spectrometer equipped with platinum® ATR accessory and a deuterated L-Alanine
doped triglycine sulfate (LaDTGS) detector. The spectra were recorded at room temperature (ca.
22 <C) using air as background.

2.3.2 Infrared reflection-absorption spectroscopy (IRRAS)

Infrared reflection-absorption spectroscopy (IRRAS), also known as grazing-angle infrared
spectroscopy (GAIRS), is a well-established tool to identify a wide range of functional groups
present on the surface as well as their orientations relative to the reflective surface. It is typically
applied to thin films on highly reflective surfaces, such as SAMs on gold surfaces.

This technique is based on the theory developed by Greenler et al.,****** who were the first to
note the advantage of using light near grazing incidence and the large difference in the
absorption coefficient between light polarized perpendicular to the plane of reflection and that
polarized parallel. In the reflection-absorption measurement, a linearly polarized light is
separated into orthogonal components, s- and p- polarized light, where s-polarized light is
perpendicular to the plane of incidence and p-polarized light is parallel to the plane of incidence.
When the s-polarized light is reflected from the surface, it undergoes a phase change of 180<and
the electric vectors at the surface sum to near zero, yielding no electric field at the surface. The
p-polarized light undergoes a phase shift of about 90<and the resultant standing wave at the
surface is oriented along the surface normal, as shown in figure 2.6 (a), where the electric field

components are denoted by E, and Es.
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Figure 2.6 (a) Reflection of light at a surface. (b) Phase shift of the s (ds) and p (d,) component

radiations versus angle of incidence ¢ at a clean metal surface. (Taken from Ref. [140])
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The phase shift effect is strongly dependent on the angle of incidence and a large resultant
electric field is established at grazing incidence. Calculated from Maxwell's equations, the p-
polarized light goes through a sharp maximum at 88< s-polarized light remains virtually
unchanged and very small for all angles (Figure 2.6 (b)). Therefore, the best condition for

IRRAS is using p-polarized light incident on the surface at a grazing angle.

On metallic surfaces, the electric field of the incident light and the dipole moment of the
adsorbed molecule interact with the metal electrons, which imposes a strict dipole selection rule.
Modes that are completely parallel to the surface do not interact with p-polarized light and are
not vibrationally excited. Only vibrations with dynamic dipole moment component perpendicular

to the surface will be excited.

The IRRA spectra were acquired with a resolution of 2 cm™ using an infrared spectrometer
(Bruker VERTEX 80), with an angle of incidence amounting to 80 relative to the surface
normal and a liquid nitrogen cooled mercury cadmium telluride (MCT) narrow band detector
under ambient conditions. Perdeuterated hexadecanethiol SAMs on Au substrates were used as
background for the SURMOFs.

2.4 Scanning electron microscopy (SEM)
The scanning electron microscopy (SEM) is a powerful instrument, which permits the images of
heterogeneous organic and inorganic materials and surfaces on a scale of micrometer or

submicrometer.**Y The principle of the instrument is shown in Figure 2.7.

The electron gun, including a hot tungsten filament as a thermionic source, emits and accelerates
the electrons toward an anode that can be varied from 0.1 kV to 30 kV.1**2 After the beam passes
the anode, it is influenced by two electromagnetic lenses, which are used to focus and define the
electron beam and to form a small focused electron spot on the specimen, respectively. The
original electron source of around 50 um is reduced by 5000 times to 1-100 nm.

Between the lenses, there is a single or double deflection field, where the deflector coils can
move the beam focus over the sample in both x and y directions. At the lower portion of the
column the specimen stage is located. Complex interactions occur when the electron beam
impinges on the surface, which generates exciting signals from the chosen area of the specimen

surface. The signals include secondary electrons (that produce SEM images), backscattered
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electrons (BSE), diffracted backscattered electrons (EBSD that are used to determine crystal
structures and orientations of minerals), photons (characteristic X-rays that are used for
elemental analysis and continuum X-rays), visible light (cathodoluminescence-CL), and heat.
Among them, secondary electrons and backscattered electrons are commonly used for imaging

samples.

The measurement is carried out at high vacuum condition, which allows electron traveling
without scattering by the air. The whole system provides a real-time observation and image

recording of the specimen surface.
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Figure 2.7 Schematic diagram of the scanning electron microscope. (Taken from Ref.l**®!)

In this thesis, the sample morphologies in thesis were analyzed on a Philips XL 30 Field
Emission Gun Environmental Scanning Electron Microscope (FEG-ESEM) at 20.0 kV at the
Institute of Functional Interfaces, Karlsruhe Institute of Technology by Moritz Ebeler.

2.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical

analysis (ESCA), is an important and widely used surface analysis method. XPS is referred to as
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the measurement of core electron binding energies. The energy of X-ray is sufficient to eject an

electron whose binding energy is lower than the exciting X-ray.[**4

The work principle of this technique is based on the photoelectric effect outlined by Einstein in
1905 where the concept of the photon is used to describe the ejection of electrons from a surface
when photons impinge upon it, as shown schematically in Figure 2.8 (a). When the X-ray
photons interact with an electron in the K shell, it will lead to the emission of 1s electron, which
could be detected and its energy measured. The determination of the Kkinetic energy of the

outgoing electron is the cornerstone of experimental XPS.!**]

When the specimen is irradiated with the X-ray with a known energy (hv), the electrons with
binding energy (Ep) lower than hv can be ejected. The kinetic energy (Ex) of these ejected

electrons can be measured in the spectrometer and is given by:
Ek = hv — Eb — ®Sp (23)

where gs, is the work function (energies required to remove electrons from the Fermi to vacuum
levels) of the spectrometer, a constant for a given analyzer. As the photon energy of the X-ray
(hv) and ¢, are known and the Ei is determined experimentally, the calculation of the binding
energy is a simple matter. A typical X-ray photoelectron spectrum is generated by plotting the
measured photoelectron intensity as a function of binding energy, in which photoelectron peaks

coming from different chemical elements can be identified by their characteristic energies.
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Figure 2.8 Schematic of photoemission process (Taken from Ref.[14¢])
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An X-ray photoelectron spectrometer consist of a primary source of X-ray, a sample/support
system, an electron analyzer and a detector, which are all maintained under an ultra-high vacuum
(UHV) enclosure and suitable electronics to convert the detected current into a readable
spectrum. The UHV conditions are necessary to ensure that the mean free path of the
photoelectron is large enough to allow it to traverse the distance from the sample to the detector

without suffering energy loss.**4

Herein, XPS experiments were performed in a specifically designed ultrahigh vacuum system
(base pressure 2x10™'° mbar) equipped with a hemispherical electron energy analyzer (VG-
Scienta R4000) and a non-monochromatic Al Ka X-ray source.

2.6 Quartz-crystal microbalance (QCM)
The quartz crystal microbalance (QCM) is a simple, cost-effective, high-resolution mass sensing
technique, based upon the piezoelectric effect.™*”! It has been used for more than 50 years to

effectively analyze mass changes on rigid surfaces in liquid, air or vacuum.

A quartz crystal microbalance consists of a thin quartz disk with metal (Au, Pt, etc.) electrodes
deposited on either side of the disk (Figure 2.9). A resonant oscillation is achieved by connecting
the crystal to an external driving oscillator circuit where the electric and the mechanical
oscillations are close to the fundamental frequency of the crystal.**®! The so-called AT-cut

crystal used in the QCM often oscillates in a shear mode.[**]

If any mass are added to or removed from the electrode, there will be a shift of the frequency
(Af), which is related to the mass change Am according to the well-known linear Sauerbrey

equationt*®®!:
Af = —CAm (2.4)

where C is a constant that depends only on the thickness of the quartz slab and on the intrinsic
properties of the quartz. The equation is also based on the assumption that the mass is rigidly

attached to the electrodes, with no slip or deformation due to the oscillatory motion.!*%!

The QCM measurements can be performed in several ways. One method is impedance analysis,
using a vector analyzer to investigate the impedance of a quartz oscillator to obtain the

polarization at the crystal surface as a function of the frequency of the applied voltage.™*%%
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The method results in two parameters per overtone, the resonance frequency f, and the
bandwidth T',. Another method is referred to as QCM-D, which was developed by Rodal.k***! The
crystal is driven at its resonant frequency by an oscillator that can be intermittently disconnected
causing the crystal oscillation amplitude to decay exponentially. During the decay of mechanical
oscillations, the resonance frequency f, and the dissipation D, are recorded, where D, is related
to the mechanical change of the film adhering at the sensor surface.'®®! The third way is to
operate with oscillator circuits, which can provide the bandwidth via the oscillation

amplitude.*>!
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Figure 2.9 Schematic of a piezoelectric quartz crystal.(Taken from Ref.[***))

In this thesis, the experiments were carried out using the automated QCM-D instrument (Q-
Sense E4), which can be operated in gas phase or liquid environments to monitor the resonance

frequency changes on the gold electrode thin film.

2.7 Fluorescence lifetime

Generally, a molecule occupies the lowest vibrational level of ground state (So). After excited by
sufficient energy, it can be transited to a higher energy level, S; or S,, and create an atom or
molecule in an excited state. This transition process is very fast, which is on the order of 10
seconds. The detailed description of photophysical processes is presented by the Jablonski

diagram (Figure 2.10).

On the left are the singlet states, which maintain the paired + %2 and — % spin states of the
electrons within a single orbital. The second excited singlet state S, contains more energy than
the first excited state S;, which has more energy than the ground state So.1**® After absorbing the
energy and reaching one of the higher vibrational levels of an excited state, the molecule can
dissipate the energy through vibrational relaxation, a non-radiative process, transiting from a

vibration level in one electronic state to another vibration level in a lower electronic state, which
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is called internal conversion, and finally reaching the lowest vibrational levels of the first excited
state (S1). From this level, the molecule can return to any different vibrational level of the ground
state, emitting photons in the form of fluorescence. Fluorescence is a fast process on the order of
10 to 10 seconds.

The right hand of figure 2.10 there are the triplet states, where a pair of nonbonding electrons
may exist in two separate orbitals and the spin vectors are parallel. When the lowest vibrational
level of the excited singlet state (S;) has the same energy as an upper vibrational level of the
triplet state (Ty), the singlet state can transition to the triplet state, which is known as intersystem
crossing. A radiative transition from an excited triplet state to a singlet ground state is

phosphorescence, which takes 10 to 10 seconds.
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Figure 2.10 Jablonski diagram showing basic photophysical processes; S denotes singlet, T
triplet states. (Taken from Ref.[*>®)

The fluorescence lifetime is the average time that a molecule remains in an excited state prior to
returning to the ground state,*>”! which is an intrinsic property of a fluorophore and therefore
does not depend on the method of measurement.™® There are two complementary techniques

being used to determine the fluorescence lifetime: the time domain and the frequency domain.

In the time domain (Figure 2.11 (a)), the sample is excited by a short pulse of light and the
intensity of the emission versus time is recorded, where the intensity of fluorescence emission

decreases with time by an exponential function:
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1(t) = I exp (— %) (2.5)

where I(t) is the fluorescence intensity measured at time t, 1o is the initial intensity immediately
after the excitation pulse, zis the fluorescence lifetime, which is formally defined as the time in
which the initial fluorescence intensity decays to 1/e of the initial intensity. However,
fluorescence lifetime is often multiexponential, leading to complex curves. The typical technique
of lifetime measurement is time-correlated single photon counting (TCSPC), which is based on
the detection of single photons of a periodic light signal. The TCSPC simplifies the use of the
time domain method. The fluorescence lifetime is calculated from the slope of the decay curve

according to the equation 2.5.1*%8]
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Figure 2.11 Methods of fluorescence lifetime measurement. (a) Time domain, (b) Frequency

domain.(Taken from Ref. )

In the frequency domain (Figure 2.11 (b)), the sample is excited by sinusoidally modulated light.
In this configuration, the emitting fluorescence occurs at the same frequency as the excitation
light, but is modulated in depth M and shifted in phase Ap,™** which can be used to calculate the
lifetime. For a single fluorescent species, the lifetime calculated from the phase (z,) and
modulation (zv) are equal. For more than one fluorescent species, the lifetime can be obtained

from measurements of the phase and modulation lifetimes over variable frequencies.[**%6!
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Herein, the fluorescence lifetime were carried out using TCSPC technique with light source of
458 nm and FluoroHub Single Photon Dection Module. The instrument response function (IRF)
is evaluated using colloidal silica (Ludox) as scattering solution. For the SURMOF thin film, a
Streak Camera System (Hamamatsu C4742) with a synchroscam sweep unit after excitation by
the frequency doubled output (approximately 400 nm) of a Ti: Sapphire laser oscillator (Mira,

Coherent Inc. 80 MHz repetition rate) was used.

2.8 Transient absorption spectroscopy (TAS)

To investigate fast processes, such as photophysical and photochemical reaction taking place on
timescales ranging from tens of femtoseconds to a few nanoseconds, an ultrafast system with
sufficiently good time resolution, which has been pushed into the femtosecond range, is needed.
In this case, energy migration, the photo-induced electron transfer reactions and the key
dynamical events, e.g. electron transfer process, charge-separated states, can be monitored in
real time.l**? However, this can be achieved by a kind of time resolved method, transient
absorption spectroscopy, also known as flash spectroscopy, which is an example of non-linear
spectroscopy and measures changes in the absorbance in an excited system arising from changes
in the electronic population of the excited levels.

Transient absorption spectroscopy (TAS) involves a pump-probe configuration in which a
sample is promoted to an electronically excited state by an excitation pump pulse and the
resulting changes in absorbance are monitored by a weak probe pulse with a delay time
compared with the pump pulse (Figure 2.12). In a typical measurement, the temporal evolution
of created transient species is recorded by measuring the absorption at different delay times
between pump and probe pulses, which can be varied continuously by using an optical delay line.
The incoming and transmitted intensities of the probe pulse are detected simultaneously for a
range of wavelengths using a multichannel detection system.™*®® In this fashion, any change in
the absorption spectrum as a function of time and wavelength is obtained. The recording
transient absorption reflects the dynamic processes occurring in the photosystem, such as ground
state bleaching, further excitation of the excited electrons to higher excited states, stimulated

emission or product absorption.
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Figure 2.12 Schematic depiction of transient absorption spectroscopy principle. (Taken from Ref.
[162])

In this thesis, transient absorption measurements were carried out by an amplified Ti: sapphire
laser (Coherent LIBRA HE, 3.5 mJ, 1 kHz, 100 fs). The excitation beam was the frequency
doubled fundamental at 400 nm and the excitation fluence was 15 |0 cm™. White light was
generated for the probe pulse by focusing a portion of the fundamental into a 3 mm thick a c-cut
sapphire window allowing the transient absorption to be measured from 450-800 nm. The pump-
probe delay was obtained by delaying the pump pulse using a retroreflector mounted on a

mechanical delay stage.

2.9 Flash-photolysis time-resolved microwave conductivity (FP-TRMC)

Flash-photolysis time-resolved microwave conductivity (FP-TRMC) is aimed to probe the
change in conductivity on photoexcitation of inorganic-semiconductor/organic-antenna layers, 5
which is free of electrodes and requires low electric fields (<100 V/cm). In this method, the
change in conductivity within the sample is directly related to the amount of mobile electrons
created in the conduction band of the semiconductor. It is sensitive to the charge carrier density
and mobility.™®! Seki et al. have combined FP-TRMC and TAS techniques for simultaneous
measurement of photo-induced changes in conductivity and charge carrier density in organic

films, which provides an exact mobility value.™®®

Figure 2.13 shows the schematic representation of FP-TRMC system. A third harmonic of a Q-

switched Nd:YAG laser is used to pump an optical parametric oscillator (OPO) yielding tunable
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laser pulse (e.g. 200-2000 nm). A resonant cavity serves as an interaction site between the
sample and microwave. The microwave circulator, microwave source and detector are enclosed
in a Faraday cage. Under the microwave electro field, transient species produced by the pulsed

excitation can affect the resonant frequency, resulting in microwave absorption.

The transient change in microwave power reflected by the cavity (AP/P) is related to the
photoinduced change in the conductance of the sample (Ao) resulting from the formation of

mobile charge carriers by:

1 AP

Ao =—— 2.6
=25 (2.6)

where A is the sensitivity factor which can be derived from the resonance characteristics of the
microwave cavity, sample geometry and the dielectric properties of the medium. The

conductivity change is derived from transient charge carriers with a concentration N:
Ao =e)uN (2.7)

where e is the unit charge of a single electron and Xu is the sum of charge carrier mobilities.
Based on Lambert-Beer’s law, the relationship between the carrier distribution and the

penetration depth of the light () is given by:
N(z) = aln10-107% - ¢ - I, (2.8)

where a is the linear absorption coefficient of the sample, Iy is incident photon density of the
excitation laser(photon cm™), ¢ donates a photocarrier generation yield. Fiignt 1s defined as a
correction (or filling) factor (cm™) of the light, taking account of the electric field, the geometry
and the cross-section of the laser pulse. Combining the above equations, the following

expression for ¢ Xu is obtained:®°!

z 1 AP 2.9)
P ) U= — :
eAloFfight P

Flash-photolysis time-resolved microwave conductivity (FP-TRMC) measurements were
performed under ambient atmosphere at room temperature, where the resonant frequency and

microwave power were properly adjusted at 9.1 GHz and 3 mW, respectively. Charge carriers
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were photochemically generated using a third harmonic generation (A = 355 nm) of a Spectra
Physics model INDI-HG Nd:YAG laser with a pulse duration of 5- 8 ns. The photon density of

the 355 nm laser pulse was 4.6- 9.1 =< 10" photons cm™ pulse™. The TRMC signal picked up by

a diode (rise time < 1 ns) was monitored by a Tektronix model TDS 3032B digital oscilloscope.
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Figure 2.13 Schematic representation of the flash photolysis time-resolved microwave
conductivity (FP-TRMC) system. (Taken from Ref.[¢3])

TAS measurements were carried out under ambient atmosphere at room temperature. The

identical samples used for FP-TRMC measurement were also measured with TAS. The sample

was photoexcited using the same light with the FP-TRMC. A white light continuum from a Xe

lamp was used as a probe light source, which was guided into a Hamamatsu model C7700 wide-

dynamic-range streak camera system, collecting a two-dimensional image of the spectral and

temporal profiles of light intensity. The photocarrier generation yield (¢) was evaluated based on

the observed photo-bleach of a porphyrin Q band. 1 um-thick SURMOF films were used for FP-

TRMC and TAS measurements.
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3 Materials and experiments

3.1 Chemicals

5,15-diphenyl-10,20-di(4-carboxyphenyl)porphyrin (free base porphyrin) and Pd(ll) 5,15-
diphenyl-10,20-di(4-carboxyphenyl)porphyrin (Pd porphyrin) were purchased from Livchem
Logistics GmbH and used without further purification. [5,15-Bis(N,N-diphenylamino)-10,20-
bis(4-carboxyphenyl)porphyrinato]zinc(ll) (DPA-Zn(IN)porphyrin) and [5,15-Bis(4-
carboxyphenyl)-10,20-diphenylporphyrinato]zinc(Il) (Zn(ll)porphyrin) were synthesized by the
group of Prof. Hiroshi Imahori at Kyoto University. 5,15-diphenylazido-10,20-di(4-
carboxyphenyl)porphyrin  (Ns-porphyrin), trimethylolethane tripropiolate and cyclooctyne
derivative were synthesized by the group of Prof. Dr. Stefan Bré&e, Institute of Organic
Chemistry (10C), Karlsuhe Institute of Technology (KIT).

The iodine/tri-iodine acetonitrile solution (1713, 50 uM, Iodolyte AN-50) was commercially
obtained from SOLARONIX (Switzerland). (Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)) PEDOT/PSS (CLEVIOS™ PH 1000) liquid solution with a specific
conductivity of 850 S/cm was purchased from Heraeus. Zinc acetate dihydrate, Copper acetate
monohydrate, n-hexane, were purchased from Merck Millipore. 1,3,5-benzenetricarboxylic acid
(BTC) was obtained from Alfa Aesar. Cgo-fullerene, ferrocene (Fc), 16-mercaptohexadecanoic
acid (MHDA, 97%), 11-mercapto-1-undecanol (MUD, 99%), toluene (=99.7%), acetonitrile (=
99.8%), poly(methyl methacrylate) (PMMA) were purchased from Sigma-Aldrich (Germany).

Absolute ethanol was purchased from VWR (Germany).

All the commercially available chemicals were used without further purification.

3.2 Substrates

Gold substrates were obtained from Georg Albert-Physical Vapor Deposition (Silz, Germany),
one kind of which is deposited on Si wafers with 100 nm thickness and the other is deposited on
mica substrates.*®! QCM sensors were purchased from LOT-ORIEL (UK). The sensors are Au
coated with a diameter of 14 mm, a thickness of 0.3 mm and a resonance frequency of 4.95 MHz

+ 50 kHz. The working electrode has a diameter of 10 mm.
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The fluorine doped tin oxide (FTO) coated glass slides with a surface resistivity of ~10 Q/sq
were obtained from Sigma-Aldrich. The silicon substrates with a [100] orientation were obtained
from Silicon Sense (US). The quartz glasses were purchased from Hellma Optics GmbH Jena
(Germany). The glasses (microscopy slides) were obtained from VWR. These substrates were
treated with plasma (Diener Plasma) under O, (50 sccm) for 30 min to remove the impurities and

generated a surface with hydroxyl groups.
3.3 Preparation of SAMs

3.3.1 Preparation of MHDA SAMs on gold substrate

The gold substrate was immersed in a 20 uM MHDA solution (acetic acid/ ethanol solution, 1/9,
v/v) for 3 days at room temperature, then rinsed with pure ethanol and gently dried under
nitrogen flux to obtain the MHDA SAMs, shown as Figure 1.6.

3.3.2 Preparation of MUD SAMs on gold substrate
The gold substrate was immersed in a 1 mM MUD ethanolic solution for 24 h, then rinsed with

pure ethanol and gently dried under nitrogen flux to obtain the MUD SAMSs, shown as Figure 1.6.

The SAMs are usually prepared shortly before use.
3.4 Preparation of porphyrin SURMOFs

3.4.1 Preparation of free base porphyrin Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2
The porphyrin-based SURMOF grown on various functionalized substrates were fabricated using
the spraying method.® 1 mM zinc acetate ethanolic solution and 20 uM free base porphyrin or
Pd porphyrin ethanolic solution were sequentially deposited onto the substrates for 15 s and 25 s
in a layer-by-layer fashion. After waiting for 35 s to allow for further coordination, the samples
were rinsed with ethanol to remove unreacted or byproducts species from the surface. The
thickness of the samples was controlled by the number of deposition cycles.

3.4.2 Preparation of Zn(l1)metalloporphyrin-based SURMOF
The preparation of DPA-Zn(I)porphyrin and Zn(Il)porphyrin based Zn-SURMOF 2 was the
same procedure as free base porphyrin Zn-SURMOF 2. 1 mM zinc acetate ethanolic solution and

20 uM porphyrin ethanolic solution were sequentially deposited onto the substrates for 15 s and

42



25 s in a layer-by-layer fashion. After waiting for 35 s to allow for further coordination, the
samples were rinsed with ethanol to remove unreacted or byproducts species from the surface.

The thickness of the samples was controlled by the number of deposition cycles.

3.4.3 Preparation of Cgo-fullerene loaded porphyrin-based SURMOF

A concentration of 20 uM free base porphyrin and a tunable concentration of Cgp-fullerene were
prepared, where toluene/ethanol (1/20, v/v) was used as a mixed solvent. The concentration ratio
of Ceo and free base porphyrin could be tuned from 0.25 to 2. Similar to the porphyrin-based
SURMOF, the loading of Cg into porphyrin-based SURMOF involved the layer-by-layer
fashion. 1 mM zinc acetate ethanolic solution and the free base porphyrin/Cg, mixture solution
were sequentially deposited onto the substrates for 15 s and 25 s. After waiting for 35 s to allow
for further coordination, the samples were rinsed with ethanol to remove unreacted or byproducts
species from the surface. The thickness of the samples was controlled by the number of

deposition cycles.
3.5 Preparation of porphyrin SURGEL

3.5.1 Preparation of azido-porphyrin SURMOF

The Ns-porphyrin SURMOF was prepared similar to other porphyrin SURMOFs on MHDA
SAM functionalized Au surfaces. 1 mM zinc acetate ethanolic solution and 20 pM N3-porphyrin
ethanolic solution were sequentially deposited onto the substrates for 15 s and 25 s in a layer-by-
layer fashion. After waiting for 35 s to allow for further coordination, the samples were rinsed
with ethanol to remove unreacted or byproducts species from the surface. The thickness of the

samples was controlled by the number of deposition cycles.

3.5.2 Preparation of porphyrin SURGEL via cross-linking of azido-porphyrin SURMOF

The porphyrin SURGEL was prepared following the literature.'® First, freshly prepared
samples of N3-porphyrin SURMOF were immersed in a solution of toluene containing 1mg/mL
trimethylolethane tripropiolate (cross-linker). The samples were then heated in the solution for 7
d in dark at 80 <C under a nitrogen atmosphere, forming cross-linked porphyrin SURMOF. After
thoroughly rinsed with acetone and ethanol and dried under nitrogen flow, the cross-linked
SURMOF samples were immersed in 10 mL ethanol/water 1/1 (volume) containing 1 mg

ethylene diaminetetraacetic acid (EDTA) to remove the metal ions. After 30 min immersion at
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room temperature, the samples were rinsed thoroughly with ethanol and water and dried under

nitrogen flow and the SURGEL was obtained.

3.6 Preparation of HKUST-1 on QCM-sensor

HKUST-1 thin film grown on MHDA SAMs functionalized QCM-sensors were performed in a
layer-by-layer fashion employing the spraying method. 1 mM copper acetate ethanolic solution
and 0.2 mM 1,3,5-benzenetricarboxylic acid (BTC) ethanolic solution were alternately sprayed
on the target substrate for 15 and 25 s, respectively. After waiting for 35 s to allow for further
coordination, the samples were rinsed with ethanol to remove excess compounds. The repetition

of the procedure produced thick film.
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4 Porphyrin-based SURMOFs and photophysical properties

4.1 Photoinduced charge-carrier generation in porphyrin SURMOF

4.1.1 Background

The design of MOF materials is inherently flexible, and recently, the substitution of the organic
struts with organic chromophores has attracted considerable attention because of their ubiquity in
nature systems. Porphyrins and its’ derivatives afford great potential as building blocks in the
construction of coordination polymers for versatile applications resulting from their central role
in the metabolism of living organisms, e.g. in the process of photosynthesis.[*25%! More recently,
numerous “artificial or human-made” porphyrins based metal-organic frameworks have been
fabricated and demonstrated to be used as artificial light-harvesting antennae to understand the

aspect of the exciton migration in porous metal-organic frameworks.*5"!

The conventional solvothermal synthesis of porphyrin-based metal-organic frameworks
encountered a challenging problem that the metal precursors (metal ions) will not only take part
in constructing the MOF structure but also be inserted into the cores of porphyrin units forming
metalloporphyrin complexes, which leads to the intergrowth in metal-organic frameworks. The
intergrown structure will decrease the pore volume and limit the further application towards gas
adsorption and metal ions separation with these materials. On the other hand, the studies

regarding porphyrin-based MOF thin films are quite rare.

Thus, highly ordered and oriented porphyrin-based SURMOFs with pronounced
photoconductivity upon illumination were prepared using a liquid phase epitaxy deposition
method in this part. The molecular structure of the porphyrins used in this part are shown in
Figure 4.1, named free-base porphyrin and Pd porphyrin. The obtained free base porphyrin and
Pd porphyrin SURMOF adopt AA stacking arrangement without intergrowth in MOF material
with the layers perpendicular to the substrate. The layer distances of both are about 0.6 nm
(Figure 4.2).This kind of ordered structure is crucial for energy transfer within the material and
allows for the investigation of structure-property relationships. More importantly, it demonstrates
the use of highly orientated and ordered porphyrin-based SURMOF as a platform in the
application of light harvesting and conversion of solar energy.
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free base porphyrin Pd porphyrin

Figure 4.1 Molecular structure of (a) free base porphyrin (b) Pd porphyrin

Figure 4.2 Proposed structure of (a) free base porphyrin Zn-SURMOF 2 (b) Pd porphyrin Zn-
SURMOF 2 with parallel 1-D channels and (c) layers perpendicular with a layer distance about
0.6 nm.

4.1.2 Characterization of the porphyrin-based Zn-SURMOF 2
The free base porphyrin and Pd porphyrin Zn SURMOF 2 with zinc acetate as a metal source
were deposited on various substrates, such as SAMs assembled on Au surfaces, FTO, Si and

quartz, using spray method were described in detail as Chapter 3.4.1.

The out-of-plane XRD data of free base porphyrin and Pd porphyrin Zn-SURMOF 2 fabricated
on various substrates are shown in Figure 4.3. Both SURMOFs are highly crystalline and

oriented along [001] orientation on these substrates.
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Figure 4.3 Out of plane XRD of (a) free base porphyrin Zn-SURMOF 2 and (b) Pd porphyrin

Zn-SURMOF 2 fabricated on different substrates
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Figure 4.4 (a) Out of plane and simulated with preferred [001] orientation and (b) in plane and

simulated XRD data of free base porphyrin Zn-SURMOF 2 grown on FTO substrate

Hereafter the free base porphyrin Zn-SURMOF 2 grown on FTO substrate was taken as an

example for further structure analysis. The lattice parameter in the direction perpendicular to the

surface (a) is determined from the diffraction peak (001) at 260 = 3.7°with a value of 2.4 nm,

resulting from the out of plane data (Figure 4.4 (a)). The lattice parameter in the direction

parallel to the surface (b) is determined from the diffraction peak (100) at 20 = 3.7 °with a value

of 2.4 nm, resulting from the in plane data (Figure 4.4 (b)). The inset is the magnification of the
range from 13<to 20< which gives the shoulder peak at 260 = 13.9<close to the (400) peak
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corresponding to the layer distance (c) with a value of 0.64 nm. The parameters fit very well with

the calculated values described later in this chapter.

The IRRA spectra of free base porphyrin and Pd porphyrin Zn-SURMOF 2 grown on MHDA
SAMs/Au substrates are shown in Figure 4.5 (a). The difference of both samples occurs in lower
wavenumber, where 964 cm™ in free base porphyrin Zn-SURMOF 2 are attributed to the
vibration of N-H. This N-H band vanished and a new band appeared at 1012 cm™, which is
attributed to the vibration of N-Pd. The broad band centered at 1595 cm™ and 1405 cm™ for both
samples are attributed to the asymmetric and symmetric stretching of COO" groups, respectively.
The difference (Avcoo-) of ~200 cm™ indicates the formation of a perfect zinc paddle-wheel

structure with bidentate bridging bonding.[*¢8¢!

Table 4.1 UV-Vis data for free base porphyrin and Pd porphyrin in ethanol, free base porphyrin
Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2 grown on quartz glass substrate.

Soret band Q bands (nm)
Compound
(nm) | TR
) free base porphyrin 415 512 | 547 | 590 | 646
Solution

Pd porphyrin 414 522 | 554

Thin fil free base porphyrin Zn-SURMOF 2 380 | 438 | 526 | 561 | 597 | 654

in films

Pd porphyrin Zn-SURMOF 2 381 | 439 | 533 | 565

Due to the special absorption properties of porphyrin as a result of its’ highly conjugated =-
electron system, the UV-Vis spectrum of porphyrin consists of two characteristic features: Soret
bands, resulting from the transition from the ground state to the second excited state (S0—S2),
with a typical absorption range between 380 nm - 500 nm; Q bands, resulting from the transition
from the ground state to the first excited state (S0O—S1), with a typical absorption range between
500 nm - 750 nm. The UV-Vis spectra of free base porphyrin and Pd porphyrin in ethanol
solution are shown in Figure 4.5 (b) and the spectra of the corresponding SURMOFs grown on
quartz substrates are shown in Figure 4.5 (c). The detailed data are listed in Table 4.1. The Soret
bands of both SURMOFs split into two bands at ~ 380 nm and ~ 438 nm after the formation of
SURMOFs onto quartz glass, which is due to the formation of densely packed porphyrins.*™
The small redshifts observed for both porphyrin SURMOFs on quartz glass with a value of ~25
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nm compared with the Soret band of the corresponding porphyrin in ethanol result from the
expanded m-conjunction of the porphyrins constructed into the highly oriented and ordered
SURMOF structure.'™ The decrease of two Q bands for the Pd porphyrin Zn-SURMOF 2
compared to the four Q bands observed for the free base porphyrin Zn-SURMOF 2 clearly
suggests that the porphyrin macrocycle is chelated with Pd(Il) ions leading to the formation of

higher D4y, Symmetric inner nitrogen atoms in porphyrin macrocycles.
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Figure 4.5 (a) The IRRA spectra of free base porphyrin and Pd porphyrin Zn-SURMOF 2 grown
on MHDA SAMs/Au substrates. (b) The UV-Vis spectra of free base porphyrin and Pd porphyrin
in ethanol solution. (c) The UV-Vis spectra of free base porphyrin and Pd porphyrin Zn-
SURMOF 2 grown on quartz substrates. (d) The XPS spectra of free base porphyrin and Pd
porphyrin Zn-SURMOF 2 grown on MHDA SAMs/Au substrates.
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The similar situation is observed in the XPS data of free base porphyrin and Pd porphyrin Zn-
SURMOF 2 grown on MHDA SAMs/Au substrates (Figure 4.5 (d)). Using XPS, the N1s
binding energy was obtained, which provides the possibility to distinguish free base porphyrin
and metalloporphyrin due to the replacement of freebase proton by metal ions, which lead to the
change of charge distribution of the N atoms. The XPS data were fitted with a fixed full width at
half maximum (FWHM) value 1.7 eV. The N1s peaks appeared at 399.9 eV and 398.2 eV for
Zn-porphyrin SURMOF are attributed to the N-H and =N- of the free-base porphyrin units.*"
The replacement of the two protons in free base porphyrin SURMOF 2 with Pd(ll) ions increases
the symmetry from D2h to D4h, and the four nitrogen atoms become equivalent and exhibit a
single metal-nitrogen peak at 398.6 eV for Pd porphyrin Zn-SURMOF 2.1172
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Figure 4.6 Top view and cross-section SEM images of (a) free base porphyrin Zn-SURMOF 2
and (b) Pd porphyrin Zn-SURMOF 2 grown on FTO substrates.

The morphology of free base porphyrin and Pd porphyrin Zn-SURMOF 2 grown on FTO
substrates with 30 spraying cycles is shown in Figure 4.6, as well as the cross-section images.
From the top view, the thin films seem quite compact and homogeneous. From the cross-section,
the thickness of the SURMOF films is determined to be ~300 nm corresponding to 30 cycles, e.g.
10 nm for each spraying cycle. In addition, the photographs of both thin films on FTO with
different thicknesses are displayed in Figure 4.7. Evidently, with increasing thickness color

intensified. The metallization makes a remarkable color change compared with the free base
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porphyrin, which can also be confirmed by the transformation of UV-Vis spectrum especially in
the range of Q bands.

Figure 4.7 Photographs of free base porphyrin (top) and Pd porphyrin Zn-SURMOF 2 (bottom)

grown on FTO with different thicknesses.

4.1.3 Photocurrent measurements

In order to study the effect of light illumination on the conductivity, the photocurrent response of
the porphyrin-based SURMOF was measured under the illumination of light. The photocurrent
measurements were carried out with an electrochemical workstation (Palm Instruments) in a 50
uM iodine/triiodine solution (I'/13") by using a three-electrode system as shown in Figure 4.8. The
FTO glass assembled with the porphyrin-based MOF film was used as the working electrode
(WE), a Pt coated FTO substrate as counter electrode (CE), and a Pt wire as the reference
electrode (RE). The distance between the working electrode and the counter electrode is 1 cm.
The samples with an active area of 0.79 cm™ were illuminated under a fiber coupled LEDs
system (Prizmatix Ltd., 530 nm). The output power is different for different wavelength, e.g. 112
mW for LED 365 nm, 65 mW for LED 400 nm, 135 mW for LED 455 nm, 55 mW for LED 530
nm and 102 mW for LED 640 nm, which were measured using Ophir Nova Il power meter with
PD-300-UV sensor.
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Figure 4.8 Schematic drawing of photoelectrochemical setup equipped with three-electrode cell
and LED light system for photocurrent measurement.

The photocurrent was obtained when the light was switched on with an applied bias voltage of
0.06 V vs Pt wire electrode, which shows no dramatic influence on the photocurrent from the
bare FTO substrate as shown in Figure 4.9. The photocurrent response under the illumination of
different wavelength light, on- off response under illumination of 530 nm and the durability for
30min of free base porphyrin Zn-SURMOF 2 and Pd porphyrin SURMOF 2 are displayed in
Figure 4.9. The figures on the left side are for free base porphyrin Zn-SURMOF 2 and on the
right side are for Pd porphyrin SURMOF 2, respectively. The Pd porphyrin SURMOF 2 exhibits
larger photocurrent than the free base porphyrin Zn-SURMOF 2. Overall, the generated
photocurrents follow the absorption of the porphyrin chromophores (Figure 4.5(b)). Both
samples exhibit fast response and have a maximum photocurrent at 400 nm. The thicker films
generated higher photocurrent than the thin film thickness for both SURMOFs in the studies,

resulting from more materials deposited on the substrates.
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Figure 4.9 Photocurrent response under illumination of different wavelength light (a)(b), on- off
response under illumination of 530 nm (c)(d) and the durability for 30min (e)(f) of free base
porphyrin Zn-SURMOF 2 (left) and Pd porphyrin SURMOF 2 (right)

After the illumination for 30 min, no obvious decrease of the generated photocurrent is observed,
confirming the stability of the thin films, which can also be proved by QCM-D (Figure 4.10 (a)).
Here, the free base porphyrin SURMOF 2 which was prepared on QCM-sensor was taken as an
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example. After the air flow over the sample, the pure acetonitrile solution was injected,
following by I/15" electrolyte (in acetonitrile). The obtained Af = ~80 Hz for acetonitrile and Af =
~ 40 Hz for I'/13” and nearly vertical slopes suggest the very fast diffusion of acetonitrile and 1715’
into the materials. The dissipation signal in red provide with information about the mechanical
properties of the deposited film. The obtained very small dissipation factor (AD = 1.5% 10‘6) after
injection of acetonitrile and 1/l3" solutions show that the deposited free base porphyrin Zn-
SURMOF 2 on QCM sensor is very rigid and stable in these solutions. The out of plane XRD
data of the free base porphyrin SURMOF 2 after the injection of acetonitrile and 1/15" electrolyte
solutions is shown in Figure 4.10 (b). The existence of (001) and (002) diffraction peaks after
injection of acetonitrile and 17/13 electrolyte suggests the high stability of the free base porphyrin
Zn-SURMOF 2 in these solutions.
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Figure 4.10 (a) QCM-D signals and (b) out of plane XRD data obtained for the free base
porphyrin Zn-SURMOF 2 grown on QCM sensor after injection of pure acetonitrile solution and

I'/15” electrolyte.

4.1.4 Photovoltaic performance

The photovoltaic devices have been designed to convert solar energy to electrical energy. The
most common parameter to determine the performance of the photovoltaic devices is the power
conversion efficiency (), which is the ratio of the maximum power generated by the solar cell to

the incident radiant energy and expressed as following:

V. V,
— m]m — FF OC]SC
Pin Pin

n (4.1)
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Where J, and Vp, represent the voltage and current density corresponding to the maximum power
Pn delivered by the solar cell, Pi, is the incident photon flux (in W cm™), Voc donates open-
circuit voltage and Jsc donates short-circuit current density, The fill factor, FF, is defined by the
quotient of maximum power and product of open-circuit voltage and short-circuit current,

expressed by equation 4.2:

_ by _ Vindm
Voclsc  Voclsc

FF (4.2)

The porphyrin-based photovoltaic device was assembled as FTO/SURMOF/ (I/13)/Pt/FTO
(Figure 4.11 (a)). Free base porphyrin Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2 with a
thickness of about 300 nm and area of 0.25 cm? (5 mm x5 mm) was sprayed on FTO glass
substrate and used as the photoelectrode. Pt coated FTO substrate with a hole (1 mm diameter)
was used as the counter electrode. I/15" electrolyte was chosen as the top electrode. To make the
photovoltaic device, the porphyrin-based SURMOF electrode and Pt-counter electrode were
assembled in a sandwich architecture and sealed with a 20 pm thick hot-melt gasket as a spacer.
A drop of electrolyte was put on the hole in the back of the counter electrode, which was
introduced into the cell via vacuum backfilling. The hole in the counter electrode was sealed by a
film of Meltonix 1170-25PF.

The photovoltaic performance of the assembled cells were studied by photocurrent density-
photovoltage (J-V) characterization using an electrochemical analyzer (2600 series, Keithley
Instruments, Germering, Germany) under illumination using AM 1.5 solar simulator (LS0308,
LOT-Oriel Group Europe, Darmstadt, Germany). The measurement under illumination was
performed without a mask, due to a clearly defined anode area of 25 mm=The incident light
intensity was calibrated to 100 mW cm™ with a silicon reference cell (RR- 187-O, Rera Solutions,
the Netherland).

Figure 4.11 (b) shows current density-voltage (J-V) curve recorded for a free-base porphyrin Zn-
SURMOF 2 (in black) and Pd porphyrin Zn-SURMOF 2 (in red) based photovoltaic devices
under illumination with artificial sunlight. An analysis of the data shown in Figure 4.11 (b)
yields an open circuit voltage of 0.57 V, a short-circuit current density of 0.45 mA cm™, a fill

factor of 0.55 and an efficiency of 0.2% according to the equation above. Using the simplest
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modification strategy, adding a Pd atom into the center of this polycyclic compound, already
more than doubles the efficiency achieved to a yield of 0.45%, with an open-circuit voltage of
0.7 V, a short circuit current density of 0.712 mA cm™ and a fill factor of 0.65. For a single-
component organic photovoltaic simply sandwiched between two electrodes such a solar cell

performance is rather impressive.
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Figure 4.11 (a) Architecture of porphyrin-based SURMOF assembling photovoltaic device. (b)
Photocurrent versus voltage (J-V) characteristics for freebase porphyrin Zn-SURMOF 2 and Pd

porphyrin Zn-SURMOF 2 based photovoltaic device under illumination of AM 1.5 G simulated
solar light (100 mW cm™) with liquid electrolyte (1715) and active area 0.25 cm?.

4.1.5 Photophysical properties

To explore the impressive photovoltaic performance of the porphyrin-based SURMOF, the
intrinsic charge-carrier transport property as well as carrier generation efficiency within the well-
defined SURMOF thin layers were investigated by a flash-photolysis time-resolved microwave
conductivity (FP-TRMC) system coupled with transient absorption spectroscopy (TAS). Both
the free base porphyrin Zn-SURMOFs 2 and Pd porphyrin Zn-SURMOFs 2 showed typical
transient conductivity (¢p Zj) upon photoexcitation at 355 nm with a photon density of 4.6 x 10"
photons cm™ pulse™ (Figure 4.12 (a) (b)). Transient absorption spectra of both samples were
recorded at ca. 0.2 us after photoexcitation at 355 nm (Figure 4.12 (c) (d)). The photon density
was 9.1 x10% and 4.6 <10 photons cm™ pulse™ for free base porphyrin SURMOF 2 and Pd
porphyrin Zn-SURMOF 2, respectively. It is obvious that they displayed transient absorption and
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photo-bleaching in their Q bands region, which indicates the photo-generation of porphyrin
radical cations (holes). Based on the measurements, the charge carrier generation efficiency (¢)
amounted to be 5.0x10% and 9.5x10° for the free base and Pd systems, respectively. The
remarkably high OPV-performance for the Pd system is attributed to the high photocarrier
generation efficiency (¢ = 9.5x107%) of this MOF-material. Such high efficiencies have not yet
been reported for organic materials, the largest values reported to date for other MOFs
materials'*® or porphyrin-based covalent organic frameworks (COFs)™*"*1"®! amount to around
10, almost three orders of magnitude smaller than the present value.
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Figure 4.12 FP-TRMC profiles (a) (b) and transient absorption spectra (c) (d) of free base
porphyrin SURMOF 2 (left) and Pd porphyrin Zn-SURMOF 2 (right) upon photoexcitation at
355 nm.
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The FP-TRMC and transient absorption profiles at 620 nm and 650 nm of free base porphyrin
SURMOF 2 as well as the FP-TRMC profiles and transient absorption profiles at 540 nm and
520 nm of Pd porphyrin Zn-SURMOF 2 were normalized as Figure 4.13. Since the kinetic
profiles in FP-TRMC and TAS were well correlated, it was possible to determine the local-scale
charge-carrier mobility for holes in the SURMOFs. The resulting values, 0.003- 0.004 cm?V* s*
for free-base porphyrin Zn-SURMOF 2 and 0.002 cm®V™* s for Pd porphyrin Zn-SURMOF2,
are large compared to those reported for another MOF, MIL-125(Ti),:® with ~ 10° cm?v™* s,

but slightly smaller than those reported for a tetrathiafulvalen-based MOF structure (0.2 cm?V™
8-1)_[173]

Normalized TRMC or TAS
Normalized TRMC or TAS

Figure 4.13 (a) Normalized FP-TRMC (red) and transient absorption profiles at 620 nm (blue)
and 650 nm (green) of free base porphyrin SURMOF 2. (b) Normalized FP-TRMC profiles (red)
and transient absorption profiles at 540 nm (blue) and 520 nm (green) of Pd porphyrin Zn-
SURMOF 2.

Regarding to the photocurrent measurement of the porphyrin-based SURMOF (Figure 4.9), it is
demonstrated a pronounced dependence of photocurrent on SURMOF thickness. When the
thickness increases from 100 nm to 300 nm an increase of 150% for the free base SURMOFs and
of 75% for the Pd porphyrin SURMOF is observed. This strong positive correlation suggests that
the exciton diffusion length in the porphyrin-based SURMOFs must be on the order of several

100 nm. The observation of such large exciton diffusion lengths on the order of 20 nm has
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already been reported earlier for quasi-periodic nematic packings of the porphyrin units (Figure
4.14 ().t
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Figure 4.14 (a) Nematic stacking of porphyrin units in porphyrin SURMOFs, the paddle-wheels
are omitted for the purpose of clarity. (b) Schematic description of photons absorption and
excitons separation process in a porphyrin SURMOF photovoltaic device. The energy value of

iodine/triiodine electrolyte in acetonitrile was taken from Ref.l}"®!. Ex = Fermi level

This hypothesis is fully supported by time-resolved photoluminescence of free base porphyrin
Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2 (Figure 4.15 (a)), showing fast quenching of
singlet exciton populations. The y-axis (PL) is integrated between 650-750 nm and 550-650 nm
for free base and Pd porphyrin SURMOF respectively. The data shows that the singlet exciton
lifetime is very short in both free base- and Pd- systems. For the Pd porphyrin Zn-SURMOF 2
the observed emission is limited by the instrument response of the streak camera, so the singlet
exciton lifetime is less than 15 ps. This is consistent with the fast intersystem crossing and unity
yield of triplet states in Pd porphyrin dyes in solution.'” The free base porphyrin Zn-SURMOF
2 shows a singlet exciton lifetime of approximately 100 ps. This is two orders magnitude lower
than the 10 ns singlet exciton lifetime of the free base linker in solution (Figure 4.15 (b)),
meaning that over 99% of the singlet excitons are quenched even in the free base porphyrin Zn-
SURMOF 2. For both types of SURMOFs studied here, this observation strongly indicates that
the singlet-excitons resulting from the photo absorption process are quickly converted into
triplet-excitons by means of fission of primary singlets, which typically show much longer life-

times and, as a result, diffusion length.[*8"
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Figure 4.15 (a) Time-resolved photoluminescence of the free base porphyrin Zn-SURMOF 2 and
Pd porphyrin Zn-SURMOF 2. (b) Fluorescence lifetimes of free base porphyrin in ethanol
solution (20 uM). The free base porphyrin can be fit well with a single exponential decay with a

lifetime of 10 ns.

The results from transient absorption spectroscopy (Figure 4.16) also provide evidence for the
fast and high-yield formation of long-lived states from the singlet exciton, and are in fact fully
consistent with the formation of triplet states. It shows the mean photoinduced absorption
kinetics between 700 and 750 nm as a function of time after excitation at 400 nm with an
intensity of 15 pJ cm™. Both porphyrin SURMOFs show the creation of long-lived states
responsible for photovoltaic action following the fast quenching of the singlet exciton population.
Importantly, we clearly detect the creation of long-lived states in both the free-base porphyrin
Zn-SURMOF 2 and the Pd porphyrin Zn-SURMOF 2. We see a fast decay component of the
photoinduced absorption in both samples that is associated with the transition from singlet-
excitons to the long-lived species responsible for the photovoltaic performance. In agreement
with the time-resolved photoluminescence, this population transition has a longer-lived
component in the free-base Zn-SURMOF 2 matching the 100 ps singlet exciton lifetime.
However, both samples also show a fast decay component with time constant of about 8 ps. After
this fast singlet-exciton quenching, a clear signal is left from the resultant population that does
not decay at all on the 4 ns timescale. This is a clear evidence for the fast and high-yield
formation of long-lived states from the singlet exciton which underpin the long-diffusion in the

highly ordered material and photovoltaic performance.
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Figure 4.16 Mean photoinduced absorption kinetics in the 700-750 nm spectral window
measured with TAS for the free base porphyrin Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2.

The successful operation of our porphyrin SURMOF based photovoltaic device can be
rationalized by considering the energy-level diagram which shows the positions of the F: SnO,
substrate flatband™®'®? and that of the porphyrin SURMOFs. On the basis of this existing
knowledge and experiments, the electrons are proposed to be injected from the MOF porphyrin
ligands into the FTO substrate (Figure 4.14 (b)).

We thus attribute the astonishingly good performance of our novel single-component SURMOF-
based OPV device to two effects. First, the presence of the Zn-ions linking the porphyrin-units to
form the metal-organic framework strongly enhances a singlet-to-triplet conversion of the
excitons. Second, the regular array of porphyrin units present in the 3D-structure, with a periodic,
well-defined overlap between adjacent porphyrin units results in huge triplet exciton diffusion
lengths. As a result, the triplet excitons have a high chance to reach the SURMOF/FTO interface,
where they are dissociated to yield an electron transferred to the substrate and a hole, which is
transported through the SURMOF-film to the top electrode. The fairly high electron mobility
required to make this transfer effective is proposed to also result from the overlap between the

adjacent porphyrin units.

4.1.6 Computational studies of porphyrin based SURMOF
The calculations were attributed by the group of Prof. Thomas Heine and Dr. Agnieszka Kuc

from Jacobs University Bremen.
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To further figure out the reason why Pd porphyrin Zn-SURMOF 2 exhibits better photovoltaic
performance, more computational studies were carried out. The presence of an organic solid with
known, strictly periodic structure allows for a meaningful comparison to the results of high-level

electronic structure calculations.

First, the atomistic structure of porphyrin SURMOF (Figure 4.2 and Figure 4.17) was obtained
from Universal Force Field (UFF),® employing the UFF4AMOFparameter extension and by
employing the General Utility Lattice Program (GULP) version 4.2.184%1 The bond order
specified between paddlewheel Zn atoms was 0.25, paddlewheel Zn-O bonds were specified as
0.5 and all other bond orders were specified according to standard chemical notation. The
optimized lattice constants for free-base porphyrin SURMOF is ¢ = 6.75 A for the interlayer
distance, and a = b = 23.96 A for the in-plane lattice parameters. Insertion of metals significantly

lowers the in-plane lattice parameter by 0.05 A,
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Figure 4.17 Calculated structure of (a) free base porphyrin Zn-SURMOF 2 and (b) Pd porphyrin
Zn-SURMOF-2; Simulated XRD patterns of (c) free base porphyrin Zn-SURMOF 2 and (d) Pd
porphyrin Zn-SURMOF-2.
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Then, the porphyrin electronic structure and light absorption were computed. Band- and HOMO-
LUMO gaps calculations of the framework and of the hydrogenated porphyrin have been carried
out using the density functional based tight-binding (DFTB) method using the QUASINANO
2013.1 parameters’®! and the DFTB+ 1.2 code.'!*!  Time dependent density functional
theory (TD-DFT) calculations employed the PBEO functional with a 6-311++g (2d, p) basis set
as implemented in the Gaussian09 program.!®”) Generalized gradient approximation density
functional theory (GGA-DFT)band structure calculations were performed using the

CRYSTALO9 code, PBE functional, and TZVP basis set (except for Pd, which was treated using
the HAYWSC ECP),[188'190]

In fact, the HOMO-LUMO energy difference of a saturated, single porphyrin molecule is
essentially identical to the band gap at the I'" point of the periodic structure. For free-base
porphyrin Zn-SURMOF 2, a band gap of 1.58 eV (DFTB level, DFTB = density-functional
based tight-binding) nearly coincides with the 1.60 eV HOMO-LUMO gap of the saturated
single porphyrin molecule. The value of the saturated single porphyrin molecule can be
compared with TD-DFT, which gives 1.51 eV for the same system. Introduction of metal centers

increases the band gap to 1.94 eV (Pd porphyrin Zn-SURMOF 2) and 1.88 eV (Zn porphyrin Zn-
SURMOF 2).
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Figure 4.18 Band structure of Pd porphyrin Zn-SURMOF 2. Calculated band structure at the
PBE level, the high-symmetry k points are indicated in the sketch of the Brillouin zone (left). The
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magnified two frontier bands of the conduction and balance bands are given on the right. The

Fermi level is defined as the valence-band maximum.

Then, GGA-DFT band structure of Pd porphyrin Zn-SURMOF 2, which exhibits the highest
efficiency was investigated, shown in Figure 4.18. At first sight the band structure appears to
comply with the expectation that the bands are essentially flat. A closer inspection, however,
reveals a small but distinct dispersion of about 3 meV for both valence and conduction bands.
The strongest dispersion is seen in the I'-Z direction, i.e. perpendicular to the paddle-wheel-
planes, along the columns of the stacked porphyrin disks. This observation reveals that the
intermolecular overlap is strongest along the columns. The dispersion allows the effective
masses of the charge carriers to be estimated, giving 4.5m. (holes) and 9.6m, (electrons). These
values are an order of magnitude higher than in traditional semiconductors such as silicon, but
appreciable in comparison with other organic materials. Importantly, the minimum in the
conduction band (CB) is at the Z-point, whereas the maximum of the valence band (VB) is at the
I'-point. The SURMOF 2 structure thus has to be classified as an indirect band-gap
semiconductor.l**Y} The energy gain from the band dispersion is only on the order of 5 meV and
thus certainly not sufficient for electron-hole separation. However, once electrons and holes are
relaxed, direct electron-hole recombination is suppressed unlike in direct band-gap systems.
Good carrier mobility along with suppressed recombination is consistent with the impressive
behavior of the MOF-based OPV realized. Since the indirect band-gap for the Pd porphyrin Zn-
SURMOF 2 is substantially larger than for the free-base porphyrin Zn-SURMOF 2 is fully
consistent with the substantially better OPV performance of the metal porphyrin system.

4.1.7 Summary

In summary, highly oriented and crystalline porphyrin-based SURMOF thin films have been
epitaxially grown as supramolecular arrays on various substrates. A prototype organic
photovoltaic device, in which the substrate is used as an anode and I/13” containing electrolyte as
a cathode, shows a remarkable photovoltaic performance, with a maximum conversion yield of
0.45% for artificial sunlight. Measurements of the photoluminescence and photoconductivity as a
function of SURMOF thickness reveal that this performance for a single-component organic
photovoltaic device is quite large. Such high efficiency results from an effective conversion of

exciton singlets into exciton triplets, with unusually large exciton diffusion length of the latter.
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Further band structure calculation revealed that the SURMOF 2 structure should have an indirect
band gap. Although certainly much more in depth work is needed to better understand the
underlying mechanism, we see a strong potential of this material to create a major impact to the

field of flexible solar cells.[*%
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4.2 Porphyrin-based SURMOF for all-solid photovoltaic device

4.2.1 Background

In Chapter 4.1, a solar cell with remarkably large solar to electricity conversion efficiency has
been fabricated by a free base and Pd-metalized porphyrin SURMOF. Although highly important
as a proof-of-principle, this first MOF-based photovoltaic device needs to be improved with
regard to applications. The redox pair /13 liquid used in those solution-base solar cells is
corrosive to the photosensitizers in dye sensitized solar cell (DSSC). Thus, a novel MOF-based
solar cell architecture, where the liquid top electrode is replaced by a solid top layer fabricated

from a conductive polymer, is proposed in this part.

In addition, a modified porphyrin linker with two diphenylamine (DPA) groups attached to the
porphyrin core was involved to construct the photovoltaic device. The high electron affinity of
these functional groups substantially lowers the band gap of the porphyrin framework material,
which is a very important improvement for the photovoltaic applications. The molecular
structures of the porphyrins used in this part are shown in Figure 4.19, where both porphyrin
molecules were metallized by zinc and the only difference is the DPA groups, named

Zn(1)porphyrin and DPA- Zn(Il)porphyrin.

CO.H
CO,H CO,H
Zn(l)porphyrin DPA-Zn(Il)porphyrin

Figure 4.19 Molecular structure of Zn(Il)porphyrin and DPA- Zn(l1)porphyrin.

In this chapter, a novel new type of Zn(Il)porphyrin SURMOF 2 thin film with high photocarrier
generation efficiency and very good photocarrier mobility is synthesized. A prototype electrolyte

free, all-solid-state photovoltaic device are constructed using these Zn(Il)porphyrin SURMOF 2
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thin film materials. By simply attaching the group which lowers the band gap to the porphyrin

ring in these SURMOF 2 thin film materials, the energy conversion efficiency is enhanced.

4.2.2 Characterization of the Zn(Il) porphyrin-based Zn-SURMOF 2

Zn(1l) porphyrin and DPA-Zn(ll) porphyrin based SURMOF using zinc acetate as a metal
source and the corresponding porphyrin as organic ligand were deposited on various substrates in
a layer-by-layer fashion, such as SAMs, FTO, Si and quartz, using spray method, which were
described in detail as Chapter 3.4.2.

The out of plane XRD data of Zn(ll) porphyrin and DPA-Zn(ll) porphyrin based SURMOF
fabricated on FTO, quartz glass and Au substrates functionalized with MUD SAMs are shown in
Figure 4.20. It reveals that the LPE-process vyields crystalline and highly oriented
Zn(I1D)porphyrin Zn-SURMOF 2 thin films. Both SURMOF films are highly crystalline and

oriented along [001] orientation on these substrates.
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Figure 4.20 Out of plane XRD data of (a) Zn(ll)porphyrin Zn-SURMOF 2 and (b) DPA-
Zn(Ihporphyrin Zn-SURMOF 2 grown on FTO glass, quartz glass and MUD SAM/Au substrates

prepared by liquid-phase epitaxy process.

The comparisons of out of plane, in plane and simulated XRD data of Zn(ll) porphyrin and
DPA-Zn(I1) porphyrin Zn-SURMOF 2 are shown in Figure 4.21. The experimental XRD data
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are in excellent agreement with the simulated XRD patterns in Chapter 4.1. Evaluating the XRD
data together with simulated XRD patterns, the structures of Zn(ll)porphyrin based Zn-
SURMOF 2 are proposed as illustrated in Figure 4.22. Basically, these structures consist of
planes formed by Zn®* -based paddle-wheels oriented perpendicular to the surfaces, resulting in
pronounced one dimensional (1-D) channels parallel to the surface. The lattice parameter in the
direction perpendicular to the surface of Zn(ll) porphyrin Zn-SURMOF 2 is determined to be
23.51A, the lattice parameter in the direction parallel to the surface is determined to be 23.51A
and the layer distance is 6.5 A. While the lattice parameters of DPA-Zn(ll) porphyrin Zn-
SURMOF 2 in the direction perpendicular to the surface as well as parallel to the surface are
23.47A and the layer distance is 10.34 A due to the space of the DPA groups.
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Figure 4.21 Comparison of in plane, out of plane and simulated XRD data of Zn(Il)porphyrin

Zn-SURMOF 2 (a) and DPA-Zn(Il)porphyrin Zn-SURMOF 2 (b) fabricated onto Si substrate by

liquid-phase epitaxy process.
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Figure 4.22 (a) and (b) Simulated structure of Zn(ll)porphyrin Zn-SURMOF 2 with lattice
parameters a = b = 2351 nm, ¢ = 65 A (c) and (d) Simulated structure of DPA-
Zn(IDporphyrin Zn-SURMOF 2 with lattice parameters a = b = 2.347 nm, ¢ = 10.34 A

The IR spectra of Zn(Il)porphyrin and DPA-Zn(Il)porphyrin Zn-SURMOF 2 grown on MUD
SAMSs/Au substrates are shown in Figure 4.22. The bands at 1682 cm™ and 1685 cm™ in bulk
Zn(1)porphyrin and bulk DPA-Zn(Il)porphyrin, respectively, are due to the C=0 stretching in
free carboxylic groups. As anticipated, these bands are completely vanished in the corresponding
IRRA spectra of porphyrin based SURMOFs, suggesting that the formation of coordination
bonds between the porphyrin molecules and Zn acetate. The broad bands centered at ~1592 cm™
and ~1403 cm™ for the porphyrin SURMOF are attributed to the asymmetric and symmetric
stretching of COO™ groups, respectively. The difference (Avcoo-) of ~200 cm™ indicates the
formation of a perfect zinc paddle-wheel structure with bidentate bridging bonding, which is
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similar to the phenomenon observed in Chapter 4.1. The detailed band assignments

corresponding to Zn(I)porphyrin and DPA-Zn(Il)porphyrin Zn-SURMOF 2 are listed in Table

4.2.
a —— bulk Zn(ll)porphyrin
—— Zn(ll)porphyrin Zn-SURMOF 2
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Figure 4.22 IR spectra of bulk Zn(Il)porphyrin (in black) and Zn(Il)porphyrin Zn-SURMOF 2 (a)
and bulk DPA-Zn(Il)porphyrin (in black) and DPA-Zn(Il)porphyrin Zn-SURMOF 2 (b) grown

on MUD/Au substrate (in red).

Table 4.2 Vibrational frequencies of Zn(ll)porphyrin and DPA-Zn(Il)porphyrin as obtained
spectra from bulk and MOF thin films grown on MUD/Au substrate together with the

assignments.

Zn(1l)porphyrin

DPA-Zn(Il)porphyrin

Wavenumber (cm™) _ Wavenumber (cm™) _
Assignment Assignment
SURMOF | Bulk SURMOF | Bulk
- 1682 v C=0 in free COOH - 1685 v C=0 in free COOH
1592 1601 vas COO™; CC (aromatic ring) | 1590 1599 vas COO™; CC (aromatic ring)
1546 1558 COoO 1546 1558 COoO
1403 1416 vs COO’ ; Phenyl 1491 1487 Pyrrolic
1337 1337 def Porphyrin 1403 1416 vs COO" ; Phenyl
1071 - & CHporphyrin 1340 1340 def Porphyrin
1000 990 i.p. Ph 1000 996 i.p. Ph

v stretching mode, vy,: Symmetric stretching mode, v,5: asymmetric stretching mode
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Figure 4.23 UV-Vis spectrum of Zn(I)porphyrin (a) and DPA-Zn(Il)porphyrin Zn-SURMOF 2
(b) and the corresponding photograph of Zn(ll)porphyrin (c) and DPA-Zn(Il)porphyrin Zn-
SURMOF 2 (d) on quartz glass

To exclude the substrate influence on intrinsic photophysical properties of these SURMOF thin
films, Zn(I)porphyrin and DPA-Zn(Il)porphyrin Zn-SURMOF 2 materials prepared on quartz
glass substrates are characterized with UV-Vis spectroscopy. The corresponding UV-Vis spectra
are shown in Figure 4.23(a) (b), respectively. Typical UV-Vis features for metalloporphyrin with
sharp Soret bands together with two Q bands were observed. Compared with the porphyrin
molecule in ethanol solution, the Soret band of the corresponding porphyrin SURMOF has a
redshift due to the extended n-conjunction of the porphyrins constructed into highly oriented and
ordered structure.*” The UV-Vis spectrum of DPA-Zn(Il)porphyrin Zn-SURMOF 2 shows
dramatic redshift about 40 nm to the visible light region compared with that of Zn(Il)porphyrin
Zn-SURMOF 2, resulting from the introduction of DPA groups into Zn(ll)porphyrin Zn-
SURMOF 2.

The XPS data (Figure 4.24) of Zn(Il)porphyrin Zn-SURMOF 2 and DPA-Zn(ll)porphyrin Zn-
SURMOF 2 were carried out and fitted with a fixed full width at half maximum (FWHM) value
1.7 eV. The N1s peak appeared at 397.3 eV for Zn(Il)porphyrin Zn-SURMOF 2 is attributed to
the =N- of the Zn(Il)metalloporphyrin unit. The N1s peaks appeared at 397.6 eV and 399.1 eV
for DPA-Zn(Il)porphyrin Zn-SURMOF 2 are attributed to the =N- of the Zn(ll)metalloporphyrin
unit and diphenylamine (DPA) groups.

71



Intensity / a.u.

404 402 400 398 396 394
Binding energy / eV

Figure 4.24 X-ray photoelectron spectra of Zn(ll)porphyrin Zn-SURMOF 2 (up) and DPA-
Zn(Iporphyrin Zn-SURMOF 2 (bottom) grown on MUD/Au substrate.

4.2.3 Photocurrent and photovoltaic measurement

4.2.3.1 Preparation of AI/PEDOT: PSS/Porphyrin SURMOF/FTO/Glass device

The Zn(Il)porphyrin Zn-SURMOF 2 and DPA-Zn(Il)porphyrin Zn-SURMOF 2 films were
assembled into devices with an architecture “FTO glass/(DPA-) Zn(Il)porphyrin Zn-SURMOF 2
/[PEDOT: PSS/AI” as illustrated in Figure 4.25 (a). The top electrode consists of a thin layer of a
conductive polymer (PEDOT: PSS), which performs two different functions. It serves as hole
transport layert’®®! and also as a diffusion barrier to the Al evaporated on top of the thin

multilayer system to form metal top electrodes.

To assemble such device, 1% (wt%) CLEVIOS™ PH 1000 (PEDOT: PSS) liquid was diluted in
Milli-Q H,0 (2/33, v/v) with ultrasonic for 1 min. For the spin-coating method, a few drops of
the solution were dropped onto the porphyrin thin films at room temperature with a speed at
3000 rpm for 1 minute, the resulting thickness of PEDOT: PSS films amount to be 100 nm - 150
nm (Figure 4.25 (b)). The PEDOT: PSS/Porphyrin SURMOF/FTO/Glass device was dried at 150
°C in an oven for 30 min, subsequently an Al counter electrode with a thickness of 100 nm was

deposited by using physical vapor deposition.
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Figure 4.25 (a) ) Schematic drawing of Zn(I)porphyrin based Zn-SURMOF 2 PV device (b)
SEM images of Zn(Il)porphyrin Zn-SURMOF 2 (left) and DPA-Zn(Il)porphyrin Zn-SURMOF 2
(right) with top PEDOT:PSS thin film electrodes.

4.2.3.2 Photocurrent measurement

All photocurrent measurements has been performed by two-probe setup equipped using Agilent
4156C semiconductor parameter analyzer and SUss MicroTec EP6 probe station coupled with a
LEDs system (Prizmatix Ltd., 530 nm) with five wavelengths: 365 nm, 400 nm, 455 nm, 530 nm
and 640 nm, at ambient conditions. The focused light area is about 0.1 cm?. Initially, two probes
are connected to the bottom and top electrodes of SURMOF respectively and then very low
voltage (0.1 V) is applied to measure the resistance. Once the resistance measurements are done,
zero current and zero voltage is applied to the bottom and top electrodes respectively.
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Figure 4.26 Photocurrent of zZn(ll)porphyrin Zn-SURMOF 2 (a), DPA-Zn(ll)porphyrin Zn-
SURMOF 2 (b) thin film PV device under illuminations at 365 nm, 400 nm, 455 nm, 530 nm and
640 nm. The illumination time is about 5 s. and (c) the corresponding photoaction spectra.

While the measurement is running, a light with selected wavelength is switched on and off every
5 seconds to measure the current with and without light. Change in current is observed when the
light is on and off. Both Zn(ll)porphyrin Zn-SURMOF 2 and DPA-Zn(Il)porphyrin Zn-
SURMOF 2 thin films with 30 spraying cycles exhibit quick photocurrent response with light on
and off as shown in Figure 4.26 (a) and (b), respectively. The observed change in the current is
varied based on composition and wavelength of applied light. The corresponding photocurrent
action data of Zn(Il)porphyrin and DPA-Zn(Il)porphyrin Zn-SURMOF 2 are summarized in
Figure 4.26 (c). While the introduction of the DPA groups has very small influence on the
generated photocurrent at wavelengths of 365 nm, 400 nm and 455 nm, the photocurrent
generated at 530 nm and 640 nm is substantially larger, as expected from the red-shifted

absorption spectrum of the DPA-functionalized porphyrin. The photocurrent generated at 640 nm
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in the visible light region is enhanced from ~ 2 pA cm for Zn(11)porphyrin Zn-SURMOF 2 to ~
4.5 pA cm™ for DPA-Zn(11)porphyrin Zn-SURMOF 2.

4.2.3.3 Photovoltaic performance
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Figure 4.27 J-V curve of Zn(ll)porphyrin and DPA-Zn(I)porphyrin Zn-SURMOF 2 based

photovoltaic device.

Table 4.3 Zn(Il)porphyrin and DPA- Zn(ll)porphyrin  Zn-SURMOF 2 based photovoltaic

performances.
Voc (V) Jsc (mAcm?) | FF | Eff (%)
Zn(1)porphyrin Zn-SURMOF 2 0.815 0.023 0.333 | 0.006
DPA-Zn(Il)porphyrin Zn-SURMOF 2 | 0.86 0.053 0.368 | 0.017

The photovoltaic performance of the assembled “FTO/(DPA-) Zn(Il)porphyrin Zn-SURMOF 2
[PEDOT: PSS/Al” devices was also carried out using a Keithley electrochemical under
illumination using AM 1.5 solar simulator with an active area of 0.1 cm? The J-V curves
recorded for Zn(Il)porphyrin and DPA- Zn(ll)porphyrin Zn-SURMOF 2 based devices are
shown in Figure 4.27. While the open-circuit voltages are very high, i.e. 0.815 V for
Zn(1)porphyrin Zn-SURMOF 2 and 0.86 V for DPA-Zn(ll)porphyrin Zn-SURMOF 2, the
corresponding total efficiencies are rather low, i.e. only 0.006% and 0.017%, respectively. The

calculated results in detail are shown in Table 4.3.
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4.2.3.4 Photophysical properties

For a more thorough photophysical characterization of the porphyrin SURMOFs, FP-TRMC and
TAS measurements have been carried out. In particular, these techniques allow investigation of
the intrinsic and local-scale photo-induced charge carrier generation efficiency and charge-
carrier mobility of various types of materials. Transient absorption spectra of Zn(Il)porphyrin
Zn-SURMOF 2 and Zn(Il)porphyrin Zn-SURMOF 2 grown on a quartz glass are displayed in
Figure 4.28 (a) and (b), respectively. The spectra were averaged at 0-0.2s after the
photoexcitation at 355 nm. The photon density of the excitation laser was 4.6 x 10™ photons

pulse? cm™

. The corresponding two-dimensional transient absorption spectral data were
recorded shown in Figure 4.28 (c) and (d). The results revealed the generation of radical cations
as well as photo-bleaching of the porphyrin chromophores. Typical FP-TRMC profiles recorded
after photoexcitation at 355 nm for Zn(ll)porphyrin Zn-SURMOF 2 (black) and DPA-
Zn(1D)porphyrin Zn-SURMOF 2 (red) are presented in Figure 4.29(a), where the prompt rise and
gradual decay in conductivity transients were clearly observed. The normalized FP-TRMC and
transient absorption profiles at 540 nm (green) and 570 nm (blue) of Zn(Il)porphyrin Zn-
SURMOF 2 as well as 595 nm (green) and 630 nm (blue) of DPA-Zn(Il)porphyrin Zn-SURMOF
2 grown on a quartz glass are shown in Figure 4.29 (b) (c). The difference of the Kinetics in
DPA-Zn(Il)porphyrin Zn-SURMOF 2 is most likely due to the fundamental absorption over a
broad wavelength range. Considering the similarity of TRMC and TAS Kkinetics, it can be

concluded that these Zn(Il)porphyrin-based thin films exhibit typical hole transporting properties.
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Figure 4.28 Transient absorption spectra averaged at 0-0.2 us of (a) Zn(Il)porphyrin Zn-
SURMOF 2 and (b) Zn(Il)porphyrin Zn-SURMOF 2 grown on a quartz glass. The photon
density of 355-nm excitation laser was 4.6 x 10™ photons pulse! cm? Two-dimensional
transient absorption spectral data recorded for (c) Zn(Il)porphyrin Zn-SURMOF 2 and (d)
Zn(Ilporphyrin Zn-SURMOF 2 grown on a quartz glass.

Based on the observed photo-bleach in the Q-bands region (Figure 4.28 (a) and (b)), the
photocarrier generation yield (¢) was evaluated, yielding up to ¢ = 0.3 and 0.21 for
Zn(1h)porphyrin Zn-SURMOF 2 and DPA-Zn(Il)porphyrin Zn-SURMOF 2, respectively. These
are the largest values reported so far for any OPV thin film. They exceed the efficiency for Pd
porphyrin Zn-SURMOFs in Chapter 4.1 and are substantially larger than those obtained for other
porphyrin-based MOF materials!*” and porphyrin-based COFs™™ with a typical value of 10,
By combining the evaluated ¢ values and the (@XZp)max In TRMC, the hole mobility was
estimated as p= 1.1 x 10° cm?V* s for both SURMOF films.
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Figure 4.29 (a) FP-TRMC profiles of Zn(ll)porphyrin Zn-SURMOF 2 (black) and DPA-
Zn(IMporphyrin  Zn-SURMOF 2 (red). (b) Normalized FP-TRMC (black) and transient
absorption profiles at 540 nm (green) and 570 nm (blue) of Zn(Il)porphyrin Zn-SURMOF 2. (c)
Normalized FP-TRMC (red) and transient absorption profiles at 595 nm (green) and 630 nm
(blue) of DPA-Zn(Il)porphyrin Zn-SURMOF 2 grown on a quartz glass.

Porphyrin COFs with two dimensional (2D) flat sheets structures have been demonstrated to
exhibit high charge carrier mobility. In these structures, the stacked porphyrin layers have a very
short interlayer distance of less than 4 A, forming a m-conjugated system, which serves as an
effective pathway for charge-carrier transport.l’**%! In the present work, the calculated
interlayer distances of the porphyrin units amount to 6.5 A and 10.34 A, resulting in a weak
coupling between the adjacent layers. These large distances severely hinder the charge carrier
transport between neighboring porphyrins, which is in accordance with the relatively low
photocarrier mobility with a value of 0.001 cm? V* s for zn(Il)porphyrin and DPA-
Zn(1D)porphyrin Zn-SURMOF 2 obtained from the analysis of FP-TRMC data. This low mobility
will lead to very short exciton diffusion length, resulting in low charge-separation efficiency. As
a result, recombination of holes and electrons will dominate, thus explaining the rather small

overall efficiency for the Zn(Il)porphyrin SURMOF-2-based photovoltaic devices.

4.2.4 Summary

The attachment of diphenylamine groups into porphyrin to construct MOF thin film materials
will enhance solar light absorption and generate higher photocurrent. However, the conversion
efficiency in the presented work is still very low due to the relatively low photocarrier mobility,
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as well as recombination of light induced electrons and holes within the Zn(Il)porphyrin Zn-
SURMOF 2 materials. Nevertheless, these findings will be helpful for further improvement of
the energy conversion efficiencies of MOF thin film based photovoltaic devices by designing
porphyrin based chromophores.
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4.3 Cgo-fullerene loaded porphyrin-based SURMOF

4.3.1 Background

To satisfy the requirement of new generation of photovoltaic devices, scientists have been
searching for new molecular materials, which should be characterized by a large absorption
coefficient, fast process of charge separation and much slower process of charge
recombination.™® One of the most remarkable progresses is constructing an effective electron
donor-acceptor system. In the dye sensitized solar cell (DSSC), the dyes are excited by absorbing
the photons and leading to a rapid formation of separated electron-hole pairs at the interface of a
dye-semiconducting electrode. Then the separated charges move towards the respective
electrodes, therefore yielding a photocurrent in an external circuit.'*” Such a system is very
important not only in electronic technologies but also in the life sciences such as e.g. respiration,
photosynthesis and photomedicine.[**®!

Among the donor-acceptor systems, porphyrin-fullerene systems are one of the widely studied
classes of compounds due to their rich photo- and redox chemistry.™*¥ Porphyrins, addressed as
the pigment of life, serve as photosensitizing electron donors. The Cgo-fullerene is a very
attractive electron acceptor with its ability to accept up to six electrons per molecule and unique
three dimensional delocalized m-electron systems.'® In the electron-transfer process, Ceo-
fullerene gives rise to an efficient and rapid photo induced charge separation and slow charge
recombination in the dark, resulting in the formation of long-lived charge-separated states.!**!
Thus, it is attractive to introduce Cgo-fullerene into the framework to form an electron donor-

acceptor system to improve the solar conversion efficiency of porphyrin-based SURMOF.

Up to now, there are many studies that successfully introduced nanoparticles or clusters into
MOFs, 202U even MOF thin films.?%2?%! The conventional procedure for loading of
nanoparticles, clusters or functional groups into SURMOFs is post-synthetic, which means the
loading process is performed after the preparation of the SURMOFs. This requires the sizes of
nanoparticles, clusters or functional groups or the precursors to be suitable to the pore size of
MOFs to enter. In the case of free base porphyrin Zn SURMOF 2 (Figure 4.30 (a)), the layer
distance is 6.6 A and the distances of adjacent porphyrin molecules are 6.88 A and 6.49 A
respectively. The diameter of Cgo is 7.1 A (Figure 4.30 (b)), which is larger than the voids of
porphyrin SURMOF. Therefore, it is impossible to insert the Cgo-fullerene into the pores of the
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synthesized porphyrin SURMOF by the conventional method. Here, a novel loading approach is
proposed, where the Cgo-fullerene is mixed in the ligand solution, to synthesize free base
porphyrin Zn SURMOF 2 loaded with Cgy (Ceo@free base porphyrin SURMOF). The structure
of the obtained Cgo@free base porphyrin SURMOF was proposed as Figure 4.30 (c) as well as
the simulated XRD data (Figure 4.30 (d)) according to the lowest energy principle. The
porphyrin molecules are distortion after the introduction of Cg in the frameworks, which brings
the change of the diffraction peak. The detailed synthesis procedure of free base porphyrin
SURMOF loaded with Cgo was described in Chapter 3.4.3.
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(c) Proposed structure of C,,@ free base porphyrin SURMOF (d) Simulated XRD data

Figure 4.30 Structure of (a) free base porphyrin SURMOF, (b) Cgo-fullerene, (c) Cso@free base
porphyrin SURMOF (proposed by Dr. Matthew Addicoat from Jacoba-University Bremen) and
(d) simulated XRD data
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4.3.2 Characterization of Cg@free base porphyrin SURMOF

The Cgo@free base porphyrin SURMOFs were prepared at different concentration ratio of Cgo
and porphyrin in the ligand solution. When the concentration ratio of Cg and porphyrin in the
ligand solution is X, the obtained composite is labeled as (Cgo) @free base porphyrin SURMOFs,

where x ranges from 0.25 to 2 in this study.
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Figure 4.31 (a) Out of plane and (b) in plane XRD data of free base porphyrin Zn SURMOF 2(in
black) and Cgo@free base porphyrin Zn SURMOF 2 (in red) on MHDA SAM

The XRD data of free base porphyrin SURMOF and Cgo@free base porphyrin SURMOF growth
on MHDA SAM functionalized Au substrates is displayed in Figure 4.31, which proves that the
crystallinity exists before and after loading with Cgy. The Cgo@free base porphyrin SURMOF
growth proceeds along the [001] crystallographic direction, which is the same as the free base
porphyrin SURMOF (Figure 4.31 (a)). The introduction of Cgo brings the change of the ratio of
the diffraction peak intensities. The (001)/(002) (out-of-plane data) ratio decreased compared to
the empty free base porphyrin SURMOF, which is in agreement with the simulated data (Figure
4.30 (d)). This change of structure amplitude confirms that host molecules are loaded in the pore
of the MOF, e.g. a decoration of only the outer surface can be excluded, which would not lead to
a change of the XRD structure amplitude.””®! Since the samples are prepared on the Au
substrates, it is precise to calibrate the peak position by Au, which appears at 38.2< After

calibration by Au, the peak (001) shift a little to higher 26-angle after loading with Csgo,
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indicating a little contraction of the structure, which maybe come from the distortion of the

structure.

From the in plane XRD data (Figure 4.31 (b)), the ratio of the two peaks (100)/(200) also

decreases after the introduction of Cgo into the frameworks. There is no shift in the peak

positions, which means no contraction and expansion in the b and c direction, see as Figure 4.32.

However, the diffraction peaks broaden after the introduction of Cgp, which indicates that the

non-uniform strain forms.
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Figure 4.32 UV-Vis spectra of (a) Cgo and porphyrin in solution and (b) the corresponding linear

fit. UV-Vis spectra of (c) free base porphyrin Zn SURMOF 2 and (Cgo)@free base porphyrin
SURMOFs, where x=0.25, 0.75 and 2 on quartz, (d) free base porphyrin SURMOF immersion in

Ceo solution
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To further confirm the introduction of Cg in the voids of porphyrin SURMOF, UV-Vis spectra
were carried out (Figure 4.32). Figure 4.32 (a) shows the UV-Vis spectra of Cgo and porphyrin in
solution, where Cg and porphyrin has different ratio of concentration, as well as pure porphyrin
and pure Cgo. Cso molecule exhibits two distinct bands at 259 nm and 330 nm, respectively. The
detailed description of the bands from porphyrin was summarized previously in Table 4.1.
According to Beer-Lambert law (equation 4.3), where A is the absorbance of the sample, ¢ is the
molar absorptivity, | is the length which the light passes through and c is the concentration of the
samples, the absorbance has a linear relationship with the concentration of the sample. Thus, the
band at 259 nm from Cg and the Q band at 517 nm from porphyrin are taken to calculate the
absorbance, leading to a linear relationship between the absorbance ratio and the concentration

ratio of Cgo and porphyrin (Figure 4.32 (b)).
A=c¢lc (4.3)

The UV-Vis spectra of the free base porphyrin Zn SURMOF 2 and Cgo@free base porphyrin Zn
SURMOF 2 growth on quartz glass are shown as Figure 4.32 (c). Obviously, two extra bands,
259 nm and 330nm, appeared in (Cgo)x@free base porphyrin SURMOFs, which are attributed to
Cso. Compared with the molecules in solution, the bands of Cgy have no shift, while the bands of
porphyrin shift to high wavelength, resulting from the expanded =-conjunction of the porphyrins
constructed into highly oriented and ordered MOF structure.'*™ What’s more, the Soret band of
porphyrin shifts from 440 nm to 436 nm after the introduction of Cg in the frameworks. The
intensities of these two bands increase with the increase of the concentration ratio of Cg and
porphyrin. Based on Beer-Lambert law and the obtained linear fit of the relationship between the
absorbance ratio and the concentration ratio of Cgo /porphyrin (Figure 4.32 (b)), the approximate
ratio of Cgp and porphyrin molecules in the frameworks could be calculated. The approximate
porphyrin and Cg ratio is 6, 5 and 4 corresponds to x of 0.25, 0.75 and 2, respectively.

In comparison to the mixed solution spraying method loading Ceo, the free base porphyrin
SURMOF growth on quartz was immersed in Cgo toluene solution for 12 h. After rinsing with
ethanol, the sample was taken to perform UV-Vis measurement, shown as Figure 4.32 (d). There

is no change in the spectra, indicating no Cgy molecules were involved into the frameworks.
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Figure 4.33 shows the morphology and cross-section SEM images of empty free base porphyrin
Zn SURMOF 2 and Cgy@ free base porphyrin Zn SURMOF 2. From the top view, the porphyrin
SURMOF thin film consists of uniform fiber. After loading with Cgp, there seems much
aggregation appearing. From the cross-section, both samples exhibit quite compact films. The

thickness has no change for both samples at the same spraying cycle.

(a) free base porphyrin Zn SURMOF 2 (b) C5,@ free base porphyrin Zn SURMOF 2

Figure 4.33 Top view and cross-section SEM images of (a) free base porphyrin Zn SURMOF 2
and (b) Cgo@free base porphyrin Zn SURMOF 2

4.3.3 Photocurrent measurement

In order to investigate the influence of the Cg to the porphyrin SURMOF, the photocurrent
measurements were carried out under the illumination of light using a three-electrode system.
The setup is the same as Figure 4.8, where FTO glass assembled with the MOF film was used as
the working electrode, a Pt coated FTO substrate as counter electrode, a Pt wire as the reference

electrode and an I7/13” solution as the electrolyte.

The photocurrent was obtained when the light was switched on and off with an applied bias
voltage of 0.06 V vs Pt wire electrode. The photocurrent response under the illumination of
different wavelength light, on-off response under illumination of 530 nm free base porphyrin Zn-
SURMOF 2 and (Cgo)x@ free base porphyrin SURMOFs are displayed in Figure 4.34. All the
samples exhibit quick response to the light. The introduction of Cg, improves the photocurrent

under the wavelength covering the whole range. The photocurrent density generated at 530 nm is
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enhanced from 13.5 wA cm for free base porphyrin SURMOF to 20.8 pA cm™ for (Ceo)o.25@
free base porphyrin SURMOF, even as high as 25 pA cm™ for (Ceo).@ free base porphyrin
SURMOF. Nevertheless, the results are in expectation and it is true that the higher concentration
Ceo Involved into the frameworks, the larger is the photocurrent of the frameworks.
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Figure 4.34 Photocurrent response of free base porphyrin Zn SURMOF 2 and (Cgo)x@free base
porphyrin SURMOFs, where x=0.25 and 2 on FTO at different wavelength (a) and (b) on-off
illumination under 530 nm.

4.3.4 Summary

A novel method was proposed to load Cgp into the porphyrin SURMOF, where Cgo was mixed
with the porphyrin solution and sprayed as a mixture. The UV-Vis provided the direct evidence
of the presence of Cgp in the porphyrin SURMOF. The introduction of Cg led to the distortion of
the porphyrin in the frameworks. The loading of Cg enhanced the photocurrent performance of
the porphyrin SURMOF. The study provides the feasibility to load Cgy or other acceptors into the

porphyrin frameworks to improve the photophysical properties.
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5 Post-synthetic modification of porphyrin-based SURMOF and the
preparation of porphyrin SURGEL

5.1 Background

As described in Chapter 4, crystalline, monolithic and homogeneous porphyrin-based MOF films
can be achieved by LPE process in a layer-by-layer fashion.**? To realize the functionality of
porphyrin MOFs, post-synthetic modification (PSM) is a primary choice since it affords a more
diverse range of functional groups to optimize certain properties.’®? PSM achieves the
functionality of MOFs by covalently reacting molecules into the framework. It is based on the
functional groups, such as -NH,, -OH, -NO, and -Ngs, incorporated in the MOFs. It has been
proved that the functionalization of SURMOF thin films can be readily achieved by PSM via

azide-alkyne cycloaddition.**

In this chapter, a functional porphyrin, 5,15-diphenylazido-10,20- di(4-carboxyphenyl)porphyrin
(N3-porphyrin), was used as the ligand to construct SURMOF. Then the PSM of the obtained Ns-
porphyrin SURMOF was performed via the strain-promoted azido-alkyne cycloaddition
(SPAAC). Furthermore, a so-called porphyrin surface-grafted gel (SURGEL) was also prepared
by the cross-linking of N3z-porphyrin SURMOF and further removal of metal ions. SURGELSs are
an emerging class of porous polymer films, which came up in the recent two years.!** Since the
SURGELSs are derived from the SURMOFs via PSM, they bear some properties of MOFs, such
as high degree of structural and functional tunability.?®! On the other hand, the metal-free
covalently connected gels afford the pronounced stability against water./**! Although the studies
regarding to the SURGELS are rare at the moment, the SURGELSs have exhibited high potential
for electrochemical applicationsi % and biology.l*%*'%! Thus, the successful preparation of
porphyrin SURGEL not only offers the opportunity to control the generation of singlet oxygen in
photodynamic therapy, but also allows the bioactive compounds within the pores to achieve

tailorable properties.

5.2 Characterization of Nz-porphyrin Zn-SURMOF 2

The Ns-porphyrin Zn-SURMOF 2 was deposited on Au substrates functionalized by COOH-
terminated organothiolate. The detailed synthesis of porphyrin SURMOF is described in Chapter
3.5.1. The out of plane XRD data of the N3-porphyrin Zn-SURMOF 2 is shown in Figure 5.1,
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where the inset is the molecular structure of Nz-porphyrin. The XRD result proved that the N3-
porphyrin Zn-SURMOF 2 was successfully grown on COOH- terminated organothiolate
modified gold substrate with highly crystalline in a preferred [001] orientation, which shows a
similar structure of other porphyrin Zn-SURMOF 2 in the previous chapters.

(001)

— N,-porphyrin Zn-SURMOF 2

Intensity (a.u.)

Figure 5.1 Out of plane XRD data of N3-porphyrin Zn-SURMOF 2. Inset is the structure of Ns-
porphyrin molecule.

5.3 Post-synthetic modification of Ns-porphyrin Zn-SURMOF 2

The PSM of the Nsz-porphyrin Zn-SURMOF 2 is based on the strain-promoted azido-alkyne
cycloaddition (SPAAC) between the azide groups and the alkyne moiety of the cyclooctyne
derivative.l'®] The reaction scheme is shown in Figure 5.2. Concerning the post-modification,
the obtained Ns-porphyrin Zn-SURMOF 2 was immersed into a toluene solution containing the
cyclooctyne derivative compound overnight in dark at 80 <T under a reflux atmosphere. After
the reaction, the substrate was thoroughly rinsed with acetone and ethanol and dried under

nitrogen flow. To confirm the reaction, the sample was characterized using IRRAS and XRD.
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Figure 5.3 (a) IRRAS spectra and (b) XRD data of the pristine N3-porphyrin SURMOF-2 (in

black) and after SPAAC reaction (in red)

The successful SPAAC reaction was evidenced by the IRRAS data (Figure 5.3(a)), where the
azide band at 2126 cm™ from the Ns-porphyrin ligand in the SURMOF decreased after the

reaction. The XRD data revealed the presence of the highly crystalline porphyrin SURMOF

before the reaction and the SPAAC reaction does not show any significant change in the XRD

pattern. Based on the above observations, we can conclude that the successful post-synthetic

modification of porphyrin SURMOFs via strain-promoted alkyne-azide click chemistry was
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successfully performed without destroying the crystalline MOF structure. After reaction for 12h,

the conversion yield reached 75%.

5.4 Characterization of porphyrin SURGEL

When the obtained Nsz-porphyrin Zn-SURMOF 2 is immersed in an electron-deficient alkyne
cross-linker solution, the coupling of the azide groups in the frameworks with the alkyne groups
spontaneously takes place at room temperature.[?®! The copper-free click reaction scheme of Ns-
porphyrin and trimethylolethane tripropiolate which serves as the cross-linker is shown in Figure
54. To remove the Zn ions from the framework, the sample was immersed in
ethylenediaminetetraacetis acid (EDTA) solution. The detailed description of the synthesis for
N3-porphyrin Zn-SURMOF 2 and porphyrin SURGEL is found in Chapter 3.5.2.

cross-linking

Y
R A

cross-linker

Figure 5.4 Copper-free click reaction between the Ns-porphyrin and trimethylolethane

tripropiolate (cross-linker)

To confirm the successful coupling reaction of the azide groups and alkyne groups, the IRRAS
were carried out (Figure 5.5 (a)). The band at 2127 cm™ is assigned to the azide groups from the
Ns-porphyrin linker, which substantially decreased after the coupling reaction. The alkyne-band
from the cross-linker is overlapped with the band of azide groups.'® Meanwhile, the band at
1730 cm™ and 1236 cm™ appeared, which are both assigned to carbonyl C=O stretching
contained in the cross-linker. The observation confirmed the incorporation of the alkyne cross-
linker into the SURMOF framework. After immersing in the EDTA solution, aiming to remove
the metal ions, the carboxylate bands at 1590 cm™ and 1404 cm™ almost disappeared, which

indicated that the carboxylate groups were no longer coordinated to the zinc ions.
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Figure 5.5 (a) IRRAS spectra and (b) XRD data of the cross-linking process within the porphyrin
SURMOF-2 structure before the cross-linking reaction (top), after the cross-linking (middle),
and after treatment with EDTA for 30 min (bottom) (Frameworks taken from Ref.[%1),

The XRD data (Figure 5.5(b)) showed highly crystalline porphyrin SURMOF and the
crystallinity still remained after cross-linking of the framework. Upon removal of the zinc ions
from the cross-linked SURMOF, the corresponding XRD data did not show any diffraction

signals, indicating the structure was transformed into an amorphous SURGEL.

The SEM images of the cross-linking process within the porphyrin SURMOF-2 structure were
carried out using Zeiss Ultra plus Scanning Electron Microscope, shown in Figure 5.6. The
pristine N3-porphyrin SURMOF shows uniform structure (top). After cross-linking (middle), the
morphology shows no much change, which is still crystalline from the XRD data. After
treatment with EDTA for 30 min (bottom), the SURGEL is formed. The structure of the

SURGEL collapses and is flexible, resulting in non-crystalline structure.
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Figure 5.6 SEM images of the cross-linking process within the porphyrin SURMOF-2 structure
before the cross-linking reaction (top), after the cross-linking (middle), and after treatment with
EDTA for 30 min (bottom) (Frameworks taken from Ref.[1%1).

To confirm the porphyrin-based compounds, UV-Vis spectroscopy is a useful characterization
due to the conjugated structure. Thus, the Ns-porphyrin SURMOF growth on quartz glass was
converted to SURGEL for the UV-Vis measurement. The UV-Vis spectra of N3-porphyrin Zn-
SURMOF 2 growth on quartz glass and the porphyrin SURGEL on quartz glass are displayed in
Figure 5.7. The observation provides direct evidence of the existence of porphyrin in the
SURGEL thin film. Compared with the Nsz-porphyrin Zn-SURMOF 2, the Soret band of the
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porphyrin SURGEL shifts 9 nm to the lower wavelength, which is due to the absence of

coordination of the metal ions.

Soret band —— N,-porphyrin Zn-SURMOF 2
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Figure 5.7 UV-Vis spectra of N3-porphyrin Zn-SURMOF 2 (in black) and porphyrin SURGEL

(in red) on quartz glass. Inset is 5 times magnification of the Q bands.

5.5 Summary

In this chapter, the porphyrin-organic linkers with azide functional groups were used to prepare
the azido-porphyrin SURMOFs and the XRD results confirmed that the obtained structure was
highly crystalline and grown in (001) orientation. The successful modification of the Ns-
porphyrin SURMOF using SPAAC was also proved by XRD and IRRAS in this chapter,
reaching a conversion yield of 75% after 12 h. This experiment offers a robust platform for
attaching various types of functional units into the frameworks. In addition, porphyrin SURGEL
was successfully prepared via cross-linking of N3-porphyrin SURMOF using alkyne-azide click
chemistry and further removing the metal ions by EDTA solution. The obtained SURGEL can be
further functionalized since the alkyne moieties are still available for the post-synthetic
modifications after the SURGEL formation,® which show great potential for additional

applications, for example, to realize an electron donor-acceptor system for photovoltaic device.
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6 Liquid- and gas-phase diffusion of ferrocene in SURMOFs

6.1 Background

One important application of MOFs is guest adsorption, the quantitative information of
adsorption and diffusion of guest molecules within MOFs is crucial for exploring the
mechanisms governing the migration of molecules through the voids of the porous structure.?%!
Therefore, the mass transport of molecules inside MOFs, which is generally characterized by the
diffusion coefficient, is an important evaluation among the performances of MOFs. Up to now,
the gas diffusion of various molecules in different MOF structures has been intensively
studied, 2% as well as a few liquid diffusion cases.[”***Y] However, a comparison between the
gas and liquid mass transfer properties in the MOF is lacking. Among the techniques reported for
measuring diffusivity in MOFs, 2062102122141 5\ approach has been demonstrated to determine
the diffusion constants as low as 10™° m? s, which is suited for MOFs.?®! Additionally, the
SURMOF prepared in a well-defined layer-by-layer fashion is uniform and thickness controlled,

which provides the opportunity for quantitative analyzing dynamic phenomena within MOFs.

In this chapter, the QCM method was applied to investigate the probe molecule uptake in
SURMOF thin films. The probe molecule, ferrocene (Fc), was dispersed in a carrier gas or
dissolved in ethanol or hexane for the gas- and liquid- phase diffusion, respectively. The
diffusion of both the phases was carried out with the identical SURMOF sample of HKUST-1.

6.2 Gas- and liquid- phase adsorption of ferrocene in HKUST-1

The HKUST-1 (represented in Figure 1.3) SURMOFs were prepared on the MUD SAMs
functionalized QCM sensors by the LPE spraying method (Chapter 3.6). The X-ray
diffractogram of HKUST-1 SURMOF confirms crystalline oriented growth, as shown in Figure
6.1. The diffraction reflexes at 5.8<(111), 11.6<(222), 17.5°(333) and 23.3°(444) demonstrate
the crystallinity of the HKUST-1 SURMOF as well as the oriented growth in [111] direction.
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Figure 6.1 X-ray diffractogram of the HKUST-1 SURMOF.

The mass change of the sample on the QCM sensor can be determined by the Sauerbrey equation
(Equation 2.4). The sample thickness was determined from the change of the resonance
frequency f; of the QCM sensor before (4,952,150 Hz) and after (4,951,556 Hz) the SURMOF
synthesis. A SURMOF mass of 10.5 pg cm™ was determined, which corresponds to a SURMOF
thickness of about 100 nm considering the known density of the achieved HKUST-1 is about
0.98 gcm™.

The uptake of ferrocene in the gas phase is performed by connecting a gas flow system to the
QCM cell (Figure 6.2 (a)). A flow rate of 10 mL min™ Ar flow was used as the carrier gas in the
experiment. Before the adsorption of probe molecule, a stable baseline was achieved under Ar
flow. The argon flow is firstly enriched with the vapor of the ferrocene by passing through the
reservoir of the guest molecules. Ferrocene possesses a saturation vapor pressure of about 1 Pa at
room temperature.’® The enriched gas flow is then passed through the QCM cell, where the
guest molecules diffused into the SURMOF permitting the uptake to be studied by the mass
change of the SURMOF on the QCM sensor. It should be noted that the concentration of argon
in MOFs of type HKUST-1 at room temperature and a pressure of about 1 bar is very small.
Therefore, the argon molecules in the pores as well as the diffusion of argon during the uptake of

the guest molecules can be neglected and the activated MOF pores can be considered as empty.
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The ferrocene uptake in the liquid phase was investigated by pumping a ferrocene solution
through the QCM cell (Figure 6.2 (b)). After the stable baseline being obtained by flow of pure
solvent (ethanol or n-hexane), the ferrocene solution was injected into the QCM cell. The
concentration of the ferrocene in both solvents were chosen which correspond to 90% of the

saturation solubilities,me] i.e. 90 mM ferrocene in ethanol and 155 mM ferrocene in n-hexane.

To ensure that the uptake by the SURMOF in both cases is controlled by diffusion in the
nanopores and not by convection through the QCM cell, the flow rates of the gases and liquids
through the QCM cell need to be set large enough. In this case, 10 mL min™ is set for the gas
flow and roughly 1 mL min™ for the liquid phase. Switching from the pure gas flow, or pure
solvent, to the enriched gas flow, or solution, results in the uptake of the guest molecules into
HKUST-1 SURMOF. The mass changes are recorded by the QCM.

b)

pump

- 5 QCM cell
molecule guest-
reservoir pure molecule

solvent solution

Figure 6.2 Setup of uptake experiments from the gas (a) and liquid (b) phase into HKUST-1.

The uptake of ferrocene was repeated several times to avoid the possible deviation. All
experiments were performed at a temperature of 25 <C. Before each experiment, the sample was
activated in a flow of pure argon at 65 <C for several hours, to guarantee that no molecules, such

as water, were adsorbed in the pores and to guarantee reproducible results.

6.3 Comparison of liquid- and gas-phase diffusion of ferrocene in HKUST-1
The uptake curves of ferrocene by the SURMOF recorded by QCM are shown in Figure 6.3.
Figure 6.3 (a) (b) and (c) correspond to the ferrocene adsorption in Ar (gas phase), n-hexane

(liquid phase), and ethanol (liquid phase), respectively. Additionally, in order to compare the
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uptake kinetics, the normalized uptake by the SURMOF from in liquid and the gas phase is
shown in Figure 6.3 (d).
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Figure 6.3 Ferrocene uptake by HKUST-1. The uptake curves of ferrocene vapor in argon
carrier gas (a); of ferrocene in n-hexane (b); and of ferrocene in ethanol (c); are measured by
QCM. For comparison of the uptake kinetics, the normalized uptake by the SURMOF from the
liquid and the gas phase are shown in (d); black is the uptake of the ferrocene vapor, red of the

n-hexanic ferrocene solution and blue of the ethanolic ferrocene solution.

The uptake curves recorded by the QCM enable an analysis of the equilibrium concentration and
of the mass transfer parameter, i.e., the diffusion coefficient. Since the SURMOF pores which
are activated in argon can be considered as empty, the QCM experiments allow a straightforward
quantification of the uptake amount.!”*"?*8 The ferrocene uptake is determined to be 0.11 #+0.02
ug cm’?, which corresponds to roughly 3/4 ferrocene compounds per HKUST-1 unit cell. Since
ferrocene is a solid which slowly sublimates, it can be assumed that the obtained partial pressure

of ferrocene is (significantly) smaller than the saturated vapor pressure of ferrocene, resulting in
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an equilibrium concentration which is (much) smaller than the maximum ferrocene concentration
in the MOF pores.

The uptake from the liquid phase is more complex. The pores are initially filled with the solvent.
When the investigated guest molecules are diffusing into the pores, the solvent molecules are
then displaced. Therefore, the determination of the uptake amount is not straightforward and
requires the knowledge of the densities of the solvent in the MOF pores, with and without
ferrocene. Due to the fact that the mass change is proportional to the ferrocene uptake, the
recorded uptake curves can be used to investigate the kinetic properties and to determine the
diffusion coefficient of the ferrocene compound in solution.

6.4 Calculation of diffusion coefficient

Approximately, the uptake by a thin film, m(t), can be described by an exponential decay

function:

m(t) = meq(1 — exp(—2)) (6.1)
with a time constant of

r=L 42 (6.2)

3D a

where | denotes the film thickness, D is the (transport) diffusivity, a is the surface permeability,
Megq IS the equilibrium loading and t is the time. It was demonstrated that the surface barriers,
which can be described as a reduced thin layer with permeability covering the external crystal
surface, are not an intrinsic feature of metal-organic frameworks as pristine films do not exhibit
these limitations.”*¥) Thus, the surface barriers are neglected and the diffusion coefficient is

expressed by?%%:

lZ

_3‘[

D (6.3)

It was determined from the uptake curves (Figure 6.3) that the ferrocene uptake from the gas
phase proceeds with an average time constant T of 13 + 4 s, from the n-hexanic solution with a
time constant of 4.9 1.1 s and from the ethanolic solutions with a time constant of 5.8 £1.9 s.

The error denotes the standard deviation of the experimental results. By using the equation 6.3
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and using the determined SURMOF thickness | of about 100 nm, the diffusion coefficient D for
ferrocene in the (initially) empty MOF, i.e., of ferrocene during the uptake from the gas phase,
was determined to be (2.5 +0.7) x 10 m? s™. For the uptake from the liquid phase, ferrocene
diffusion coefficients of (6.8 +1.6) x10™° m? s in the n-hexanic solution and (5.6 +1.8) x107*°
m? s in the ethanolic solution were calculated. These experimental findings were reproduced by
an HKUST-1 SURMOF of 110 nm thickness (sample 2), where diffusion coefficients of (1.6 +
0.5) x 10 m? s from the gas phase, (6.0 +0.5) < 10™® m?s™ from the hexanic solution and

(7.5 +£3.1) x10™® m? s from the ethanolic solution were determined, see Figure 6.4.
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Figure 6.4 Diffusion coefficients of ferrocene in HKUST-1. The average diffusion coefficients
with the respective standard deviation are shown for the ferrocene vapor in the argon carrier
gas, for ferrocene in n-hexanic solution and for ferrocene in ethanolic solution. The results of

both samples are shown; spheres: sample 1, squares: sample 2.

These results demonstrate that the uptake from the ferrocene solution by the solvent-filled
HKUST-1 proceeds roughly 3-times faster than the uptake of the ferrocene vapor by the empty
HKUST-1 framework. This is remarkable, since the solvent molecules have to leave the pores to
allow the ferrocene to enter the solvent-filled MOF pores. It may be assumed that the fast
diffusion in the solvent is caused by the interaction of the ethanol or n-hexane solvent molecules,
which occupy attractive adsorption sites in the MOF framework. Thus, the ferrocene molecules
are less strongly adsorbed in the pores and can diffuse faster through the framework. It can be
assumed that the diffusion of small molecules like ethanol and n-hexane is much faster than that
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of ferrocene. Therefore, the counter diffusion of the solvent molecules does not slow down the

ferrocene uptake.

The pore windows of HKUST-1 have a diameter of roughly 0.9 nm, which is significantly larger
than ferrocene with a kinetic diameter of about 0.66 nm."**! The uptake of ferrocene by MOFs of
type Cu,(ndc),(dabco) with pore window diameters of 0.57 nm was investigated.'?®® There, the
diffusion coefficient of ferrocene is three orders of magnitude smaller than in HKUST-1. This
shows that the pore size has a dramatic impact of the diffusion properties, especially if the pore

diameter and the guest molecules have a comparable size.

It should be noted that, due to the fact that the pristine samples were used directly after the
synthesis, surface barriers,?>>?*1 which may hinder the uptake and release of the guest

molecules, are neglected during the analysis of the data.!?*"!

6.5 Summary

The diffusion of ferrocene in MOFs of type HKUST-1 was investigated by using thin MOF films
in combination with QCM. For the first time, the diffusion of the guest molecules in the gas
phase, where the guest molecules are diffusing into an initially empty framework, and in the
liquid phase, where the guest molecules are diffusing into a solvent-filled framework, are
compared. It was found that in the MOF, the diffusion coefficient of ferrocene in the liquid- and
in the gas-phase are in the same order of magnitude; with a ferrocene diffusion coefficient which
is roughly 3-times smaller in the empty MOF (i.e., uptake from the gas phase) than in the liquid-
filled MOF (i.e., uptake from the ferrocene solutions). It may be assumed that other liquids may
have a larger impact on the diffusion and significantly slow down or accelerate the ferrocene

uptake.!*%

Due to their general applicability, SURMOF films in combination with QCM show great
potential for investigating the diffusion of guest molecules in MOFs. Not only the uptake from
the gas and from the liquid phase can be investigated, but also guest-host systems with diffusion
coefficients ranging over at least six orders of magnitude can be studied. So far, mass transfers
with diffusion coefficients in the range of 6 < 10™° m? s'?% to 6 x 10" m? 2% have been

investigated. It might be assumed that even slower or faster diffusion processes can be
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investigated, for instance by fully utilizing the time resolution and by increasing or decreasing
the SURMOF thickness.
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7 Conclusions

A series of porphyrin-based SURMOFs were successfully produced on various substrates using
liquid phase epitaxy (LPE) method in a layer-by-layer fashion. The prepared porphyrin-based
SURMOFs were characterized by XRD and determined to be SURMOF 2 structure, with parallel
1D channels and layers perpendicular to the substrates. The photophysical properties of the

highly oriented, crystalline, homogeneous thin films were investigated in detail.

Free base porphyrin and Pd metalized porphyrin SURMOF, which showed difference of the
symmetry change of the porphyrin structure, were prepared on transparent and conductive FTO
substrates, assembled into photovoltaic devices in a FTO/SURMOF/ (I'/13)/Pt/FTO geometry.
The free base porphyrin Zn-SURMOF 2 and Pd porphyrin Zn-SURMOF 2 exhibited the solar
conversion efficiencies of 0.2% and 0.45%, respectively. The better performance of the Pd-
system was attributed to the high charge carrier generation efficiency. Further calculations
proved that the porphyrin SURMOF 2 structure should be classified as an indirect band-gap
semiconductor. The indirect band-gap for the Pd porphyrin Zn-SURMOF 2 is substantially larger
than the free base porphyrin Zn-SURMOF 2, which is consistent with the better photovoltaic

performance.

Zn(11) porphyrin Zn-SURMOF 2 and DPA- Zn(Il) porphyrin Zn-SURMOF 2 were deposited on
conductive FTO substrates, which were assembled in an all solid photovoltaic device to avoid
the corrosion of liquid electrolyte with an architecture “FTO/(DPA-) Zn(ll)porphyrin Zn-
SURMOF 2/PEDOT: PSS/AI”. The efficiencies are relatively low, 0.006% for Zn(ll) porphyrin
Zn-SURMOF 2 and 0.017% for DPA- Zn(ll) porphyrin Zn-SURMOF 2, respectively. The
reason lies in the relatively low photocarrier mobility and recombination of light induced
electrons and holes within the Zn(Il) porphyrin SURMOF materials. However, the attachment of
DPA groups to the porphyrin decreases the band gap and thus enhances the solar conversion
efficiency. These findings will be helpful for further systematically increasing the energy
conversion efficiency of MOF thin films based photovoltaic devices by designing new MOF thin

film materials.

The Cgo-fullerene loaded free base porphyrin SURMOF was prepared by a novel method during
the synthesis by spraying the Cgo and porphyrin linker in a mixed solution. The UV-Vis spectra
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provided direct evidence of the presence of Cg in the porphyrin SURMOF material. The XRD
data revealed that the Cgo-loaded porphyrin SURMOFs are highly crystalline as well. But
compared to the empty porphyrin SURMOF, the relative intensity of diffraction peak (001) and
(002) decreases, which is due to a change of the form factor as a result from the additional big
molecules (Cgo with large number of atoms) in the unit cell. Experimental results also show that
the introduction of Cgo improves the photocurrent properties. The higher concentration of Cg
loading in the framework, the larger the photocurrent was produced. This study provides a novel
method for loading particles within the pores of MOFs and the enhancement of the photocurrent
properties after loading with Cgo-fullerene offers the opportunity to improve the photophysical

properties by introduction of the acceptors.

Highly oriented and crystalline porphyrin SURMOFs with azide groups (Ns-porphyrin SURMOF)
were prepared on -COOH functionalized gold surfaces. The obtained Ns-porphyrin SURMOF
was functionalized using post-synthetic modification based on strain-promoted azido-alkyne
cycloaddition (SPAAC), which was monitored using IRRAS and XRD measurements. A copper-
free click reaction between Nsz-porphyrin and trimethylolethane tripropiolate was carried out
within the frameworks and following the removal of the metal ions from the frameworks by the
treatment of EDTA, resulting in porphyrin SURGEL. The porphyrin SURGEL, exhibiting
pronounced stability against water, offer a chance to be applied as photosensitizer in
photodynamic therapy and the introduction of other functional groups into the pores of the gels
also enables some potentials applications, for example photosensitive molecules for photo device

application.

SURMOF films in combination with QCM technique show great potential for investigating the
diffusion of guest molecules in MOFs. In this thesis, the diffusion of ferrocene in MOFs of type
HKUST-1 was investigated. It is the first time to compare the diffusion of the guest molecules
from gas phase and liquid phase in the same framework. The results show that the diffusion
coefficient for ferrocene for the uptake from the gas phase is roughly 3-times smaller than during
the uptake from ethanolic and hexanic solutions.
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Metal-organic framework
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Time-dependent density functional theory
Universal force field

University of Oslo
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Valence band maximum
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