
TECHNISCHE UNIVERSITÄT MÜNCHEN 

Fakultät für Chemie 

Chromophore-based Coordination Polymers (CPs) 

as Materials for Optical Applications 

Sebastian Josef Weishäupl 

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität 

München zur Erlangung des Grades eines  

Doktors der Naturwissenschaften (Dr. rer. nat) 

Genehmigten Dissertation. 

Vorsitzender: Prof. Dr. Jürgen Hauer 

Prüfer der Dissertation: 1. Prof. Dr. Dr. h.c. Roland A. Fischer 

2. Prof. Dr. Tom Nilges

Die Dissertation wurde am 12.07.2022 bei der Technischen Universität München 

eingereicht und durch die Fakultät für Chemie am 27.07.2022 angenommen. 



II 

Die vorliegende Arbeit wurde am Lehrstuhl für Anorganische und 

Metallorganische Chemie der Technischen Universität München im Zeitraum 

von Januar 2019 bis Mai 2022 erstellt. 



III 
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Zusammenfassung 

Nichtlineare optische Effekte wie die Multiphotonenabsorption, die 

Summenfrequenzerzeugung und die Frequenzverdopplung sind in der modernen Forschung 

von großem Interesse, da sie für optoelektronische Geräte von großem Nutzen sind. Die 

meisten der in diesem Forschungsbereich verwendeten Materialien sind Chromophore, die 

jedoch durch ihre thermische Instabilität sowie ihr unkontrolliertes Aggregationsverhalten in 

hochkonzentrierten Lösungen eingeschränkt sind. Eine prominente Materialklasse, die sich 

als vielversprechende Alternative zur Verhinderung dieser Probleme anbietet, sind chemisch 

hochgradig anpassungsfähige Koordinationspolymere basierend auf Chromophoren (CPs). 

Zudem können durch den Einbau von Chromophoren als Linker die photophysikalischen 

Eigenschaften der Materialien aufgrund der Einschränkung der strahlungsfreieren 

Abregungswege verbessert werden.  

Die vorliegende Arbeit ist in drei Teile gegliedert: Der erste und zweite Teil befasst sich mit 

den Verstärkungseffekten der Multiphotonenabsorption von Push/Pull-Chromophoren, die 

durch den Einbau in Koordinationspolymere erzeugt werden. Der dritte Teil dieser Arbeit 

untersucht neuartige perylenbasierte CPs für die photokatalytische Singulett-

Sauerstofferzeugung. 

In der ersten Studie wurde ein neues dipolares Push/Pull-Chromophor, Dipropyl-9-(4-

nitrophenyl)-carbazol-3,6-dicarboxylat (H2CbzNO2), synthetisiert und anschließend strukturell 

und photophysikalisch durch Röntgeneinkristallbeugung, UV/Vis- und Photolumineszenz 

(PL)-Spektroskopie vollständig charakterisiert. Dabei zeigte sich im Absorptionsspektrum des 

Chromophors eine rotverschobene TICT-Bande (Twisted Intramolecular Charge Transfer) mit 

zunehmender Lösungsmittelpolarität. Darüber hinaus wurde der Festkörper des Materials in 

Pulverform mit Hilfe der PL-Spektroskopie hinsichtlich seiner Photolumineszenzeigenschaften 

untersucht. Dabei wurde eine Festkörperemission bei 520 nm festgestellt, die auf die Bildung 

von Excimeren zurückzuführen ist.  

In der zweiten Studie wurden drei neue, stark MPA-aktive Koordinationspolymere 

Zn2(sbcd)(DMAc)2(H2O)1.5, Sr(fbcd)(DMAc)0.25(H2O)3.5 und Ba(fbcd)(DMAc)2.5(H2O)1.5 

synthetisiert, die auf zwei carbazolhaltigen Linkermolekülen basieren: ein bereits 

literaturbekannter Linker 9,9'-Stilben-bis-carbazol-3,6-dicarbonsäure (H4sbcd), sowie einen 

neuen Linker 2,7-Fluoren-9,9'-dimethyl-bis-carbazol-3,6-dicarbonsäure (H4fbcd). Die 

Einkristallstrukturanalyse der CPs zeigte, dass das Zink-basierte Koordinationspolymer als 

2D-CP in sql-Netzwerktopologie kristallisiert, während die isostrukturellen Barium- und 

Strontium-haltigen 2D-CPs in einer 4,8-verbundenen Netzwerktopologie kristallisieren. Die 

Z-Scan-Analyse der synthetisierten Materialien zeigt große Zwei-Photonen-Querschnitte von 

2100 bis 33300 GM, was eine Verbesserung um bis zu drei Größenordnungen im Vergleich 
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zu den solvatisierten Linkermolekülen darstellt. Behält man das Molekül H4fbcd als Linker bei, 

wählt zugleich aber andere Metallionen für die sekundäre Baueinheit (SBU), so zeigt das 

Strontium basierende CP einen dreifach höheren Zwei-Photonen-Querschnitt als das Barium 

basierende Material. Dieses Verhalten könnte dabei auf den geringeren intermolekularen 

Carbazol-Carbazol-Abstand (3,39 Å bis 3,65 Å) im Strontiumgerüst zurückzuführen sein, da 

die Carbazoleinheiten den Charge-Transfer bestimmen, was wiederum zu höheren Zwei-

Photonen-Querschnitten führt. 

Der dritte Teil dieser Arbeit befasst sich mit der Synthese und Charakterisierung eines 

neuartigen 2D-Koordinationspolymers auf der Basis eines Perylendiimids (PDI) 

Zn(tpdb)(DMF)3, das in einer solvothermischen Synthese von Zinknitrat in DMF mit dem in der 

Literatur bekannten 1,6,7,12-Tetrachlorperylendiimid-N,N'-di-benzoesäure (H2tpbd) erhalten 

wurde. Die Einkristallanalyse, sowohl des Linkers, als auch des Koordinationspolymers, zeigt 

eine starke Aggregation der dicht gepackten Chromophore, die auf den starken π-Stacking-

Effekt der PDI-Einheiten zurückgeführt werden kann. Anschließend wurden die 

photophysikalischen Eigenschaften untersucht und diskutiert, einschließlich der 

unterschiedlichen Verschiebungen der Absorptions- und Emissionsbanden in den jeweiligen 

Spektren. Schließlich wurden die synthetisierten Materialien in der Photosensibilisierung von 

Triplett-Sauerstoff zu Singulett-Sauerstoff unter Verwendung von 1,3-Diphenylisobenzofuran 

(DBPF) als Trapping-Agent getestet. Dabei zeigen sowohl das CP als auch das freie 

Linkermolekül eine effiziente Photosensibilisierungsaktivität, was zeigt, dass die 

Peryleneigenschaften nach dem Einbau in Koordinationspolymere erhalten bleiben.    
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Abstract 

Non-linear optical effects such as multiphoton absorption, sum frequency generation and 

second harmonic generation are of high interest in modern research as they are highly 

applicable for optoelectronic devices. However, most of the commonly materials used in this 

research field are chromophores, which are limited by their thermal stability, as well as their 

uncontrolled aggregation behaviour in highly concentrated solutions. A prominent material 

class, which represents themselves as a promising alternative to overcome those problems, 

are chromophore-based coordination polymers (CPs), since they are highly chemically 

tuneable and by incorporating chromophores as linkers, the photophysical properties can be 

enhanced due to the restriction of radiationless energy decay pathways.  

This thesis presented is divided into three parts: The first and second part deals with 

enhancement effects of multiphoton absorption of push/pull chromophores through the 

incorporation in coordination polymers. The thrid part of this thesis is investigating novel 

perylene-based CPs for photocatalytic singlet oxygen generation. 

In the first study, a novel dipolar push/pull chromophore dipropyl-9-(4-nitrophenyl)-carbazole-

3,6-dicarboxylate (H2CbzNO2) was synthesized and subsequently structural and 

photophysical fully characterized using single-crystal X-ray diffraction, UV/Vis and 

photoluminescence (PL) spectroscopy. Thereby, the absorption spectrum of the chromophore 

revealed a red-shifting twisted intramolecular charge transfer (TICT) band with increasing 

solvent polarity. Furthermore, the solid-state powder of the material was investigated towards 

its photoluminescence properties by means of PL spectroscopy, revealing a solid-state 

emission located at 520 nm, which can be attributed to excimer formation.  

In the second study, three novel highly MPA active coordination polymers 

Zn2(sbcd)(DMAc)2(H2O)1.5, Sr(fbcd)(DMAc)0.25(H2O)3.5 and Ba(fbcd)(DMAc)2.5(H2O)1.5 were 

synthesized, derived from two carbazole containing linker molecules: a previously reported 

9,9’-stilbene-bis-carbazole-3,6-dicarboxylic acid (H4sbcd) and a new linker 2,7-fluorene-9,9’-

dimethyl-bis-carbazole-3,6-dicarboxylic acid (H4fbcd). Single-crystal structure analysis of the 

CPs showed, that the zinc-based coordination polymer is crystallizing as 2D-CP with sql 

network topology, whereas the isostructural barium and strontium containing 2D-CPs are 

crystallizing in a 4,8-connecting network topology. Z-scan analysis of the synthesized 

materials shows large two-photon cross sections of 2100 to 33300 GM, which is an 

enhancement of up to three orders of magnitude compared to the solvated linker molecules. 

When retaining the molecule H4fbcd as a linker but selecting different metal ions for the 

secondary building unit, the strontium-based CP shows a threefold higher two-photon cross 

section than the barium derived material. This behaviour may originate from the smaller 

intermolecular carbazole-carbazole distance (3.39 Å to 3.65 Å) in the strontium framework, as 
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the carbazoles units are determining the charge-transfer character, which in turn renders 

higher two-photon cross sections.  

The third part of this thesis deals with the synthesis and characterization of a novel peryelene-

diimide (PDI)-based 2D-coordination polymer Zn(tpdb)(DMF)3 obtained from a solvothermal 

synthesis of zinc nitrate in DMF with the literature known 1,6,7,12-tetrachloroperylenediimide-

N,N’-di-benzoic acid (H2tpbd). Single-crystal analysis of both linker and coordination polymer 

reveals a strong aggregation of tightly packed chromophores which can be attributed to the 

strong π-stacking effect of PDIs. Subsequently, the photophyiscal properties are examined 

and discussed, including the different shifts of absorption and emission bands in the respective 

spectra. Finally, the synthesized materials are tested in photosensitization of triplet oxygen to 

singlet oxygen using 1,3-diphenylisobenzofurane (DBPF) as trapping agent. Thereby, both 

the CP and the free linker molecule show an efficient photosensitizing activity, showing that 

the perylene properties can be retained after incorporation in coordination polymers.   
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1 Introduction 

Optics is the field of physics, which deals with the interaction of light and matter i.a. diffraction, 

absorption and scattering. These interactions provide us with visual feedback about our 

world.1 Thereby, the matter consists of an assembly of atoms, which are mostly positively 

charged and surrounded by the negatively charged electrons. As a consequence, the induced 

light primarily interacts with the valence electrons of the valence shell leading to electronic 

polarization of the matter induced by the incident light.2  

However, the subgroup optics as a part of physics can be divided into two subfields: the linear 

and nonlinear optics. The linear optics describes the absorption and emission of linearly 

behaving light. For example, if one photon is absorbed, then one photon is being reemitted. 

In contrast, the nonlinear optics, where the light behaves nonlinearly e.g. two photons are 

absorbed and only one photon double the energy is being reemitted.3 

One possible material class, which is showing such photophysical activity are coordination 

polymers (CPs). CPs describes the general term for inorganic-organic hybrid materials, which 

are normally composed of metal ions (inorganic part) bridged by linker molecules (organic 

part), forming a variety of architectures ranging from one-dimensional chains to 3D porous 

frameworks.4-6 Depending on the valency of the metal ions and thereof the formed secondary 

building unit (SBU) consisting of metal-oxoclusters, different types of geometries i.a. 

tetrahedral, square-planar and octahedral architectures can be constructed, which determines 

the dimension of the CP.7-8  

A property determining unit of CPs are their linker molecules, which are compromising donor 

functionalities, usually carboxylic acids or pyridyl-groups, connecting the SBUs as a linker to 

a chain or network.5 Furthermore, the incorporation of linker molecules already shows the 

great potential that this material class offers to insert the properties of functional linkers into 

coordination polymers achieving a different photophysical response due to linker-linker 

interaction through aggregation (Fig. 1).9  
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Fig. 1: General concept of the incorporation of functionalized linker molecules into coordination polymers in order 

to achieve different photophysical properties. 

   

As chromophores intrinsically show outstanding photophysical properties, this dissertation 

deals with the general approach of chromophore-based linker molecules, which are 

incorporated into coordination polymers for enhanced optical properties towards nonlinear 

applications like two-photon absorption (TPA) (cf. Chapter 1.1) as well as linear optics such 

as energy transfer and light harvesting (cf. Chapter 1.2), which will be further elucidated in the 

following.    

1.1 Multiphoton absorption active crystalline coordination polymers (CPs) 

1.1.1 Nonlinear optics 

Nonlinear optics (NLO) is one of the subdisciplines of modern physics, which has a 

tremendous influence on today’s optics and laser physics.10 NLO is the investigation of various 

kinds of light-induced phenomena of a material, that occurs by the nonlinearly interaction of 

light and matter and is typically only observed with high intensity laser lights.11  

The origin of nonlinear optics was marked by the investigations of Franken et al. in 1961, 

where they first observed a second harmonic generation of blue light (λ = 347 nm) with a 

pulsed ruby laser (λ = 347 nm) into a quartz crystal, subsequent to the invention of the first 

working laser by Maiman in 1960.12-13 
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Up to now, there are several processes that belong to the group of NLO such as second 

harmonic generation (SHG), sum frequency generation (SFG) and two-photon absorption 

(TPA) (Fig. 2).14   

 

Fig. 2: Jablonski diagram for the NLO process of SHG (left), SFG (middle) and TPA (right).15 

 

Thereby, SHG, also called frequency doubling, is a second order nonlinear optical process, 

where two photons with an optical frequency ω are mediated by two virtual states to a single 

photon with doubled frequency of 2ω.16 

Furthermore, SFG is also a second order nonlinear optical process, in which two input laser 

beams with two different frequencies ω1 and ω2 are overlapped on a surface in order to create 

a third beam which has the sum frequency ω3 of the two separate beams (ω3= ω1+ ω2). This 

is also the main difference to the SHG, where only one input laser beams is used to generate 

the combined beam.17  

The last process, which is one of the key-processes further discussed in the next chapter, is 

described as two-photon absorption (TPA), a third order nonlinear optical process where two 

photons are involved or multiphoton absorption (MPA), where three or more photons are 

absorbed.  

Thereby, the main difference of TPA compared to SHG and SFG is that the electrons are 

excited to virtual states (dashed lines) with very short lifetimes, whereas for the TPA real 

eigenstates of the material are involved (continuous lines) with longer lifetimes possible.   
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1.1.2 Multiphoton absorption as a NLO process 

The process of multiphoton absorption (MPA) was first analytically described by Maria 

Göppert-Mayer in 1931, with virtual eigenstates as a key factor for her theory. However, the 

probability to observe such a MPA process was too small with the light sources available at 

that time.17 Enabled by the laser technology, Kaiser and Garrett were able to deliver the 

missing experimental proof 30 years later, with the first report of a two-photon excitation in a 

fluorescent CaF2:Eu2+-crystal in 1961.18  

This process of multiphoton absorption can be described by two theories: the semiclassical 

and the quantum theory of radiation.19-21  

Regarding the semiclassical theory, the media is specified by theory of quantum mechanics, 

whereas the induced light is defined by the Maxwell theory. However, the main feature in this 

theory is an explicit expression for the non-linear electric polarization of an optical medium. It 

is generally known, that the polarization vector �⃗�   is defined by the summation of the light field-

induced electric-dipole-moment of all molecules within an unit volume. If a weak light field from 

an incoherent light source is applied, �⃗�  is proportional to the electrical field E⃗⃗ , which leads to 

the following equation: 

  

�⃗� = �⃗� (1)(𝜔) = 𝜖0𝜒
(1)(𝜔)�⃗� (𝜔)                                                         (1.1) 

 

Here 𝜒(1) is the first order susceptibility of a given medium and ϵ0 is the free space permittivity. 

In general, 𝜒(1)(𝜔)  is a complex parameter in the form of a second-rank tensor, whereas its 

real part is described by the refractive index of the medium, while its imaginary part determines 

the linear one-photon absorption.22 To consider the nonlinear absorption of strong 

monochromatic coherent light of frequency ω, the equation (1.1) is generalized to equation 

(2):  

 

�⃗� = �⃗� (1)(𝜔) + �⃗� (3)(𝜔) + �⃗� (5)(𝜔)… = 𝜖0[𝜒
(1)(𝜔)�⃗� (𝜔) + 𝜒(3)(𝜔,𝜔,−𝜔)�⃗� (𝜔)�⃗� ∗(𝜔)�⃗� (𝜔) +  

χ(5)(ω,ω,−ω,ω,−ω)E⃗⃗ (ω)E⃗⃗ ∗(ω)E⃗⃗ (ω)E⃗⃗ ∗(ω)E⃗⃗ (ω) + ⋯                                                                        (1.2) 

 

In equation (1.2), E⃗⃗ ∗(𝜔) is the complex conjugate of the electric field and 𝜒(3)(𝜔, 𝜔,−𝜔) the 

third order susceptibility of the nonlinear absorbing material.  

Though, the semiclassical theory treats light waves as classical electromagnetic field with no 

quantized concept of photons, which means that it does not describe a rigorous concept of 

the elementary processes of MPA.21 The better theory to describe such MPA processes is the 

quantum theory of radiation (Fig. 3). 
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Fig. 3: Schematic representation of the 1PA, 2PA and 3PA process, whereby solid lines are representing real eigen 

states and dashed lines intermediate states; Eg is the ground state and Ef the final state. 

 

For a one photon absorption process (1PA), one photon is absorbed (I), which excites the 

medium from the ground state Eg to the final state Ef, subsequently with relaxation back to Eg 

via emission of one photon (II). In contrast to 2PA, where the whole absorption process can 

be seen as a two-step event. At first one photon is absorbed with the energy hω (I), whereby 

the medium leaves the Eg to a virtual intermediate state. In the next step another photon is 

absorbed exciting the medium from this virtual state to the real final state Ef (II), followed by a 

relaxation back to the ground state of only photon with the hω’ (III). The connection between 

the ground and the final state is the intermediate state, where the status of the molecule may 

stay in all its possible eigenstates, except Eg and Ef, with a certain probability of distribution. 

For this reason, the residence time of the initial state should be infinitely short. Thereby, this 

means that the virtual “two-step” process, is actual a one-step process, where both steps 

happen simultaneously.21 The mechanism for three or more photons can be described 

accordingly, but the energy conservation has to be fulfilled in every case.   

However, for the quantification of these processes, the attenuation of light beam passing 

through the optical with equation (1.3) has to be considered:2, 21, 23 

 

𝑑𝐼(𝑧)

𝑑𝑧
= −𝛼𝐼(𝑧) − 𝛽𝐼2(𝑧) − 𝛾𝐼3(𝑧) − ⋯                                                (1.3) 

 

Here 𝐼(𝑧) is the intensity of the light source beam propagating the medium along the Z-axis, 

𝛼, 𝛽 and 𝛾 are the respective one-, two- and three-photon absorption coefficients. For a 
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two-photon process, it can be assumed that there is no linear absorption at the certain 

wavelength of the incident light and only 2PA takes place. Thus, equation (1.3) can be 

simplified and solved leading to equation (1.4):21, 23 

𝑑𝐼(𝑧)

𝑑𝑧
= −𝛽𝐼2(𝑧)  →  𝐼(𝑧, 𝜆) =

𝐼0(𝜆)

1 + 𝛽(𝜆)𝐼0(𝜆)𝑧
 (2𝑃𝐴)                                 (1.4) 

 

where 𝐼0(𝜆) is the incident light intensity and 𝛽(𝜆) is the wavelength dependant 2PA 

coefficient. This 2PA coefficient is a macroscopic parameter that is strongly dependent on the 

concentration, whereby 𝛽(𝜆) in (1.4) can be further expressed (1.5):2, 21, 23 

 

 𝛽(𝜆) = 𝜎′(2)(𝜆)𝑁0 = 𝜎′(2)(𝜆)𝑁𝐴𝑑0 × 10−3                                              (1.5) 

 

Thereby 𝜎′(2) is the molecular two-photon cross section of the medium, 𝑁0 is the molecular 

density, 𝑁𝐴 is the Avogadro’s number and 𝑑0 is the molar concentration. 

𝜎′(2)(𝜆) is a directly measurable variable, nevertheless it is common to use another parallel 

expression for the two-photon absorption which is given by equation (1.6):2, 21, 23 

 

𝜎(2)(𝜆) = 𝜎′(2)(𝜆) ∙ ℎ𝜈                                                                (1.6)  

 

with ℎ𝜈 as the photon energy of the incident laser beam. 

These equations are needed for the quantification and interpretation of NLO processes. The 

second step is to find materials that are able to show such characteristics. Prominent material 

classes that are mostly studied in the context of such MPA activity are organic chromophores 

and inorganic nanoparticles. Although, these materials classes show great MPA properties, 

they suffer from several disadvantages like uncontrolled aggregation and low thermal stability, 

which already limits their applicability.24 One possible material class, which could overcome 

those problems are crystalline coordination polymers (CPs), which will be further outlined in 

the following.25-26     

1.1.3 The topology of Coordination Polymers (CPs)   

One of the most prominent examples for this materials class of MOFs and CPs, the MOF-5 

(in analogy to famous zeolite ZSM-5), was synthesized by the group of O. M. Yaghi in 1999, 

a Zn4(O)O12C6 cluster connected via benzene-dicarboxylic acid (H2BDC) forming a 3D 

framework (Fig. 4).27  
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Fig. 4: Single-crystal x-ray analysis of MOF-5, with a yellow ball representing the cavity. Colour coding: Oxygen: 

Red sphere, Carbon: Black sphere, tetrahedral Zinc: blue tetrahedron.27 Reprinted with permission from Nature 

Publishing Group, copyright 1999. 

 

As a consequence, the synthesis and design of these novel materials were attracting more 

and more attention as they have shown to be applicable in gas storage, catalysis, biomedicine, 

optics and sensing caused by their unique structure properties.28-38 Furthermore, this variety 

of properties led to more than 20.000 CP and MOF structures with similar amounts of novel 

network topologies, which already show the enormous potential of the materials class.39 More 

specific subgroups of coordination polymers are (I) coordination networks (CNs), which are 

one dimensional coordination chains with cross-links to two or more individual chains, forming 

two or even three-dimensional networks and (II) metal-organic frameworks (MOFs), which are 

coordination networks with potential voids.40-41 These MOFs were later classified by 

S. Kitagawa into 1st-generation MOFs, where the framework collapses upon solvent removal, 

2nd-generation MOFs, where the Framework is stable upon solvent removal and 

3rd-generation, where MOFs exhibit flexibility and responsivity (phase transition) upon solvent 

removal.42   

However, several factors have to be taken into account which influence the properties of the 

CPs: choice of metal node and linker, coordination geometries of linker and SBU, secondary 

interactions like hydrogen bonding, π-π interactions or metal-to-ligand interactions 

determining the materials properties.6 All of these interactions are dependent on the linker 

arrangement in the CP, which in turn leads to reticular chemistry, describing the chemistry of 

linking molecular building blocks to extended frameworks.43-45 For a better abstraction of these 

connected networks, they can be simplified and classified by reducing their linkers and SBUs 

to their connectivity in order to create network topologies. It can be reduced as follows: MOF-5 

has 2-connecting linker and a 6-connecting SBU, which forms a (2,6)-connecting network (Fig. 
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5). This connected net can now be searched in the topology database, where all of the known 

topology are listed in three letter codes, e.g. MOF-5 with its (2,6)-connecting net is listed as 

the pcu topology.46 

 

 

Fig. 5: Components of MOF-5 showing the 6-connecting SBU (red octahedron) and the 2-connecting linker (ball 

and stick) forming the (2,6)-connecting network.46 Reprinted with permission from American Chemical Society, 

copyright 2014. 

 

This topology now can be retained with different linkers, as long as the connectivity of the 

building blocks stays the same and the elongation does not lead to framework interpenetration. 

An exemplary study was performed by the group of Yaghi in 2002 with their IRMOF series, a 

study with the same SBU with different 2-connecting linker molecules leading to a series of 16 

isoreticular pcu MOFs (Fig. 6).47 
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Fig. 6: Single crystal X-ray structures of the IRMOF series. Note: The doubly interpenetrated IRMOFs (9, 11, 13 

and 15) are not shown. Colour coding: Oxygen: Red sphere, Carbon: Black sphere, Nitrogen: blue sphere, 

tetrahedral Zinc: blue tetrahedron.47 Reprinted with permission from Science, copyright 2002. 

       

With this crystal engineering tool by the choice of SBU and linker connectivity, different 

arrangements of chromophores inside the network can be achieved, in order to get a better 

property-structure relationship. Therefore, different design principles towards MPA active CPs 

have to be established.  

1.1.4 Linker Design Principles for MPA active CPs 

In contrast to simple CP synthesis which is only dependent on the Linker-SBU interaction, 

MPA active CPs can be designed in many ways, e.g. by using open shell metal precursors for 

the SBU, by introducing MPA active guests inside the pores, or by using MPA active linkers 

as chromophores.48-50 However, this thesis focuses only on the synthesis of CPs with 

photophysical “silent” metals, where the MPA character originates from the linker molecule in 

order to deepen the understanding of a MPA-structure-property-relationship. 

From an electronic structure and photophysical point of view, there is a strong correlation 

between an intramolecular charge transfer for the linker itself and multi-photon absorption.51-

52 This results in ideal molecular features for high MPA active chromophores. Since molecules 

with charge transfer processes show high MPA values, it seems that an electron-rich π-donor 

group, an electron poor π-acceptor or both of them are beneficial (Fig. 7).53 Additionally, an 
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extent of the conjugated system has been identified to be important for a better charge 

separation through the chromophore.54-56  

 

 

Fig. 7: Molecular structure motifs for MPA chromophores. Red ball = electron acceptor group, Blue ball = electron 

donor group. Note that for octupolar depictions the donor and acceptor groups can also be interchanged.21 

 

Reinhardt et al. published three general types of molecular designs for chromophores: 

quadrupolar chromophores are symmetrical and consist of electron rich aromatic rings with 

either two donor or acceptor groups or one donor/acceptor group 

surrounded/enclosed/sandwiched by two acceptor/donor groups. Dipolar chromophores are 

asymmetrical molecules, consisting of electron rich aromatic rings with an electron donor and 

electron acceptor group.57 The third type are octupolar chromophores, where the electron 

acceptor and donor groups are arranged spatially for example trigonal, tetrahedral and 

octahedral configuration.58 These types could also be described applying the “push-pull” 

concept. Therefore, “push-push” means donor-donor interaction, whereas “pull-pull” defines 

acceptor-acceptor groups interactions, “pull-push-pull” and “push-pull-push”, or “push-pull” for 

the dipolar ones, as well as the push and pull arrangement for the octupolar molecules. As it 

follows, in the simplest way, a strong intramolecular charge transfer can be achieved by 

incorporating an electron donor and acceptor group bridged with an aromatic system.  
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As stated above, the chromophores itself suffer from divers limitations with respect to MPA 

activity, through uncontrolled aggregation in high concentrated solutions and low thermal 

stability.24, 59 Therefore, the incorporation of these chromophores into CPs are perfect 

candidates to overcome those limitations. Additionally, the incorporation of linker molecules 

already increases the emissive properties due to the restriction of the radiationless energy 

channels caused by the restricted conformation of the linker between the metal centres.60 This 

is one of the biggest advantages of MOFs and CPs compared to other materials. Additionally, 

in case of transition metals, metal-to-ligand charge transfer bands (MLCT) or ligand-to-metal 

charge transfer (LMCT) bands introduces new charge transfer bands, which can also render 

higher NLO properties than it would be found for the linker itself. But still, the NLO responses 

for CPs are primary defined by the ligand, if photophysically silent metals with closed electron 

shells are used.58     

1.1.5 Benchmark MPA active CPs 

The first reported MPA active CP was by Vittal and co-workers in 2015, where they 

incorporated a 4-connecting anthracene based linker An2py (trans,trans-9,10-bis(4-

pyridylethenyl)anthracene), into a pillar-layered MOF, [Zn2(sdc)2(An2Py)].61  An2Py is a 

perfect role model for towards of MPA active ligands, as it is composed of pyridyl groups acting 

as electron withdrawing groups. Based on this work, the ligand An2Py and its derivatives 

represent themselves as a promising ligand motif for further studies.  

 

 

Fig. 8: (a) An overview of the used ligands in the construction of the MOFs in the study by Vittal and co-workers. 

(b) The measured TPA action cross-sections (upper panel) and TPA cross-sections (lower panel) of the respective 

MOFs.62 Reprinted with permission from American Chemical Society, copyright 2017. 

 

The group of Vittal and co-workers embarked upon a first systematic study to investigate 

structural effects on TPA properties of MOFs.62 They synthesized and characterized a series 
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of nine MPA active MOFs (Fig. 8), all composed of 4-connecting A-π-D-π-A linkers (A = 

electron acceptor; D = electron donor) using a similar construction principle (pyridine working 

as electron acceptor group): An2Py, AnEPy (= trans, trans-9,10-bis-(4-

pyridylethynyl)anthracene) and BPEB (= 1,4,-bis[2-(4-pyridyl)ethenyl]-benzene). Reaction of 

these bipyridine pillar linkers with different ZnII precursor and co-ligands (BDC = benzene 

dicarboxylic acid, BPDC = biphenyl dicarboxylic acid, BTC = benzene tricarboxylic acid and 

SDC = trans,trans-4,4’-stilbene dicarboxylic acid) resulted in the respective series of pillar-

layered MOFs: 1 = [Zn2(SDC)(An2Py)], 2 = [Zn2(BPDC)(An2Py)], 3 = [Zn2(BDC)(An2Py)], 4 = 

[Zn2(SDC)(AnEPy)], 5 = [Zn2(BPDC)(AnEPy)], 6 = [Zn2(BDC)(AnEPy)], 7 = [Zn(BTC-

H)(An2Py)], 8 = [Zn(BTC-H)(BPEP)], 9 = [ZnSiF6(An2Py)]. 

Nonetheless, the analysis of the collected two-photon responses showed no clear structural 

trend. The reason for the different behaviour results from a couple of interplaying factors, such 

as conjugation degree of the auxiliary linker, linker rotation within the frameworks or possible 

pores, induced by the systematic variation of the length and connectivity of the auxiliary ligand 

and the responding alternation in MOF structure. However, the nature of the 2PA cross 

sections of the used ligands (An2Py > AnEPy > BPEP) was transferred to the MOFs and all 

MOFs showed higher TP brightness than their respective ligands, which confirmed the 

success of incorporating chromophores as linkers inside the MOFs while enhancing its MPA 

activity. 

In 2017, Fischer and co-workers studied a series of zirconium and hafnium based MOFs 

assembled from H4TCPE (tetrakis[4-((4-carboxylato)phenyl)phenyl]ethylene) chromophore, 

PCN-128(Zr,Hf) and PCN-94(Zr, Hf). They systematically varied the parameters 

affecting/influencing the chromophores, such as the electron withdrawing capacity of the 

metal-oxo-clusters, the ligand deformation of linkers and the variation of underlying structure 

motifs (cubic vs. hexagonal space group symmetry) (Fig. 9).63 Using the internal-standard 

MPEF method (IT-MPEF) with rhodamine B as standard, the authors measured strong two-

photon excited fluorescence (2PEF)  with action cross-section values reaching 3582 GM. 

They revealed a couple of governing parameters responsible for the enhanced NLO response: 

(I) differences in the charge distribution of the used linker, due to enhanced electron 

withdrawing of the metal-oxo clusters initiated by coordinating trifluoroacetic acid co-ligands; 

(II) structure depending framework forces, which lead to a ligand deformation accompanied 

by its 2PA properties; (III) higher TPA cross sections calculated for the unit-cells of the MOFs 

as a direct consequence of the  spatial arrangement of chromophores within the framework.  
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Fig. 9: (a) The depiction of the investigated materials by Fischer et al. (b) The measured 2,3, and 4PA action cross-

sections of the MOFs. (c) An overview of the theoretical study towards linker deformation and charge polarization 

in the framework.63 Reprinted with permission from John Wiley and Sons, copyright 2017. 

 

A further step for establishing a structural-MPA-property relationship was conducted by 

Fischer and co-workers in 2019.50 The authors investigated two CPs, [Zn2(TPBD)(DMAc)2] 

and [Cd2(TPBD)(H2O)4], consisting of the push-pull linker H4TPBD 

(tetrakisphenylphenylenediamine), which was designed following synthetic guidelines of 

multiphoton absorbers as stated in the beginning. According to the authors, the 3D-CP 

[Cd2(TPBD)(H2O)4] showed an one order of magnitude higher TPA efficiency than the 2D-CP 

[Zn2(TPBD)(DMAc)2], which was explained as a result of denser packing, type and strength of 

excited state delocalization ultimately affecting the electronic structure of the CPs (Fig. 10).  

 

 

Fig. 10: (a) The measured TPEF spectra of [Zn2(TPBD)(DMAc)2] and [Cd2(TPBD)(H2O)4. (b) The integrated TPEF 

areas at different laser intensities and the corresponding TPA cross-section ratio. (c) The TPBD packing motifs in 

the CPs (left: [Zn2(TPBD)(DMAc)2]; right: [Cd2(TPBD)(H2O)4]).50 Reprinted with permissions from American 

Chemical Society, copyright 2019. 
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Very recently, Vittal and co-workers published another structure-activity study on the H4tcpe 

linker molecule mixed with different stilbene based pillar ligands and zinc as metal precursor, 

in order to synthesize 5 MOFs with different pillar ligands (Fig. 11).64 Thereby, the 2D MOF 

without a pillar ligand shows a two-photon absorption action cross section ησ of up to 

7 x 107 GM, which is three orders of magnitude higher than state-of-the-art organic 

lumophores and is up to now, the highest MPA cross section ever reported for MOFs and CPs. 

In comparison, the other MOFs with the additional pillar ligands in between only show lower 

two-photon absorption action cross section of roughly 100 GM. The authors explained this 

phenomenon by the additional aromatic cores between the chromophore layers introduced by 

pillar ligands, which is slowing down the charge transfer from layer to layer, whereas the MPA 

performance is decreasing.   

 

 

Fig. 11: (a) Depiction of the synthesized pillar layers CPs 1-5 by Vittal and co-workers. (b) Two-photon action cross 

section ησ of the synthesized CPs 1-5.64 Reprinted with permissions from John Wiley and Sons, copyright 2022. 

 

1.2 CPs as light harvesting materials 

One of the biggest challenges, that mankind has to face, is anthropogenic global warming 

initiated through emission of greenhouse gases (e.g. CO2, NOx).65 In contrast to that, the 

worldwide energy usage is rapidly increasing, which in turn leads to an enhanced scarcity of 

resources. Therefore, a conversion of these greenhouse gases back into valuable chemicals 

is in the focus of current research. However, a view in nature pinpoints a process, the 

photosynthesis, where plants, algae, bacteria and other organisms use the sunlight to convert 

CO2. This biochemical process is one of the most fundamental processes assuring life on 

earth. Hereby, light-absorbing dyes such as chlorophyll are utilized to convert light energy into 

chemical energy. This energy is then used to create energy-rich organic compounds, primarily 

carbohydrates, from low-energy inorganic substances as carbon-dioxide and water.66 The 

sum of all renewable energy, that would theoretically be available from all sources within one 

year, is equivalent to the amount of usable energy that reaches the earth in the form of sunlight 
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within one hour. This shows the enormous potential of the sun as an energy source, whereby 

in the long term, it will be of eminent importance for humanity to convert, use and store the 

energy provided by solar radiation in an affordable model. Therefore, mimicking the 

fundamental reactions of the natural photosynthesis by building and constructing an efficient, 

robust and economic artificial leaf is a significant task.66-67 

There are two decisive steps of natural photosynthesis: the photochemical splitting of water 

and the reduction of CO2, which take place in photosystem I and photosystem II.66-68  

In palm cells the electron transfer takes place in the thylakoid membrane located in the inner 

part of the chloroplast (Fig. 12).  

 

Fig. 12: Schematic representation of the electron transfer chain inside a thylakoid membrane.69 Reprinted with 

permission from Frontiers in Plant Science, copyright 2013. 

 

By absorbing light, electrons are first released from the reaction centers of the chlorophyll. 

These electrons are then transferred via various electron-transfer mediators of the 

photosystems, which starts a series of redox reactions. Thereby, the mediators are arranged 

spatially so that the electron transfer is directed from the inner to the outer part of the 

membrane.70  

To mimic, use and apply these natural processes for synthetic photoactive materials, it is of 

great importance to understand the energy transfer inside, since this is the crucial step for a 

high efficiency process.  

 

1.2.1 Types of Energy Transfers (ET) in CPs 

Due to the synthetic bandwidth of MOF designs as indicated in the chapters above, 

functionalized chromophores can be directly utilized as linker molecules in CP synthesis. This 

enables the possibility of unique directed energy transfers (ET), a generic term for charge 
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transfer, inside the solid framework through four different pathways inside the solid framework: 

host-guest, ligand-to-metal, metal-to-metal and ligand-to-ligand (Fig. 13).71-74 

 

 

Fig. 13: A schematic representation of the different types of energy transfers inside the framework.71 Reprinted 

with permission from John Wiley and Sons, copyright 2015. 

 

Due to its pore structure, MOFs enable the possibility of inserting chromophore molecules as 

guests inside the framework. In turn, this leads to possible host-to-guest or guest-to-host ET 

processes. In 2013 Sun and co-workers studied this phenomenon of efficient host-guest 

interaction through adsorption of different dye molecules into a zeolitic MOF which increased 

the light harvesting properties and therefore the ET properties.75 

Furthermore, MOFs are able to show ET between the metals, which was first reported by the 

groups of Lin and Mayer.76-77 The authors reported a phosphorescent MOF [Ru(bpy)(4,4′-

dcbpy)2][PF6]2, which was doped with Os instead of Ru inside the linker molecule. This has 

the effect of an effective phosphorescence quenching by a Ru-to-Os energy migration. 

Moreover, through the orbital overlap of linker and metals, MOFs have also the possibility of 

ligand-to-metal and metal-to-ligand ET. One major class towards this processes are 

lanthanide-based frameworks.78-80 For these materials, typically the organic linker absorbs the 

light, then this energy is transferred to metal-ion and finally resulting in lanthanide-emission.71 

However, the ET, which follows the same principle as for the MPA based novel materials, are 

CPs that enable ligand-to-ligand ET. To observe this ET one set of chromophores are used 

as fluorophore donors and transfers the energy to the neighboured chromophores acceptors.71 

This concept was already established by groups of Hupp and Farha, where the authors 
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demonstrated this principle by achieving an efficient förster-resonance energy transfer (FRET) 

from the pillar ligand to the porphyrin based tetratopic linker.81  

 

 

Fig. 14: Activation of the ET process by replacement of the tetratopic ligand (green) with the porphyrin-based linker 

red (red).71 Reprinted with permission from John Wiley and Sons, copyright 2015. 

 

However, to design those materials capable of ET process the underlying mechanisms have 

to be understood.  

1.2.2 Förster and Dexter Energy transfer 

Typically, weak chromophore couplings are observed in supramolecular materials like CPs 

and MOFs, whereas Förster and Dexter mechanisms are responsible for the ET.82-83 

Therefore, to describe the underlying processes a two-state model is proposed:  the energy is 

transferred from an excited chromophore donor (D*) to an acceptor chromophore in the ground 

state (A), which leads to a relaxation of the excited electron of the donor (D) and excitation of 

an electron of the acceptor (A*) (Fig. 15).72, 84  
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Fig. 15: Depiction of the singlet-singlet Förster (above) and triplet-triplet Dexter ET (below) mechanism.71 

 

Nonetheless, the energy is transferred by dipole-dipole interactions without radiation and is 

therefore not transported via emission and absorption of photons.71, 85 Thus, FRET is known 

to occur as a singlet-singlet transfer and can be typically observed in a chromophore distance 

range of 1-10 nm, whereas Dexter is a triplet-triplet transfer with a chromophore distance with 

less than 1 nm.86   

The extent of the FRET, represented as the transfer rate 𝑘𝐸𝑇, depends on the radiation 

emission rate of the donor dye 𝑘𝐷, its residence time in the excited state 𝜏𝐷 and in particular 

on the distance between donor and acceptor dye 𝑟. The efficiency of the ET decreases six 

orders of magnitude with respect to the distance between the two dyes. Hence, the transfer 

rate is also determined by the Förster radius 𝑅0 of the donor-acceptor dye pair, whereby 𝑅0 

corresponds to the distance between both dyes at which the energy transfer is 50%.84 

 

𝑘𝐸𝑇 =
1

𝜏𝐷
(
𝑅0

𝑟
)
6

                                                                (2.1) 

 

Equation (2.1) underpins, that the distance 𝑟 must be as small as possible in order to obtain 

an efficient transfer.71 Additionally, the interplay between the distance orientation of the 
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chromophores is essential for a good ET. Therefore, the orientation factor 𝑘2 will be defined 

as follows  (2.2): 

 

𝑘2 = (cos𝜃𝐷𝐴 − 3cos𝜃𝐷cos𝜃𝐴)2                                              (2.2) 

 

𝜃𝐷𝐴 represents the angle between the emission dipole of the donor dye and the absorption 

dipole of the acceptor dye. 𝜃𝐷 and 𝜃𝐴 are the angles between both dipoles and the connection 

vector between donor and acceptor dye. According to the definition of 𝑘2 and in order to 

generate an optimal energy transfer, donor and acceptor chromophore should have parallel 

electronic oscillation planes (Fig. 16).87  

 

 

Fig. 16: Angle dependency of Donor and Acceptor of the FRET efficiency 𝒌𝟐.87   

 

In contrast to FRET, energy transfer rate 𝑘𝐸𝑇 of the Dexter-type ET is decays exponentially 

with increasing interchromophoric distance. Also, the integral 𝐽 from the overlapping of the 

energy functions of donor and acceptor chromophore is a basic requirement for Dexter-type 

ETs.71, 88 Equation (2.3) shows the dependency of 𝑘𝐸𝑇, where 𝐿 is the sum of D-A van der 

Waals radii. 

 

𝑘𝐸𝑇 = 𝐽 ∙ 𝑒
−2𝑟
𝐿                                                                   (2.3) 
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1.2.3 Influence of aggregation on the energy transfer 

Additionally, in order to deepen the understanding of ET inside CPs, the influence of 

aggregation on the electronic coupling have to be considered, since with strong coupling 

between the chromophores conclusions on their ET can be drawn, e.g. weak coupling 

between chromophores, will also lead to a weak energy transfer rates between them.  In 1963 

Kasha proposed spectral effects with respect to the type of aggregation and its strength.89 In 

the publication, Kasha classified two types of aggregation (H- and J-aggregates), which is 

predicted on coulomb coupling 𝐽𝐶
𝑝𝑑

 between molecule 1 and 2 (2.4):90-92 

 

𝐽𝐶
𝑝𝑑

=
𝜇2(1 − 3 cos2 𝜃)

4𝜋𝜀𝑅3
                                                                    (2.4) 

 

Thereby 𝜇 is dependent on the relative orientation 𝜃 of dipole moments. J-type aggregates, or 

“head-to-tail” orientation describes the aggregates, where the angle 𝜃 between the dipole 

moments is less than the “magic angle” of 𝜃𝑀 = 54.7° (𝐽𝐶
𝑝𝑑

= 0), which leads to a negative 

coulomb coupling (𝐽𝐶
𝑝𝑑

< 0). Consequently, for H-type aggregation, or head-to-head 

orientation, the angle 𝜃 is bigger than the “magic angle”, whereby this leads to a positive 

coulomb coupling (𝐽𝐶
𝑝𝑑

> 0).91 

This different behavior of coulomb coupling has a direct influence on the photophysical 

response since this coupling leads to two delocalized excited split states. These split states 

are linear combinations of two local excited states of each monomer (Fig. 17). 
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Fig. 17: Energy diagrams for J-type (left) and H-type (right) aggregate dimers.89 

 

For J-aggregates, the negative coulomb coupling results in the symmetric state having lower 

energy than the antisymmetric state, whereas for H-type it is reversed. Consequently, the main 

absorption peak of J-type aggregates is red-shifted compared to the corresponding monomer. 

For H-type aggregates the antisymmetric state has the lowest energy level, but this state is 

forbidden, whereas the main absorption peak is blue-shifted compared to the monomer.89, 91-

92 Furthermore, the extent of shift and intensity of absorption, gives also information on the 

strength of the coupling, which is also an indicator for the ET inside the material.  

1.2.4 Rylene Dyes as efficient light harvesting chromophores 

Another decisive factor for the energy transfer inside the material, besides the orientation, is 

the choice of the chromophore itself. Due to the large delocalized π-electron system, Rylene 

dyes (R-n) and rylene diimides (RD-n) (Fig. 18) are an outstanding class of organic dye 

molecules, which were initially applied for industrial use as dyes and pigments in automotive 

finishes.93 They consist of polycylic hydrocarbons that are connected by its smallest subunit 

naphthalene (R-1), whereas rylene diimides have additionally two diimide groups at the end 

positions of the chromophore. 
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Fig. 18: Chemical structure of rylene dyes and their corresponding diimides.94 Reprinted with permission from 

American Chemical Society, copyright 2016. 

 

They became widely used in manifold applications in industry as well as in research, due to 

their outstanding properties such as their chemical, thermal and optical stability.95-96  

In addition, they exhibit outstanding optoelectronic properties and are known to be excellent 

light-harvesting materials. Rylenes have also a strong visible light-absorption ability and show 

high fluorescence quantum yields in solution.97 Furthermore, they reveal a big conjugated π-

system as well as large molar absorption coefficients, which results in strong intermolecular 

coulomb coupling, which is as stated above a prerequisite for a good ET transfer.98  

They are also comparably easy to modify, since the hydrogen at the bay position can be easily 

substituted with various side-groups influencing the photophysical properties as the π-stacking 

behaviour. This has also an impact on the chemical properties of the rylene chromophore, as 

plenary structure of the aromatic system to rotated aromatic rings (Fig. 19).99  

 

Fig. 19: Rotation of aromatic rings of the perylene diimide after equatorial substitution. 

  

Taking all these photophysical properties into account, functionalized rylene dyes, or more 

specific perylene diimide dyes (PDI), represents themselves as perfect candidates towards 

light harvesting chromophores for the ET investigation inside the CP material.  
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1.2.5 Perylene diimide (PDI) based CPs 

Due to their low solubility in common solvents and strong π-stacking, there are only a few 

examples of PDI derived coordination polymers.  

In 2016 Duan et al. published the first example of a PDI based zinc coordination polymer, 

which is active in photoinduced aryl-halide reduction.100 

 

 

Fig. 20: Illustration of the halide reduction with the zinc-PDI based photocatalyst.100 Reprinted with permission from 

American Chemical Society, copyright 2016. 

 

The reaction mechanism of the photoreduction follows the principle of a consecutive photo-

induced electron transfer (conPET) process with triethylamine as electron donor (Figure 20). 

First, the Zn-PDI is excited to Zn-PDI* upon light irradiation. Subsequently, the triethylamine 

donates an electron to the excited Zn-PDI*, which is then used to reduce the aryl halide. 

Furthermore, the CP shows a better performance towards the photoreduction compared to 

the linker itself, which is due to synergistic effects between the Zn ion and the linker.100  

Furthermore, in 2018 Rodriguez and co-workers synthesized a 3D potassium based CP built 

from  perylene-3,4,9,10-tetracarboxylate linker (Fig. 21).101 
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Fig. 21: Single-crystal x-ray structure of the potassium CP. Colour coding: Oxygen: red, Carbon: grey, Potassium: 

yellow.101 Reprinted with permission from Nature Publishing Group, copyright 2018. 

 

The synthesized CP shows intense photoluminescence with a blue-shift of the absorption 

band compared to the solvated linker. The authors explained this effect by the hindrance of 

π-stacking of the linker molecule, by its incorporation into the potassium framework.101  

Recently, Müllen and Yin et al. published a perylenediimide MOF, Zr-PDI, which is able to trap 

electron donors in order to generate stable radicals (Fig. 22).102 

 

Fig. 22: (a) Structure of the zirconium cluster and the respective linker. (b) Single-crystal x-ray structure of Zr-

PDI.102 Reprinted with permission from Nature Publishing Group, copyright 2019. 

 

Upon irradiation with an electron donor, the Zr-PDI also forms a Zr-PDI•- radical through a PET 

process. However, the generated radicals are stable and stay unobstructed for nearly a month, 

which makes this MOF material a potential candidate as radical trapper in biomedicine and 

photothermal therapy.102 
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2 Objectives 

Coordination polymers and metal-organic frameworks offer unique properties that are 

beneficial for photoelectronic applications since they are highly versatile through the possibility 

of the incorporation of different chromophores as linker. However, there are still unanswered 

research questions related to this topic, which are targeted within this thesis. 

 

“How is the MPA activity of coordination polymers dependent on the (I) choice of linker and 

(II) their arrangement inside the framework?” 

“What is the influence of the metal-ions of the secondary building units on the photophysical 

properties of the solid-state material?” 

“Can the outstanding photocatalytic properties e.g. photosensitization of PDIs be retained 

while they are incorporated in coordination polymers?" 

 

First, in order to synthesize MPA-active CPs, NLO active chromophore linkers have to be 

synthesized. Therefore, the well-investigated carbazoles as electron donor are bridged over 

π-systems, to construct linker molecules following the push/pull principle. Afterwards, these 

linkers were used for a solvothermal synthesis screening, to synthesize new coordination 

polymers. The first research question is targeted, by using different metal-salts with either the 

same or different linkers, to get more insights into a structural-photophysical-property 

relationship.  

Furthermore, through synthesizing isostructural CPs with different metal salts using the crystal 

engineering tool of the reticular chemistry, the metal influence on the MPA properties are 

studied. Thereby, the key target towards the first two research questions is the systematic 

screening to find the optimal reaction conditions towards crystalline coordination polymers, 

which can later be used for Z-scan measurements. 

The third research question is aiming towards the energy transfer inside CPs using PDIs as 

linker molecules. Therefore, as a first step a soluble PDI based linker is/will be synthesized. 

This could be achieved by the substitution of hydrogen atoms at the bay-position which leads 

to a rotation of the phenyl rings and thus decreases the π-stacking of the chromophore. 

Consequently, this soluble PDI linker is screened towards single-crystalline coordination 

polymers. As a last step, the synthesized materials are then tested towards possible retained 

photocatalytic properties, for which there was precedence in the literature on PDI based 

coordination complexes showing similar characteristics. 
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3 Summary and Discussion of Publications 

3.1 A Nitrophenyl-Carbazole based Push-Push Linker as a Bulding Block for 

Non-Linear Optical Active Coordination Polymers: A Structural and 

Photophysical Study 

To incorporate NLO active molecules as linkers inside coordination polymers, rigid donor and 

acceptor groups have to be identified. Therefore, carbazoles having electron donor properties 

were synthetically combined with the electron accepting nitro benzene in order to synthesize 

a dipolar push/pull chromophore. In this manuscript the synthesis and photophysical study of 

the novel chromophore dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (H2CbzNO2), 

designed for NLO active coordination polymers, is reported. The chromophore was 

characterized by 1H-NMR and 13C-NMR spectroscopy, LIFDI-MS, elemental analysis and 

single-crystal x-ray diffraction (SC-XRD). Thereby, SC-X-ray analysis of H2CbzNO2 revealed, 

that it crystallizes in the monoclinic crystal system P 21/c with antiparallel linker packing 

throughout the unit cell. The solvated chromophore exhibits an aromatic emission band at 

360 nm as well as an intramolecular charge transfer emission band at 420 nm. This charge 

transfer band red-shifts with increasing solvent polarity with the characteristics of a twisted-

intramolecular charge transfer transition (TICT) between the carbazole unit and the nitro 

group. Furthermore, in more polar surroundings this TICT-state will be further stabilized due 

to the increased dipole moment upon twisting of the chromophores alongside the C-N axis. 

As a consequence, the TICT state will stronger contribute to the emission (Fig. 23).  
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Fig. 23: Excitation-emission-matrices (EEM) of Pr2CbzNO2 in different solvents: a) toluene, b) THF, c) DCM, d) 

acetonitrile and e) ethanol.  

 

However, in very polar solvents like ethanol and acetonitrile, this TICT state is potentially 

lowered leading to a charge-separation, which in turn is quenching the TICT fluorescence (Fig. 

24).  

 

 

Fig. 24: A pictorial description of the interplay between LE and CT states in the push-pull chromophore and how 

the solvent reaction field shapes the excited state PES. 
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Additionally, Solid-state photoluminescence spectroscopy of the chromophore showed, that it 

is a green emitting chromophore with contributions from π-stacked excimer formation. 

 

The conceptualization and original draft preparation of this manuscript, the experiments and 

the chemical characterization was performed by the author of this thesis. Methodology, review 

and editing was performed by the author of this thesis in collaboration with D. C. Mayer, E. 

Thyrhaug, A. Pöthig, J. Hauer and R. A. Fischer. UV/Vis and photoluminescence spectroscopy 

was done by E. Thyrhaug. 

 

Reprinted with permission from Elsevier, copyright 2021.103 

 

Weishäupl, S. J.; Mayer, D. C.; Thyrhaug, E.; Hauer, J.; Pöthig, A.; Fischer, R. A., A 

nitrophenyl-carbazole based push-pull linker as a building block for non-linear optical active 

coordination polymers: A structural and photophysical study. Dyes and Pigments 2021, 186, 

109012. 
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3.2 Coordination Polymers based on Carbazole-Derived Chromophore Linkers 

for Optimized Multiphoton Absorption: A Structural and Photophysical 

Study 

Coordination polymers are a prominent material class towards NLO activity, since they are 

known to be chemical and thermal robust. Hereby, we report the synthesis and 

characterization of three novel highly MPA active coordination polymers 

Zn2(sbcd)(DMAc)2(H2O)1.5, Sr(fbcd)(DMAc)0.25(H2O)3.5 and Ba(fbcd)(DMAc)2.5(H2O)1.5, based 

on two carbazole-containing chromophore linkers: the previously reported 9,9’-stilbene-bis-

carbazole-3,6-dicarboxylic acid (H4sbcd) and the new 2,7-fluorene-9,9’-dimethyl-bis-

carbazole-3,6-dicarboxylic acid (H4fbcd). Thereby, the organic linkers were synthesized in a 

multi-step synthesis procedure with an Ullmann C-N coupling as a main reaction. The reported 

materials were investigated using 1H-NMR/ 13C-NMR spectroscopy, LIFDI-MS, elemental 

analysis and single-crystal X-ray diffraction. X-ray structure determination revealed, that the 

zinc-based CP crystallizes in a sql network topology with the triclinic unit P -1, whereas the 

isostructural barium and strontium-based CP are showing a 4,8-connecting net topology with 

the triclinic unit cell P -1 for strontium and a monoclinic unit cell P 21/n for barium. Steady-state 

spectroscopy of the coordination polymers compared to the solvated linker molecules 

revealed a redshift of approximately 50 nm, which presumably emerges from excitonic 

interactions of the chromophores inside the framework. Furthermore, Z-scan measurements 

of the synthesized materials with a fully automated setup based on a broadband 

(femtosecond) oscillator to obtain excitation wavelength dependant two-photon excitation 

spectra were performed. The Z-scan results showed large two-photon cross sections σ(2) in 

the range of 2100 to 33300 GM, which is an enhancement of three orders of magnitude 

compared to the solvated linkers (Fig. 25).  

 

 

Fig. 25: Comparison of the two-photon absorption cross sections of the three coordination polymers. Color coding: 

Blue = Sr(fbcd)(DMAc)0.25(H2O)3.5, Red = Ba(fbcd)(DMAc)2.5(H2O)1.5, Black = Zn2(sbcd)(DMAc)2(H2O)1.5. 
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Thereby, Sr(fbcd)(DMAc)0.25(H2O)3.5 showed the highest 2PA cross section, which seems to 

originate from the smaller carbazole-carbazole distance compared to the isostructural barium 

CP, which is mainly responsible for the MPA activity (Fig. 26).  

 

 

Fig. 26: Smaller carbazole-carbazole distance of the Sr-CP compared to Ba-CP leading to a higher 2PA cross 

section. 

 

Furthermore, strontium is a “harder” ion than barium, which can in principle polarize the charge 

transfer character more and therefore render higher MPA cross sections. 

 

This manuscript was written by two shared first authors and edited by six co-authors. The 

synthesis, structural characterization (PXRD, SC-XRD and Pawley fitting) and steady state 

spectroscopy was done by the author of this thesis under the supervision of R. A. Fischer. Z-

scan measurements were performed Y. Cui and H. Syed. Furthermore, S. N. Deger supported 

the material synthesis in the context of his research internship and Bachelor’s thesis which 

were conducted under supervision of this author. 

 

Reprinted with permission from American Chemical Society, copyright 2022.104 

 

S. J. Weishäupl†, Y. Cui†, S. Deger, H. Syed, A. Pöthig, A. Ovsianikov, J. Hauer and R. A. 

Fischer, Chemistry of Materials, 2022. 

 

† These authors contributed equally to this work. 
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3.3 A Perylenediimide-Based Zinc-Coordination Polymer for Photosensitized 

Singlet-Oxygen Generation 

Perylenediimides (PDI) are well-known organic dyes caused by their outstanding 

optoelectronical applicability. However, there are only a few examples of PDI based 

coordination polymers, which are used for photocatalysis. In this manuscript, we report the 

synthesis and characterization of a novel zinc based 2-coordination polymer Zn(tpbd)(DMF)3 

with the already literature known linker molecule 1,6,7,12-tetrachloroperylenediimide-N,N’-di-

benzoic acid (H2tpbd). The CP and the respective linker were fully investigated including single 

crystal x-ray diffraction. SC-x-ray analysis revealed that both linker and CP crystallize in the 

monoclinic space group C 2/c with a strong aggregation of the incorporated linker. Absorption 

measurements of the CP shows, that absorption band are red- and blue-shifting compared to 

the solvated linker, which can be attributed to H-type aggregation and additional charge 

transfer of the framework, leading also to a limited quantum efficiency. Finally, Zn(tpbd)(DMF)3 

and H2tpdb was tested for photosensitization of triplet oxygen to singlet at 512 nm using 1,3-

diphenylisobenzofurane (DBPF) as trapping agent.  

 

 

Fig. 27: (a) Stacked UV/Vis spectra of 1,3-diphenylisobenzofurane (DBPF) showing the decrease in absorption 

over time for the reaction with the Zn-based CP used as photosensitizer with a 512 nm LED. (b) decrease of the 

absorption maxima of DBPF at 416 nm with the CP and the respective linker as well as the control experiments. 

 

Thereby, the H2tpdb shows activity towards photosensitization, which can be retained upon 

incorporation in CP. This is, up to now, the first example of a PDI-based CP successfully tested 

towards singlet oxygen generation. 

 

This manuscript was written by two shared-first authors and edited by R. A. Fischer and 

A. Pöthig. The conceptualization and methodology were done by the author of this thesis in 
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cooperation with S. N. Deger and A. Pöthig. The synthesis and the photocatalytic experiments 

were performed by S. N. Deger in the context of his Master’s thesis under the supervision of 

this author. The structural and photophysical characterization was done by the author of this 

thesis.  

 

Reprinted with permission from Energies in 2022.105 

 

Deger, S. N.†; Weishäupl, S. J. †; Pöthig, A.; Fischer, R. A., A Perylenediimide-Based Zinc-

Coordination Polymer for Photosensitized Singlet-Oxygen Generation. Energies 2022, 15 (7), 

2437. 

 

† These authors contributed equally to this work. 
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4 Conclusion and Outlook 

The research conducted in the context of this PhD-thesis can be divided into two parts, namely 

chromophore based MPA active coordination polymers and the synthesis of PDI based 

coordination polymers for photocatalytic applications. 

  

4.1 Chromophore based MPA active coordination polymers 

In the first part of this thesis, the successful synthesis and photophysical characterization of 

the novel dipolar push/pull chromophore dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic 

acid (H2CbzNO2) were demonstrated. Optical studies of the solvated chromophore showed a 

broad long wavelength absorption with contributions of a TICT transition. This is further 

underpinned by the fact, that the absorption band is red-shifting with increasing solvent 

polarity. PL spectroscopy of the solid-state powder reveals an emission band located at 

520 nm, which originates from excimer formation.  

Additionally, we have synthesized three novel highly MPA active CPs derived from the 

carbazole containing chromophores 9,9’-stilbene-bis-carbazole-3,6-dicarboxylic acid (H4sbcd) 

and the new 2,7-fluorene-9,9’-dimethyl-bis-carbazole-3,6-dicarboxylic acid (H4fbcd). The 

structure of the novel CPs (Zn2(sbcd)(DMAc)2(H2O)1.5, Sr(fbcd)(DMAc)0.25(H2O)3.5 and 

Ba(fbcd)(DMAc)2.5(H2O)1.5) was investigated using single-crystal x-ray diffraction revealing 

that the materials are 2D coordination polymers. Thereby, the zinc-based CP shows a sql 

network topology, whereas the main-group based CPs are showing a 4,8-connecting net. 

Steady-state spectroscopy of the network exhibits a red-shift of the absorption and the 

emission bands, which can be attributed to excitonic dipole interactions. Investigation of the 

MPA properties using the Z-Scan technique showed high two-photon cross sections with σ(2) 

of 10415-33355 GM, which is also one of the highest cross sections ever reported for CPs. 

As a perspective, in order to further enhance the MPA efficiency of the CPs, the here 

presented strong MPA chromophores H4fbcd and H4sbcd can be combined with the 

topological approach recently published by Vittal and co-workers,106 which will potentially 

render even higher MPA active coordination polymers.    
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4.2 Perylene based coordination polymers for photocatalytic applications 

In the second part of this thesis, the synthesis and characterization of a new 2D-coordination 

polymer Zn(tpbd)(DMF)3 based on the PDI linker H2tpdb were shown. Steady state 

spectroscopy of the CP was performed revealing a low quantum efficiency compared to the 

solvated linker, which is based on the H-aggregation formation and therefore quenching the 

fluorescence. Furthermore, due to the good absorption properties covering a broad range of 

the electromagnetic spectrum, both the CP and the linker were investigated towards a 

photosensitization reaction at 512 nm of triplet oxygen to singlet oxygen using 1,3-

diphenylisobenzofurane (DBPF) as trapping agent. Thereby, the linker shows a great activity 

as photosensitizer, which can be retained upon incorporation in the coordination polymer. This 

is also, to the best of our knowledge, the first example of a PDI based coordination polymers 

that shows such activity. 

In future studies, this photocatalytic activity can be further exploited by either using different 

substrates to react with the photocatalyst, or by using the generated singlet oxygen for organic 

synthesis reactions. Furthermore, the synthesized materials can be investigated towards their 

MPA activity, since perylenes are known for high MPA cross sections.   
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