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ABSTRACT 

 

Porous materials have been a topic of interest in materials chemistry because of their high potential for 

various applications such as heterogeneous catalysis and gas storage. Beside the common porous 

materials, such as zeolites or activated carbons, some novel “soft” porous materials, namely organic 

microporous polymers, have been a focus of recent research, as the covalently bonded organic 

backbone enables high chemical and thermal stability with wide range specific functionalities while 

such properties are difficult to combine in inorganic or organic-inorganic hybrid systems. Thus, the 

introduction of suitable functionality into the porous backbone with high surface area is considered as 

one of the main targets in the field of porous polymers with the aim to develop properties for specific 

applications.  

In this context, organic porous networks based on electron rich building-blocks can extend the 

applicability of such materials to organic electronics or light driven catalytic systems. The present 

work focuses on the synthesis of novel porous polymers based on sulphur containing, -conjugated 

functional monomers and is divided into two main topics according to the targeted applications:  

1. Synthesis of functional polymer networks for organic electronic applications;  

In this work, investigations related to the introduction of strong electron donors such as 

tetrathiafulvalene (TTF) and dithienothiophene (DTT) into conjugated microporous polymer 

(CMP) backbone will be presented. The subsequent formation of corresponding charge-transfer 

salts after iodine exposure of these electron rich moieties will be discussed. Furthermore, 

electrochemical polymerisation of DTT monomer will be examined for comparison of the 

(opto)electronic behaviours in bulk and film in addition to investigations related to the chemical 

and electrochemical redox properties of those DTT based CMPs.  

Along with the preparation of novel electron donor systems, this section will also contain 

discussions related to the mechanism of network formation for Sonogashira-Hagihara 

cross-coupling derived CMPs considering the influence of regarding reaction media and 

monomer ratios for. 

2. Synthesis of functional polymer networks for light driven heterogeneous catalysis; 

In this part the incorporation of a frequently used photoinitiator compound for photopolymerisation 

process, namely thioxanthone, into different microporous polymer backbones via two different 

polycondensation reactions will be presented. Applications on heterogeneous sustainable initiation of 

photopolymerisations of methyl methacrylate and cyclohexene oxide either under artificial light source 

or sunlight will be introduced.  
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ZUSAMMENFASSUNG 

 

Poröse Materialien zeichnen sich durch ihre vielfältigen Anwendungsmöglichkeiten in Bereichen wie 

der heterogenen Katalyse oder der Gastrennung und –Speicherung aus. Neben den anorganischen 

Materialien wie Zeolithen und porösen Kohlenstoffen rücken auch immer mehr organische 

Materialien, wie z.B. mikroporöse Polymere, in den Fokus der Forschung. Diese Netzwerke bestehen 

aus kovalent verbundenen, organischen Bausteinen. Daher lassen sich durch die Variation der 

Bausteine Netzwerke unterschiedlichster Funktionalitäten synthetisieren und so Materialien mit hoher 

chemischer und thermischer Stabilität erhalten. Diese Variabilität ist mit rein anorganischen oder  

Hybridmaterialien schwer zu erreichen. Daher ist die Entwicklung von Materialien für spezifische 

Anwendungen durch gezieltes Einbringen von funktionellen Gruppen eines der Hauptziele in der 

Synthese von porösen Materialien.  

Durch den Einsatz von elektronenreichen, organischen Molekülen in der Synthese von porösen 

Netzwerken können diese für Anwendungen im Bereich der organischen Elektronik oder 

Photokatalyse genutzt werden. Die vorliegende Arbeit beschreibt die Synthese von neuartigen, 

porösen Polymeren basierend auf schwefelhaltigen, π-konjugierten Monomeren und ist thematisch in 

zwei Teile bezüglich deren Anwendungsmöglichkeiten unterteilt:  

1. Synthese von funktionalisierten Polymernetzwerken für die organische Elektronik;  

In diesem Teil werden Untersuchungen zum Einbau von starken Elektronendonatoren wie 

Tetrathiafulvalene (TTF) und Dithienothiophene (DTT) in konjugierte mikroporöse Polymere 

(CMP) vorgestellt. Die sich ausbildenden Charge-Transfer Verbindungen, welche durch die 

Exposition von Iod entstehen, werden genauer untersucht und beschrieben. Zusätzlich wird die  

elektrochemische Polymerisation von DTT untersucht und Vergleiche zum chemisch 

hergestellten Material im Bezug auf chemisch und elektrochemische Redoxeigenschaften sowie 

deren  (opto)elektronischen Eigenschaften untersucht.  

Neben der Synthese der neuartigen Elektronendonatoren wird auch der Reaktionsmechanismus, 

welcher dem Aufbau dieser Netzwerke durch Sonogashira-Hagihara Kreuzkupplung zugrunde 

liegt untersucht wobei das Hauptaugenmerk auf dem Verhältnis der Monomere sowie dem 

Einfluss des Reaktionsmediums liegt. 

2. Synthese von funktionalisierten Polymernetzwerken für die Photokatalyse; 

In diesem Teil der Arbeit wird der Einbau eines häufig verwendeten Photoninitiators für die 

Photopolymerisation, Thioxanthone, in mikroporöse Polymere durch zwei verschiedene 

Polykondensationen vorgestellt. Diese Netzwerke werden als Photoinitiatoren in der heterogenen 

Initiierung der Polymerisation von Methylmetacrylat und Cyclohexenoxid, sowohl unter 

künstlichem als auch Tageslicht genutzt.  
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A. INTRODUCTION 

A.1. POROUS MATERIALS 

Since the discovery of the beneficial size selective porosity of Zeolites research has focused on the 

development of further functionality, textural porosity, morphology as a general theme, the chemistry 

of porous materials have been aimed to ultimately produce increasingly efficient heterogeneous 

catalysts.
[1-3]

 Other major usage areas for porous materials are sensing, gas separation and storage.
[4-6]

 

Energy and electronic device applications can be highlighted as increasingly topical and developing 

areas as a consequence of advanced research on organic-based structures.
[7-10]

 Additionally, 

applications in drug delivery have also been studied.
[11]

 

The classification of porous materials is typically performed based on pore sizes or building blocks. 

Regarding porous features, materials can be classed into three groups, namely macro-, meso- and 

microporous, reflective of three different pore size regimes (Figure A.1.1).  

 

Figure A.1.1: Classification of porous materials depending on the pore size. 

Secondly, porous materials are categorised as inorganic, organic-inorganic hybrid, and fully organic 

depending on their constituent building blocks.
[12]

  

Inorganic porous materials are mainly based on metal oxides and carbons. For the metal oxides, the 

first important family is the Zeolites as a consequence of their high internal surface area and various 

industrial applications; e.g. water softeners, highly size selective heterogeneous catalysts in petro-

refineries, etc..
[1, 13]

 Furthermore, it is always hard to tune and add functionalities to inorganic porous 

materials without using harsh conditions (acid leaching, high temperature (800°C<) steaming etc.).
[12, 

14, 15]
 Besides Zeolites, other examples in this class (mesoporous metal oxides) that have been applied 

in artificial photo- or electro- catalytic oxygen evolution from water.
[16, 17]
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Additionally, carbon-based structures are as also classified as inorganic porous materials. Whilst 

classical microporous or activated carbons have been employed as water purification media and as 

catalysts supports. Besides being an adsorbent/support, these materials are also used commonly 

electrochemically induced catalytic reactions and energetic applications.
[7, 8]

  

Following interest in conventionally microporous Zeolites, researchers (e.g. at Mobil Corp.)
[18, 19]

 

intended to produce mesoporous materials featuring the beneficial properties of crystalline Zeolites. 

Although the generation of crystalline materials were initially unsuccessful, this research led to the 

synthesis of a range of mesoporous inorganic materials (e.g. MCM-41, SBA-15) that are featuring 

ordered mesopore structuring via templating.
[20-22]

 These materials have found a variety of applications 

including, perhaps the most popular, the preparation of supported catalysts (i.e. metal nanoparticles) 

for various reactions.
[23, 24]

  

A similar class of materials in this field are the periodic mesoporous organosilanes (PMOs) which are 

the organic structures are not only the templates but further functionalities.
[25]

 Condensation of 

precursors such as (EtO)3Si-R-Si(OEt)3 with the free hydroxyl groups over the pores (~XOn-Si-OH(4-n), 

where X is the rest of the structure) in presence of templating surfactants, results the desired organic-

inorganic hybrid structure.
[25, 26]

 The organic functionalizations are mainly targeted to enhance the 

properties for the applications of the mesoporous silicas such as in organic electronics and drug 

delivery besides the commonly used fields such as gas sorption and catalysis.
[11, 26-28]

  

With the aim of introducing useful and applicable functionality to the structures of classical metal or 

siliceous-based inorganic porous materials, researchers have investigated the synthesis of metal 

containing networks featuring functional organic components.
[12, 14]

 At the time of writing, metal-

organic frameworks (MOFs) are dominating this area with their exceptionally high surface areas (up to 

7140 m
2
g

-1
 Figure A.1.2) and “easy to build” functionalities with various organic counterparts.

[29, 30]
 

MOFs are formed from the reaction of multidentate ligands and metal salts; thus, these materials are 

also called as coordination polymers.
[31]

 The term MOF first appeared in 1995 after a publication 

describing the coordination of benzene-1,3,5-tricarboxylic acid (also known as trimesic acid - TMA) 

with a cobalt salt in presence of pyridine (Py) by Yaghi et al., and in 1999 HKUST-1 was published 

by Chui et al., which was formed from the reaction of TMA with a copper (II) nitrate trihydrate.
[32, 33]

 

HKUST-1 become one of the mostly used MOF with the original paper
[33]

 receiving 2458 citations 

(Web of Science 11.12.2014). Demonstrating the success of this one single material system, a review 

related solely to the gas sorption properties of HKUST-1 has been published.
[34]

 

MOF-5 is the other important member of the family that was built out of 1,4-benzenedicarboxylate 

(BDC) and Zn
2+

 (proposed total formula=Zn4O(BDC)3
.
(DMF)8(C6H5Cl)) which have been used widely 

(original paper cited 3007 times, Web of Science 11.12.2014).
[35-37]

 MOFs are used in various areas 
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from organic electronics to drug delivery, but their predominant use lies as sorbents in 

sorption/separation applications.
[31, 37-39]

 

 

 

Figure A.1.2: Structures and formulas of the MOFs named above.[29, 32, 33] 

The last group of the porous materials based on a building block categorisation are the Porous Organic 

Polymers (POPs), which are composed solely of organic components as the name suggests.
[12]

 To 

produce such materials, it is necessary to have non-flexible monomers with angles, which can be 

termed as structure directing motives, tectons or crosslinkers, within the structure that forms 

permanent porosity (Figure A.1.3). If it is desired to use linear monomers to form porous organic 

polymers, a co-polymer of the original monomer with a suitable crosslinker is a reasonable synthetic 

pathway to achieve this aim.  
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Figure A.1.3: Selected structure directing motives used in syntheses of POPs. 

The sub-divisions of the parent POP class are determined by structure, crosslinker, and the bonding 

nature of the monomers within the polymers.
[40]

 Several sub-classes of POPs have been identified 

including hypercrosslinked polymers (HCPs),
[41, 42]

 polymers of intrinsic microporosity (PIMs),
[43, 44]

 

covalent organic frameworks (COFs),
[45, 46]

 covalent triazine frameworks (CTFs),
[47, 48]

 and conjugated 

microporous polymers (CMPs).
[49, 50]

 These porous polymers can be obtained via wide range of 

reaction types from variety of simple metal-free reactions to complicated carbon-carbon 

crosscouplings.
[40, 51, 52]

  

Hypercrosslinked polymers can be ascribed as the first member of POPs that was published in early 

1970 which applications were mostly focused on gel properties (i.e. swelling in different solvents).
[53]

 

The idea was introducing further crosslinking to linear polymers such as polystyrene to obtain a new 

type of polymer network.
[53-55]

 These polymers mostly carry secondary sp
3
 carbons on their skeletons, 

whereas other common porous polymers are based sp
2
/sp hybridised 3° or 4° carbons which keep the 

porosity permanent as a consequence of rigidity.
[41, 56]

  As it can be understood from the sub-class 

name, hypercrosslinking induces permanent porosity.
[57]

 For example, if the crosslinker is benzene, six 

carbons of the ring can be connected with other monomer that makes rotation around sp
3
 carbons 

nearly impossible (Figure A.1.4).
[58]

 Nevertheless, the porous properties of such materials are more 

dependent on the synthesis media (i.e. swelling in a solvent, ambient conditions, or under high 

pressure) than with respect to sp
2
/sp hybridised rigid porous polymers.

[59-61]
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Figure A.1.4: Homo-hypercrosslinked polymer of benzene via Friedel-Crafts acylation.[58] 

PIMs are mostly formed via basic substitution reactions between alkoxides and halogenes where one 

of the monomers should be angled to provide the intrinsic permanent porosity (note that PIMs are 

typically constructed from spiro compounds that also carry sp
3 

carbons with the bicyclic nature of 

these quaternary carbons inducing backbone rigidity, Figure A.1.5).
[43, 44, 62]

  

 

Figure A.1.5: Synthetic scheme of PIM-1.[62] Below illustration[44] explains how the pores are formed in different 

morphologies and geometries. 

Besides non-soluble network PIMs, this POP member is known as the only example of the porous 

polymeric materials (molecular compounds like porous cages
[63, 64]

 and hydrogen bonded porous 
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structures
[65]

 will not be discussed) that can be soluble.
[43, 44, 66, 67]

 The solvated polymers in 

conventional solvents like THF or DMF can be precipitated in an anti-solvent like chloroform or 

methanol to obtain a permanent porous solid.
[43, 44]

  

Another group of material in POPs are COFs which are conventionally formed via a condensation 

reaction of an organo-boronic acid and alcohol or imine bonding of a carbonyl group (typically 

aldehyde) and a primary amine (Figure A.1.6).
[45, 68]

  

 

Figure A.1.6: Examples for boronic acid (condensation of benzene-1,4-diboronic acid and hexahydroxytriphenylene) 

and imine (condensation of tetra-(4-anilyl)methane and terephthaldehyde) COFs.[45, 68]                

CTFs (covalent triazine frameworks) have a similar design with COFs but boron and oxygen species 

were replaced with carbon and nitrogen, respectively (Figure A.1.7).
[47]

 The remarkable benefit of 

CTFs with respect to COFs is their stability due to strong covalent bonding instead of comparatively 

unstable boronic esters (Imine-based COFs are relatively more stable than boron-based systems but 

still have low stability to ambient conditions
[69]

 for further applications). 

 

Figure A.1.7: Model structures for COF-1 and CTF-1.[45, 47] 

Porous aromatic frameworks (PAFs) are a class of porous polymers which lies between 

hypercrosslinked polymers and conjugated microporous polymers (CMPs). PAFs arise due to limiting 
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conjugation through the backbone, typically broken by the introduction of an sp
3
 carbon in the 

crosslinker (e.g. tetraphenyl methane).
[70, 71]

 The highest surface area thus far reported is for PAF-1 

(Figure A.1.8), a homopolymer of tetrakis(4-bromophenyl)methane synthesised via Yamamoto 

Coupling (SA ~ 5600 m
2
g

-1
).

[70]
 

 

Figure A.1.8: Reaction scheme for PAF-1 (COD = cyclooctadiene).[70] 

CMPs, as first published by the Cooper et al. and have found successful application in a variety of 

fields.
[49, 61, 72-79]

 CMPs feature conjugation throughout the network generating an electron rich, rigid 

backbone as a consequence.
[12]

 The first CMP was produced from Sonogashira-Hagihara reaction)
[49]

 

and in following years most of the typically C-C bond formation reactions such as Suzuki Coupling, 

Yamamoto Coupling, oxidative polymerization, etc. (Figure A.1.9).
[50, 80, 81]

  

 

Figure A.1.9: Varios methods to build CMPs (note that 3rd and 4th example has spirofluorenes as tectons which have 

sp3 carbons. Unlike PAFs, conjugation is not broken over the chains; electron flow can go through the phenyl rings). 
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A.2. APPLICATIONS OF POROUS ORGANIC POLYMERS 

A.2.1. Heterogeneous Catalysis 

Heterogeneous catalysis is one of the main application field of POPs due to their insoluble nature in 

common organic solvents and water and accessibility of the pore structure / active sites by target 

compounds in such conditions.
[2, 82]

 The biggest advantage of this non-solubility is reusability which in 

most cases allows separation of the POP catalyst via simple filtration (see Figure A.2.1 for the selected 

examples).
[2, 82]

  

One of the most important issues in today’s world is the search for sustainable alternative sources to 

conventional fossil fuels. Producing hydrogen from water is one of the opportunities considered to 

achieve this purpose. In this context, CTF and its analogues have been investigated and demonstrated 

to be capable of proudcing hydrogen from water.
[83, 84]

 CTFs have been used also to remove the effects 

of fossil fuels from the environment and convert such pollutants into useful compounds for the 

chemical industry. As an example, the green house gas, CO2, was converted to cyclic carbonates under 

high pressure in autoclave in the presence of CTF-1 and epoxide derivative.
[85]

  

 

Figure A.2.1: Materials that were mentioned in the Heterogenous Catalyse section section (see references[84-87], graph 

for CO2 conversion was taken from ref[85] and modified). 

Another important example relates to the use of POPs in enantioselective synthesis. This has recently 

been demonstrated using a POPs based on binol units which are commonly used catalyst for 

asymmetric syntheses in molecular form.
[86, 88]

 For instance, in literature,
[86]

 asymmetric hydrogenation 
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of 3-phenyl-2H-1,4-benzoxazine was performed via a binol-based POP and 99% conversion in 98% 

enantiomeric excess was achieved. 

The last example in this sub-section is related to catalyzing carbon-carbon cross-coupling reactions. It 

has been shown that the stabilisation / immobilisation of Pd nanoparticles within a knitted 

triphenylphosphine network worked as well as molecular standards and gave good conversions 

(between 65-99%) in a classical coupling reaction (e.g. phenyl-boronic acid and chlorobenzene).
[87]

  

A.2.2. Gas Storage and Separation 

The other main area of interest for POP materials is in the field of gas storage and separation.
[40, 89]

 

With these applications in mind, the polymer backbone can be tailored depending on which gas is 

desired to be stored and/or separated.
[6, 90]

 A good example from literature would be post-synthetically 

sulfonation of PAF-1 (or PPN-6) and monitoring the increased uptake/selectivity for CO2 

(Figure A.2.2).
[91]

 Pristine PPN-6 has a CO2 uptake of 5.1 wt % at 295 K and 1 bar (~1.4 mmol g
-1

), 

whereas sulfonated PPN-6 13.1% and PPN-6-SO3Li 13.5 wt % (equivalent to 3.6 and 3.7 mmol g
-1

, 

respectively).
[91]

 

 

Figure A.2.2: Postsynthetic modification of PAF-1 (or PPN-6) network to tune gas seperation selectivity and 

increasing CO2 uptake.[91] 

To give an interesting and topical example regarding separation, a CO2/N2 gas mixture can be 

selectively separated via an increase in aniline co-monomer content in the knitting co-polymerisation 

with benzene (Figure A.2.3).
[58]

 Increasing the amine content via increasing the ratio of aniline 

resulted in a change in the CO2:N2 selectivity from 15.9:1 to 49.2:1. 

 

Figure A.2.3: General reaction equation for aniline and benzene knitted co-polymer for comparison of side groups in 

gas selectivity.[58] 
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A.2.3. Sensing  

Since POP materials are commonly electron rich, they can be used for sensing applications.
[73, 75, 92-94]

 

For this purpose, a luminescence change is often monitored depending on the target product to be 

sensed. For example, the introduction of electron accepting nitrobenzene and relatively electron 

donating toluene to the pore structure of a carbozole-based CMP resulted a luminescence quenching or 

enhancement respectively (Figure A.2.4).
[73]

 Sensing of these small molecules takes place within the 

pores which does not significantly occur in linear analogues of the investigated polymer (i.e. a non-

porous variant).
[73]

 

 

Figure A.2.4: Carbazole based CMP in luminescene on/off switching (blue lines on the graphs belong to linear 

polymer and red lines to CMP, NB=nitrobenzene, graphs were taken from ref[73]). 

A.2.4. Organic Electronics 

Electron rich materials (e.g. carbazole, tetrathiafulvalene and thiophene) are commonly used in the 

production of organic electronic devices including solar cells (or photovoltaic devices-PVs), organic 

field effect transistors (OFETs) and organic light emitting diodes (OLEDs).
[95, 96]

 Enhanced electron 

density and conjugation within the structure particularly important for solar cells as a result of the 

good absorption properties, which perfectly fits the working principle for the solar cells which collect 

light to produce electricity.
[97]

 Particularly, polymers prepared out of heteroatom rich materials are 

applied to bulk-heterojuction type solar cells as the donor component, and their charge transfer 

complexes with electron poor moieties (i.e. fullerenes) provides suitable electronic band gaps to 

absorb light in order to move electrons through the holes, and desired electrical potential is produced 

via this movement between two electrodes. The comparison parameter for solar cells is termed power 
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conversion efficiency (PCE), derived from the current when there is 0 potential through the device 

(short-circuit current – ISC) and the potential when there is no current through the device (open-circuit 

voltage – VOC).
[98]

  

 

Figure A.2.5: Illustration of electron transfers in bulk-heterojunction solar cells (picture taken from ref[97]). 

Besides solar cells, usage area in OFETs is breakthrough as well, due to the electron rich and well-

packing nature of such sulphur rich materials.
[99]

 OFETs can be described simply like the transistors 

that are built out of organic semiconductor which is more flexible with respect to inorganic based 

transistors.
[99]

 The general comparison parameter for different OFET devices is the hole (h) or 

electron (e) carrier mobility that are the values for p-channel or n-channel devices, respectively, 

whereas some materials can have ambipolar behaviour.
[100]

 In a related manner, studies on OLEDs in 

electronics are also challenging especially for growing industrial interest on lighter/flexible plastic 

displays which are produced of OFETs as transistors instead of silicon.
[99]

 Suitable materials for this 

application must have good electroluminescence properties at suitable potentials and quantum 

efficiencies (e.g. oxidized thiophene derivatives).
[101]

 The intriguing issues with OLEDs are brightness 

and the colour of the emitted light (i.e. white).
[102]

 

In recent perspective articles, changing dimensionality from 1D to 2D is discussed widely, and 

benefits of improved properties listed such as enhanced  stacking.
[103, 104]

 Authors of these articles 

also mention limited experimental results on 3D structures prevents a thorough assessment of the 

applicability in electronics, but calculations provide promising results including lower band gaps in 

infinite molecular weights.
[103, 104]

   

As a consequence of the non-soluble nature of POPs (excluding PIMs), the construction of electronic 

devices from these polymer systems remains a challenge. Therefore, there are only a few examples 

regarding the use of POPs in organic electronics. Chronologically, a carbazole derivative of 

tetraphenylmethane as an interlayer (i.e. the hole transporting material which is aimed to 

balance/reduce the difference of the band gaps between electrodes and active layer) has been used in a 
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solar cell and a light emitting diode (Figure A.2.6).
[105]

 In the former example, a CMP film was 

prepared via electrochemical polymerisation and several modifications (e.g. doping with ClO4
-
 to 

improve hole transport), resulting in the solar cell having an efficiency (photo conversion efficiency = 

PCE) of 7.56% compared to the efficiency of the same device without the CMP interlayer of 

5.68%.
[105]

 However, devices with undoped films gave poorer performances than without CMP 

interlayer.
[105]

 Furthermore, the use of the a CMP in light emitting diodes also led to better efficiencies 

and improved light brightness than the same device prepared without the use of the polymer.
[105]

  

 

Figure A.2.6: Illustration of OLED and solar cell device structures which are prepared out of carbazole based POPs 

as hole transporting layer (Figure A.2.s were taken from[105]). 

Another published example of the use of POPs in solar cells was based on the use of a 

thienothiophene-based COF (Figure A.2.7) leading to a poor PCE (0.053%).
[106]

 Nevertheless, the 

importance of this work relates to the first porous organic material as an active layer in photovoltaic 

applications. 

 

Figure A.2.7: Thienothiophene-COF based photovoltaic device (Figure A.2.s were taken from ref[106]). 
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Figure A.2.8: Imine COF that was used for conductivity measurement and solar cell device. After infiltration of C60 

(purple structure) through pores, surface area drops from 776 m2g-1 to 291 m2g-1 (Figures were taken from ref[10]). 

One of the most recent examples of POP use in organoelectronic devices is this elegant work reported 

by Guo et al. Here the authors reported the use of an imine-based COF in the measurement of 

conductivity and the construction of a solar cell (Figure A.2.8).
[10]

 The conductivity measurement was 

found to be 4.2 cm
2
V

-1
S

-1
 which is comparable with state-of-the-art semiconductors (note that different 

methods to measure conductivity may give different results, 4.2 cm
2
V

-1
S

-1
 was recorded via time-of-

flight method but flash photolysis time-resolved microwave conductivity method gave 0.5 cm
2
V

-1
S

-1
 

for the same polymer. For further information on conductivity measuring techniques, see Ref. 
[107]

).
[10]

 

The solar cell built from the described COF gave 0.9% power conversion efficiency (PCE) which is 

considered a reasonable performance.
[10]

 

The most recent and interesting example in this field relates to CTFs that was claimed to have the 

closest structure as predicted for graphitic carbon nitride (g-C3N4) so far.
[108]

 The application of the 

material to microchip technology showed comparable properties with respect to silicon.
[108]
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A.3. OUTLOOK AND MOTIVATION 

As the outlook of this chapter, porous materials have been briefly classified with a specific focus on 

organic-based polymeric systems and some of their important applications have been addressed. 

Organic-based porous materials were discussed in terms of the wide scope of functionalisation and 

feasible applicability to recent needs. As the most important thing related to porous materials was 

pointed as the accessible surface area which is important in heterogeneous catalysis and gas 

storage/separation (in general). Additionally, how to improve these capabilities via 

functionalisation/co-polymerisation was highlighted. Finally, growing interest on electronic device 

production has been discussed and concluded as electron rich 2D/3D nature of such porous organic 

materials have shown promising results even in micro-chip technology as probably the most 

challenging area of electronics. 

From this point of view, the synthesis of conjugated porous polymers with electron rich heteroatom 

containing counterparts is the primary aim of this doctoral research. Thus in this thesis, examples of 

microporous polymers built on tetrathiafulvalene, dithienothiophene, and thioxanthone backbones will 

be described. Depending on the published studies (in the following chapter, there will be short 

introduction to these organic compounds related to their synthetic procedures and applications in 

molecular or linear polymer cases), these molecules are expected to form porous materials that are 

promising for organic (opto)electronics. Besides organic electronics, the three described counterparts 

allow the production of local charges/radicals within the materials via (electro)chemical or light 

inducement that make their co-polymers useful in catalytic applications in the context of mimicking 

classical inorganic Zeolite behaviour. 
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B. METHODS AND MATERIALS 

B.1. METHODS 

B.1.1. Gas Physisorption: A Method for Surface Area Calculation  

Gas sorption analysis can be employed to enable the specific surface area and indeed porosity of a 

material. This technique in its simplest description can be viewed as a controlled addition of a probe 

gas molecule or “adsorbate gas” (e.g. N2, Ar, Kr) on the material regulated pressure (e.g. from vacuum 

to higher pressures, i.e. relative pressure = P/P0) (see Figure B.1.1 for illustration of gases over the 

pores). Thus the amount of gas applied to the pores can be used to provide a quantitative description of 

the surface area, pore size, and pore volume of a material.
[109]

 If the interaction between adsorbate and 

adsorbent is strong (chemical bonding), the process is called “chemisorption”; if the interactions are 

week (e.g. via Van der Waals interactions), the process is called “physisorption”.
[109]

  

The two most common methods to calculate the specific surface area are the Langmuir and Brunauer-

Emmett-Teller (BET) equations.
[110, 111]

 The surface areas given in recent publications are typically 

calculated via the BET model as conventional Langmuir theory assumes that only a monolayer of gas 

molecules form within the pores during sorption; an assumption that is not generally accurate.
[112]

 

 

Figure B.1.1: Illustration gas sorption over the pores (the picture was taken from ref[113]). 
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Derivation of a linearised form of the BET equation (Equation B.1.1) is omitted here since it is out of 

scope of the thesis.  The BET model uses the following equation to interpret the multilayer region of 

the adsorption isotherm, and allows for the calculation of the adsorbate monolayer capacity: 

Equation B.1.1: Linearised form of the BET equation for determination of the monolayer capacity on a 

given adsorbent material. 

 

 

where va is the number of moles absorbed per gram absorbent at a given pressure P; vm is the 

monolayer capacity of the surface (i.e. the number of moles of gas per gram of adsorbent required to 

form the monolayer); Po is the saturation pressure and C is the BET constant which is a function of the 

heat of adsorption. Utilising the monolayer capacity, the specific surface area (SBET) in metres squared 

per gram can be calculated (Equation B.1.2).  

Equation B.1.2: Calculation of the specific BET surface area of a given solid. 

 

 

where NA is Avogadro’s number (6.02 x 10
23

 molecules per mol); am is the molecular cross-sectional 

area of the gas molecule (0.162 nm
2
 for N2). The calculation of the specific surface area is important, 

and may give an indication of the formation of a porous structure, but it is important to note that it 

does not provide a quantitative measure of pore size distribution or pore volume. 

 

Figure B.1.2: Isotherm categorization depending on pore characters of the materials (picture was taken from ref[114]).  

The isotherms constructed based on the quantity of gas adsorbed as a function of relative pressure can 

provide a basic insight into the corresponding pore structure of the material under investigation. The 

International Union of Pure & Applied Chemistry (IUPAC) have provided a standard classification of 
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physisorption isotherm profiles based on adsorption / desorption behaviour, representing five main 

experimentally-observed profiles, with a sixth presenting a theoretical curiosity  (Figure B.1.2).
[114, 115]

 

Uptake at low relative pressure (P/P0) occurs in micropores (i.e. where D < 2 nm), whilst in the 

intermediate relative pressures, the mesoporous domains are increasingly filled, with a continuous 

uptake to be reflective of the presence of pores with D > 50 nm; i.e. macroporous behaviour or outer 

surface adsorption. Type III, V, and VI isotherms are not typically observed and result mostly non-

porous materials.
[115]

 Type I isotherms are typical of microporous materials which have a small outer 

surface, as can be monitored by diffusion of gas molecules through small pores at relatively low 

pressures. Since the outer surface is small, nearly no uptake can be observed at higher relative 

pressures.
[115]

 Type II isotherms are common for non-porous and macroporous materials (which mostly 

exhibits small surface areas) as can be expected from the adsorption behaviour that increases linearly 

with relative pressure.
[115]

 Type IV isotherms, typically associated with mesoporous materials, behave 

like Type I and Type II profiles. However, a difference between adsorption and desorption in a critical 

relative pressure range results in a hysteresis (generally between 0.2 < P/P0 < 0.8). This 

non-reversibility of the sorption process in the same relative pressures is the result of the capillarity 

effect of the (meso)pore shape that causes a delay in desorption of the condensed gas.
[115, 116]

 It is 

important to note that this hysteresis behaviour depends not only on the material pore structure but 

also on the measurement conditions (e.g. adsorbent gas, temperature).
[117],[118]

  

B.1.2. Diffuse Reflectance Spectroscopy (Solid-State UV) 

Except for PIMs, it was mentioned in the previous chapter that POPs are non-soluble materials. 

Therefore, they have to be characterised in the solid state. In this context, since sample beam is 

perpendicularly sent to the material from light source in classical absorption spectroscopy, there are 

possibilities of diffractions/reflections from material powders. Thus classical UV measurements are 

not particularly suited to record the UV/Vis absorption spectra for solid powders.  

A technique called diffuse reflectance spectroscopy was developed to overcome this problem and 

basically involves the mounting of a special apparatus (integrating sphere) to the instrument that 

makes it possible to collect reflected light from the powder. In this set-up, the sample beam is directed 

through the integrating sphere where diffuse reflection of non-absorbed light is collected inside 

(Figure B.1.3). The collected reflectance evaluated with the reference beam and absorption can be 

calculated to draw the spectrum.    
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Figure B.1.3: General view of the technique for diffuse reflectance UV/Vis measurements (sketch was taken from 

ref[119]). 

B.1.3. Cross Polarisation Magic-Angle Spinning Nuclear Magnetic Resonance Spectroscopy 

(CP-MAS NMR/Solid State NMR) 

Nuclear magnetic resonance (NMR) is a powerful method for fundamental structural characterisation 

in chemistry. This method involves the application of an external magnetic field to create degenerate 

levels in nuclei and recording the signal of electromagnetic radiation for the transition between these 

artificially created energy levels. Furthermore, every individual atom has a characteristic resonance 

frequency depending on the environment (i.e. media, neighbouring atoms) which makes the method 

more useful to characterise the structural arrangements and geometry of the molecule. The 

conventional sample preparation method for soluble materials is the dissolution of molecules in a 

suitable solvent. To record a 
1
H-NMR spectra, deuterated solvents are conventionally used, since the 

total resonance of this isotope of hydrogen is zero in the applied magnetic field.  

When it comes to solid state (e.g. for non-soluble materials), formation of discrete degenerate levels 

are harder than solvated materials. The reason for the limitation is related to the restricted ability of 

molecular motion in the solid state which is required for efficient activation (degenerate level 

formation) in the applied magnetic field.
[120, 121]

 To overcome this, Cross-Polarization (CP) and Magic 

Angle Spinning (MAS) methods are employed and typically combined. CP helps to improve signal 

quality/intensity via polarising high abundant nuclei over the material skeleton and transfer of this 

polarisation to the low abundant targeted nuclei. For example, detection of carbons over the structure 

is hard even in liquid state NMR due to the low abundance of 
13

C nuclei (NMR active carbon isotope, 

1.1%) and requires more than 1000 scans to record a spectrum in a conventional NMR instrument 

while 
1
H core has high abundance (99.98%) and 16 scans are enough for a standard measurement. 
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Using the CP technique, it is possible to polarise hydrogens over the structure and transfer this 

polarisation to 
13

C nuclei. Thus, the other common name of this method is proton enhanced nuclear 

induction.
[122, 123]

 Besides abundance, there is another benefit of this polarisation transfer as the 

parameter called spin relaxation times (i.e. the transition time between thermally stable state and 

magnetically degenerated state; this parameter will not be discussed in detail) in which 
1
H nuclei have 

a more suitable property with respect to 
13

C. If it is considered spin relaxation times are longer in the 

solid state due to limited motion, transferring polarisation from easily activated 
1
H to 

13
C helps to 

work in reasonable (not very high) magnetic fields.
[122]

 The MAS method refers to the angle between 

the spinning sample and applied magnetic field, used to reduce couplings (neighbouring effect) and 

the production of narrower signals.
[121]

 The basic concept behind the discovery of MAS is the 

determination of the angle between the interaction vector of neighbours (considered as a line between 

two atoms) and direction of the applied magnetic field that makes the equation zero (the factor in the 

equation (1-3cos
2) = 0 where  is the magic angle ~ 54°).

[121]
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B.2. MATERIALS 

Key information will be given in this section regarding the functional monomers that were used in the 

synthesis of microporous polymers described in this thesis. Besides synthetic approaches for the 

presented monomers, short introductions describing their use will also be presented.  

B.2.1. Tetrathiafulvalenes (TTFs) 

Tetrathiafulvalene (TTF) and its derivatives are probably the best organic donor molecules in material 

science and have been studied intensively after the discovery of TTF’s stable radical cation formation 

by Wudl in 1970.
[124, 125]

 Since then, application fields of TTF derivatives varied from catalysing 

radical reactions to organic electronics (see Figure B.2.1).
[126, 127]

  

 

Figure B.2.1: Basic application areas of TTF derivatives (scheme was taken from ref[127]). 

TTF’s 14- electron/non-aromatic nature helps it to be tuned geometrically or electronically via 

oxidation to its radical cation (TTF
.+

) or dication (TTF
2+

), with both cationic structures having 

aromatic character (see Figure B.2.2).
[127-129]

  

 

Figure B.2.2: Formation of radical cation (TTF.+) and dication (TTF2+) of TTFs in cyclic voltammetry against 

Ag/AgCl in acetonitrile.[127] 

The oxidation of TTFs may take place electrochemically or chemically. Electrochemical oxidation of 

TTF is typically reversible with some rare exceptions such as the formation of a stable charge-transfer 

complex with a side group of the TTF derivative or poor of solubility of the material that results in 
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precipitation of the oxidized state (see Figure B.2.3 for effect of solubility in spectroelectrochemical 

measurements). Chemical oxidation may also take place in presence of organic or inorganic electron 

acceptors which commonly results in the formation of permanent radical cationic state that is 

irreversible due to high stability.
[124, 130]

  

 

Figure B.2.3: in-situ spectro-electrochemical 3D graphics of bis(ethylenedithio) tetrathiafulvalene (BEDT-TTF / on 

left) and its unsaturated tetraphenyl analogue (on the right) in 0.1 M TBABF4/CH2Cl2 against Ag/AgCl reference 

electrode. After second oxidation, it is observed BEDT-TTF is precipitating while its analogue is still soluble due to 

tetraphenyl functionalization (for further information see ref[131]). 

The intriguing issue for inorganic charge transfer salts of TTF derivatives is superconductivity that can 

be reached at relatively high temperatures (the (BEDT-TTF)2Cu[N(CN)2]Cl salts shows 

superconductivity at 12.5 K).
[132, 133]

  

Since it is challenging to produce electronic devices fully in plastics, charge transfer salts/complexes 

of TTF derivatives have been a great interest after the discovery of the metallic character of mixture of 

TTF and tetracyanoquinodimethane (TCNQ), and this remains the preferred option for many 

applications of donor-acceptor type semiconducting structures in organic electronics.
[134-136]

 

There are numerous synthetic strategies employed to obtain TTFs and its derivatives. The most 

commonly employed approach employs the coupling of two 1,3-dithiol-2-one derivatives in presence 

of triethyl phosphite (P(OEt)3) (Figure B.2.4).
[124, 137-140]
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Figure B.2.4: An easy approach for synthesis of TTF.[139] First 1,3-dithiole-2-thione is formed from trimethylsilisum 

protected acetylene. Then, thion converted to ketone, and finally coupling can be performed. 

Functionalization of TTFs can go under two ways; starting the synthesis from pre-functionalized 

counterparts (i.e. from functionalized 1,3-dithiol-2-one) or abstracting hydrogen from TTF’s dithiole 

ring via a strong base (i.e. lithium diisopropylamide (LDA), see Figure B.2.5).
[141-143]

 

 

Figure B.2.5: Two main pathway for functionalisation of TTFs. 

After TTF, one of the most studied derivatives is BEDT-TTF (Figure B.2.3). Functionalizing BEDT-

TTF is a more complicated than TTF.
[144]

 For the synthesis of the desired BEDT-TTF derivative, 

functionalized reactants should be used during the dithane ring formation since post-functionalization 

after ring formation via hydrogen abstraction is limited by decomposition of dithiane ring (see Figure 

B.2.6 for convensional synthetic path for BEDT-TTF).
[144]

 Ring closure is mostly conducted via 

simple substitution reactions,
[144]

 although other methods including Diels-Alder addition can also be 

used.
[144, 145]

 

Regarding current research on synthetic TTF chemistry, obtaining neat TTF or BEDT-TTF is not 

challenging since these molecules are commercially available and intensively studied. The challenging 

issue for those compounds is to functionalize them to introduce donor and acceptor moieties on the 

same single molecule. Besides obtaining donor-acceptor structure in one single molecule, 

functionalization is mostly conducted to obtain attaching some groups that lead these materials to co-

polymerisation with other (mostly acceptor) molecules. For this purpose, derivatisation (e.g. via 

halogenation) is the main pathway to generate good leaving groups over TTFs which most of the 

condensation reactions require.
[146]

 Post-synthetic formation of TTF moieties over the polymers is an 

alternative way to prevent limitations that TTF may have.
[147]

  

Since TTF derivatives are electron rich active materials, this efficiency leads some limitations in TTF 

chemistry.
[148]

 First of all, as a consequence of electron rich backbone which results narrow electronic 

band gaps, compounds functionalised with active groups may undergo oxidation from ambient 

oxygen.
[149, 150]

 Additionally, derivatives like BEDT-TTF are decomposed in harsh conditions like 

lithiation for further functionalization.
[144]
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Figure B.2.6: Conventional synthesis of (functionalised) BEDT-TTFs.[144] If a cross-coupling is desired in the final 

step, studies showed that mixture of thione (5,6-dihydro-[1,3]dithiolo[4,5-b][1,4]dithiine-2-thione) and ketone (5,6-

dihydro-[1,3]dithiolo[4,5-b][1,4]dithiin-2-one) half units should be used since oxygen of the ketone reacts with P(OEt)3 

to form intermediate while sulfur of thione has a better nucleophlic nature to attack electron poor moieties. Thus, 

homocoupling of ketone half units will be minority. 

Moreover, TTFs can be considered very important donor molecules in electronic devices. The 

attachment of electrochemically polymerisible moieties (i.e. thiophene) to TTFs to form 

electrochemical TTF polymer film-based electrodes has been extensively studied. A substantial 

hindrance in this context, is the resistance of TTFs to undergo electropolymerisation due to lower first 

oxidation potential as compared to most of the electropolymerisable groups.
[151]

 For example, most  

thiophene-derived TTFs cannot undergo electropolymerisation as TTF counterparts trap the radicals 

formed over the thiophenes which these radicals are supposed to lead polymerisation.
[152-155]

 To 

overcome this, two main strategies can be followed; 1) adding alkyl chains (sp
3
 hybridised side 

groups) between thiophene and TTF counterparts to prevent intramolecular charge transfer, 

2) inserting a combination of materials that have lower first oxidation potentials (i.e. bithiophene, 

ethylenedioxythiophene (EDOT)) (see Figure B.2.7).
[151, 156, 157]

 Note that, it was highlighted also 

introducing solvents that have electron affinity (e.g. nitrobenzene) to electrolyte solution may aid the 
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electrochemical polymerisation of TTFs in some cases via the formation of temporary charge-transfer 

complexes which can block the interaction of the TTF radical cation with thiophenic moieties.
[156]

 

 

Figure B.2.7: Selected examples for thiophene derived TTFs.[152, 156] First scheme shows a TTF derivative that cannot 

be electro-polymerised after radical cationic moieties are formed.[152] Second example is related introducing alkyl 

chain to block intramolecular radical trapping.[156] Additionally, in the same work bithiophene was used which has 

lower first oxidation potential than thiophene and nitrobenzene was inside the electrolyte solution to form temporary 

charge transfer complex with TTF core.[156]  

As described earlier, there is a wide application area of TTF derivatives in organic electronics. Since 

TTFs have electron rich, heteroatom containing, non-aromatic structure, they are generally preferred in 

OFETs, and additionally solar cell applications are favourable due to their suitable band gap and high 

tendency to form donor-acceptor couples.
[140, 158, 159]

 Moreover, TTFs are poorly luminescent and thus 

OLED applications are rare for such materials. Applications of TTFs in OFETs are the main interest 

due to its strong electron donor character which provides the required high mobilities.
[158]

 It is known 

that a good-packing is important for OFET applications. One remarkable example in this context is the 

case of -TTF and -TTF which differ highly in mobilities due to their different packing style (Figure 

B.2.8). -TTF shows 1.2 cm
2
V

-1
s

-1
 while -TTF has 0.23 cm

2
V

-1
s

-1
, explained by strong  and S-S 

interactions in the case of -TTF. 
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Figure B.2.8: The two different packing styles of TTF molecules that leads different mobilities indicates the 

importance of morphology (ref[160]). 

The highest mobility reached by TTFs was recorded in a single crystal-based device (see Figure B.2.9 

for the materials used) that reached 10 cm
2
V

-1
s

-1
.
[161]

 In this device, electrodes were modified with 

TTF/TCNQ thin films to render the working function suitable.
[161-164]

 Thus, TTFs function not only as 

the semiconducting materials in OFETs, but can also be used as performance enhancing 

components.
[161]

 

 

Figure B.2.9: The derivative that is used in single crystal OFET fabrication[161] (left) and TCNQ (right). 

Use of TTFs in solar cells is based on their excellent donor character which allows heterojunction 

formation with electron acceptors (i.e. fullerenes).
[159]

 Recent literature reports describe TTF derivative 

(the compound on left in Figure B.2.10) based dye-sensitized solar cell having a ~6.5% PCE (Jsc = 

13.76 mA cm
-2

, Voc = 617 mV, fill factor (FF) = 0.75).
[165]

 Besides as an active layer component, TTFs 

are also used as hole transporting materials thanks to their electron rich semiconducting nature.
[149]

 In a 

recent example, a TTF derivative (the compound on right in Figure B.2.10) replaced the conventional 

doped spirofluorene (spiro-OMeTAD) hole transport layer and exhibit comparable efficiency 

(11.03%) with respect to spiro-OMeTAD based devices, but better performance/stability.
[166]

 

.  

Figure B.2.10: TTF derivatives used in solar cells. [165, 166] 
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B.2.2. Dithienothiophenes 

Thiophene and its derivatives are some of the most important heterocyclic aromatic compounds 

currently are used in organic and materials chemistry especially due to their ease of functionalisation, 

and low cost.
[167, 168]

 Particular interest on thiophene derivatives arose after the discovery of 

conductivity in organic polymers (polyacetylene) as a consequence of the ability to tune their 

electronical configuration in various ways based chain length, side groups, and co-polymerisation with 

electron rich/deficient materials.
[169-175]

 The most typically used thiophene derivatives (and their homo-

/co-polymers) in lab or industrial scale are ethylenedioxythiophene (EDOT) and 3-hexyl thiophene 

(3HT) due to their low band gaps which is crucial in organic electronics (Figure B.2.11). The 

transparency of polymeric EDOT (pEDOT) makes it particularly useful in the devices related to light 

absorption/emission (e.g. solar cells and OLEDs).
[176]

 

 

Figure B.2.11: Structures of thiophene, 3-hexylthiophene, and EDOT. 

The most commonly used fused analogues of thiophenes are formed from 2 (thienothiophenes, TTs) 

and 3 (dithienothiophenes, DTTs) fused rings because of complex synthetic procedures and poor 

solubility in further number of fused units.
[177-179] Use of ‘fused thiophenes’ have been extensively 

studied via various synthetic methods to obtain advanced properties in organic electronics.
[177, 180-183]

 

The favourable benefits of such compounds can be listed for electronic devices (i.e. OFETs, PV cells, 

OLEDs) including stiff/well-packed/ordered structures to enhance electron mobility,
[179, 184-187]

 low 

band gap structures as a consequence of increased conjugation through the rings,
[188-190]

 efficient 

luminescence properties of compounds.
[191, 192]

 

Thienothiophene molecules are composed of two fused thiophene units (Figure B.2.12). These 

molecules have a relatively better solubility, and simpler synthetic procedures with respect to higher 

numbered fused analogues.
[190]

  

 

Figure B.2.12: Isomers of TTs.[182] 
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This analogue of fused thiophenes are typically preferred in OFET and solar cell application due to 

higher mobility and lower HOMO level.
[193, 194]

 The most famous example of TTs in OFET was 

published in 2006 demonstrating a field effect mobility at 0.6 cm
2
 V

-1
 s

-1
 which is close to the range of 

amorphous silicon (0.5 cm
2
V

-1
s

-1
).

[195]
 Furthermore, studies of TTs in photovoltaic cell applications 

demonstrated the highest power-conversion efficiencies so far for polymer-based devices (7.4% and 

7.9%, respectively in references).
[196, 197]

  

DTTs are analogues of thiophenes constructed from three fused thiophene rings. Six structural isomers 

of DTTs are possible depending on synthetic strategy (Figure B.2.13). The mostly studied isomer is 

the Dithieno[3,2-b;2’.3’-d]thiophene (DTT) as result of its beneficial cross-conjugation of fused rings.  

 

Figure B.2.13: Isomers of DTTs 

There are a couple of important synthetic approaches to obtain DTTs.
[181, 198-203]

 

The first fully characterised method was developed by Janssen and Jong based on the relatively cheap 

3-bromothiophene, and ring closure of the sulphur bridged intermediate (Figure B.2.14).
[204]

  

 

Figure B.2.14: The first fully characterized method to form DTTs 

Another reported approach is based on tetrabromothiophene, with the first step resulting in the 

synthesis of 3,4-dibromo-2,5-diformylthiophene in 80% yield (Figure B.2.15). After this step, 

ethylmercaptoacetate was added and subsequent substitution and addition reactions gave a 2,2′ diester 

DTT (71%). The esters were transformed to the acid by LiOH, and after decarboxilation, DTT was 

yielded in 87%.
[202]
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Figure B.2.15: Easy synthesis of DTTs via ethylmercaptoacetate in high yields. 

Another relative simple and high yielding approach to DTT was published by Allared et al.
[199]

 2,3-

dibromothiophene was used as starting material and a bithiophenic precursor was formed after 

coupling from 2 positions (79%) (Figure B.2.16). Afterwards, this material was lithiated via n-BuLi 

and the middle ring was formed after insertion of (PhSO2)2S as the sulphur source (70%). 

 

Figure B.2.16: Improving the method from ref[198] for synthesis of DTTs. 

In 2004, the Ozturk group published a new ring closure method for synthesis of DTTs.
[203]

 This 

method is convenient for synthesis of directly functionalized DTTs from 3,3′ positions (Figure 

B.2.17).  

 

 

Figure B.2.17: Synthesis of DTT via P4S10 or Lawesson's Reagent. 
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The same group later discovered that an EDOT analogue is also formed during this method; the 

synthetic route has been upgraded in 2012 by adding p-toluenesulfonic acid (pTSA) or NaHCO3 to 

direct the reaction to DTTs or to the analogue of EDOT (vinylenedithiathiophene (VDTT)), 

subsequently (Figure B.2.18).
[170]

 Additionally, in this work tert-BuLi was preferred instead of n-BuLi 

due to increase the yield of 1,8-diketone. Besides the higher reactivity of tert-BuLi, the authors claim 

that the linear carbanion formed from reacted n-BuLi attacks the halogene of the α-bromoketone and 

leads to lower yields. 

 

Figure B.2.18: Modification of the route in ref[203] and tuning conditions for shifting yields to DTTs or VDTTs via acid 

or base addition (all results above from the reaction with P4S10 in toluene).[170]  

DTTs have been used in solar cells due to good visible light adsorption properties,
[205-207]

 and in 

OFETs due to beneficial conjugation and packing of fused rings.
[96, 208-211]

 However, a number of 

examples have demonstrated shown that these application areas are not the best fields for DTTs as 

such molecules have good electroluminescent properties especially after the middle ring is 

oxidized.
[173, 191, 192, 212, 213]

 Thus, examples of DTTs applied in OLEDs are more common with respect 

to solar cells and OFETs.  

From a recent example of DTT-S,S-dioxide – flourene based co-polymer, it has shown that changing 

the ratios of the materials and geometry of the polymer lead to different colours (Figure B.2.19).
[192]

 In 

that paper, it is stated that linearly conjugated polymers have a bathochromic shift in fluorescence and 

absorption spectrums while V shaped (denoted as P3; Figure B.2.19 and Figure B.2.20) polymers have 

hypsochromic shifts probably due to extended cross-conjugation of linear polymer whereas the V 

shaped material diverts the conjugation and withdraws the electrons from DTTs to phenyl rings.
[192]
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Figure B.2.19: DTT S,S-dioxyde-fluorene co-polymers in different ratios.[192] 

 

Figure B.2.20: Photos of the liquid luminescence and the devices that was built in different ratios of the DTT S,S-

dioxyde-fluorene co-polymer. Different ratios and different geometries resulted different colours (from ref[192]). 

In the literature, one can be see that oxidation is not the only way to tune electronic properties of 

DTTs.
[214]

 Adding electron deficient boron moieties into the structure can also lead to an increase 

luminescence efficiency of the material (Figure B.2.21).
[214]

 A study from Mazzeo et al. showed 

introducing boron species to the DTT structure lead to bright white emission.
[215]

 In this study, it is 

compared with and without S,S-dioxyde-functionalised DTT and the compound that was not oxidized 

has shown better efficiency.
[215]

 This behaviour was considered to the result of introducing both of 

electron the withdrawing groups (oxide and boron) which caused interference of each other’s dipole 

moment. 
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Figure B.2.21: Boron functionalized DTTs. 

Besides organic electronics, DTTs were used as photoinitiator in light induced polymerisations.
[216-218]

 

Producing radicalic moieties over DTTs after light irradiation initiates free radical or cationic 

polymerisations which will be main application of following material namely thioxanthone.  

B.2.3. Thioxanthones (TXs) 

Thioxanthone (TX) and its derivatives are probably the most studied photoinitators in photo-induced 

polymerisation systems as a result of their excellent absorption behaviour in near UV range which 

enables the formation of stable triplet state radicals suitable for further initiation (see Figure B.2.22 for 

the illustration of photopolymerisation).
[219, 220]

 

 

Figure B.2.22: Basic illustration of photopolymerisation.[219] 

To understand use of TX, it is necessary to discuss the two main photoinitiation mechanisms which 

are triggered by Type I and Type II initiators in photo-induced reactions (Figure B.2.23).
[219]

 Type I 

(also known as -cleavage) mechanism undergoes after cleaving a bond to form radicals.
[219]

 Type II 

photoinitiators requires a co-initiator that has acidic hydrogen (H-donor, i.e. triethylamine) or the 

compounds can cleave to form radical species (i.e. iodonium salts (Ph2I
+
PF6

-
).  

 

Figure B.2.23: Benzoin's Type I and TX's Type II photoinitiation mechanisms. 
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As one of the most important Type II photoinitiators, TX has been deeply studied and many 

derivatives have been synthesised to achieve improved properties such as putting co-initiation ability 

on TX via the introduction of an acidic hydrogen carrier group (e.g. thiol,
[221]

 carboxylic acid,
[222, 223]

 or 

carbazol
[224]

 units; Figure B.2.24).
[219]

 Additionally, the anthracene derivative of TX can initiate 

polymerisation without a co-initiator using ambient oxygen.
[225]

 

 

Figure B.2.24: TX derivatives mentioned in the text. 

Mainly studied reactions in chemistry of Type II initiators are free radical and cationic polymerisations 

(Figure B.2.25).
[219, 226]

 In free radical polymerisation, for example with a co-initiation of a H-donor, 

after H abstraction is complete, the co-initiator directly reacts with monomer (e.g. styrene, methyl 

methacrylate (MMA)) and forms the polymer chains.
[227]

  

 

Figure B.2.25: Polymer initiation mechanisms of free radical and cationic polymerisation. 
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In cationic polymerisation, additional oxidants (e.g. silver hexafluorophosphate (Ag
+
PF6

-
), 

diphenyliodonium hexafluorophosphate (Ph2I
+
PF6

-
)) are used with co-initiator, and either the H donor 

cation or the H
+
 that is formed after interaction with the salt may initiate the polymer formation.

[228]
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C. RESULTS AND DISCUSSIONS 

C.1. TETRATHIAFULVALENE BASED CONJUGATED 

MICROPOROUS POLYMERS (TTFCMPS) 

As discussed in Chapter 1, besides the more common applications of microporous polymers in gas 

storage and separation or catalysis, especially conjugated microporous polymers are promising 

materials for emerging applications in organic electronics.
[2, 6, 40] 

In this aspect, incorporation of 

heteroatom rich conjugated monomers (i.e. thiophene, carbazole) in such microporous polymer 

networks are starting to be frequently studied in order to elaborate electron rich functional CMPs that 

fulfil the requirements for such organic electronic applications.
[105, 106, 229]

 Furthermore, the formation 

of intermolecular interactions between electron donating structures and relatively electron deficient 

counterparts in conventional π-conjugated polymers has been reported to be an interesting approach 

for optoelectronic applications.
[193, 230-232]

 Among the most studied compounds in this field, 

tetrathiafulvalene (TTF) and its derivatives have received increasing interest due to their exceptional 

π-electron donating structure.
[124, 125, 127, 140, 159, 233]

 Following the same tendency as in molecular or 

polymer chemistry, a growing interest in the field of TTF based porous materials has been recently 

witnessed as exemplified from the recent work on TTF-COFs and TTF-MOFs, where studies were 

mainly focused on altered conductivity responses upon chemical/electrochemical oxidation of TTF 

moieties (i.e. comparison of pristine vs. doped material).
[234-238]

 Hence, our motivation was to 

synthesise a TTF based CMP and investigate its structural and electronic properties upon formation of 

its charge transfer salts with iodides. 

The first step in the elaboration of the desired TTF based microporous polymer was to obtain a 

suitable functional, i.e. polymerisable, TTF monomer. In this respect, a diiodo-TTF was synthesised 

by hydrogen abstraction via a strong base (lithiation via lithium diisopropylamide (LDA)) to produce 

dicarbanions on TTF followed by a subsequent elimination of iodine from perfluorohexyl iodide 

(TTF-I2, Figure C.1.1).  

 

Figure C.1.1: Diiodination of TTF.  

Analytically  pure (E,Z)-4,4'-diiodo-2,2'-bi(1,3-dithiolylidene) was obtained as an orange-red powder 

in 60 % yield and 
1
H NMR in CDCl3 showed only one peak as expected at = 6.30 ppm, and 

13
C NMR 
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in CDCl3 revealed three peaks at = 121.2 (C-H), 113.7 (C=C), 63.6 (C-I) ppm which was the same as 

the reported values in literature (detailed information can be found in experimental part).
[142]

 

After the successful synthesis of TTF-I2, polymerisation and network formation was achieved via a 

Sonogashira-Hagihara cross-coupling reaction with 1,3,5-triethynylbenzene (Figure C.1.2).  

 

Figure C.1.2: Formation of TTFCMP via Sonogashira-Hagihara cross-coupling. 

In a first attempt the synthetic procedure reported in the first paper on CMPs
[49]

 was followed in as it 

was reported that a maximum BET surface area could be reached when an excess ratio of the acetylene 

to the halogen compound was used
[239]

 and that 100 °C in DMF appeared to be a temperature and 

solvent of choice for CMP synthesis.
[240]

   Polymerization of TTF-I2 under these conditions (Figure 

C.1.2) yielded an insoluble brown powder after extensive washing and Soxhlet extraction, denoted as 

TTFCMP. The porous properties of the network were evaluated by nitrogen sorption measurements at 

77 K and the apparent Brunauer-Emmett-Teller (BET) surface area (SA) was evaluated to be 180 m
2
g

-

1
. [NB: all apparent surface areas presented in this manuscript were calculated via the BET equation). 

The surface area was relatively low in comparison to predominantly carbon-based CMPs which 

typically have SAs in the range of 500 to 1000 m
2
g

-1
.
[74]

 Various reasons, may cause a lower surface 

area, especially for heteroatom containing monomers,  like e.g. a lower reactivity, poor solubility, their 

relatively higher molecular weight etc.
[74, 241]

 

An optimisation of the reaction conditions was then attempted with the aim to obtain polymer 

networks with higher SAs. It has been reported that the replacement of triethylamine (TEA) with a 

stronger base, such as diisopropylamine (DIA), improves polymerisation yields and kinetics of the 

Sonogashira-Hagihara cross-couplings due to enhanced acetylene deprotonation.
[242-247]

 In this case,  

using DIA as base during the Sonogashira coupling indeed resulted in TTF-based networks with a 

slightly higher SA of ~ 264 m
2
g

-1
. 

To further optimize the reaction conditions, we aimed at preventing early stage precipitation during the 

coupling procedure in order to reach higher polycondensation degrees, which should supposedly yield 

polymers with higher surface areas.
[248]

 Therefore, attempts to optimise the DMF/DIA solvent mixture 
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were studied since alkylamines (in this case DIA) may act as an anti-solvent to poorly soluble TTF 

oligomers. Indeed, reducing the amount of DIA to catalytic quantities (i.e. from 15 to 0.6 mL) gave 

rise to a network with a SA of 413 m
2
g

-1
.  

Finally, the influence of using an excess molar ratio of acetylene to halogen functionalities was 

evaluated and reactions with an equimolar acetylene to halogen ratio were tested.
[49, 74, 239, 249]

 In the 

case of TTFCMP network, reducing the TEB ratio did not result in a significant change, as the surface 

area only slightly changed and was measured to be 434 m
2
g

-1
 in that case (vs. 413 m

2
g

-1
 for a 1.5 

molar ratio of functional groups). It thus seems that in the case of TTF, an excess amount of acetylene 

is not necessary to increase the SA. Additionally, the use of an excess of acetylene compared to 

halogen groups may lead to side reactions such as the homocouplings of acetylene groups.
[249]

 This 

matter will be discussed in more details in the following section.
[249]

  

Table C.1.1: Various reaction conditions for the synthesis of TTFCMP and the surface area of the resulting networks. 

TTFI2eq. (TEB) Solvent 
T, oC Time, h Yield, % SA, m2g-1 

1 1 DMF/TEA (15/15 mL) 100 72 110 180 

1 1 DMF/DIA (15/15 mL) 100 72 90 264 

1 1 DMF/DIA (25/0.6mL) 100 72 105 413 

3 2 DMF/DIA (25/0.6 mL) 100 72 85 434* 

1 1 DMF/TEA (25/0.75 mL) 100 72 107 130 

3 2 DMF/TEA (25/0.5 mL) 100 72 99.5 99 

3 2 DMF/TEA (5/5 mL) 100 72 97  54 

*Isotherms were derived from Autosorb-1-MP whilst other measurements were performed using a Quadrasorb SI instrument. 

The polymers were characterized by 
13

C cross-polarization magic-angle spinning (CP-MAS) NMR 

spectroscopy (Figure C.1.3). The spectrum of TTFCMP shows five peaks at δ = 131, 121, 113, 90, and 

80 ppm that can be ascribed to the aromatic and acetylene carbons within the structure. Notably the 

peaks at δ = 121 and 113 ppm, which can be assigned to the outer and inner carbons (bridging carbons 

between 1,3-dithiole rings) of TTFs, respectively, proved the successful incorporation of TTF moieties 

into the polymer backbone. Moreover, NMR analysis gave additional evidence on the origin of the 

decreased surface area observed when a high amount of alkylamine was used. In that case, the NMR 
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spectra seems to indicate a lower cross-linking degree, as the peak at δ = 65 ppm corresponding to the 

C-I carbon is clearly visible for the network synthesised in presence of a high amount of base. The 

presence of this peak indicates a high amount of terminal groups and therefore is a proof of a lower 

polymerisation degree, which explains the low surface areas observed. 

 

 

Figure C.1.3: 13C CP-MAS NMR spectra of low (blue curve, 180 m2g-1) and high (black curve, 434 m2g-1) surface area 

TTFCMPs. All unassigned peaks are spinning side bands, the marked peak at around 9 ppm originates from 

entrapped TEA. 

 

After obtaining TTFCMP with a relatively high surface area, the possibility to introduce  local charges 

within the structure was studied, to investigate the potential of TTFCMP in organic electronic 

applications. Iodine was chosen as a suitable oxidant owing to its relatively small size with respect to 

other common dopants such as tetracyanoquinodimethane (TCNQ), which should favour its diffusion 

through the microporous structure of the network. The comparison of I2 vs. TCNQ as dopants in case 

of a TTF based COF was recently investigated.
[236]

 It was shown that the conductivity increase of the 

pristine TTF-COF was ~10
3
 after doping with I2 whereas it was only ~10 times for TCNQ.

[236]
 

Additionally, oxidation with iodine is a controlled process for which the oxidation stops after the 

formation of the radical cations
[250]

 whereas another frequently used oxidant, Fe(ClO4)3, is known to 

further oxidize TTFs to dicationic states.
[251-255]

 Since the oxidation takes place heterogeneously, it 

would be hard to control the reaction with Fe(ClO4)3 which would possible give rise to a mixture of 

neutral, radical cationic and dicationic states of TTF within the structure. Moreover, Fe(ClO4)3 could 
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further cause  a network decomposition due to the sensitivity/reactivity of acetylenes to iron 

species.
[256]

  

In order to form charge transfer complexes within the network, TTFCMP was dispersed and stirred in 

a solution of ethanol (EtOH) containing an excess of iodine (Figure C.1.4). The resulting powder 

indicated a clear colour change of the pristine powder sample from dark brown to black. Nevertheless, 

the reaction was allowed to stir longer in order to reach equilibrium and after 7 days, the mixture was 

centrifuged and the precipitate was washed/centrifuged with EtOH for several times until the washing 

solution became colourless. Finally, the doped network powder (TTFCMP
.+

-In
-
) was dried in vacuo at 

40 °C in order to remove remaining iodines species and solvent. 

 

 

Figure C.1.4: Charge transfer salt formation over TTF moieties. 

Due to the difficulties of the precise recovery of all doped network after work-up based on 

decantation, we decided to measure the gravimetric TTF/iodide molar ratio from gas phase iodine 

exposure experiments. For this purpose, an open vial containing only TTFCMP polymer was placed in 

a bigger vial that was filled with excess of iodine crystals (see Figure C.1.5). After sealing of the 

reaction setup, diffusion of I2 through the pores of TTFCMP was directly evidenced by a rapid colour 

change from dark brown to black after a couple of minutes. The exposure was carried out for 7 days in 

order to ensure maximum functionalisation, and after 7 days the small vial with doped network was 

removed and put in a vacuum oven at 40°C for the removal of unreacted iodines. The weight increase 

after I2 exposure was then measured and a molar ratio of 1.38 of iodide to (theoretical) TTF moieties 

within the network was calculated (Table C.1.2). According to this calculated value, the proposed 

nature of the counter anion within the network can be assumed to be a mixture of monoiodides (I
-
) and 

triiodides (I3
-
).

[250]
 Nevertheless, possible pore blockage after the formation of charge transfer 

complexes on outer TTF moieties would possibly lead to an incomplete charge transfer salt formation 

due to limited diffusion of I2 through the whole amorphous network. Thus, it can fairly be postulated 

that I3
-
 are the major counter anion formed as reported for other similar charge-transfer complexes.

[250, 

257-259]
 Note that further measurements on TTFCMP

.+
-In

-
 were performed on the networks doped in 
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I2/EtOH mixture since the effect of pore blockage are assumed to be reduced due to favorable solvent-

swelling effects.
[249]

 

 

Figure C.1.5: Pictures of TTFCMP (left), TTFCMP treated by I2 vapor diffusion (middle) and iodine treated sample 

TTFCMP.+-In- (right). 

Table C.1.2: Values for sublimation of I2 through TTFCMP. 

TTFCMP 

(g) 

TTF in 

polymer* 

(g) 

TEB in 

polymer* 

(g) 

Iodine 

uptake 

(g) 

TTF in 

polymer* 

(mmole) 

Iodine 

uptake 

(mmole) 

Ratio 
Weight Ratio %  

In
-/TTFCMP-In

- 

0.0514 0.0346 0.0168 0.0296 0.17 0.23 TTFCMP-I1.38
- 36.5 

*theoretical values assuming formation of an ideal network. 

  

Figure C.1.6: N2 sorption isotherms and corresponding NL-DFT pore size distributions for TTFCMP (black) and 

TTFCMP.+-In
- (red). 

After iodine treatment of the polymers, the changes in gas sorption isotherms and pore size 

distributions also point to incorporation of In
−
 species in the structure. The surface area of the iodine 

doped TTFCMP (in EtOH, TTFCMP @434 m
2
g

-1
)  decreased to 108 m2

g
−1

, which can be explained by 

the overall increase of the molecular weight of the repeating units of the polymer networks and also by 

the considerable size of iodide, probably blocking the pores of the network. This can be especially 

seen in the decreased microporosity of the samples indicated by the lower uptake at low relative 
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pressures (P/Po < 0.2, Figure C.1.6) and by the NL-DFT pore size distribution analysis showing that 

the pores with a 1.4 nm diameter where blocked during the process. 

The structural changes of the doped TTFCMP network were also evaluated by solid state 
13

C CP-MAS 

NMR as the response of the TTF carbons to the magnetic field are expected to change dramatically 

(see Figure C.1.7, note that detailed 
13

C NMR discussions were made for pristine network, previously, 

below Figure C.1.3). Indeed, the non-aromatic (14-π) electron system of TTF turns to a partially 

aromatic system after radical cation formation and the 1,3-dithiolium cation shows a thiophenic 

character with a 6-π electron system. The π-electrons of the ethylene carbons in TTF were cleaved in 

order to form aromaticity over the oxidized ring, and the double bond between the two dithiole rings 

was converted as a consequence to a single bond. This behaviour was observed experimentally as the 

significant increase in the intensity of the broad peak at δ = 131 ppm showed that the concerned 

bridging carbons adopt an aromatic character due to the deshielding effect on the 1,3-dithiole rings, 

yielding a shift to lower fields, that is, in the region of thiophene-like aromatic carbons (Figure C.1.7). 

Similar changes were observed in 
13

C CP-MAS NMR spectrum of molecular TTF iodide salts.
[260]

 

 

Figure C.1.7: Comparison of solid state 13C CP-MAS NMR spectra of TTFCMP (black) and TTFCMP.+-In
- (red). 

Fourier transform infrared spectroscopy (FT-IR) is another key measurement for the structural analysis 

of charge transfer complexes/salts of such sulphur containing, π-electron rich heterocyclic structures, 

especially due to the expected shifts in the range of the carbon-sulphur-double bond stretching modes 

between 1050-1200 cm
-1

 (Figure C.1.8).
[261-263]

. Thus, the FT-IR spectra of both TTFCMP and 

TTFCMP
.+

-In
-
 were recorded and indicated the formation of charge transfer salts over TTF moieties as 

the shift of the sharp peak from 1053 to 1094 cm
-1

 and the appearance of a high intensity band at 

1194 cm
-1

 point to the formation of a  radical cation. Additionally, a low intensity band at 720 cm
-1
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further shows the formation of a thiophenic out-of-plane deformation of the C-H bond in the structure 

of TTFCMP
.+

-In
-
 indicating the transformation of 1,3-dithiole rings to a thiophene-like structure. 

 

Figure C.1.8: FT-IR spectra of TTFCMP (black) and TTFCMP.+-In
- (red). 

To further corroborate this information, solid state diffuse reflectance UV-Vis (DRUVS) and electron 

paramagnetic resonance (EPR) measurements were performed (Figure C.1.9-A). For molecular TTF 

derivatives, the main characteristic absorption bands associated with a radical cation formation have 

been reported to appear at λ = 580, 620 and 1200 nm.
[130, 252, 257, 264]

 DRUVS analysis of the synthesised 

networks showed the expected bands at λ = 580 and 620 nm as partially visible shoulders within a 

broad absorption feature typically observed for such 3D amorphous networks.
[61]

 The band at 1200 nm 

could unfortunately not be investigated due to instrument limitation (accessible scanning range only 

up to 800 nm). 

As one of the main goals of this work focuses on the formation of radical cations over TTF moieties, it 

was obligatory to perform EPR measurements since this technique is frequently applied in the 

determination of radical species for both organic and inorganic compounds (Figure C.1.9-B).
[265, 266]

  

Particularly for compounds like TTF, which are widely used in charge-transfer complexes, the 

observation of a characteristic g-factor (the parameter that is used in EPR terminology that is derived 

from the applied frequency/absorbed magnetic field) helps to address if the radical cationic states are 

formed over the expected species.
[267]

 During EPR measurements of the TTF based networks, a typical 

g-factor between 2.007-2.008 for the iodine doped material
[267]

 and no response in the magnetic field 

for the pristine TTFCMP were expected. However, pristine TTFCMP had a g-factor 2.0072 at 150 K 

with a similar EPR line shape as seen for TTFCMP
.+

-In
-
, that indicated a g-factor 2.0078 at 150 K. The 

situation would be surprising for monomers although there are some examples of intramolecular 
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charge transfer complexes that were observed for some TTF derivatives (TTF radical cations are 

possible to form even with the ambient oxygen).
[236, 267-269]

 Since the structure of the polymer networks 

issued here is amorphous and 3D with an extended conjugation, the observation of stable radicals over 

the pristine TTFCMP can be understood, even more as also for other microporous polymers with 

weaker electron donors incorporated, have shown stable radicals on EPR without any further 

doping.
[72, 236, 270, 271]

 

 

 

Figure C.1.9: Solid-state diffuse reflectance UV-Vis (A) and EPR (B) spectra of TTFCMP (black) and TTFCMP.+-In
- 

(red). 

Investigation of the chemical composition in the synthesised materials before and after doping was 

performed using X-ray photoelectron spectroscopy (XPS). [NB: All measurements and data 

interpretation were performed by Dr. J. P. Paraknowitsch]. An overall elemental detection / 

quantification is possible with XPS (Figure C.1.10, Table C.1. 3), however, since XPS is a surface 

sensitive method and the morphology of CMPs are three dimensionally amorphous, exact values are 

not expected to be observed. Nevertheless, quantification of XPS survey spectra was performed even 

if it’s only representative of the material’s surface (Figure C.1.10, Table C.1. 3).  

Table C.1. 3: Quantified XPS survey data of TTFCMP (black) and TTFCMP.+-In
- (red), all values are in at.%. 

 C1s S2p I3d5/2 Pd3d P2p O1s 

TTFCMP 66.5 15.2 0.3 0.7 < 0.1 17.3 

TTFCMP•
+
-In

-
 73.4 13.5 3.1 0.6 < 0.1 9.4 

 

One of the most important outcome of the survey scans is the observation of residual unreacted end 

cap iodides over the outer shell of the pristine TTFCMP (Figure C.1.10, Table C.1. 3). This finding is 

not surprising, considering end cap halogens are usually observed for Sonogashira-Hagihara type 

A B 
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polycondensation reactions.
[74, 272, 273]

 Additionally, it is important to note that the detection of 

oxygen-related BEs derives from oxygenated surface sites, which typically occur on samples stored 

under atmospheric conditions, although indium oxide species on the sample holder may also 

contribute. Furthermore, the found traces of Pd and P are assumed to be associated with synthesis 

catalyst residues.  

 

Figure C.1.10: Normalised XPS survey spectra of TTFCMP (black) and TTFCMP.+-In
- (red). 

Besides other elemental species within the structure, investigation of the type of iodide(s) formed (i.e. 

I
-
,I3

-
, I5

-
) was of special interest since, as discussed above, the gravimetrical detection had not given a 

solid information.
 
Two different states of iodine, with BEs of 618.63 eV and 620.43 eV, can be 

detected by deconvolution of the I3d 5/2 core level spectrum of TTFCMP
.+

-In
-
. According to the 

literature, I
-
 and I3

-
 species typically present peaks with binding energies (BE) of 618.63  and 

620.43 eV, respectively (Figure C.1.11).
[258, 274, 275]

 Yet, other reports suggest that these BEs may 

correspond to triiodide (I3
-
, 618.83 eV) and pentaiodide (I5

-
, 620.43 eV) structures.

[276-278]
 Because of 

these contradictory findings, it is not clear whether there are isolated I
-
 moieties or mixtures of 

different polyiodides (In
-
). Consequently, the higher intensity peak at BE = 620.43 eV is typically 

associated with the formation of polyiodide structures, and most probably I3
-
 since these type of 

polyiodides are frequently observed
[250, 257-259]

 and their formation do not require any special 

conditions, unlike I5
-
.
[279, 280]

 However, it should be considered that some XPS studies aiming at the 

assignment of iodide species indicated that pentaiodides essentially consist of molecular iodine and 

triiodide (I2+I3
-
=I5

-
), and that they decompose under vacuum through I2 sublimation yielding only I3

-
 

moieties within the structure.
[277, 281]

 Since XPS measurements require high vacuum, probable 

decomposition of pentaiodides should be taken to account.
[277, 278, 281]

 Thus, XPS results supported the 

probable presence of a mixture (poly)iodide within the polymeric networks as already established by 

the gravimetrical studies. 
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Figure C.1.11: XPS I3d5/2 core level spectrum of TTFCMP.+-In
-. 

 

Figure C.1.12 Normalized overlay of XPS S2p core level spectra of TTFCMP and TTFCMP.+-In
- 

After determination of the iodide structure(s), typical sulphur BE for TTF or thiophene like materials 

were revealed in S2p core level spectra of TTFCMP and didn’t change dramatically in TTFCMP
.+

-In
-
 

(Figure C.1.12).
[274, 275, 282]

 Nevertheless, after the iodide charge transfer salt was formed, the 

broadening of the S2p signal to lower BEs indicates altered chemical state for the sulphur of TTF 

moieties, in agreement with published results.
[274]

 

In conclusion, co-polymerisation of TEB and diiodo-TTF by Sonogashira-Hagihara polycondensation 

reaction was successfully achieved and a TTF based CMP was obtained. Conventional synthetic 

procedures using a 1:1 TEA/DMF solvent mixture only yielded relatively low surface areas. Thus, 

optimisation of the reaction conditions has been undertaken and the critical parameters appeared to be 

the nature and amount of base used for the polymerisation. We found that optimal synthetic conditions 

for the present system were the use of a catalytic amount of DIA, which allowed reaching higher 

polymerisation degrees by avoiding early stage precipitation. The networks exhibited high surface 

areas of up to 434 m2
g

−1
. Unlike for the conventional CMPs, the use of an excess molar ratio of 
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ethynyl to iodine functionalities did not result in a significant increase of surface area. In following, 

electron-donating properties of the networks were proven by successful chemical doping. The radical 

cationic form of TTFCMP obtained after iodine exposure, denoted as TTFCMP
.+

-In
-
 was fully 

characterised. Both the gravimetric iodide/TTF molar ratio and the evaluation of the iodides chemical 

state by X-ray photoelectron spectroscopy were used to determine the (poly)iodide structure formed 

within the porous network and could be assumed to be mostly triiodides (I3
-
). These findings prove 

that formation of local charges over a neural polymeric network via chemical doping is possible, and 

results presented here are a step towards the application of conjugated microporous polymers in 

organic electronics. 
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C.2. INVESTIGATION OF THE EFFECT OF MONOMER RATIOS ON 

THE SURFACE AREA OF CONJUGATED MICROPOROUS 

POLYMERS 

Poly(arylene ethynylene)s (namely, PAEs) have been studied intensively since their conjugated rigid 

backbone might make them useful especially for sensing and organic electronics.
[283-286]

 One of the 

most employed reactions in order to obtain such compounds is the Sonogashira-Hagihara cross-

coupling reaction.
[287, 288]

 This polycondensation reaction basically takes place between a dihalo (X-A-

X) and diacetylene (H-C≡C-B-C≡C-H) monomer yielding a polymer backbone in which the repeating 

units are connected by triple bonds (-[A-C≡C-B]-).
[247]

 However, obtaining defect-free structures from 

this polycondensation method is not possible.
[288]

 For example, polymers obtained via 

Sonogashira-Hagihara cross-coupling reaction using a Pd(0) catalyst under inert atmosphere also carry 

butadiyne groups (X-C≡C-C≡C-Y) from 1 to 10% although such homocouplings is just expected in 

presence of Pd(II) catalyst or oxidizing species like ambient oxygen.
[288]

  

Obtaining porous polymers built on poly(arylene ethynylene)s are one important topics in the field of 

porous materials
[114]

 since conjugated microporous polymers (CMPs) with high permanent porosity 

were presented by Cooper et al.
[49]

 In this paper, the coupling of 1,3,5-triethynylbenzene (TEB) and 

1,4-dibromobenzene was employed via Sonogashira-Hagihara cross-coupling and the formed 

insoluble precipitate, namely CMP-1, presented permanent porosity.
[49]

 One striking point for these 

first CMPs was the applied non-stoichiometric monomer ratio of ethynyl to halogen functionalities of 

1.5:1.
[49]

 Further studies by the same group indicated that the small excess of ethynyl groups with 

respect to halogens yielded higher surface area in various polymeric networks with respect to 

equimolar ratio of corresponding functionalities (halogen to acetylene).
[239]

 However, that molar ratio 

was chosen empirically rather than on an understanding
[49, 239, 249]

 and explained as the non-

stoichiometric ratio of functional groups drives the reaction further in order to prevent early stage 

phase separation
[249]

 which yields higher surface areas as a consequence of higher polymerisation 

degrees.
[248]

 Although this assumption is contradictory to the general principle of such step-growth 

processes which require equimolar functional groups of co-monomers for higher polymerisation 

degrees,
[289]

  in case of “infinite molecular weight” polymeric network formation, can be applicable to 

Sonogashira-Hagihara reaction since it is known that resulting polymers from this polycondensation 

reaction usually contain halogens in the end caps instead of terminal alkynes.
[272, 273, 290]

 Thus, 

introducing an excess acetylene units may carry the polymerisation further.
[248, 290]

 Nevertheless, one 

should be careful about possible butadienic (homocoupling of acetylenes) defects along the structure 

will be increased in parallel with the concentration of acetylenic moieties where was also pointed in 

the latest work of Cooper et. al (Figure C.2.1).
[249]
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Figure C.2.1: Proposed reaction process of CMP-1 formation with an excess of ethynyl to halogen functionalities.[249] 

During the studies on the improvement of the reaction conditions for TTFCMPs, the effect of 

monomer ratios to surface area has been studied and was found that using an equimolar ratio of 

functional groups yield materials with higher surface area compared to using a small excess of 

acetylene which is contradictory to the conditions reported in the literature. Therefore, it was decided 

to investigate this effect in more detail by applying various monomer concentrations in the synthesis 

of CMP-1 and studying the effect on the surface area. It should be noted that the reaction conditions 

were also varied compared to the earlier studies
[239]

 such as use of DMF was preferred as solvent 

instead of toluene since it was indicated Sonogashira-Hagihara cross-coupling in DMF gave higher 

surface areas with respect to other frequently used solvents.
[240]

  

 

Figure C.2.2: Synthetic scheme of CMP-1 by Sonogashira-Hagihara cross-coupling reaction. 

In order to investigate the influence of monomer ratio on the surface area of CMP-1, an exact molar 

ratio (denoted as 3:2), a small excess (1.5 eq., denoted as 3:3) and a large excess (5 eq., denoted as 

3:10) of the ethynyl- to halogen- functionalized monomers was chosen. Furthermore, solely TEB 

monomer was tested under the same reaction conditions to prove if TEB can undergo a self-reaction. 

This aspect is critical since acetylene-acetylene homocouplings are known to occur as side products of 

Sonogashira-Hagihara cross-coupling reaction even though Pd(0) is used under inert atmosphere as 

discussed above.
[288]

  

After the reactions with different monomer ratios, significant effects on the macroscopic appearance 

and texture of the synthesised polymeric networks were observed (Figure C.2.3). Indeed, a fluffy pale 
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yellow powder was collected when the exact molar ratio was used (Figure C.2.3, vial A) while a small 

excess of TEB (1.5 eq. ethynyl) produced a grey/brown solid with small amounts of pale yellow 

residues (Figure C.2.3, Vial B). Using a large excess of TEB (i.e. 5 eq. ethynyl per iodo group), a 

predominantly maroon powder precipitated with both pale yellow and grey/brown particles inside 

(Figure C.2.3, Vial C). 

 

Figure C.2.3: Picture showing the changes in macroscopic appearance of polymers synthesised with varying monomer 

ratios. The powder shown in the bottom was collected after the reaction using a large excess of TEB (vial C, 3:10 

PhI2/TEB). It can be seen that the powder is inhomogeneous, predominantly maroon with residues of polymers 

formed from the exact (vial A, 3:2 PhI2/TEB, yellow powder) and the small excess (vial B, 3:3 PhI2/TEB) reaction 

conditions. 

The examination of the polymerization yields indicated that homocoupling reactions must have 

occurred when an excess of TEB was used as the yield were systematically above a 100 % since the 

theoretical yields were calculated for formation of the ideal structure, i.e. without incorporation of the 

excess TEB. Although it is common to obtain yields above the theoretical full conversion (typically 

between 100 and 130 %) due to entrapped solvent molecules, catalyst or terminal groups within the 

porous structure,
[74]

 the unusual yields of 160 % and 300 % obtained when an excess of TEB was used 

clearly indicate that the excess of monomer is incorporated within the polymeric structure.  

In the following, the control reaction using exclusively the TEB monomer under identical reaction 

conditions was performed, and unlike CMP-1 networks which have the tendency to precipitate in 

fewer than 15 mins, no precipitation was observed before two hours. This is not surprising and can be 

explained comparing cross- and homo-couplings, in which cross-coupling reactions (i.e. the 

Sonogashira Hagihara coupling) is at least 9 times faster than acetylene-acetylene homo-couplings.
[288]

 

After a reaction time of > 2 h, small particles were observed to precipitate and the control reaction was 

left to run for an additional 72 h like the procedure employed for other CMP synthesis. A dark brown 

solid which occupied most of the solvent volume was isolated (denoted as H-AcAc), and soxhlet 

A B C 

 “3:10” ratio 
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purification applied with MeOH and THF. Unlike the other polymeric networks described in this 

section, H-AcAc shrinked rapidly during the drying process under vacuum at 90 °C and a yield of 

124% (this time calculated for the idealized structure shown in Figure C.2.4) was recorded which is 

probably due to remaining DMF or catalyst residues within the pores. 

      

Figure C.2.4: Ideal structure of homopolymerised TEB and dark brown powder of the obtained polymer. 

N2 sorption measurements were carried out for all the polymers (Table C.2.1). The evaluation of 

surface area as a function of the monomer molar ratio yield a different tendency as the one reported in 

a similar study performed with toluene as a solvent.
[239]

 Indeed, it was reported that the use of 1.5 

equivalents of ethynyl to halogen functionalities yield polymers with the highest surface area and that 

the surface area was lower when either the equimolar ratio was used or the excess of ethynyl groups 

was further increased.
[239]

 In our case, however, the surface area measured for the polymers 

synthesised with an exact molar ratio (3:2) and a small excess of TEB (3:3) were similar, i.e. around 

750 m
2
g

-1
. When the ethynyl content was further increased to 5 eq. per iodo group (3:10) the surface 

area was measured to be even significantly higher (1150 m
2
g

-1
) which is the highest surface area 

among all the polymers studied. The surface area of the latter polymer was recorded in the same range 

with the TEB homopolymer, H-AcAc, indicating that a high degree of homocoupling/side-reactions 

occurred when ahigh excess of acetylene groups (3:10) were applied to obtain CMP-1 and that these 

homocouplings are responsible for the increased surface area.  

Table C.2.1: Effect of different molar ratios on CMP formation. The yields for CMPs were calculated according to the 

theoretical ideal structure formation (without incorporation of excess TEB). 

PhI2/TEB 

Ratio 

Ethynyl/Halogen 

Ratio 
Solvent 

Yield, 

% 
T, °C 

Surface 

Area 

(m2g-1) 

V0.1
[a] 

(cm3g-1) 

Vtotal
[b] 

(cm3g-1) 

3:3 (ref[49]) 1.5/1 Toluene 65 80 834   0.33[c]   0.47[d] 

3:2 1/1 DMF 105 100 759 0.69 0.42 

3:3 1.5/1 DMF 160 100 749 0.42 0.69 

3:10 5/1 DMF 300 100 1150 0.69 0.64 

H-AcAc -- DMF 124 100 1010 0.94 0.39 

[a]pore volume at P/P0 = 0.1 [b]total pore volume at P/P0 = 0.95 [c]micropore volume was calculated by using the t-plot 

method based on the Halsey thickness equation [d]total pore volume at P/P0 = 0.99. 
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The overall shape of the isotherms changed along with the reaction conditions used and gave 

additional information on the resulting changes in porosity (Figure C.2.5-A). Generally, a high uptake 

at low relative pressures was observed indicating a pronounced level of microporosity, as typically 

observed for CMP-1 synthesised in toluene
[49, 239]

 or in DMF.
[240]

 The polymers synthesised from exact 

monomer ratios (3:2) and small excess acetylene (3:3) did not indicate a significant difference for the 

obtained SAs and QS-DFT pore size distributions (Figure C.2.5-B), however while polymer 3:3 

showed a nearly perfect Type I isotherm, 3:2 polymer had an additional steep increase in the nitrogen 

volume adsorbed at high relative pressures of the isotherm, which is commonly explained as inter-

particulate adsorption. Polymer 3:10 exhibited a small hysteresis and showed a similar isotherm shape 

and QS-DFT pore size distribution as H-AcAc. The hysteresis and the observed uptake in the 

mesoporous pressure range point to a more complex pore geometry with pores of different shapes and 

sizes (mainly microporous with some larger micropores and smaller mesopores) and/or to cavitation 

effects. 

    

 

Figure C.2.5: Graph A represents N2 sorption isotherms (the 3:3, 3:10 and H-AcAc isotherms were shifted up by 200, 

400 and 600 cm3g-1 respectively) Graph B shows the plots of QS-DFT pore size distributions (the 3:3, 3:10 and H-

AcAc pore size distributions were shifted up by by 0.2, 0.4 and 0.6 cm3g-1 respectively) Graph C demonstrates the 

plots of “cumulative pore volume” to the pore sizes for the CMPs with different PhI2/TEB ratios.  

B C 

A 
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This difference could point to an additional condensation mechanism in polymer 3:3. Using an exact 

molar ratio (polymer 3:2) yield precipitation of small, microporous polymer particles, showing a high 

external surface area whereas when the excess of TEB was used in polymer 3:3 can now yield an 

additional cross-linking of the first formed CMP-1 particles (i.e. gelated insoluble cluster
[249]

, Figure 

C.2.1) with a following ethynylene homo-coupling. Thus, the crosslinking of the CMP-1 particles 

which will create a second microporous polymer phase can be seen in the large reduction of external 

surface area which is similar to the post-synthetic modifications of microporous polymers which have 

been studied intensively.
[91, 291, 292]

  

The effects of further crosslinking can also be detected from the isotherm of polymer 3:10 which 

showed the highest N2 uptake in the micropore range. QS-DFT calculations of cumulative pore 

volume (Figure C.2.5-C) can be helpful at this stage in order to visualize the porous behaviour of the 

polymers by indicating the contribution of the pore sizes to the adsorbed N2 volume although these 

values are calculated for perfect porous carbon structures. The adsorbed N2 volume below the 

micropore range (< 2 nm) was nearly identical for all polymers except polymer 3:10. The apparent 

highest amount of micropore contribution to total amount of condensed nitrogen is responsible for the 

obtained highest surface area of polymer 3:10 polymer. As indicated above, the combination of the 

microporosity of ideal CMP-1 structure and additional microporosity obtained by the further coupling 

may result the highest surface area. Note that the additional but fully separated formation of individual 

homocoupled polymer, namely H-AcAc, in the final mixture has to be considered since different 

fractions can be observed from the powder of polymer 3:10 (Figure C.2.3).  

For further structural characterisation, 
13

C cross-polarization magic-angle spinning (CP-MAS) NMR 

spectroscopy was performed for all polymers (Figure C.2.6). The peaks at δ = 128.9 and 121.1 ppm 

can be assigned to the tertiary and quaternary aromatic carbons, respectively, whereas the peak at 

δ = 87.9 ppm can be assigned to the internal acetylenes (-C≡C-) in the ideal CMP-1 structure and the 

peak at δ = 79.4 ppm to non-reacted terminal acetylenic moieties (≡C-H). 

Furthermore, the appearance of the additional peaks with the further increase of TEB equivalent 

should be as a consequence of alkyne-alkyne homocouplings which can be notified by the peak at 

δ = 134.7 ppm with the multiple peaks in the acetylenic region (i.e. δ = 80 - 100 ppm range). 

Interestingly, for a perfect butadienic (homocoupled alkynes) contribution, expected impurities should 

be visible as one extra acetylene peak (-C≡C-C≡C-) with overlapped or indistinct shoulders since the 

other carbons along the homocoupled polymer is nearly chemically identical. 

In this aspect, several reports in literature were referred to described the formation of the issued 

additional peaks where it is found that enynes are formed as side products in the synthesis of 

butadienic structures in presence of palladium catalyst.
[293-295]

 Thus a fair assumption would be that the 

peak appearing at δ = 134.7 ppm can be assigned to enyne double bonds within the structure.
[296]
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Furthermore, the peaks in the δ = 80 - 100 ppm range should be due to formation of several 

non-identical acetylenic carbons. Following the same assumption and according to the literature 

reports, the peaks in the acetylenic region at 94.6 ppm could be assigned to the non-neighbouring 

acetylene carbon of enynes (=C-C≡C-Ph),
[297]

 while the ones at 79.9 ppm can be assigned to terminal 

alkynes (≡C-H)
[298]

 and the resonance at 72.0 ppm to the internal diyne carbons (Ph-C≡C-C≡C-Ph).
[299]

 

Two peaks might overlap in the broad region near 87.9 ppm, representing the external 

(Ph-C≡C-C≡C-Ph) carbons of diyns and acetylene carbons near the double bond of an enyne 

(=C-C≡C-Ph).
[296, 299]

 

 

 

Figure C.2.6: Solid state 13C CP-MAS NMR spectra for H-AcAc and TTFCMPs synthesised with different molar 

ratios. 

This aspect is critical as it was reported that the homopolymer (HCMP-1) prepared from TEB with 

catalytic Pd(II) species (Figure C.2.7-A) is highly porous (842 m
2
g

-1
) and showed a N2 sorption 

isotherm closer to type I (Figure C.2.7-C) with respect to H-AcAc (Figure C.2.5-Graph A).
[298]

 A 

comparison with the published solid state NMR spectrum of this TEB homopolymer, HCMP-1, clearly 

indicates that higher content of the terminal alkynes can be found than H-AcAc judging by the sharp 

peak at δ = 82.7 ppm (Figure C.2.7-B). This could be due to lower polymerisation degrees of HCMP-1 

in toluene with respect to H-AcAc in DMF where similar behaviour was also indicated in literature for 

CMP formations via Sonogashira-Hagihara cross coupling.
[240]

 Additionally, comparison of the surface 

areas of the final polymeric networks can help at this point where HCMP-1 gave 842 m
2
g

-1
 whereas H-

AcAc has a surface area of 1050 m
2
g

-1
 which is highly probably due to further polymerisation of 

oligomers in DMF.
[240, 248]

   

Diyne Enyne 
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Figure C.2.7: Ideal structure of TEB homopolymer (HCMP-1) prepared with Pd(II)/CuI as catalytic system (A). 13C 

solid state NMR spectra (B) and N2 sorption isotherm (C) of HCMP-1 (figures retrieved from ref[298]). 

 

Figure C.2.8: FT-IR spectra of the CMPs with different molar ratios. 

FT-IR spectra of the polymer networks confirmed the expected differences in the polymer structure 

(Figure C.2.8). The peak at 2188 cm
-1

, characteristic of internal alkynes can be seen for each network. 

The terminal acetylene vibrations at 2109 cm
-1

 along with an intense band at 3297 cm
-1

 were attributed 

A 

B C 
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to the stretching mode of terminal C-H acetylene bond are only visible for H-AcAc and for polymer 

3:10 (Figure C.2.6) with the strong peak due to C-H deformation of terminal acetlyenes at 695 cm
-1

.  

Additionally, in the –C=C– stretching region of benzene moieties two peaks were observed for 

H-AcAc (1575, 1431 cm
-1

) whereas the copolymerised networks showed three peaks (1575, 1506, 

1431 cm
-1

) with an additional peak probably arising from the 1,4-functionalised benzenes moieties. 

Moreover in case of H-AcAc, the only peak in the region of the –C-H out of plane bending of 

benzenes (600 – 900 cm
-1

) was observed at 876 cm
-1

 and the absence of the peak at 832 cm
-1

 which 

was observed for CMP-1 based systems is probably due to the same reason.  

 

Figure C.2.9 Proposed structures for H-AcAc. Structure A is more probable considering the results discussed above 

compared to the idealised homocoupling of TEB (structure B).  

In conclusion of this section, different monomer ratios in the synthesis of CMP-1 have been employed 

and the effect on chemical structure and porosity of the resulting networks has been investigated. This 

study was mainly motivated by the original report on CMP-1 and also later works on polymer 

networks prepared by Sonogashira-Hagihara coupling as described that an excess of the acetylene 

monomers are needed to yield high surface area in which contradicts with the common idea of 

equimolar functionalities for higher degrees of step-growth co-polymerisation. Depending on the 

applied conditions in this work, it was observed that using a small excess molar amount of TEB does 

not change the surface area from the equimolar ratio. On the other hand, using a large excess of TEB 

causes a significant increase of the surface area, and also the homopolymer made exclusively out of 

TEB has a much higher surface area then the one reported for CMP-1. There is therefore a certain risk 

that in the conventional CMP-1 synthesis using an excess of TEB results a second polymer phase is 

formed yielding further crosslinking of the first formed gelated insoluble clusters likewise the 

postulation by Cooper et al. in a recent publication
[249]

 with following acetylene-acetylene 

homocoupling as second polymer phase can artificially increase the surface area of the assumed 

Sonogashira networks. Therefore the increased surface area found in Sonogashira derived networks 

using an excess amount of TEB can, as copolymerization theory predicts, not explained by higher 

polymerization degrees, but by the formation of a second, high surface area phase generated by 

homocoupling of the excess TEB monomers. Furthermore, it was shown that homocouplings of 
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acetylenic moieties form enynes and diynes within the structure under Sonogashira conditions, which 

result in structural variations to the idealized acetylene homocoupling network (e.g. HCMP-1)
[298]
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C.3. DITHIENOTHIOPHENE BASED CONJUGATED MICROPOROUS 

POLYMERS 

Dithienothiophenes (DTTs) have been  discussed in the previous chapter and their applications 

ranging from organic electronics to catalysis have already been mentioned.
[177, 192, 216-218, 300, 301]

 Notably 

the extended conjugated system which is provided by the three fused thiophene rings proved to be 

beneficial and was consequently highly exploited for applications in OFETs and organic solar cells.
[179, 

184-186, 188-190]
  Furthermore, derivatives of DTT such as S,S-dioxides are frequently used in OLED 

applications due to their enhanced luminescence properties, and tunability of their spectral responses 

with various co-monomers.
[192, 212, 213, 302]

 As it was stated in the chapter on TTFCMPs, the use of 

electron rich heteroatom based monomers as building blocks to obtain functional porous polymers is 

an emerging topic, especially, regarding potential organoelectronic applications.
[105, 106, 229]

 In this 

aspect, thiophene derivatives are good candidates to be introduced into porous polymers due to their 

numerous applications in the field of (opto)electronics and sensing.
[177, 180, 193, 230-232, 300-305]

 However, 

devices based on thiophenic porous materials have not been able to present outstanding properties so 

far.
[106, 306, 307]

 Nevertheless, their high potential was predicted in recent perspective articles which 

strongly proposes 2D/3D compounds are promising materials  to be applied in organic electronic 

devices.
[103, 104]

  

In order to obtain a novel thiophene based CMP, we collaborated with Prof. Dr. Turan Ozturk and 

Dr. Ipek Osken from Istanbul Technical University who have recently investigated the electronic 

capacitance behaviour of a DTT monomer with peripheral thiophenes (DTTPh2-Th4, Figure C.3.1).
[308]

  

 

Figure C.3.1: Synthesis of DTTPh2-Th4.
[308]  

This monomer appeared interesting to us for two different reasons. First it would allow obtaining a 

novel CMP with a functional DTT core. More interestingly, since the peripheral thiophenes in this 

DTT derivative are not chemically identical, the morphology of the polymer could be possibly tuned 
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electrochemically from a linear to a cross-linked structure (Figure C.3.1). Thus, a porous CMP-film 

could theoretically be addressed and compared to its linear analogue.   

For the preparation of a CMP based on the DTTPh2-Th4 via oxidative polymerisation, the 

corresponding monomer was dissolved in CHCl3 and added to the slurry of FeCl3 in CHCl3 at room 

temperature under inert atmosphere (Figure C.3.2). After one day the formed precipitate was isolated 

by filtration and the polymer (denoted as DTT-CMP) was collected after extensive washing as an 

insoluble red powder in 82% yield. Nitrogen sorption analysis indicated the DTT-CMP exhibits a SA 

of 790 m
2
g

-1
, a value comparable to other microporous polymers synthesised via oxidative 

polymerisation.
[50, 86, 309]

 

 

Figure C.3.2: Synthesis of DTT-CMP via Fe3+-catalysed oxidative polymerisation.  

In the next step, the chemical oxidation/reduction of the DTT-CMP was attempted in order to compare 

electronic and physical properties of pristine and doped material. For this purpose, the network was 

exposed to I2 crystals in a closed vessel in order to locally form charge transfer salts between the 

thiophenic moieties and iodine resulting in an oxidised polymer (denoted as DTT-CMP
+
-In

-
; Figure 

C.3.3). Upon exposure to iodine vapour, the red colour of the DTT-CMP quickly turned darker and 

showed a dark maroon colouration after 30 mins (Figure C.3.3, picture B) which progressively turned 

to black, as expected for such oxidation process in thiophene based materials, by extending the 

exposure time to 24 h. To ensure complete (or maximal) oxidation of the network, the iodine exposure 

was conducted over 7 days in total.   

 

Figure C.3.3: Chemical oxidation of DTT-CMP to DTT-CMP+-In
- via iodide charge transfer salt formation. Picture A 

represents the pristine DTT-CMP network over I2 crystals. Pictures B and C were taken after 30 mins and 7 days of 

iodine exposure, respectively. 
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Before further characterisation, the excess of iodine in DTT-CMP
+
-In

-
 was removed by treating the 

network at 40 °C under vacuum overnight as indicated by the significant weight loss observed after the 

evacuation step (the iodide/monomer ratio dropped from 6.14 to 1.06, Table C.3.1). Besides removal 

of unreacted iodine from the system, it is probable that the charge-transfer salts formed with peripheral 

(bi)thiophenes were also neutralized and removed. This observation is in agreement with the reported 

decomposition of thiophene-iodides charge transfer salts, as they are known to be unstable under 

vacuum.
[310]

 DTTs, on the other hand, should form more stable charge transfer salts located on the 

central ring due to strong cross conjugation with the two neighbouring fused thiophene rings. Thus, 

the remaining iodide charge transfer may only be located on the central ring of the DTT moieties. 

Furthermore, since the equivalent of iodide is nearly equimolar like the examples in literature, it is 

assumed that only mono iodides are present in the network (DTT-CMP
+
-I

-
).  

Table C.3.1: Iodine doping of DTT-CMP. 

DTT-CMP DTT-CMP
+
-In

-
 DTT-CMP

+
-I

-[a]
 

Pristine 
DTT-CMP 

(mg) 

Pristine 
DTT-CMP 
(mmol)

[b]
 

I
- 
uptake 

(mg
[c]

-mmol
[d]

-I
-
/DTT

[e]
) 

I
- 
uptake 

(mg
[c]

-mmol
[d]

-I
-
/DTT

[e]
) 

33.6 0.05
[b]

 38.9
[c]

-0.31
[d]

-6.14
[e]

 6.7
[c]

-0.05
[d]

-1.06
[e]

 

[a] after vacuum treatment at 40 °C, [b] theoretical value assuming formation of an ideal DTTPh2-Th4 network, [c] total 

uptake of I2 in mg, [d] calculated mol of formed iodides from the gravimetrical uptake [e] molar ratio of iodide uptake to 

DTTPh2-Th4 moieties in the network.  

The N2 sorption analysis of the DTT-CMP
+
-I

-
 revealed an expected reduction of the SA to 380 m

2
g

-1
 

(from initially 790 m
2
g

-1
), presumably mainly as a result of iodide pore-blocking within the network. 

This effect is reflected in the corresponding sorption isotherms as a decrease in the overall gas uptake, 

notably at low relative pressures (Figure C.3.4-A).  

 

Figure C.3.4: N2 sorption isotherms (A) and NL-DFT pore size distributions (B) of the DTT-CMPs. 

The corresponding pore size distributions revealed a specific blockage of the smaller pore population 

occurred within the structure (Figure C.3.4-B). It should also be mentioned that the weight increase of 

A B 
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the building blocks due to iodine incorporation will also contribute distinctly to the observed reduction 

in the gravimetric SA. 

 

Figure C.3.5: Pictures of the different states of the DTT-based CMPs. 

Unlike TTFCMPs, the chemical reduction of the network to its initial oxidation state is possible for 

thiophenic systems and was attempted by treating DTT-CMP
+
-I

-
 with NH3,with the aim to decompose 

all charge transfer salts by removal of all iodides as ammonium salt (NH4
+
I

-
), thus achieving a full 

chemical oxidation/reduction of the network.
[311-314]

 Exposure of DTT-CMP
+
-I

-
 to ammonia gas 

(NH3(g)) resulted in a macroscopic colour change of the material. Nevertheless, since a gas phase 

ammonia treatment will probably not remove the formed ammonium salts which will remain within 

the network, the DTT-CMP
+
-In

-
 network was stirred in an aqueous 32% ammonia solution for a period 

of 2 h. Subsequent washing/centrifuging and drying at 90 °C (overnight) resulted in a network 

(denoted as DTT-CMP-N) with a satisfactorily increased SA of 568 m
2
g

-1
. Even though, after the 

treatment in ammonia solution, the SA of the pristine CMP material could not be fully recovered. 

FT-IR spectroscopy analysis of the DTT-CMP polymers after the successive chemical treatments 

revealed the reversibility of the oxidation-reduction process. The expected changes in the stretching 

and bending vibrations for typical thiophenic materials have been observed (i.e. for DTT-CMP, 

DTT-CMP
+
-In

-
, DTT-CMP

+
-I

-
, DTT-CMP-N; Figure C.3.6). 

[261, 315, 316]
 

The spectra of the doped polymers (Figure C.3.6) revealed an overall enhancement of band intensities 

probably caused by the polarisation of the network especially observed for the C=C stretching bands 

and the ring deformation bands at 1178, 1261 and 1335 cm
-1

 that were reported for similar thiophene 
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based structures.
[261, 315, 316]

 Moreover, reduction of the intensities of the -C-H in plane bending 

vibrations (i.e. 1020, 1042 and 1092 cm
-1

) after the 40 °C heat treatment under vacuum can be 

attributed to the partial reduction of the polymer network occurring at the hydrogen rich (bi)thiophenic 

moieties. This observation can also be compared to similar examples reported in literature.
[261, 262]

 

Ammonia treatment of DTT-CMP
+
-I

-
 produced a material showing an almost identical spectrum to 

that recorded for the pristine DTT-CMP. 

 

Figure C.3.6: FT-IR spectra of DTT-CMP, DTT-CMP+-In
-, DTT-CMP+-I- and DTT-CMP-N. 

 

Figure C.3.7: 13C CP-MAS NMR spectra of the synthesised DTT-CMP, DTT-CMP+-I-, and DTT-CMP-N polymers. 

Since aromatic behaviour along sp2 carbons are not altered significantly during the chemical redox 

process, the 
13

C CP-MAS NMR spectra of the DTT-based CMP networks did not change dramatically 
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(Figure C.3.7). However, resonances at δ = 132 and 127 ppm should be representing the tertiary 

carbons of benzene and thiophenes, respectively, judging by their high intensities in the decoupling 

method. The shoulder at δ = 141 ppm can be assigned to carbons of DTT core and -carbons of 

(bi)thiophenic units due to their highly conjugated quaternary form. 

Electrochemical polymerization of DTTPh2-Th4 has also been investigated as another approach to 

obtain DTT-CMP network (Figure C.3.8).  

Figure C.3.8: Electropolymerisation of DTTPh2-Th4 in different potential range to obtain linear (DTT-LPelec) and 

cross-linked (DTT-CMPelec) analogues. 

 

Figure C.3.9: Cyclic voltammograms of DTT-LPelec and DTT-CMPelec reactions were performed in an electrolyte 

solution of NaClO4/LiClO4 mixture (0.1 M / 0.1 M) in ACN/DCM (9:1 v/v) where the reference electrode was 

Ag/AgCl, and Pt wires were employed as both counter and working electrodes. 

By considering the non-identical environment of the peripheral thiophenic units, the DTTPh2-Th4 

monomer can be polymerized in a linear (DTT-LPelec) or a cross-linked fashion (DTT-CMPelec). 

Indeed, the regiospecific linear polymerisation at lower potentials selectively occur at the thiophenes 

directly attached to the DTT core since they have a lower first oxidation potentials due to an increased 

conjugation with the adjacent thiophenic moieties, (i.e. bithiophene have a lower first potential with 

respect to thiophene).
[317]

  

The anodic scan of the monomer in two different potential ranges exhibited different cyclic 

voltammograms (Figure C.3.9). The scan between 0 – 1.05 V yielded a linear polymer deposition 

through the polymerization of the thiophenes directly connected to DTT moieties (designated as 

DTT-LPelec). When the upper limit of the scan range was set to 1.4 V (in a fresh electrolyte solution, in 
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the same conditions, i.e. electrolyte, concentration of monomer), an additional peak at ca. 0.5 V was 

observed after the polymer growth over the working electrode. This peak is attributed to the enhanced 

electron density as a consequence of additional conjugation obtained in phenylic thiophenes after 

cross-linking of monomer (DTT-CMPelec). However, it is not possible to obtain a perfect equimolar 

cross-linking of the thiophenes in the two different environments although the DTT-CMPelec structure 

should contain defects (i.e. x should be slightly higher than y, Figure C.3.8). Similar electrochemical 

response have been observed during the potential-controlled electro-deposition of related compounds 

via altering the scan range.
[318, 319]

   

 

Figure C.3.10: Spectroelectrochemical investigation of DTT-CMPelec. 

Spectroelectrochemical measurements for DTT-CMPelec were performed to investigate optical redox 

response (Figure C.3.10). For this purpose, DTTPh2-Th4 was coated on an indium tin oxide (ITO) 

electrode under the same conditions as described above. The DTT-CMPelec modified ITO working 

electrode was then placed in a monomer-free electrolyte solution (NaClO4/LiClO4 mixture (0.1 M / 0.1 

M) in ACN/DCM (9:1 v/v)) in a UV cell with a reference (Ag wire) and a counter electrode (Pt wire). 

Absorbance spectra in different potentials were identical until 1.0 V where a new peak appeared at ca. 

855 nm (formation of polarons over DTT-CMPelec). Further increasing the potential resulted in this 

peak shifting to shorter wavelengths where a new peak at ca. 1080 nm appeared at 1.2 V (formation of 

bipolarons over DTT-CMPelec), which reached a maximum intensity at a potential of 1.4 V. Finally, 

the initial absorption spectrum was observed again when the potential was set back to 0.0 V that 

proves the reversibility of the process. Furthermore, macroscopic photochromism of the DTT-CMPelec 
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film was visible as the initial orange red film (0 V) turned light green (1.2 V) and finally light blue 

(1.4 V) before showing its initial orange red colour when 0 V was reapplied (inset of Figure C.3.10). 

 

Figure C.3.11 UV-Vis measurement of DTT-CMPelec and its doped-dedoped forms on ITO substrate.  

Investigations on the chemical doping of DTT-CMPelec were also performed by introducing the coated 

ITO substrate into a vessel filled with iodine crystals. After sealing the reaction vessel, the orange 

pristine films started to get darker and after 1 day exposure a dark maroon DTT-CMPelec
+
-I

-
 was 

obtained. Interestingly, the colour of the film became dark red in ambient atmosphere probably due to 

partial reduction of doped states. Nevertheless, UV-Vis measurements revealed the formation of 

radical cationic states with appearance of peak at ca. 855 nm and along with the reduction of the peak 

at ca. 480 nm. Identical changes were observed for the formed polaronic state during 

spectroelectrochemical measurements. Further gas phase ammonia treatment of the DTT-CMPelec
+
-I

-
 

film  unfortunately did not indicate a full reduction of the network as relatively low increase of the 

peak around 480 nm and decrease of the band at 855 nm indicated that only partial reduction of the 

DTT-CMPelec
+
-I

-
 film occurred. The coated ITO substrate was not introduced to aqueous ammonia 

solution in order to preserve the homogeneity of the film. 

Conductivity properties of the all the synthesized DTT-based polymers were evaluated by the 

four-probe method which was frequently applied for such porous materials (Table C.3.2).
[234-237]

 

Among the three pristine DTT polymers, DTT-LPelec showed the highest conductivity probably as a 

result of the higher amount of material per surface unit due to its linear nature. Furthermore, 

DTT-CMPelec showed a higher conductivity than DTT-CMP probably as its electrochemical deposition 

yielded partially linear polymers, thus, lower amount of cross-linking were obtained compared to the 

bulk DTT-CMP as discussed above.  
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Table C.3.2: Conductivity measurements of the DTT-based polymers. 

 

DTT-CMP DTT-LPelec DTT-CMPelec 

Pristine 8.0x10
-5

 Scm
-1

 3.1x10
-4

 Scm
-1

 1.4x10
-4

 Scm
-1

 

Iodine-doped 3.0x10
-2

 Scm
-1

 1.2x10
-3

 Scm
-1

 9.0x10
-3

 Scm
-1

 

 

Iodine exposure of all three polymers resulted in an enhanced conductivity and the highest 

conductivity was measured for the bulk DTT network obtained by oxidative polymerization for which 

the conductivity increased by three orders of magnitude. This can probably be attributed to an effect of 

the high porosity of the polymer obtained by bulk polymerisation whose structure resemble the most 

to the predicted cross-linking. Thus, iodine can enter the open network structure more easily to yield 

higher amount of oxidized DTT species. Furthermore, higher conductivity of DTT-CMPelec compared 

to DTT-LPelec was presumably also a result of the corresponding cross-linking. Additionally, the 

reduction of the doped materials by NH3 vapour treatment did not result in reliable conductivity 

measurements, especially for the electrochemically formed films. Thus, the values gained from the 

four-probe instrument were systematically fluctuating. Unfortunately, the use of aqueous ammonia for 

the reduction of the films was not also possible since the vigorous stirring damaged the films.  

As conclusion, DTT based CMPs were synthesised via chemical oxidative polymerisation 

(DTT-CMP) and by electrochemical depositions on an ITO electrode (DTT-CMPelec). The chemical 

doping of DTT-CMP with iodine was successfully achieved according to the expected changes 

monitored in the spectroscopic properties and gas sorption measurements. Reversible dedoping via 

ammonia treatment was also demonstrated proving the full chemical redox properties of the network. 

Moreover, regioselective electrochemical polymerisation of DTTPh2Th4 monomer was employed in 

order to form linear (DTT-LPelec) and crosslinked (DTT-CMPelec) backbones since the peripheral 

thiophenes of the monomer are not identical chemically. In-situ spectroelectrochemical measurements 

of DTT-CMPelec films showed the fully reversible formation of polaron and bipolaron moieties with 

the increased potential. During the spectroelectrochemical investigations, the electrochromic 

behaviour of DTT-CMPelec film was observed as a reversible colour change in neutral, polaron and 

bipolaron state as well as chemical oxidation (I2)/reduction (NH3) process of the bulk material. Finally, 

conductivity measurements of the three different polymers were recorded and an enhanced 

conductivity was measured upon iodine doping. The positive effect of porosity was demonstrated by 

the significantly larger increase of conductivity of bulk DTT-CMP which has the highest number of 

crosslinking in ideal. These findings prove that the introduction of porosity and dimensionality might 

be beneficial in organic electronic applications, especially for devices such as bulk heterojunction 

solar cells where introduction of additives like fullerenes are generally necessary for higher 
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efficiencies. Additionally, this work also demonstrates that DTT based microporous polymers are 

promising materials for sensing applications e.g. for detection of ammonia based explosives. 
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C.4. THIOXANTHONE BASED MICROPOROUS POLYMERS 

In the Methods and Materials Chapter, it is mentioned that thioxanthone (TX) and its derivatives are 

often used as efficient type II photoinitiators. One of the challenges in this research field is the 

preparation of TX derivatives featuring suitable hydrogen donor functionalities, so that these 

monomers can potentially be employed in polymer initiation without the need for additional co-

initiator. Moreover, there has been thus far no attempt to immobilise TX to obtain heterogeneous 

photoinitiators since TX derivatives are used homogenously in photopolymerization reactions. 

Heterogenisation of TX and its derivatives would thus be of interest as, with respect to 

sustainable/green chemistry, the reusability of such initiator systems would be an additional benefit for 

photopolymerization besides using light instead of traditional methods (i.e. heating). Thus, in the 

following section, the synthesis of three different microporous polymers having non-, partially, and 

relatively high acidic hydrogen containing backbones will be discussed with the aim to observe if it is 

possible to have one component suitable for heterogeneous macrophotoinitiation (Figure C.4.1).  

 

Figure C.4.1: Microporous polymers for macrophotoinitiation synthesized in this. 

As it can be seen from the structures of the microporous polymers (Figure C.4.1), TX-CMP is the most 

rigid network and has no acidic hydrogens, TX-Ph presents a network with methylene linkages where 

partially acidic hydrogens are located, and for TX-TPM, besides having methylene linkages, 

additional acidity were introduced via incorporation triphenylmethane groups. The followed synthetic 

procedure for TX-CMP was the conventional method for such CMPs as previously published by the 

Cooper Group
[49]

 after obtaining 2,7-dibromo-TX (TX-Br2) which was also employed from a 

published procedure (Figure C.4.2).
[320]
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Figure C.4.2: Synthetic scheme of TX-CMP. 

The synthesis of TX-Ph and TX-TPM was based on a Friedel-Crafts alkylation process which is 

commonly used to obtain “hypercrosslinked microporous polymers” (Figure C.4.3).
[56, 60]

 In that case 

the TX monomers were copolymerized with benzene and triphenylmethane to yield the functional TX 

microporous polymers.  

 

Figure C.4.3: Synthetic scheme for TX-Ph and TX-TPM based on Friedel-Crafts akylation chemistry. 

Table C.4.1: N2 sorption analysis results for the synthesised TX-based networks. 

TX type Surface area (m
2
 g

-1
) Pore size (nm) 

TX-CMP 497 1.4 

TX-Ph 537 1.4 

TX-TPM 749 1.4 

 

After obtaining all the polymers (synthetic details are described in more detail in the Experimental 

section) N2 sorption analysis indicated the formation of porous materials with SAs in the range of 

497 - 749 m
2
g

-1
 which is acceptable for this class of polymers (Table C.4.1, and see Figure C.4.4 
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isotherms). NL-DFT pore size distributions indicated a dominant pore size of 1.4 nm for all polymers 

(i.e. predominantly microporous materials) (Figure C.4.5).  

 

 

Figure C.4.4: N2 sorption isotherms of the synthesised TX-based networks. 

    

 

Figure C.4.5: NL-DFT pore size distribution graphs of TX networks derived from N2 sorption analysis (graphs were 

shifted up by addition of 0.22 cm3 for clarity). 
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Solid state 
13

C NMR characterisation of TX-CMP presented the expected resonances for this type of 

network (Figure C.4.6).
[74]

 A comparison of the solid state 
13

C NMR of network with its corresponding 

co-monomers (in CDCl3), demonstrated the perfect incorporation of the two monomers into the 

networks as evidenced by the resonance at δ = 89 ppm corresponding to acetylene carbons and 

δ = 176 ppm representing the carbonyl group of TX. Furthermore, aromatic carbon resonances at 

δ = 122, 128, and 135 ppm fit the characteristics of both monomers.  

 

Figure C.4.6: Solid state 13C NMR spectra of TX-CMP and 13C NMRs of related monomers in CDCl3 solution. 

The solid state 
13

C NMR spectra of TX-Ph and TX-TPM also presented spectral resonances 

corresponding to the respective random co-polymers containing both the respective building blocks 

(Figure C.4.7 and Figure C.4.8, respectively). To have a clear comparison, homopolymers of benzene 

(0-Ph) and triphenylmethane (0-TPM) were prepared with the same procedure and solid state 
13

C 

NMR spectra of these polymers were also recorded. Between the spectra of TX-Ph and 0-Ph, the 

enhancement of the resonance at δ = 129 ppm with a slight shift to 127 ppm, and the carbonyl 

resonance of TX moieties at δ = 176 ppm can be easily observed when TX were introduced to the 

structure. Moreover, the slight shift from δ = 134 to 133 ppm revealed a change in the aromatic 

environment of the backbone. A similar slight shift from δ = 136 to 134 ppm is also observed for TPM 

polymers after TX was incorporated to backbone. Additionally, an identical increase in the intensity of 

the resonance at δ = 126 ppm was observed, with the peak at δ = 176 ppm which was attributed to 

carbonyl groups within the TX polymer. 
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Figure C.4.7: Solid state 13C NMR spectra of TX-Ph and 0-Ph. 

 

Figure C.4.8: Solid state 13C NMR spectra of TX-TPM and 0-TPM, with a comparison with the spectra obtained for 

the corresponding monomers (recorded in CDCl3). 

Elemental analysis was performed to determine the polymer composition, i.e. the relative 

incorporation of both monomers (Table C.4. 2). Measurements indicated the sulphur content within 

the structure was much lower than expected. However, it is known that elemental analysis cannot give 

exact ratios for 3D amorphous structures due to lack of a full decomposition of material core, trapped 

solvent and gases, unreacted end groups or presence of catalyst residues. For example, the formation 

of TX-CMP via Sonogashira-Hagihara cross-coupling reaction should be a controlled A-B type co-

polymerisation with full incorporation of both co-monomers, but elemental analysis gave in that case 
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36% less sulphur in the structure than expected (Table C.4. 2). Thus, elemental analysis cannot be 

used as a quantitative method in order to discuss degree of functionalisation for such 3D-amorphous 

co-polymers whereas it can be used as qualitative analysis in order to justify co-polymerisation of two 

monomers. 

Table C.4. 2: Elemental analysis of TX polymers. 

  

Calculated 

  

 

 

Found 

 

 

  %C 

 

%H %S 

 

 %C %H %S 

TX-CMP   81.80 

 

2.62 10.40 

 

 67.92 3.44 6.66 

TX-Ph   83.42 

 

3.74 8.56 

 

 77.57 4.47 2.12 

TX-TPM   87.50 

 

4.17 5.56 

 

 80.06 4.58 2.25 

 

Since the aim of synthesising these TX-based polymers is their application as initiators in light driven 

processes, it is necessary to investigate the absorption characteristics. Therefore, diffuse reflectance 

UV spectroscopy of the as-synthesised polymers was performed (Figure C.4.9). The corresponding 

spectra showed characteristic TX absorption maxima
[220]

 for each network in the near UV range (i.e. 

λmax = 380 nm for knitted polymers; λmax = 405 nm for TX-CMP where the red shift is probably due to  

enhanced conjugation in CMPs). Furthermore, the wide absorption over the entire UV/Vis spectrum is 

an advantage with respect to molecular TX derivatives since the application of corresponding 

materials is a light driven process.
[321]

 These altered optical properties of such porous-2D/3D structures 

in comparison to their molecular and/or linear polymer analogues are not unexpected and have been 

discussed in previous chapter.
[73, 104, 322]

  

 

Figure C.4.9: Solid state (diffuse reflectance) UV spectroscopy analysis of TX-based polymer networks. 
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After characterisation of TX-based networks, macrophotoinitiation experiments were studied for free 

radical and cationic polymerisations, known to be the common application of TX derivatives. For this 

purpose, a collaboration was established with Sajjad Dadashi-Silab and Prof. Dr. Yusuf Yagci from 

Istanbul Technical University.  

As mentioned in the Methods and Materials Chapter, co-initiators are usually required along with TX 

derivatives to initiate photopolymerisation (see the suggested mechanism of photo induced free radical 

polymerisation from Figure C.4.10).
[219]

 To overcome this issue, acidic protons have been incorporated 

as functional side-groups within the molecular photoiniators. As discussed in the introduction, one of 

the aims of this work is the synthesis of one component macrophotoinitiator presenting acidic 

hydrogens across the polymer backbone which is expected to initiate polymerisation without the use of 

any additional co-initiator. Unfortunately, the polymerisation of methyl methacrylate (MMA) without 

additional co-initiator was unsuccessful, probably due to limitations of intramolecular H transfer 

within the rigid skeleton (i.e. lack of H transfer from sp
3
 carbon of triphenylmethane to TX moieties) 

or due to a too weak acidity of these protons. Nevertheless, experiments were carried out using 

conventional co-initiators (i.e. TEA and Ph2I
+
PF6

-
).  

 

Figure C.4.10: Proposed initiation mechanism of free radical polymerization using thioxanthone macrophotoinitiators 

in the presence of amine or iodonium salt co-initiators under visible light or sunlight irradiation 

Polymerisation of MMA was first attempted under visible light source and showed that all new 

macrophotoinitiators could initiate the polymerization. In addition, no polymer was resulted during a 

control experiment made in dark conditions signifying a light-driven process. The highest conversions 

were obtained by the TX-TPM (26%) systems (Table C.4.3) probably owing to its higher SA (Table 

C.4.1) and wider absorption in UV/Vis light (Figure C.4.9). Whilst TX-Ph and TX-CMP have nearly 
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the same SA, higher conversions were observed when TX-Ph was used and is possibly the result of its 

wider absorption and/or relatively more flexible backbone (methylene linkages) that provides a 

possible swelling
[59]

 in solution which may result in improved pore accessibility. Additionally, it was 

observed that acidic H donor TEA as co-initiator yielded better conversions than the iodonium salt    

(Ph2I
+
PF6

-
). 

Table C.4.3: Conditions and results of visible light induced free radical polymerisation of MMA. 

Run TX type 

Co-initiator 

TEA   Ph2I
+ PF6

- 

Conv. (%)b 

Mn  

(g mol-1) 
c 

Mw/Mn 
c   Conv. (%) 

Mn  

(g mol-1) 

Mw/Mn 

1 TX-TPM 26 151000 1.85   22 163550 2.35 

2 TX-CMP 15 202000 1.70   10 95200 1.80 

3 TX-Ph 21 141500 2.10   16 154360 2.15 

aIrradiation time = 4 h, [MMA] = 3.13 M, [TEA] = 0.023 M, [Ph2I
+ PF6

-] = 0.023 M, toluene = 2 mL, TX-polymer = 25 mg. 
b Measured gravimetrically. cNumber average molecular weight (Mn) and molecular weight distribution (Mw/Mn) determined 

by GPC. 

Table C.4.4: Conditions and results of sunlight induced free radical polymerization of MMA. 

Run TX type 

Co-initiator 

TEA  Ph2I
+
 PF6

-
 

Conv. (%)
b
 Mn (g mol

-1
) 

c
 Mw/Mn 

c
  Conv. (%) Mn (g mol

-1
) Mw/Mn 

1 TX-TPM 31 114700 2.62  23 86400 1.95 

2 TX-CMP 19 126700 2.25  14 114700 1.75 

3 TX-Ph 25 112850 2.45  18 109650 2.05 

aIrradiation time = 4 h, [MMA] = 3.13 M, [TEA] = 0.023 M, [Ph2I
+ PF6

-] = 0.023 M, toluene = 2 mL, TX-polymer = 25 mg. 
bMeasured gravimetrically. cNumber average molecular weight (Mn) and molecular weight distribution (Mw/Mn) determined 

by GPC. 

Sunlight induced free radical free radical polymerization of MMA was also performed to observe if 

natural sunlight could be used for macrophotoinitiation since it is the ultimate expectation for all light 

driven systems (photocatalytic water splitting, solar cells etc.). For this purpose, the reaction flask was 

placed in the window of our collaborators laboratory at the Istanbul Technical University-Maslak 
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Campus in March 2014. A sunlight intensity of 15 mW/cm
2
 was recorded at this location (for 

comparison, artificial visible light provides 40 mW/cm
2
). Sunlight induced polymerisation results were 

comparable to the visible light induced polymerisation. Again, highest conversions were obtained with 

the use of TX-TPM (31%), followed by TX-Ph and TX-CMP, respectively. Since the intensity of light 

is relatively low, molecular weights were not as high as visible light induced system although still 

acceptable (Table C.4.4). Also here, TEA gave slightly higher monomer conversions compared to 

Ph2I
+
 PF6

-
. 

To evaluate the photopolymerisation kinetics, triethylene glycol diacrylate (TEGDA) was used as a 

conventional bifunctional monomer that is frequently applied for the kinetic measurements in Photo-

Differential Scanning Calorimetry (photoDSC).
[323]

 This method determines any liberating heat during 

the photopolymerization process. This is directly proportional to the number of acrylate double bonds 

reacted in the photocuring process. 

Consequently, the rate of polymerization (the number of monomers being consumed over total number 

of monomers per time), RP (1/s), can be determined according to Equation C.4.1 where Qt (J mol
-1

 s
-1

) 

is the amount of released heat at time t, n the number of acrylate double bonds, and Edb (kJ mol
-1

) is 

the energy of acrylate double bond (~86 kJ mol
-1

).
[324]

 By integrating the area under RP-t graph, the 

conversion of the acrylate monomer is obtained. 

Equation C.4.1: Rate of polymerisation equation. 

 

 

 

Figure C.4.11: Kinetic studies of the photopolymerisation of TEGDA with TX macrophotoinitiators using (a) TEA 

and (b) Ph2I+PF6- as co-initiator measured by photoDSC. Solid lines: rate of polymerization (RP (1/s)); dashed lines: 

conversion (%). 

PhotoDSC results for TEA co-initiated polymerisation showed rapid rate of polymerisation that are 

nearly identical over 60 seconds for each network (solid lines, Figure C.4.11). The lowest 

pohotcatalytic activity was measured for TX-CMP for which the rate of polymerisation started to drop 
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after 60 seconds and no more monomer conversions (dashed lines, Figure C.4.11) was observed after 

290 seconds. The photocatalytic activity of TX-TPM revealed to be the highest among all TX 

polymers. The kinetic studies in the presence of diiodonium salt also revealed the same order of 

efficiency with lower numbers of conversion in comparison to TEA co-initiated reactions. These 

results indicated parallel findings to the reactions of MMA monomer.  

Reusability tests for each TX-based polymer network were also performed to prove sustainable use of 

the heterogeneous initiators (Figure C.4.12). Three different runs were performed, with the polymer 

collected by centrifugation after each run. Promisingly, and significantly in contrast to other similar 

heterogeneous macrophotoinitiation systems,
[325, 326]

 the TX-based networks reported here could be 

recovered and reused over multiple catalytic runs. 

 

Figure C.4.12: Reusability tests of free radical polymerizations of TX based microporous polymers under visible light 

induced free radical polymerization (irradiation time = 4 h, [MMA] = 3.13 M, [TEA] = 0.023 M, toluene = 2 mL). 

To expand the applicability of TX macrophotoinitiators even further, cationic polymerization of 

cyclohexene oxide (CHO) was also examined using all of three TXs under visible light irradiation. 

Cyclohexene oxide was chosen as a monomer as it is commonly used for this type of reaction as a 

reactive cyclic ether.
[226, 228, 327]

 For cationic polymerisation reactions, two different H-donor co-

initiators, namely N,N-dimethyl aniline (DMA) and THF were used, with Ph2I
+
PF6

-
 employed as an 

additional oxidant to obtain cations from THF or DMA radicals (Figure C.4.13). DMA was 

deliberately chosen as the amine co-initiator in the cationic system so as to prevent possible 

termination reactions. Because of the higher basicity, aliphatic amines are known to terminate cationic 

polymerization.
[328]
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Figure C.4.13: Proposed free radical promoted cationic polymerization of CHO by using TX polymers and Ph2I
+PF6

- 

in the presence of a hydrogen donor compound (DMA or THF) under visible light irradiation. (A) Cationic 

polymerisation initiated by DMA or THF co-initiators, (B) cationic polymerisation initiated by protonium cation, (C) 

cationic polymerisation of cyclohexene oxide (CHO) where R group is corresponding initiator. 

Cationic polymerisation has a slightly more complicated (proposed) mechanism compared to the free 

radical polymerisation and this method requires an additional oxidation step after  the photochemically 

electron donor radical species have been generated  on the  TX moieties. The radicals formed on the 

co-initiators (i.e. DMA, THF) are further oxidized by reacting with the iodonium salt, Ph2I
+
PF6

-
, to 

their corresponding carbocations that can initiate the polymerisation (Figure C.4.13-A). TX ketyl 

radical also undergoes electron transfer reactions with iodonium salt to yield protonic acids capable of 

initiating cationic polymerization (Figure C.4.13-B). 

Table C.4.5: Conditions and results of visible light induced cationic polymerization of CHO. 

Run 

 TX type 

H-donor 

DMA   THF 

Conv. 

(%)
b
 

Mn (g mol
-1

) 
c
 Mw/Mn 

c
   Conv. (%) Mn (g mol

-1
) Mw/Mn 

1  TX-TPM 37 4960 3.25   31 5120 2.80 

2  TX-CMP 18 2140 2.70   15 2610 2.15 

3  TX-Ph 29 3250 2.90   28 3100 3.10 

a 
Irradiation time = 4 h, [CHO] =  3.30 M, [Ph2I

+
PF6

-
] = 0.023 M, [DMA] = 0.023 M, [THF] = 0.023 M, 

toluene = 2 mL, TX-polymer = 25 mg, 
b 
Measured gravimetrically. 

c 
Number average molecular weight (Mn) and 

molecular weight distribution (Mw/Mn) determined by GPC. 
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The photo induced cationic polymerisation of CHO (Figure C.4.13-C) without additional co-initiator 

was unsuccessful, as observed for the free radical polymerization of MMA. All three investigated 

macrophotoinitiators successfully lead to polymerisation of the CHO monomer in presence of both 

DMA and THF (Table C.4.5). Conversions were in the same range as for the free radical 

polymerisation results; although in this case the molecular weights of the polymers were lower. 

Nevertheless the observed monomer conversions and molecular weights of the latter polymers 

(pCHO) were comparable with homogenously catalysed systems, proving the efficiency of the issued 

heterogeneous macrophotoinitiation process.
[228, 327]

 

As for the investigated free radical polymerisation, reusability tests were performed for all 

macrophotoinitiators. Three different runs were performed, with the polymer collected by 

centrifugation after each run and no significant loss of activity has been recorded in the cationic 

pathway (Figure C.4.14).  

 

Figure C.4.14: Reusability tests of free radical polymerizations of TX based microporous polymers under visible light 

induced cationic polymerization in co-initiation of DMA (irradiation time = 4 h, [CHO] = 3.30 M, [Ph2I
+ PF6

-] = 0.023 

M, [DMA] = 0.023 M, toluene = 2 mL). 

In conclusion, three different microporous TX-based polymer networks with high porosity 

(500-750 m
2
 g

–1
) were synthesised. The TX monomers were copolymerized with three different 

comonomers via two different cross-coupling reactions. The employed comonomers allowed to 

prepare microporous polymers having non-, partially, and relatively high acidic hydrogen containing 

backbones, whereas the cross-coupling reaction employed, i.e. sonogashira-hagihara cross-coupling 

and Friedel-Craft alkylation, allowed to prepare microporous polymers with different degrees of 

flexibility, i.e. rigid and swellable. The TX-based networks were fully characterized and notably 

showed excellent optical characteristics allowing their use as macrophotoinitiators for 

photopolymerisation reactions. The three TX-based macrophotoinitiators readily initiated the free 

radical polymerisations of MMA under visible and natural sunlight with comparable activities to 

molecular homogeneous analogues. Additionally, photo induced cationic polymerisation of 
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cyclohexene oxide were also successfully carried out to obtain poly(cyclohexene oxide) again with 

comparable activities with homogeneous molecular initiators where this work was the first attempt for 

the use of microporous polymers as heterogeneous macrophotoinitiators in photo induced cationic 

polymerisation. Among all the polymers studied, the random co-polymer prepared from TX and 

triphenylmethane precursors showed the highest activity, owing to its higher surface area. Facile 

separation of these heterogeneous photoinitiators from the polymer mixture proved their successful 

recyclability as several catalytic runs could be achieved while maintaining the original photocatalytic 

activity. The polymers synthesised in this work constitute therefore, owing their activity, stability and 

versatility, a new series of high potential photoinitiators for widespread applications.



D. Summary 

 

79 
 

D. SUMMARY 

Incorporation of electron rich heteroatom containing struts within the skeleton of porous organic 

polymers was employed during this PhD study in order to widen the application fields of porous 

polymers to organic electronics and light driven sustainable catalytic processes.  

In this aspect, strong electron donors were introduced into the backbone of conjugated microporous 

polymers (CMPs) and the structure, porosity and optical and chemical properties of the networks were 

investigated. At first tetrathiafulvalene (TTF) moieties were used as monomers in a CMP synthesis 

yielding TTF-CMPs. The TTF-CMPs were synthesized via Sonogashira-Hagihara cross-couplings. 

Optimization of the reaction conditions yield enhancement of the specific surface areas for TTF-CMPs 

from 50 to 434 m
2
g

-1
. Furthermore, it was demonstrated that after exposure of iodine to pristine 

TTF-CMPs, charge transfer complexes formed within the porous network in order to obtain a charged 

polymeric network. 

In the following, the observed strong influence of reaction conditions on the structure and porosity of 

the obtained TTF-CMP networks, lead us to investigate the effect of different parameters, especially 

the co-monomer ratios to the development of CMPs. Consequently, the synthesis of the first described 

CMP network (CMP-1), was re-investigated especially considering the reported but counterintuitive 

observation, that not the equimolar ration of the two comonomers in this polycondensation, but a 

relatively large excess of one of the monomers (the acetylenic compound) yield the highest surface 

area networks. The here presented experiments show that the conventionally used excess of acetylenic 

monomer did not changed the surface area significantly compared to an equimolar ratio of the co-

monomers. However, to explain the commonly reported conflicting observations, the amount of the 

acetylenic co-comonomer was arbitrarily increase to a large excess with respect to the halogen 

functionalised monomer and indeeda positive effects regarding the surface area (759  1150 m
2
g

-1
) 

was observed. However, it is shown by this experiment that a side reaction, namely a 

hompolyomerization of the acetylenic compounds is responsible for the formation of high surface area 

networks resulting in great deviations from the ideal CMP-1 structure. This was further proven by 

polymerising exclusively the the acetylenic monomer under the same reaction conditions which indeed 

also yield a network with similar surface area (1010 m
2
g

-1
). Therefore, the often reported excess of 

acetylenic moieties may indeed result in higher surface area networks however this is not due to the 

attempted Sonogashira-Hagihara couplings, but to acetylene-acetylene homocouplings and therefore 

deviations from the ideally assumed CMP structures have to be considered. 

The next investigations were focused on incorporation of another electron donor, namely 

dithienothiophene (DTT), into CMPs. DTT as relatively weaker donor than the previous used TTF 

system was chosen to obtain a reversible chemical doping. The obtained DTT-CMP, synthesized by 
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oxidative polymerisation of a thiophene functionalized DTT with FeCl3 yielded a surface area of 

790 m
2
g

-1
. The accessible surface decreased to 380 m

2
g

-1
 after iodine doping. However, the subsequent 

removal of iodide moieties from the pores after aqueous ammonia treatment, accompanied with the 

reduction of the oxidized DTT moieties, yielded again an increase of the surface area to 568 m
2
g

-1
. 

Furthermore, regioselective electrochemical film formation was employed to yield linear and 

crosslinked polymers deposited on ITO electrodes. Spectroelectrochemical studies of the DTT-CMP 

films also showed the reversible electrochemical oxidation and reduction of the DTT moities 

depending on the applied potential. Furthermore conductivity measurements revealed the benefit of a 

porous backbone for organic electronic applications, seen in a sequential increase of conductivity from 

non-porous (linear electrochemical polymer film) to highly porous polymers (crosslinked 

electrochemical polymer and bulk DTT-CMP, respectively) after iodine doping. 

Finally, novel microporous polymer networks are presented which can act as macrophotoinitiators for 

photopolymerisation reactions, i.e. heterogenous photocatalysts. The synthesis of different 

thioxanthone (TX)-based polymer networks is presented, synthesized by either Sonogashira-Hagihara 

cross-couplings or Friedel-Crafts alkylations. The TX networks exhibit specific surface areas between 

500-750 m
2
g

-1
. These microporous polymers were found to be suitable and reusable heterogeneous 

macrophotoinitiators in free radical and cationic photopolymerisation in which their efficiencies were 

comparable to their molecular TX equivalents. Additionally, the free radical polymerisation of 

methylmetacrylate under sunlight in the presence of the TX-based porous networks was demonstrated 

and therefore successfully fulfilled the aim of using direct solar energy in polymer production. 

In conclusion, in this PhD work a variety of novel, functional microporous polymers is presented. 

Strong electron donating moieties are introduced into the conjugated backbones of microporous 

polymers and the reversible formation of charge transfer salts with electron acceptors entering the 

porous system is proven, an important prerequisite for their furutre application in organic electronic 

devices. Furthermore the introduction of photoinitiators is presented, showing the potential of 

microporous polymer networks in the field of photocatalysis. 
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E. EXPERIMENTAL DETAILS 

The experiments that were performed during this PhD research were explained below in detail and 

most of these result were published elsewhere.
[61, 78]

 N2 gas sorption and pXRD measurements were 

performed by our technicians, Christina Eichenauer and Maria Unterweger, respectively. Solid state 

13
C CP-MAS NMR measurements were performed by Dr. Kamalakannan Kailasam. X-ray 

photoelectron spectroscopy was recorded by Dr. Jens. P. Paraknowitsch. Electron paramagnetic 

resonance (EPR) spectrums were recorded by Prof. Dr. Peter Strauch from University of Potsdam. 

SEM images were taken by Maria Colmenares from TU Berlin.  

Other collaborations were stated in the corresponding titles.  

Materials 

Tetrathiafulvalene (TTF; 97.0%, Alfa Aeasar), 1,3,5-triethynylbenzene (TEB; 98%, Alfa Aesar), 

perfluoro-1-iodohexane - stab. with copper (98+%, Alfa Aeasar), iodine ( ≥99.8%, Carl Roth), 

1,4-diiodobenzene (99% Aldrich), iron (III) chloride (FeCl3;  97%, Aldrich), chloroform - anhydrous - 

contains amylenes as stabilizer (≥99%, Aldrich), aquaous ammonia solution (32% (v/v), Carl Roth), 

thioxanthone (TX; 97.0%, Aldrich), formaldehyde dimethyl acetal (98%, Alfa Aesar), 

dimethylformamide (DMF; anhydrous, 99.8%, Aldrich), tetrakis(triphenylphosphine)palladium(0) 

(Pd(PPh3)4; 99%, Aldrich), copper (I) iodide (CuI; 99.5%, Aldrich), benzene (99.8%, Aldrich), 

triphenylmethane (TPM; 99%, Aldrich), 1,2-dichloroethane (DCE; 99.8%, Aldrich), Triethylene 

glycol dimethacrylate (TEGDA; Mn = 286.32 g mol
-1

, Aldrich), triethylamine (TEA; 99%, Aldrich), 

N,N-dimethylaniline (DMA, Fluka), tetrahydrofuran (THF; 99.9%; Aldrich), diphenyliodonium 

hexafluorophosphate (Ph2I
+
 PF6

-
; 98%, Alfa Aesar), toluene (Merck), and methanol (MeOH; 99.9%, 

Merck) were used as received. Methyl methacrylate (MMA, 99%; Aldrich) was purified by passing 

through a basic alumina column to remove inhibitor. Cyclohexene oxide (CHO; 98%, Aldrich) was 

vacuum distilled over calcium hydride. 

Instruments 

Nuclear magnetic resonance (NMR) spectra were obtained from a Bruker Avance II 200 MHz (50.3 

MHz for 
13

C), and solid state (cross-polarization magic-angle spinning (CP/MAS)) spectra were 

recorded on a Bruker Avance 400MHz (100.6 MHz for 
13

C measurements). Varian 640-IR was used 

for infra-red spectroscopy measurements using either KBr pellets or ATR. UV and luminescence 

spectra were recorded on a Varian Cary 300 and LS 50 B from PERKIN ELMER, respectively. 

Powder X-Ray diffraction (pXRD) measurements were recorded on a Bruker D8 Advance. N2 gas 

sorption measurements were performed using a QUADRASORB SI and Autosorb 1-MP, and thermal 

gravimetric analysis was recorded on a Perkin-Elmer STA 6000. APCI mass spectrum was recorded 
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using a LTQ Orbitrap XL. EI mass was recorded in Finnigan MAT95S. BrukerBiospin CW 

ELEXSYS E 500 (equipped with ER 49X Microwave Bridge, variable temperature unit ER 4131 VT, 

and ER 4122SHQE-LC High Sensitivity Cavity) is used for electron paramagnetic resonance (EPR) 

measurements for powders at 150 K. Thermo FlashEA 1112 Organic Elemental Analyzer was used for 

elemental analysis studies. Scanning electron microscope (SEM) images were taken in Phillips XL 20 

SEM. 

Cyclic voltammetry (CV) studies were performed using CH-Instruments Model 400A as a 

potentiostat. UV−vis measurements were studied on HITACHI U-0080D. Solid state electrical 

conductivity measurements were conducted at 25 °C in air on DTT-CMPelec and DTT-CMP by a 

Keithley 2400 source meter connected to a four-probe head with gold tips. 

Gel permeation chromatography (GPC) measurements were performed on a Viscotek GPC max auto 

sampler system consisting of a pump, a Viscotek UV detector, and Viscotek a differential refractive 

index (RI) detector with three ViscoGEL GPC columns (G2000H HR, G3000H HR, and G4000H HR, 

7.8 mm internal diameter, 300 mm length) in series. The effective molecular weight ranges were 456 − 

42800, 1050 − 107000, and 10200 − 2890000, respectively. THF was used as an eluent at flow rate of 

1.0 mL min
−1

 at 30 °C. Both detectors were calibrated with PS standards having narrow-molecular-

weight distribution. Data were analyzed using ViscotekOmniSEC Omni-01 software.Photo-differential 

scanning calorimetry (photo-DSC) measurements were carried out by means of a modified Perkin-

Elmer Diamond DSC equipped with a Polilight PL400 Forensic Plus light source between 320 and 

500 nm. Light intensities were measured via Delta Ohm model HD-9021 radiometer. 
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E.1 SYNTHETIC DETAILS FOR TTFCMP 

Synthesis of TTF-I2 - (E,Z)-4,4'-diiodo-2,2'-bi(1,3-dithiolylidene) 

0.2 g (0.97 mmol) of TTF was dissolved in dry diethyl ether under inert conditions and cooled down to 

-78°C using a dry ice/acetone bath. Then, 1.75 mL (3.5 eq.) of 2 M lithium diisopropylamide solution 

in THF/heptane/ethylbenzene (as received from Aldrich) was added dropwise and the mixture was 

stirred for 3 hours. Afterwards 0.85 mL (4 eq.) of perfluorohexyl iodide was added dropwise. The 

reaction mixture was then allowed to reach room temperature and stirred further overnight. 

Subsequently, all solvents were removed by distillation and the organic phase was extracted by 

dichloromethane (DCM)/water mixture, dried over MgSO4, filtered and purified via flush 

chromatography as described in the literature.
[72]

 TTF-I2 was collected as an orange-red solid with 60% 

yield. 
1
H NMR (200 MHz, CDCl3) 6.40 (s, 2H).

13
C NMR (50 MHz, CDCl3) 121.19, 113.71, 63.57. 

APCI m/z for C6H2S4I2 [M]
+
calc: 456.7201 found: 456.7201. 

Synthesis of Conjugated Microporous Polymers from TTF-I2 (TTFCMP):   

To find optimized conditions for the synthesis of CMPs with TTF moieties, the amount of reactants 

and type of base have been varied as shown in Table E.1.  

Table E.1. Conditions for synthesis of TTFCMP  

TTF-I2eq. (TEB) Solvent Temp
0
C Time Yield 

Surface Area 

m
2
/g 

1 1 DMF/TEA (15/15 mL) 100 3 days 110% 180 

1 1 DMF/DIA (15/15 mL) 100 3 days 90% 264 

1 1 DMF/DIA (25/0.6mL) 100 3 days 105% 413 

3 2 DMF/DIA (25/0.6 mL) 100 3 days 85% 434* 

1 1 DMF/TEA (25/0.75 mL) 100 3 days 107% 130 

3 2 DMF/TEA (25/0.5 mL) 100 3 days 99.5% 99 

3 2 DMF/TEA (5/5 mL) 100 3 days 97 % 54 

*Isotherms were derived from Autosorb-1-MP whilst other measurements were performed using a Quadrasorb SI instrument. 



E. Experimental Details 

 

84 
 

Here just the conditions for the polymer with highest surface area is described in detail: 0.165 g of 

TTF-I2 and an equivalent molar amount of TEB (0.036 g) were dissolved in dry DMF and  dry 

diisopropylamine (DIA) and heated to 100 °C under inert atmosphere in a sealed schlenk flask. 0.024 

g of Pd(PPh3)4 and 0.005 g CuI were dissolved/dispersed in a vial under inert atmosphere in 1 mL of 

dry DMF and added after 15 min to the reaction mixture. The reaction mixture was further stirred for 3 

days at 100 °C. 

The precipitated brown powder was filtered and washed with THF, CHCl3, water and methanol. The 

powder was further purified by soxhlet extraction for one day using THF and methanol, respectively. 

The powder was dried at 90°C in vacuum, giving TTFCMP in high yields 

Iodination of TTFCMP to form TTFCMP
.+

-In
-
:  

50 mg TTFCMP was transferred into a 10 mL flask with 138 mg of I2 and 5 mL EtOH and the mixture 

stirred overnight. The resulting black solid was separated from EtOH/I2 solution by centrifugation. The 

powder was washed 3 times with EtOH until the solution remained colorless. After drying in vacuum 

at 40°C overnight, 66 mg of a black powder remained. For loading iodine via the gas phase, a certain 

amount of TTFCMP (Table 2) was added in a small vial which was placed into a larger vial containing 

an excess amount of iodine. The brown TTFCMP powder started to turn darker in less than 15 

minutes. After 7 days, the smaller vial is removed and the resulting black powder of TTFCMP
.+

-In
-
 

dried in vacuum at 40°C overnight to remove elemental iodine. 
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E.2. DETAILS FOR THE EFFECT OF DIFFERENT MONOMER RATIOS ON THE 

PROPERTIES OF CMP-1 

Synthesis of Conjugated Microporous Polymers (CMP-1) and H-AcAc:   

Corresponding molar amount of 1,4-diiodobenzene (Ph-I2) and of TEB (see Table E.2) were dissolved 

in 5 mL dry DMF and 5 mL dry TEA mixture and heated to 100 °C under inert atmosphere in a sealed 

schlenk flask. 0.023 g of Pd(PPh3)4 and 0.004 g CuI were dissolved/dispersed in a vial under inert 

atmosphere in 1 mL of dry DMF and added after 15 min to the reaction mixture (0.066 g of Pd(PPh3)4 

and 0.011 g CuI for H-AcAc - 3% molar ratio of 0.100 g TEB). The reaction mixture was further 

stirred for 3 days at 100 °C. 

The precipitated powders were filtered and washed with THF, CHCl3, water and methanol. The 

powder was further purified by soxhlet extraction for one day using THF and methanol, respectively. 

The powder was dried at 90°C in vacuum, giving CMP-1s and H-AcAc in high yields. 

Table E.2. Synthetic details of CMP-1s and H-AcAc 

Network Ph-I2 TEB Yield* 
Surface Area 

m
2
/g 

CMP-1 (3:2) 

100 mg 

(0.3 mmol) 

30 mg 

(0.2 mmol) 

105% 759 

CMP-1 (3:3) 

100 mg 

(0.3 mmol) 

45 mg 

(0.3 mmol) 

160% 749 

CMP-1 (3:10) 

100 mg 

(0.3 mmol) 

150 mg 

(1 mmol) 

300% 1150 

H-AcAc 

 

 

100 mg  

(0.7 mmol) 

124% 1010 

*Yields were calculated for the reaction between 3 eq. of Ph-I2 to 2 eq. TEB.  
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E.3. SYNTHETIC DETAILS FOR DTT-CMP 

Synthesis of DTT-CMP 

To the suspension of FeCl3 (0.18 g, 1.1 mmol) in dry CHCl3 (20 ml), which was stirred for 10 min 

under nitrogen atmosphere prior to any process, was added a solution of DTTPh2-Th4 (0.138 g, 

0.2 mmol) in dry CHCl3 (10 ml) and the mixture was stirred for one day.
59

 The precipitate was filtered 

and washed with THF, CHCl3, H2O, and MeOH, subsequently. Then, the crude product was subjected 

to a soxhlet extraction for 3 days, using MeOH and THF as solvents. The remaining red solid was 

dried overnight under vacuum at 90 °C to yield the title compound (0.113 g, 82%). 

Iodine Doping of DTT-CMP 

A certain amount of DTT-CMP (red powder, see Table 3 for the amounts) was filled in a small vial to 

plant inside a bigger one that was filled excess amount of I2 crystals (~1 g). 15 minutes later of sealing 

system, almost all polymer inside turned to black. 7 days after, small vial was weighted directly after 

reaction (DTT-CMP
+
-In

-
), and vacuuming overnight in 40 °C (DTT-CMP

+
-I

-
). 

Ammonia Dedoping of DTT-CMP
+
-I

-
 

A 10 mL round bottom flask was filled with 50 mg iodine doped polymer and 5 mL of 32% aqueous 

ammonia, and stirred for 2 hours (colour change was observed even from the vapour of NH4OH). 

5 mL water added to system and mixture was centrifuged. Red precipitate was washed 2 times with 

water and 1 time with methanol, and each time liquid phase was separated via centrifuge. Powder 

dried in vacuum at 90 °C, and yielded 42 mg (particles were lost during decantation processes). 

Electrochemical Investigations of DTT based CMPs (collaboration with Prof. Dr. Turan Ozturk 

from Istanbul Technical University) 

Synthesis of DTT-LP and DTT-CMPelec DTTPh2-Th4 was electropolymerized via potentiodynamic 

method in a three electrode cell where the electrolyte was a mixture of NaClO4/LiClO4 (0.1 M, 0.1 M) 

dissolved in ACN/DCM (9:1 v/v), Ag/AgCl was the reference and Pt wires were both counter and 

working electrodes. Electropolymerization was carried out in two different potential range which 

leaded to obtain two different types of polymers. The first polymerization was between the potential 

range of 0 to 1.05 V and the crosslinked polymer was obtained by stepping the potential up to 1.4 V. 

Electrochemical behaviors of the polymers films were studied in monomer free solutions via changing 

scan rates (Figure F. 10) Regression coefficients of Ip
-
 scan rate graphs for each polymer found to be 

higher than the regression coefficients of Ip
-
 (scan rate)

1/2
 graph, which supported a thin layer behavior 

of the polymers DTT-LP and DTT-CMPelec (Figure F. 11). 
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Conductivity Measurements Solid state electrical conductivity measurements were conducted at 25 °C 

in air on DTT-LPelec, DTT-CMPelec and DTT-CMP by a Keithley 2400 source meter connected to a 

four-probe head with gold tips. DTT-LPelec and DTT-CMPelec were electrodeposited on ITO 

potentiodynamically and removed from the electrode surface, where DTT-CMP powder was pressed 

into thin tape with a 12 mm diameter and 0.28 mm thickness. For iodine doping, the film or the tape 

was put in a chamber for 48 hours than removed and measured instantly. 
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E.4. SYNTHETIC DETAILS FOR TX BASED MICROPOROUS POLYMERS 

Synthesis of 2,7-dibromo-9H-thioxanthene-9-one (TX-Br2)  

TX (2.5 g, 0.012 mol) is dissolved in 20 mL acetic acid, and 5 mL Br2 was added dropwise in room 

temperature and heated to 130 °C. After 20 h of reflux, cooled mixture was poured over ice and 

filtered. Precipitation was washed with saturated solution of NaHCO3, 20% aqueous solution of 

NaHSO3, and water, subsequently. Solid part was dried in vacuum and recrystallized in toluene. 

Resulting bright yellow solid was yielded as 2.57 g (59%). 
1
H NMR (400 MHz, CDCl3)  8.75 (d, 

4
J= 

2.34 Hz, 2H), 7.75 (dd, 
3
J= 8.60, 

4
J= 2.32 Hz, 2H), 7.48 (d, 

3
J= 8.60Hz, 2H) (Figure S1); EI m/z for 

[M]
+
 calculated: 367.85006 found: 367.85089 

Synthesis of TX-CMP 

TX-Br2 (0.200 g, 0.54 mmol), TEB (0.081 g, 0.54 mmol), CuI (0.015 g, 0.08 mmol), Pd(PPh3)4 

(0.030 g, 0.026 mmol) were dissolved in 20 mL dry DMF and 15 mL dry TEA in glovebox. Sealed 

flask was stirred for 3 days at 100 °C. Precipitation were filtered and washed with THF, CHCl3, 

deionized water, and MeOH. Pale yellow material was purified via soxhlete wash in THF and MeOH 

for 1 day, each. Dried in vacuum at 100 °C and yielded 0.181 g (94%). 
13

C CP/MAS NMR (Cross-

polarization magic angle spinning nuclear magnetic resonance)  176, 135, 128, 122, 89. Elemental 

analysis; Calculated: C 81.80 %, H 2.62 %, S 10.40 % and O 5.19 %. Found: C 67.92 %, H 3.44 %, S 

6.66 %. 

Synthesis of TX-Ph and TX-TPM networks (collaboration with Dr. Robert Dawson – TU Berlin) 

Using a 100 mL two-necked flask TX (5 mmol, 1 eq) and one of either benzene or TPM (5 mmol, 1 

eq) were dissolved in DCE (20 mL) under nitrogen. Formaldehyde dimethyl acetal (35 mmol or 50 

mmol) was added followed by FeCl3 (35 mmol or 50 mmol). The reaction was then heated to 80 °C 

after which the solution precipitated. Heating was continued for 18 hours after which the precipitate 

was removed by filtration and extensively washed with methanol until the filtrate became clear. The 

product was then soxhlet extracted with methanol and chloroform for 18 hours each after which the 

polymer was removed by filtration and dried in vacuo at 70 °C.  

TX-Ph. Yield 0.9326 g (55 %). 
13

C CP/MAS NMR  176, 134, 127, 34* (*overlaps with spinning side 

band). Elemental analysis; Calculated: C 83.42 %, H 3.74 %, S 8.56 % and O 4.28 %. Found: C 77.57 

%, H 4.47 %, S 2.12 %. 

TX-TPM. Yield 2.1404 g (74 %). 
13

C CP/MAS NMR  176, 134, 127, 51*, 35* (*overlap spinning 

sideband). Elemental analysis; Calculated: C 87.50 %, H 4.17 %, S 5.56 % and O 2.78 %. Found: C 

80.06 %, H 4.58 %, S 2.25 %. 



E. Experimental Details 

 

89 
 

 

Photopolymerizations with Thioxanthone Networks (collaboration with Prof Dr. Yusuf Yagci 

from Istanbul Technical University) 

Visible light induced free radical polymerization In 2 mL toluene, 1 mL MMA (9.39 mmol) and co-

initiators TEA or Ph2I
+
 PF6

- 
(10 µL-0.07 mmol for TEA, 30 mg-0.07 mmol for Ph2I

+
 PF6

-
) were 

dissolved. Subsequently, TX macrophotoinitiator network (25 mg) was added to the mixture and the 

Pyrex tube was degassed with N2 gas for 20 minutes. Afterwards, reaction flask was put in a 

photoreactor which was equipped with six light sources that illuminates between 400-500 nm 

(measured light intensity = 45 mW/cm2). After 4 hours, illumination of the flask was stopped and the 

crude mixture was solved in THF. TX macrophotoinitiator networks were removed via centrifugation 

and the resulted polymers (poly(methymetacrylate), pMMA) in THF phase were precipitated in 

MeOH. As following, the precipitation was filtered and dried under vacuo for 24 hours for futher 

analysis. 

Sunlight induced free radical polymerization The same conditions above were applied but the 

illumination of the flask carried out under sunlight with a light intensity 15 mW/cm2 (in the campus of 

Istanbul Technical University in March 2014). 

Free radical promoted cationic polymerization In 2 mL toluene, 1 mL CHO (9.88 mmol) and co-

initiators Ph2I
+
 PF6

-
 or DMA (30 mg, 0.07 mmol for Ph2I

+
 PF6

-
 or 10 µL, 0.07 mmol for DMA) were 

dissolved in a Pyrex tube. Subsequently, TX macrophotoinitiator network (25 mg) was added to the 

mixture and the mixture was degassed with N2 gas for 20 minutes. Afterwards, reaction flask was put 

in a photoreactor which was equipped with six light sources (light provided was between 400-500 nm 

with an intensity of 45 mW/cm
2
). After 4 hours, illumination of the flask was stopped and the crude 

mixture was solved in THF. TX macrophotoinitiator networks were removed via centrifugation and 

the resulted polymer (poly(cyclohexeneoxide), pCHO) in THF phase were precipitated in MeOH. As 

following, the precipitation was filtered and dried under vacuo for 24 hours for futher analysis. 

Preparation of photocurable formulations for photo-DSC A typical photopolymerization in photo-

DSC is as follows: for 1 mL of TEGDA was added 10 µL of TEA or 30 mg of iodonium salt with 

corresponding TX polymer (5 mg) before irradiation of the reaction vessel. As following, 6-10 mg of 

the reaction solution was transferred to a photo-DSC pan and irradiated in an isothermal mood at 25 

°C with a nitrogen flow of 20 mL min
-1

. 

  



F. Appendix 

 

90 
 

F. APPENDIX 

 

Figure F. 1 1H NMR spectrum of TTF-I2 in CDCl3
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Figure F. 2 13C NMR spectrum of TTF-I2 in CDCl3 
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Figure F. 3 Scanning Electron Microscopy (SEM) images of TTFCMP (left) and TTFCMP.+-In
- (right). 

 

 

 

 

Figure F. 4 pXRD patterns of amorphous TTFCMP and TTFCMP.+-In
- 
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Figure F. 5 N2 sorption isotherm of CMP-1 built from 3 eq. PhI2 - 2 eq. TEB monomer ratio. 

 

Figure F. 6 N2 sorption isotherm of CMP-1 built from 3 eq. PhI2 - 3 eq. TEB monomer ratio. 
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Figure F. 7 N2 sorption isotherm of CMP-1 built from 3 eq. PhI2 - 10 eq. TEB monomer ratio 

 

Figure F. 8 N2 sorption isotherm of H-AcAc built from homocoupling of TEB monomer. 
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Figure F. 9 pXRD patterns of DTT based networks 

 

Figure F. 10 Cyclic voltammograms of DTT-LP(elec) (on left) and DTT-CMP(elec) (on right) films over ITO electrode in 

monomer-free electrolyte solution on various scan rates. 
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Figure F. 11 Cathodic and anodic behaviours of DTT-LP(elec) (on left) and DTT-CMP(elec) (on right) polymer thin films 

in monomer-free electrolyte solution on various scan rates. 
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Figure F. 12 1H NMR of TX-Br2 in CDCl3. 
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Figure F. 13 Expanded aromatic region for 1H NMR of TX-Br2 in CDCl3. 
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Figure F. 14 13C NMR of TX-Br2 in CDCl3 
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