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ch will entwerfen, unter welchen 
neuen Zügen der Despotismus sich 

in der Welt einstellen könnte: Ich sehe 
eine unübersehbare Menge 

ähnlicher und gleicher Menschen, die 
sich rastlos um sich selbst drehen, um 

sich kleine und gewöhnliche Freuden 
zu verschaffen, die ihr Herz ausfüllen. 

Jeder von ihnen ist ganz auf sich 

zurückgezogen, dem Schicksal aller 
anderen gegenüber wie unbeteiligt: 

seine Kinder und seine besonderen 
Freunde sind für ihn die ganze 

Menschheit; was seine übrigen 
Mitbürger angeht, so ist er zwar bei 

ihnen, aber er sieht diese nicht; er 
berührt sie, aber er spürt sie nicht; er 

lebt nur in sich und für sich selbst. 
 

 Alexis de Tocqueville, 1840 
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Zusammenfassung 

 
Diese Arbeit enthält Ergebnisse aus drei verschiedenen Themengebieten, die unabhängig 

voneinander zu betrachten sind. Der gemeinsame Nenner dieser Themen beläuft sich auf das 
Konzept von Porösität. Während die Forschung des ersten Kapitels darauf abzielt, neue Methoden zu 

entwickeln, um gemeinhin unprozessierbare Polymere als dünne Filme herstellen zu können, 
werden im zweiten Kapitel Versuche beschrieben, Mikroporösität mit Mesoporösität zu infiltrieren, 

um Systeme mit hierarchisch organisierter Porenstruktur zu erhalten. Das finale Kapitel legt dar, wie 
auf Porösität innerhalb eines Systems dergestalt Einfluss genommen werden kann, dass sie unter 
Zuhilfenahme von elektromagnetischer Strahlung spezifischer Wellenlänge geändert, das heißt 

geschaltet werden kann. 
 

KAP ITEL  1    F I L ME  
Mikroporöse Polymernetzwerke (MPNs) werden, wenn sie zwei- oder dreidimensionalen 

Bindungsmustern gehorchen, üblicherweise als unlösliche und damit unprozessierbare Feststoffe 
erhalten. In dieser Arbeit wurde die grundlegende chemische Struktur von den Polymeren PPN-6 

und CMP-1 unberührt gelassen. Stattdessen war es das Ziel diese Polymere in eine Morphologie zu 
bringen, die einem Film gleicht. Erreicht wurde dies durch die Bereitstellung einer Oberfläche, die 

funktionelle Gruppen aufweist, die an der Polymerisationsreaktion zur Herstellung der Polymere 
teilnehmen können. 

 Es wird gezeigt, dass PPN-6 via Yamamoto Kreuzkupplungsreaktion auf einen mit einer SAM 
(selbstassemblierte Monolage) versehenen goldbeschichteten Siliziumwafer raufpolymerisiert 

werden konnte. Der erhaltene Polymerfilm weist zwei unterschiedliche Regime auf: zunächst eine 
sehr homogene initiale Lage, die sich direkt an und von der Oberfläche bildet und mit Dicken von 
Dutzenden Nanometern aufwartet. Auf dieser initialen Lage formt sich eine weitere Schicht, die 

irreguläre Agglomeration von Polymerkugeln zeigt, die sich in Lösung vorgeformt haben, um dann 
von der homogenenen Schicht durch terminale reaktive funktionelle Gruppen fixiert zu werden. 

Sowohl die Dicke der initilalen Lage als auch das Ausmaß der Agglomeration auf dieser, konnten in 
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grobem Maße durch den Prozessparameter Reaktionszeit beeinflusst werden. Darüber hinaus wurde 
gezeigt, dass vorherige SAM-Funktionalisierung von essentieller Wichtigkeit ist, um eine stabile, d.h. 

kovalente Anbindung des Films an die Oberfläche zu gewährleisten. 
 Die Anwendbarkeit des entwickelten Konzepts konnte durch erfolgreiche Adaptierung auf das 

Polymer CMP-1 erweitert werden. Mithilfe der Sonogashira-Hagihara Kreuzkupplungsreaktion 
wurden CMP-1 Filme auf Goldsubstraten hergestellt. Die Dicken dieser Filme sind vergleichbar mit 

denen der PPN-6 Filme und sind ebenso abhängig von der Reaktionszeit. Im Gegensatz zu PPN-6 
Beschichtungen präsentieren sich CMP-1 Filme weniger homogen mit stärkerer Neigung zu 

partikulärem Wachstum auf dem initialen Film. Auf Grund der Fähigkeit von Alkingruppen mit Gold 
in Wechsekwirkung zu treten, zeigte sich, dass vorherige SAM-Funktionalisierung im Falle der CMP-1 

Filme keine Voraussetzung ist, da auch entsprechende Blindproben Polymerbeschichtung aufweisen. 
 

KAP ITEL  2    S I L IK A 
Das Ziel eines porösen Materials mit hierarchisch organisierter Porenstruktur wurde mittels 

Infiltration von SBA-15 artigem Silika mit mikroporösem PPN-6 verfolgt. Nachfolgende Auflösung des 
Silikatemplats sollte PPN-6 liefern, das ein mesoporöses Porenregime eingearbeitet hat. Leider 
jedoch schlugen alle Versuche das Silika—ob unbehandelt, hydrophobisiert oder funktionalisiert—zu 

infiltrieren fehl, sodass die Bildung eines mikro-/mesoporösen organischen Polymers scheiterte. 
 

KAP ITEL  3    L I CHT  
Die Einführung von Lichtresponsivität in mikroporöse Materialien bestimmt das finale Kapitel. 

Diarylethene (DAEs) and Azobenzene (Azos) wurden als konstitutive Struktureinheiten in Polymere 
intrinsischer Mikroporösität (PIMs) inkorporiert. Die erhaltenen DAE-PIM und Azo-PIM sind 

mikroporös, reversibel responsiv auf Lichtstimuli und—von hoher Wichtigkeit für die Prozess-
ierung—löslich in organischen Lösemitteln, insbesondere THF. Die Oberfläche von DAE-PIM von 

beinahe 400 m2·g-1 wurde durch Isomerisierung—Zyklisierung und Zykloreversion—der DAE-
Einheiten verändert. Die Isomerisierung konnte sowohl in UV-vis als auch in NMR Untersuchungen 

verfolgt und auch im Festkörper bewerkstelligt werden. In Kombination mit Matrimid (MI) wurden 
freistehende Membranen als Kompositmaterial DAE-PIM@MI produziert, in denen die DAE 

Einheiten ihr Isomerisierungspotential beibehalten. Eingesetzt in Gasdiffusionsexperimenten, konnte 
auf Gasdiffusivität und -permeabilität dieser Membranen, auf Grund unterschiedlicher Eigenschaften 
des offenen und geschlossenen Zustandes der DAE-Einheiten, durch Lichteinstrahlung Einfluss 

genommen werden. 
 Auch Azo-PIM wurde als permanent mikroporös und lichtresponsiv charakterisiert. Die innere 

Oberfläche entwickelt sich in starker Ahängigkeit zu der Anzahl durchgeführter Umfällungen und 
erreicht mindestens 305 m2·g-1. Verschiedene Wellenlängen konnten eingesetzt werden, um 

(E) → (Z) und (Z) → (E) Isomerisierung zu erzielen. Die Reversibilität in Kombination mit der 
Ermüdungsbeständigkeit des Materials ist bei Azo-PIM stärker ausgeprägt als bei DAE-PIM. 
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Summary 

 
This work presents results from three different topics that stand independent from each other. If 

one wants to find a common denominator connecting all these topics it might be porosity. Whereas 
the work described in the first chapter aimed at devising new methodologies to allow nominally 

unprocessable polymers assume film-like morphologies, the second chapter elaborates on attempts 
to infuse microporosity with mesoporosity as to obtain a hierarchically organised porous system. The 

final chapter sets out to show that porosity within a system is not destined to be an unalterable 
property but can be changed upon exposure to specific wavelength of electromagnetic radiation. 
 

CHAPTER 1    F I L M S 
Microporous polymer networks (MPNs) when adhering to a two- or three dimensional connection 

pattern are usually obtained as insoluble thus unprocessable solids. In this work, the basic structure 
of well-known networks—PPN-6 and CMP-1—was left untouched. Instead, it was aimed at 

compelling those polymers to adopt a film-like morphology by providing a surface that exposes 
functional groups to partake in the polymerisation reaction utilised for the polymer’s creation. 

 It is shown, that via Yamamoto cross-coupling reaction PPN-6 could be polymerised onto a SAM-
functionalised (self-assembled monolayer) gold coated silicon wafer. The obtained polymer film 

shows two distinct regimes: a very homogeneous initial layer that forms bottom-up directly from the 
surface and exhibits thicknesses of several dozen nanometre with an additional layer atop that 

displays irregular agglomeration of polymer particles that have pre-formed in solution and where 
scavenged by the first layer via terminal reactive groups. The thickness of the initial layer as well as 

the extent of agglomerate growth on top, were found to be commensurate with reaction time thus 
allowing very roughly to adjust both these parameters. In addition, it is shown that prior SAM-
functionalisation is essential to yield firmly, i.e. covalently attached films. 

 The scope of the developed approach was broadened by successful adaptation to CMP-1 relying 
on Sonogashira-Hagihara cross-coupling reaction to form films of CMP-1 on gold substrates. The 

films show thicknesses comparable to PPN-6 films. Likewise, the thickness is dependent on reaction 
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time. In contrast to PPN-6 coatings, CMP-1 films appear to be less homogeneous with a higher 
proclivity to exhibit particulate agglomerates atop the initial film. Moreover, owing to the ability of 

alkyne groups to interact with gold, it was figured out that prior SAM-functionalisation in the case of 
CMP-1 films is not necessary as blank samples did display polymer coating as well after having been 

present in the polymerisation reaction. 
 

CHAPTER 2    S I L I CA 
In order to obtain a porous material with hierarchically organised pore structure, mesoporous 

SBA-15-like silica was sought to be infiltrated by microporous PPN-6. Subsequent digestion of the 
silica template was expected to yield PPN-6 with a mesoporous pore regime imprinted on the 

nominally microporous PPN-6. However, all attempts at infiltrating the silica—comprising utilisation 
of pristine, hydrophobised, and functionalised silica surfaces—were to no avail and consequently the 

anticipated formation of a micro-/mesoporous organic polymer did not materialise. 
 

CHAPTER 3    L IGHT  
Introduction of light-responsiveness into microporous materials governs the final chapter. 
Diarylethenes (DAEs) and azobenzenes (Azos) were rendered constituent part of a polymer of 

intrinsic microporosity (PIM). Acquired DAE-PIM and Azo-PIM are shown to be microporous, 
responsive to light stimuli in a reversible manner, and—very important with respect to processing—

soluble in common organic solvents, in particular THF. DAE-PIM’s apparent surface area of 
approximately 400 m2·g-1 could be altered by means of isomerisation of DAE entities, that is 

cyclisation yielding the closed and cycloreversion yielding the open state. The isomerisation events 
can be traced in UV-vis as well as NMR spectroscopy. Owing to DAE’s unique properties, 

isomerisation was also achieved in solid state as either film or powder. In conjunction with Matrimid 
(MI), free-standing membranes were produced as composite material DAE-PIM@MI, in which DAE 

moieties retain their ability to isomerise. These membranes were employed in gas diffusion 
experiments and it is shown that gas diffusivity as well as gas permeability can be switched by light 

due to different properties of the open and the closed state of the DAE units. 
 Azo-PIM was likewise shown to exhibit both permanent microporosity and light-responsiveness. 

Its apparent surface area is influenced by the number of precipitation cycles and amounts to at least 
305 m2·g-1. Different wavelengths could be applied to trigger (E) → (Z) and (Z) → (E) isomerisation 
and reversibility in combination with fatigue resistance is higher in the case of Azo-PIM as compared 

to DAE-PIM. 
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INTRODUCTION 

 
What remains when you dismantle something entirely? Imagine you hold in your hand a 

sophisticated peace of handcraft such as a mechanical wrist watch and start to strip off its parts 
cogwheel by cogwheel, screw by screw, and all the other minute components. What you will end up 

with is, of course, nothing. As unspectacular as this might seem, very useful items have been 
conceived out of this nothing by transforming it into a void. Picture, for example, nothing being held 

firmly and isolated between two glass panels and a thermally insulating window is obtained. Or try 
to confine that nothing by erecting walls all through it and you will end up with something like a 
sponge thereby turning nothing into voids that can soak in and store water. 

A kitchen sponge is a good starting point when approaching the topic of this thesis. A sponge is 
composed of a series of voids—henceforth called pores—between the material walls and in the case 

of a sponge for domiciliary use these pores are visible to the eye. However, shrinking the pores in a 
gedankenexperiment to a volume that can accommodate only one thousand molecules of dinitrogen 

N2 (hereafter referred to as nitrogen for simplicity) leads to pore dimensions of the type discussed 
throughout this thesis. 

A basic consideration in the discussion of porosity is that the internal surface area (SA), i.e. the 
area of the aforesaid walls that confine as well as separate the pores, will increase as the average 

size of a pore decreases. Since pore walls cannot be infinitely thin, the overall pore volume is also 
reduced. This can be understood via the visualisation of an ordinary room that is divided by a wall. 

There will be two more surfaces provided by the dividing wall hence more wallpaper to bring onto 
every wall to make it a lovely room (→ higher SA) with a concomitant need to remove items of 

furniture that are now too big to fit into either of the two compartments (→ lower pore size). In 
addition, as the wall must be of a known thickness, the overall volume of the two compartments will 
be lower than the volume of the initially undivided room (Figure 1). 

In terms of research, a significant amount of effort has been devoted to the synthesis and char-
acterisation of porous materials. Conventionally, they are classified according to their pore size as 

macro-, meso-, and microporous, defined as materials with pore diameters of > 50 nm, 50 to 2 nm,
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Figure 1. Simplification of the observation of an increase in surface area (two additional walls) with a 
concomitant decrease in pore size (voluminous furniture needs to be replaced by smaller one). As the wall that 
divides up a pore cannot be infinitely thin, the overall pore volume decreases as well (illustration). 
 
and < 2 nm, respectively.[1] Figure 2 provides an overview of materials constituting these classes, 

which comprise purely inorganic, organic-inorganic hybrid, and purely organic materials. It is 
important to note that porous materials often feature contributions from all three pore size domains 

to their overall porosity. 
 

 
Figure 2. Overview of pore sizes from macro- to microporous materials. 
 

 Porous materials in general have been known for thousands of years and were used millennia 
ago by the Egyptians, who in ca. 1500 BC used gypsum as a construction material or charcoal to 

purify water by exploiting its high surface/contact area imparted to the material by its porous 
nature.[2] However, a scientific foundation for the investigation of porosity is not to be found until 

the advent of the 18th century when in 1717 James Jurin published his findings regarding the 
relationship between the height to which water rises in a capillary to the tube’s diameter.[3] All but 

ninety years later, Thomas Young published ‘An Essay on the Cohesion of Fluids’ where he 
elaborated on the formation of contact angles of fluids on surfaces.[4] His descriptive treatise was put 
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into mathematical terms by Pierre Simon de Laplace in 1805 yielding the Young-Laplace-equation 
that relates the pressure above a phase boundary to the radius of that boundary.[5] Advancing those 

ideas and combining the aforementioned discoveries, in 1871 William Thomson (later Lord Kelvin) 
issued a paper presenting the Kelvin-equation that allowed calculation of the required vapour 

pressure for condensation of a gas in a capillary of known radius.[6] The inverse approach—
calculating the capillary’s radius from known vapour pressure—is a method, in a rough 

approximation, used currently to calculate pore size. Due to its importance and forthcoming 
reference to it the Kelvin equation is presented as 𝐸𝐸𝐸𝐸 1: 

 
       for droplets         for cavities 

 

(𝐸𝐸𝐸𝐸. 1)                                  𝑙𝑙𝑙𝑙
𝑝𝑝
𝑝𝑝0

= +
2𝜎𝜎𝑉𝑉𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟

                                𝑙𝑙𝑙𝑙
𝑝𝑝
𝑝𝑝0

= −
2𝜎𝜎𝑉𝑉𝑚𝑚
𝑟𝑟𝑟𝑟𝑟𝑟

 

 
Where 𝑝𝑝 = actual vapour pressure, 𝑝𝑝0 = saturation vapour pressure for a given compound at a 

specific temperature 𝑟𝑟, 𝜎𝜎 = surface tension, 𝑉𝑉𝑚𝑚 = molar volume of the liquid, 𝑟𝑟 = radius of the 
meniscus, and 𝑟𝑟 = universal gas constant. These formulations of the equation assume a droplet or 

cavity of spherical shape. The essence of the Kelvin equation is that the smaller the radius of a 
droplet, the higher its vapour pressure, i.e. the easier it evaporates. To stabilise such a small droplet, 

the outside pressure needs to be raised to values above the standard vapour pressure (saturation 
vapour pressure) of the respective substance or, in other words, a small droplet is only stable under 
over-saturated conditions. On the other hand, the opposite is true for cavities, which is why in this 

case the term of the equation is preceded by a minus sign. The vapour pressure in a cavity is smaller 
than the respective saturation vapour pressure of a given substance. The cavity tends to 

collapse/implode when the outside pressure is not lowered to values below the saturation vapour 
pressure or, more simply, a cavity is only stable in an under-saturated environment. The latter 

aspect is very important when, on pages to come, a phenomenon is described that is known as 
capillary condensation. 

 Interestingly, if only these principles had been at work, there would have been no possibility for 
the formation of clouds in the sky. For as soon as enough water molecules assemble to form a 

condensed phase embodied in a minute droplet, the inherent vapour pressure of that droplet is 
enormously high causing it to explode instantaneously. Fortuitously, there is cloud formation and 

the solution to this apparent paradox is accounted for either by fluctuations, which are always 
present and lead to a deviation from equilibrium conditions allowing larger droplets to form, or by 

condensation seeds such as dust particles that serve as nucleation sites.[7-8] 
After this brief synopsis of the theoretical foundations for porosity analysis and surface area 

determination, which will be dealt with in more detail at a later stage, a concise survey of important 

porous materials in the modern ages is presented. 
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POROU S M ATE RI AL S I N T HE  MODE R N AGE S 
 

It is understood, for reasons discussed below, that inorganic materials can be rendered porous more 
easily than organic compounds. As a result, the first materials targeted for porosity were of inorganic 

fabric. A widely used porous material is activated carbon (AC). At the beginning of the 20th century 
carbonaceous precursors were combined with metal halides. Carbon dioxide or steam served as 

oxidising agent producing the activated carbon after carbonisation of the precursors at high 
temperatures (> 600 °C). Continuing progress has led to the development of activated carbons with 

astoundingly high surface areas exceeding 3000 m2·g-1 in the 1970s with AMOCO (American Oil 
Company) employing aromatic precursors and chemical activation with potassium hydroxide.[2] 

These high-SA materials are capable of adsorbing copious amounts of gaseous or other compounds 
and can serve as catalyst supports enhancing reaction yield by virtue of an increase in catalyst 

loading, dispersion, and accessibility to catalytic sites. The high SA allows of fine catalyst dispersion 
inside the porous structure that is much more pronounced than could ever be achieved by solely 

grinding bulk catalyst. Furthermore, the combination of an insoluble support material with a 
catalytically active species generates a material referred to as heterogeneous catalyst providing the 
obvious advantage of easy removal of the catalyst material from the reaction mixture by filtration 

for reuse. This leads to minimised catalyst cost and increased product purity, two implications of 
paramount importance to industry. 

 Another ubiquitously employed porous material is porous silica. As early as 1911, Richard 
Zsigmondy reported on the inner structure of silicic acid gels and proposed an interconnected pore 

system. In addition, he calculated the pore diameter to be 5 µm.[9] Materials with exceptionally low 
densities as low as 0.02 g·cm-3 were synthesised as aerogels in 1931 by Samuel Kistler.[10] Those 

materials feature remarkably low thermal conductivity and are thus ideally suited to serve as 
thermally insulating layers. 

 An important characteristic of the aforementioned ACs and porous silicas is their amorphous 
structure. In contrast, zeolites (Greek for boiling stones) are perhaps the archetypical microporous 

materials exhibiting a high degree of structural order that renders them crystalline. Zeolites can be 
found in nature most prominently as aluminium silicates, though rare examples incorporate 

beryllium, zinc or boron instead of aluminium or phosphorus instead of silicon. Understanding their 
porous structure was pioneered by Richard Barrer who in 1938 published a seminal work on their 
sorption behaviour.[11] Zeolites can also be accessed synthetically. A breakthrough was achieved in 

1972 by Mobil Oil scientists with the synthesis of ZSM-5 (Zeolite Socony Mobil-5; Socony: Standard 
Oil Company of New York), a zeolite consisting of AlO4 and SiO4 tetrahedra.[12] Other elements have 

been implemented since. For example, phosphorus has substituted silicon to produce aluminium 
phosphates (ALPOs). Addition of phosphorus to aluminium silicates led to the formation of silicon 

aluminium phosphates (SAPOs). 
 In 1992, Kresge and co-workers at Mobil attempted to produce mesoporous materials with a 

comparable high degree of order as presented by the aforesaid zeolites, thus broadening the range 
of possible applications and/or improve performance. Mesopores are larger than micropores and 
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enable improved mass transfer and diffusion properties of reactants/products e.g. in catalysis. 
Kresge et al. focused on siliceous systems and MCM-41 is perhaps the most acclaimed member of 

this new family of mesoporous materials, often referred to as mesoporous molecular sieves.[13] 
Synthesised via a surfactant mediated template approach, hexagonally ordered cylindrical pores 

were obtained after calcination of the condensed silica to remove the porogenic surfactant. It is 
noteworthy that, whilst a system of ordered mesopores was achieved, the resulting material does 

not exhibit a long-range order as is typical for zeolites. The very material itself, i.e. the walls, consists 
of amorphous silica that has been compelled to assume an ordered structure by the micellar 

templating approach. 
 The previous paragraph disclosed general strategies for generating porosity within a material. 

Chemical activation for example was used to impart porosity to carbonaceous precursors yielding 
AC. Another approach is based on templating and used in synthesis of mesoporous silica. This 

methodology is very versatile as it allows of varying structures with different pore sizes to be 
imposed on siliceous precursors. A drawback, however, is the need to dispose of the template 

entirely in order to obtain the desired structure. Means to achieve this are calcination, 
washing/extraction, or template digestion by etching or microwaves. Templating can be categorised 
into hard and soft templating depending on the nature of the template. The former approach 

employs inorganic templates whereas the latter exploits organic counterparts. Soft templating for 
example was used in the aforementioned synthesis of MCM-41. A further categorisation can be 

made by distinguishing between exo and endo templating. In the former the template surrounds 
polymer precursors whereas in the latter the template is surrounded by polymer precursors.[14] 

Another and totally different approach to obtain porous materials is scaffolding, which can be 
imagined as building up a molecular scaffold piece by piece without the need for a template. This 

strategy relies on thermodynamically governed reaction pathways of reversible nature as to ensure 
that a crystalline structure evolves exhibiting voids between struts and nodes. That approach has 

been successfully employed in the realms of inorganic/organic hybrid and also purely organic 
materials such as ,respectively, porous coordination polymers (PCPs) aka metal organic frameworks 

(MOFs) and covalent organic frameworks (COFs).[15] 
 

 
POROU S O RG AN IC S |  I N T ROD UCTIO N 
 

The molecules described in this treatise are, mainly, of organic nature. Extensive research efforts 
have been devoted to imparting porosity to organic systems. Organic molecules have an innate 

propensity to be soft. This is in stark contrast to inorganic frameworks such as zeolites. Due to their 
hardness, zeolites can easily build up pores of permanent nature. Organic molecules/polymers tend 

to collapse upon solvent removal thereby packing space-efficiently, i.e. with no voids in between the 
molecules or chains hence there are no pores to be found. The idea, then, is to forestall space-

efficient packing by carefully employing monomers that polymerise into a structure that cannot pack 
efficiently after solvent removal. This can be achieved by monomers with three-dimensional 
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geometry but also planar ones that together with bulky moieties form a structure that cannot pack 
space-efficiently. In this scenario steric repulsion will inevitably lead to the creation of pores 

(Figure 3). 
But why undertake such a resource- and time-demanding endeavour in the first place when 

there are, as described, highly porous materials in stock? For one, the extent to which target 
structures can be tailored via organic synthesis according to the desired application is simply 

unparalleled and not available in the realm of inorganic materials. Another incentive is to obtain 
materials that are lightweight and exhibit low densities, thus to eliminate the need for metals inside 

the structure as metals contribute significantly to overall mass and in so doing reduce specific 
surface area values by merely raising the mass. Although total surface area values might be 

comparable or even higher, when it comes to integration of the materials into some sort of 
appliance, especially one that is conceived to be mobile, the weight factor plays a crucial role. 

 

 
Figure 3. The illustration shows unbranched polymer chains that will pack space-efficiently when lacking bulky 
moieties (foreground). Backdrop shows creation of void space between polymer chains due to steric hindrance 
of cumbersome nodes. Created using the BlenderTM 3D software; see end of Appendix for further information. 
 

Moreover, metals might pose environmental problems on grounds of low biodegradability and/or 
toxicity issues. Finally, materials devoid of metals are generally cheaper since light elements such as 
carbon and oxygen can be found in abundance on our planet whereas metals, save for iron and 

aluminium, are much scarcer, which is particularly true for noble metals. This, of course, becomes 
apparent when recalling that for the creation of the elements our universe tells a story of nuclear 

fusion and not fission. That course of events draws a picture of bottom-up synthesis of all elements 
placing light elements at the very start. Having thus justified the research into organic porous 

materials, a chronological overview of that kind of compounds is provided. 
 

 
POROU S O RG AN IC S |  SY N THE SI S  

 
In 1974, Davankov et al. described that cross-linking of ordinary polystyrene chains yields ‘macronet 

isoporous gels’ that in spite of not being regarded as permanently porous displayed pronounced 
swelling behaviour and consequently could accommodate considerable amounts of gas or 
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solvents.[16] For this to work, cross-linking must be extensive and the name of this polymer class 
gives a hint of that: hyper cross-linked polymers (HCPs).[17] 

 In 1990, Robson et al. reported on an ‘unusual material’ formed from tetrakis(4-cycanophenyl)-
methane and a copper(I) salt that was crystalline and had two-thirds of its volume occupied by liquid 

as deduced from single crystal XRD.[18] This seminal work describes porous coordination polymers 
(PCPs) as hybrid materials, i.e. a material containing both organic (linker) and inorganic (metal 

nodes) components. PCPs were thoroughly investigated in the course of that decade and led Yaghi 
et al. to publish new results in that field in 1995.[19-23] For reasons undisclosed, he was not content 

with the already existing and well-established designation (P)CP and introduced a new one: metal 
organic framework (MOF). In succession, MOF-5 was described in 1999 as a crystalline material with 

Zn4O nodes joined together by 1,4-benzenedicarboxylate (BDC) linkers and despite increased mass 
by incorporated metal it could compete with the extraordinary high specific surface areas found in 

activated carbons. After optimisation of the conditions used for preparation and activation, MOF-5 
was reported to exhibit a specific surface area of 3800 m2·g-1, applying the theory of Brunauer, 

Emmett, and Teller (BET).[24-26] It should be noted that there is an ongoing but seemingly dwindling 
debate over the appropriateness of the designation MOF in spite of its prompt acceptance within 
the community of chemists and material scientists.[27] Over the ensuing years, different nodes and 

linkers have been utilised leading to systems with ever increasing BET surface areas such as MIL-101 
(Matériaux Institute Lavoisier-101, chromium nodes, 1,4-BDC linkers, SABET = 4100 m2·g-1)[28], 

UMCM-2 (University of Michigan Crystalline Material-2, zinc nodes, thieno[3,2-b]thiophene-2,5-
dicarboxylate and 1,3,5-tris(4’-carboxyphenyl)benzene linkers, SABET = 5200 m2·g-1),[29] and NU-110E 

(Northwestern University-110-Experimental, copper nodes, 1,3,5-tris[((1,3-carboxylic acid-5-(4-
(ethynyl)phenyl))-ethynyl)phenyl]-benzene linkers, SABET = 7140 m2·g-1)[30] with the highest ever 

reported apparent BET surface area for a porous solid. These kinds of compounds are highly 
crystalline and usually obtained in solvothermal reactions under inert gas at elevated temperature 

and pressure in order to establish reversibility and ensure the thermodynamically most stable 
product to be formed. That being said, the very first PCP by Robson et al. was obtained in ambient 

conditions without precautionary measures regarding exclusion of air.[18] 
 In 2004, McKeown et al. developed polymers of intrinsic microporosity (PIMs).[31] These are one-

dimensional polymers the porosity of which is not derived from spatiality as in HCPs and MOFs. 
Rather, the polymer chains are formally linear but not geometrically straight and display kinks in 
each repeating unit due to thoughtful choice of monomers such as spirobifluorene, spirobiindane, or 

binaphthyl. Due to a contorted structure these chains although loose cannot pack space-efficiently 
as described earlier and illustrated in Figure 3. A remarkable property of PIMs as porous materials is 

that they can be soluble in common organic solvents, a trait that will be capitalised on later in this 
thesis. Being soluble allows the processing of PIMs into films or membranes. On the other hand, the 

feature of low dimensionality, the very reason for solubility, restricts those systems in terms of 
achievable SABET values with PIM-1 already being one of the more porous examples with 850 m2·g-1. 

Also, the individual polymer chains pack randomly thus giving rise to amorphous materials. 
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Figure 4. Landmark microporous polymers and basic information. Structures shown are: a hyper cross-linked 
polystyrene network, MOF-5, PIM-1, COF-1, CMP-1, CTF-1, and PAF-1 aka PPN-6; picture for MOF taken from 
reference 24). 
 

 The first all-organic ordered frameworks were presented by Yaghi et al. in 2005.[32] Covalent 
organic frameworks COF-1 and COF-5 were formed, respectively, from self-condensation reaction of 

1,4-phenylenediboronic acid and co-condensation reaction of the aforementioned with 
2,3,6,7,10,11-hexahydroxytriphenylene and exhibited specific SABET of 711 and 1590 m2·g-1, 

respectively. COFs exploit the same bond forming principle as MOFs inasmuch as the bonds between 
monomer units are formed reversibly allowing thermodynamics to govern the process which in turn 

yields highly crystalline materials. The structures of the first examples of COFs were defined by 
stacking of two-dimensional sheets in a staggered (COF-1) or eclipsed (COF-5) fashion. To attain 
higher SAs, three-dimensionality had to be implemented and drawing on findings from Galoppini 

et al., Yaghi and co-workers synthesised 3D COFs such as COF-103 via self-condensation of 
tetrahedral tetrakis(4-(dihydroxboryl)phenyl)silane presenting a specific SABET of 4210 m2·g-1.[33-34] 

The first COFs were formed by boroxine (COF-1) and boronate ester (COF-5) formation, a bonding 
pattern that suffers from instability under ambient conditions as boron-oxygen bonds are highly 

susceptible to hydrolysis. Stability could be improved by exploitation of imine (COF-300)[35] and 
hydrazone (COF-42, COF-43)[36] linkages between monomer units.[37-39] 

 Another class of microporous organic polymers was presented in 2007 when Cooper and 
co-workers synthesised conjugated microporous polymers (CMPs) featuring conjugation of π-

electrons between two nodes.[40] Owing to their kinetically governed bond formation via palladium-
catalysed Sonogashira-Hagihara C–C cross-coupling reaction, these materials do not develop an 

ordered arrangement of nodes and struts and are amorphous. CMPs are usually obtained in an 
A-B-type polymerisation reaction, i.e. from two monomer species. The synthetic details, however, 

are still a matter of concern especially regarding the employed equivalents of each monomer as well 
as the amount of catalyst. The first report on CMPs states a BET surface area of 834 m2·g-1 for 
CMP-1. In this work CMP-1 could be obtained with a SABET of 1538 m2·g-1 by employing a protocol 
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different from the original recipe.[41] In literature reports using the original protocol, various 
monomers have been employed and similar to what was observed for COFs it was found that 

three-dimensional tetrahedral monomers yield polymers with the highest SAs. For example, 
tetrakis(4-iodophenyl)methane in combination with 1,4-diethynylbenzene gives rise to polymer E1 

with an SABET of 1213 m2·g-1.[42] As is inevitable for polymers with high molar masses, CMPs are not 
soluble. Nevertheless, synthesis can be designed such as to lower the dimensionality of the resulting 

polymer and introduce solubility-mediating groups as was achieved in so-called soluble CMPs 
(SCMPs).[43] 

 In a similar vein to COF synthesis, Thomas et al. introduced covalent triazine-based frameworks 
(CTFs) in 2008 relying on reversible bond formation.[44] In sharp contrast to COFs, however, CTFs 

display astonishing chemical robustness while likewise showing crystallinity albeit to a somewhat 
smaller extent. The structures of COF-1 and CTF-1 show an identical structural pattern and SABET for 

CTF-1 (791 m2·g-1) is of comparable magnitude as the one reported for COF-1 (711 m2·g-1). It was 
observed that the amount of zinc(II) chloride, serving at the same time as solvent and catalyst, exerts 

a great influence on the obtained products with higher surface areas achieved when more ZnCl2 was 
employed though at the expense of crystallinity. Due to the high nitrogen content, CTFs are 
comprehensively decorated with Lewis-basic sites making those materials potential solid catalysts 

with CTF-1 showing activity in the synthesis of cyclic carbonates.[45] Likewise, to a large extent CTF 
materials possess structural fragments that mimic bypyridine units that in turn provide coordination 

sites for e.g. Pt2+. This was exploited to heterogenise the molecular Periana catalyst by virtue of an 
insoluble porous polymer.[46] 

 In 2009, a benchmark polymer was synthesised by Zhu et al. capitalising on findings from 
Thomas and co-workers that introduced nickel-catalysed Yamamoto C–C cross-coupling reactions for 

polymerisation of halogenated monomers.[47-48] Porous aromatic framework-1 (PAF-1), the 
homo-polymer derived from tetrakis(4-bromophenyl)methane, exhibited sky-rocketing 5600 m2·g-1 

boosting it into the realm of high surface area MOFs, thereby refuting once and for all any notion of 
crystallinity as the sine qua non for high surface area values. However, the naming framework is 

misleading as the material is amorphous.[49] Network instead is a more appropriate designation. Two 
years later, Zhou et al. developed an improved synthesis for PAF-1 and named their material porous 

polymer network-6 (PPN-6).[50] Substitution of silicon for carbon at the centre of the monomer led to 
PPN-4 with a yet higher SABET of 6461 m2·g-1. In terms of morphology—crystalline vs. amorphous—
these examples make utterly clear the importance of whether a reaction proceeds via reversible 

(thermodynamic control) or irreversible (kinetic control) pathways. For a similar tetrahedral 
monomer was employed in the reversible formation of crystalline COF-103 whereas irreversibly 

generated PPN-4, though highly porous, is amorphous. The consistently higher SA in both cases of 
the silicon analogue (PPN-4 and COF-103) as compared to its carbon counterpart (PPN-6 and 

COF-102) is explained by the more expanded geometry of the monomer unit with silicon at the 
centre. An important benefit of PAFs/PPNs as compared to MOFs comes with the former material’s 

vastly enhanced physicochemical stability; a consequence of robust covalent bonds rather than 
coordination bonds as in MOFs. 



DIS SERTATIO N 

10 

 The hitherto mentioned systems display porosity as a result of linking together countless 
monomer units to a polymer that cannot pack space-efficiently due to stiff constituents thereby 

creating voids in between struts and nodes. However, it was shown that discrete organic molecules 
can be designed such as to achieve the same by forestalling space-efficient packing of individual 

molecules. This phenomenon was discovered a couple of decades ago when in 1976 Barrer et al. 
reported on the adsorption behaviour of Dianin’s compound that itself is a more or less flat molecule 

but crystallises to form a six-membered ring from six Dianin’s molecules held together by hydrogen 
bonds.[51] Ever since, much progress has been made and the modern pioneers in this subject are to 

be found in the groups of Mastalerz and Cooper contributing greatly to this area, with the former 
providing important insights into chemical and tectonical peculiarities[52] and the latter combining 

those and other findings.[53] In 2009, Cooper et al. published a series of organic cages formed from 
condensation reactions of 1,3,5-triformylbenzene and various amines to produce materials that 

proved porous by nitrogen sorption with BET surface areas of up to 624 m2·g-1.[54] Utilisation of 
different chemistry and skillful exploitation of hydrogen bonding patterns allowed Mastalerz and 

co-workers to obtain porous molecular organic crystals with a staggering SABET of 2796 m2·g-1.[55] 
These two concepts differ in the manner in which the pores are formed. Whereas Cooper et al. 
synthesised molecules that themselves contain a pore hence show endo-porosity, the 

aforementioned example by Mastalerz et al. relies on pore formation between discrete molecules 
upon targeted aggregation by hydrogen bonding hence show exo-porosity, as mentioned in the 

introductory example of Dianin’s compound. Nonetheless, Mastalerz is also highly engaged in 
endo-porous molecules.[56-57] 

 Figure 4 summarises the described microporous organic polymers (MOPs) but excludes the 
recently described porous cages as molecular compounds. MOP is a catch-all phrase for the various 

systems that have been developed though excluding PCPs/MOFs due to their partly inorganic 
nature. 

 
 

SU RF ACE  A REA  |  AN  IMP ORT A NT FE AT URE  
 

One of the most crucial parameters related to the characterisation of porous materials is the already 
mentioned surface area, which will be used here to describe the accessible surface area, i.e. surfaces 
inside the material that are accessible to probe molecules. For this to take place, the pores must not 

be closed but open as to allow molecules or atoms to enter and exit. To make comparison between 
different materials feasible, total SAs are converted into specific SAs by dividing total SA by sample 

weight. As can be drawn from Figure 2, microporous materials can exhibit SAs that exceed 
1000 m2·g-1 and for this reason are most obviously very suitable for the following applications. 

 
Gas storage 

In the light of a highly sought-after clean alternative to fossil fuels, H2 storage has become a topic of 
paramount importance to many researchers. The goal is to store H2 in an energy- and cost-efficient 
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manner, for example within a powder adsorbent rather than by means of compression of H2 gas in 
an appropriate storage vessel. Apart from a high SA, binding enthalpy is another decisive factor to 

ensure high gas uptake. A trade-off, therefore, has to be found between sufficiently strong binding 
of the H2 inside the material and an energy-efficient and reversible release upon e.g. heating.[58-59] A 

material that performs well in this context is PPN-4 taking up 8.34 wt.% (77 K, 55 bar)[60] of H2 and 
exceeding the revised, and drastically reduced, target value issued by the U.S. Department of Energy 

(DOE) of 5.5 % by 2015.[61] However, PPN-4 only performs well at cryogenic temperature under 
elevated pressure. For a system to be energy- and therefore cost-efficient it has to work near 298 K 

under pressures close to 1 bar. There is thus far no material synthesised that can meet such 
performance targets. Operation at near ambient temperature has been partially achieved by the 

material PT4AC, showing an H2 uptake of 0.5 wt.% (298 K, 70 bar)[62], a mere fraction of the DOE 
target value. 

 In addition to H2, microporous materials are also intended to serve as adsorbents for other gases 
including methane, an alternative to fossil fuels, or carbon dioxide in the context of an envisaged 

carbon dioxide capture and storage/utilisation (CCS/U) infrastructure. The polymer COP-1 exhibits a 
high CO2 uptake of 127.6 mmol·g-1 (318 K, 200 bar) at high pressure and elevated temperature but 
shows mediocre performance at ambient conditions with only 1.4 mmol·g-1 (298 K, 1 bar)[63] that lies 

in the same region as the value for PAF-1 of 1.1 mmol·g-1 (298 K, 1.013 bar).[58,64] Interestingly, COP-1 
exhibits a slightly higher CO2 uptake despite its vastly inferior specific SABET of 168 m2·g-1 as 

compared to 5600 m2·g-1 for PAF-1. This demonstrates the importance of heteroatoms inside a 
structure to interact with carbon dioxide as COP-1 is bedecked with nitrogen atoms whereas PAF-1 

incorporates none.  
 

Gas separation 
For a substance to separate a mixed gas feed it must show a propensity to accommodate one gas 

more preferentially than the other. For this to happen the material can be designed with functional 
groups that allow of preferred interaction with only one gas in the feed. A typical example is 

incorporation of amine groups into the structure of a porous polymer to enhance its affinity to 
carbon dioxide, which shows a strong interaction between the electron-deficient carbon and the 

lone-pair providing nitrogen.[65-68] 
 
Heterogeneous catalysis 

Most representatives of microporous materials are insoluble in common solvents. The reason for 
that is their high degree of polymerisation with the corollary of an enormous molecular weight. This 

inherent feature poses a problem in terms of processability. On the other hand, being insoluble 
enables such materials to be employed as catalyst support or catalyst in their own right to perform 

heterogeneous catalysis that offers easy recovery and recyclability of the catalyst thereby facilitating 
purification of the product. This can save financial resources and decide whether or not a process is 

economically viable.[69-70] 
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Organic electronics 
Microporous organic polymers have found application in organic electronic devices, in particular 

organic solar cells. A dominant approach for organic photovoltaics is the so-called bulk hetero 
junction (BHJ) where donor and acceptor phases are randomly mixed. For successful operation, a 

solar cell must provide for the generation of excitons, i.e. electron-hole pairs, upon absorption of 
photons. Subsequently, the exciton is to be split and the electron separated from the hole. This 

process is only favoured when taking place at a so-called p-n-junction, which is a rather inorganic 
term and usually related to inorganic semiconductors that have been p- and n-doped. However, the 

basic concept, mutatis mutandis, is absolutely legitimate in the world of organic molecules. Then, 
n-doped and p-doped are referred to as electron acceptor, i.e. exhibiting a low-energetic LUMO 

(lowest unoccupied molecular orbital), and electron donor, i.e. with a high-energetic HOMO (highest 
occupied molecular orbital), respectively. Now, the space where exciton separation can take place is 

exactly at the donor-acceptor interface and there where the walls are thin and the space is vast, 
microporous materials offer a unique environment for exciton separation to take place in an 

efficient and widespread manner. To put it differently, microporous materials themselves constitute 
an outright interface and have nearly no matter buried in bulk. A feasible approach is to infiltrate a 
microporous network that plays the role of the donor with an acceptor such as phenyl-C61-butyric 

acid methyl ester (PC61BM) that is universally used as acceptor molecule.[71] Alternatively, a MOP can 
be designed such as to comprise both donor and acceptor moieties.[72] 

 
 

SU RF ACE  A REA  |  T HE  THE ORY BEHI N D 
 

As mentioned earlier, surface area is one of the most important properties of a porous material. The 
most commonly used method to assess surface area is based on the theory of Brunauer, Emmett, 

and Teller (BET) formulated in 1938.[26] Their concept was an extension of Langmuir’s theory on 
adsorption.[73] Whereas the latter is restricted to monolayer adsorption, the BET theory takes into 

account multilayer adsorption and is therefore more in agreement with reality. Both approaches, 
however, are based on flat, uniform, and chemically homogeneous surfaces. Yet, surfaces provided 

by microporous materials deviate far from this ideal and are mostly amorphous, irregularly formed, 
and typically highly curved, necessary features to generate high surface areas by micropores. Other 
shortcomings of the BET model especially regarding microporous systems became apparent and 

were summarised together with amendments by Rouquerol et al. so that the BET concept is still 
employed to determine surface area values.[74-76] The BET theory is most typically applied to 

volumetric nitrogen sorption. This method is based on providing nitrogen in very small doses to the 
sample starting under high vacuum conditions and measuring whether or not the pressure inside the 

probe cell rises. When the sample adsorbs nitrogen, those adsorbed nitrogen molecules cannot 
contribute to a pressure gain inside the cell. The nitrogen volume necessary to stimulate a pressure 

gain is then measured step by step. The higher the SA of the sample, the more nitrogen it can 
accommodate, hence more nitrogen is necessary to induce a pressure increase in the probe cell. Due 
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to the high vapour pressure of nitrogen at ambient conditions, the entire measurement has to be 
carried out at low temperatures in order to lower the vapour pressure of nitrogen. The alternative to 

measure, say, at room temperature and apply extremely high pressures in order to compel nitrogen 
into the pores and reach condensation, is not feasible due to nitrogen’s supercritical behaviour 

above 126 K implying that it cannot be liquefied above that temperature, let alone at room 
temperature. For this reason, nitrogen sorption experiments are carried out at 77 K, cooled by liquid 

nitrogen. The isotherm is recorded up to a relative pressure 𝑝𝑝/𝑝𝑝0 of unity where condensation of the 
probe gas occurs, because the probe gas nitrogen is cooled with liquid nitrogen. 

For the determination of SA, it is expedient to use the BET equation in its linearised formulation: 
 

(𝐸𝐸𝐸𝐸. 2)                         
𝑝𝑝

𝑙𝑙𝑎𝑎(𝑝𝑝0 − 𝑝𝑝)
=

1
𝑙𝑙𝑚𝑚𝑎𝑎 𝐶𝐶

+
(𝐶𝐶 − 1)
𝑙𝑙𝑚𝑚𝑎𝑎 𝐶𝐶

∙
𝑝𝑝
𝑝𝑝0

     𝑤𝑤𝑤𝑤𝑤𝑤ℎ     𝐶𝐶 = exp �
ℎ1 − ℎ𝑙𝑙
𝑟𝑟𝑟𝑟

� 

 

                                                   𝑦𝑦       =     𝐼𝐼     +     𝑆𝑆   ∙   𝑥𝑥 
 

𝐸𝐸𝐸𝐸. 2 relates the amount of gas adsorbed 𝑙𝑙𝑎𝑎 at relative pressure 𝑝𝑝/𝑝𝑝0 to the monolayer capacity 
𝑙𝑙𝑚𝑚𝑎𝑎 . The BET constant 𝐶𝐶 is related to enthalpy of adsorption of the first layer of adsorbate (ℎ1) as 

well as of the following layers (ℎ𝑙𝑙). In the generic formulation of a linear equation below the BET 
equation 𝑦𝑦 and 𝑥𝑥 denote function value and variable, respectively, 𝐼𝐼 denotes y-intercept, and 𝑆𝑆 
stands for slope of the graph. From the linear form, both the BET constant and monolayer capacity 

can be obtained via 𝐸𝐸𝐸𝐸. 3: 
 

(𝐸𝐸𝐸𝐸. 3)                                                  𝐶𝐶 = 1 +
𝑆𝑆
𝐼𝐼

     𝑎𝑎𝑙𝑙𝑎𝑎     𝑙𝑙𝑚𝑚𝑎𝑎 =
1

𝑆𝑆 + 𝐼𝐼
 

 
Where the monolayer capacity 𝑙𝑙𝑚𝑚𝑎𝑎  expresses how much gas (in moles) is adsorbed in a fully occupied 

monolayer. In conjunction with Avogadro’s constant 𝐿𝐿 and the geometrical area that one adsorbate 
molecule occupies 𝑎𝑎𝑚𝑚  (0.162 nm2 for N2 at 77 K) total surface area is given by 𝐸𝐸𝐸𝐸. 4: 
 
(𝐸𝐸𝐸𝐸. 4)                                                            𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙 = 𝑙𝑙𝑚𝑚𝑎𝑎 ∙ 𝐿𝐿 ∙ 𝑎𝑎𝑚𝑚 
 
To enable a comparison between different materials and exclude the factor of weight, total SA 

values are divided by sample mass and values are given in m2·g-1 according to 𝐸𝐸𝐸𝐸. 5: 
 

(𝐸𝐸𝐸𝐸. 5)                                                                   𝑆𝑆𝑆𝑆 =
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙
𝑚𝑚

 

 

 To obtain a linear BET graph, attention has to be paid to what points of the isotherm are taken 
into account. It was observed that values taken in the 𝑝𝑝/𝑝𝑝0 range of 0.05 to 0.30 yield a linear BET 

graph.[77] But this range was established based predominantly on the characterisation of 
mesoporous systems. Due to cooperative effects, micropores are filled with gas at much lower 
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pressures than is the case for larger pores. The Kelvin equation predicts that the point where a liquid 
is in thermodynamic equilibrium with its vapour will be reached earlier in more pronouncedly curved 

spaces. As a result, micropores are filled at lower relative pressures than larger pores. The inevitable 
consequence is that monolayer formation is completed at lower pressures. Thus, for microporous 

systems to assess the moment correctly when a monolayer is completed, i.e. to determine 
monolayer capacity, the threshold has to be set to lower values of 𝑝𝑝/𝑝𝑝0 by one order of magnitude: 

0.005 to 0.030.[75-76] To aggravate the problem, a BET curve can exhibit more than one linear region. 
To facilitate the decision for the correct five points to choose, Rouquerol et al. established so-called 

consistency criteria.[74] Firstly, from the Rouquerol plot 𝑙𝑙𝑎𝑎(𝑝𝑝0 − 𝑝𝑝) vs. 𝑝𝑝/𝑝𝑝0 only values should be 
considered for BET analysis that lie on the branch with a positive slope, i.e. the maximum value and 

values to the left that not necessarily need to be subsequent. Secondly, the y-intercept of the linear 
BET graph should be positive which in turn yields a positive value for the BET constant that itself is 

only meaningful when larger than zero. 
 

 
PORE VOLUME 
 

Apart from surface area, another descriptive parameter for porous materials is pore volume (Vpore). 
As schematically depicted in Figure 1, pore volume decreases with increasing surface area. To assess 

Vpore, it is essential to know how much adsorbate the sample can accommodate in total. Therefore, a 
point close to saturation pressure needs to be taken from the isotherm to calculate Vpore, for at this 

point it can be argued that the pores are entirely filled with liquid adsorbate. Attention has to be 
paid in the event of a steep increase of adsorbed volume at the end of the isotherm. This pattern 

commonly reflects textural porosity and/or macropores present in the sample. Textural porosity is 
derived from agglomeration of once independent particles thereby creating void interstitial space in 

between particles that might be misconstrued as meso- or macropores. In this case, a point has to 
be chosen that lies well below the saturation pressure but still in the region of the isotherm with a 

moderate slope. The value that is displayed as ordinate is the volume of nitrogen adsorbed 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 and 
needs to be transferred into volume of liquid nitrogen 𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙 (𝐸𝐸𝐸𝐸. 6): 

 

(𝐸𝐸𝐸𝐸. 6)                                                                𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 ∙
𝑃𝑃𝑎𝑎𝑉𝑉𝑚𝑚
𝑟𝑟𝑟𝑟

 

 

Where 𝑃𝑃𝑎𝑎 = ambient pressure (1·10-5 Pa), 𝑟𝑟 = ambient temperature (273.15 K), 𝑟𝑟 = universal gas 
constant (8.3144 J·mol-1·K-1), and 𝑉𝑉𝑚𝑚 = molar volume of liquid adsorbate (34.7·10-6 m3·mol-1 for 

nitrogen). When all the constant values are entered, a formula is obtained that makes feasible a 
convenient assessment of pore volume 𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙 for any given isotherm point 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 according to 𝐸𝐸𝐸𝐸 7: 

 

(𝐸𝐸𝐸𝐸. 7)                                                              𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 ∙
1.5

1000
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PORE SIZE  A N D PO RE SIZE  DI ST RI BU TIO N  
 

Pore size and its associated distribution are also important parameters especially for the 
classification of a material as micro-, meso-, or macroporous and to what extent it contains pores of 

one or the other domain. The Kelvin equation is the starting point for the assessment of pore size 
since it relates required vapour pressure for condensation inside a tube to the known radius of that 

tube. Exploiting the inverse approach makes feasible the calculation of the Kelvin radius of the tube, 
that is to say Kelvin pore radius 𝑟𝑟𝐾𝐾, from known relative vapour pressure (𝐸𝐸𝐸𝐸. 8): 

 

(𝐸𝐸𝐸𝐸. 8)                                                             𝑟𝑟𝐾𝐾 = −
2𝜎𝜎𝑉𝑉𝑚𝑚

𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙(𝑝𝑝/𝑝𝑝0)
 

 
Where, 𝜎𝜎 = surface tension (8.85·10-3 J·m-2 for nitrogen at 77 K), 𝑉𝑉𝑚𝑚 = molar volume of liquid 

adsorbate (34.7·10-6 m3·mol-1 for nitrogen), 𝑟𝑟 = universal gas constant (8.3144 J·mol-1·K-1), and 
𝑟𝑟 = boiling point of nitrogen (77 K). Insertion of constant values, introduction of a factor of 1010 for 
conversion from metre to angstrom as well as a conversion factor from a natural to a common 

logarithm, and finally multiplying the term by -1 lead to a simplified expression (𝐸𝐸𝐸𝐸. 9): 
 

(𝐸𝐸𝐸𝐸. 9)                                                              𝑟𝑟𝐾𝐾(Å) =
4.17

𝑙𝑙𝑙𝑙𝑙𝑙(𝑝𝑝0/𝑝𝑝)
 

 

 A caveat needs to be introduced here. The Kelvin radius describes the radius of a pore at a 
relative pressure where condensation occurs. Yet, before condensation occurs some adsorbate has 

already formed on the inner walls of the pore. Likewise, during desorption a certain amount of 
adsorbate remains at the pore walls after evaporation takes place. Obviously, this phenomenon has 

to be considered for both the adsorption and desorption branch and leads to underestimation of 
pore size when solely relying on 𝑟𝑟𝐾𝐾. To alleviate this inaccuracy, the mentioned adsorbate layer 

needs to be accounted for by determination of its thickness so that the actual pore radius is 
obtained as 𝐸𝐸𝐸𝐸. 10: 
 
(𝐸𝐸𝐸𝐸. 10)                                                                      𝑟𝑟 = 𝑟𝑟𝐾𝐾 + 𝑤𝑤 
 
Several approaches have been proposed to determine the statistical thickness 𝑤𝑤 of a monolayer of an 

adsorbed film such as the methods of Halsey,[78] de Boer,[79] or the carbon black method,[80] which 
will not be dealt with in more detail here. 

 Along with pore size, it is important to know how many different pore sizes are present within a 
sample and what share from the overall pore volume these different pores domains claim. This is 
reflected in the so-called pore size distribution (PSD) that basically relates the amount of adsorbed 

or desorbed volume of adsorptive to the pore size. Various approaches have been developed to 
tackle this issue such as the method proposed by Barrett, Joyner, and Halenda (BJH) that describes 
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the determination of pore radii by assessment of how much liquid adsorbate is desorbed at a certain 
relative pressure starting from 𝑝𝑝/𝑝𝑝0 = 1, basically employing the Kelvin equation.[81] Later 

advancement led to formulation of the DH-method by Dollimore and Heal.[82] However, these early 
classical macroscopic approaches have shown to be inaccurate in handling of pores smaller than 

median mesopores (< 10 nm) resulting in an underestimation of pore size. For reasons discussed 
below, in small pores additional forces also emerge from adsorbate-adsorbate interaction and have 

to be taken into account. To overcome the deficiencies, approaches based on density-functional-
theory (DFT) have been developed, which more accurately describe the sorption and phase 

behaviour of fluids in extremely constrained/confined spaces. In a nutshell, DFT methods compare 
the experimentally obtained isotherm with a set (kernel) of model isotherms each representative of 

a pore system with a specific pore size and assigns each of these model isotherms a factor that 
reflects to what extent the respective model isotherm is contained in the experimentally obtained 

isotherm. As the PSD of each model isotherm is known, the experimental isotherm can be assigned a 
pore size distribution as a mélange of model PSDs. 

 
 
TYPES O F I SOT HERM S 

 
In the nanometer domain things behave very differently from what is experienced in the 

macroscopic world. There are effects that are noticeable only in the nanoscopic world. Filling a 
micropore (diameter < 2 nm) with nitrogen necessitates far less pressure of gas than is required to 

fill a meso- or macropore. This is because in a pore of such small dimensions nitrogen molecules will 
interact with the pore walls and the other nitrogen molecules much more strongly than is the case in 

bigger pores yielding forces that help to hold the molecules inside. As those forces are less evident in 
or even absent from meso- and macropores, the applied pressure or, for that matter, the number of 

gas molecules/atoms per volume fraction, needs to be higher in those bigger pores in order to 
compel the gas to enter and stay inside. 

The shape of the recorded isotherm already gives a fingerprint of the pore system behind. As 
mentioned above, micropores will be filled with gas at appreciably lower relative pressures than 

larger pores. This behaviour is reflected in the shape of the isotherm exhibiting a very steep increase 
of adsorbed volume right in the beginning at low 𝑝𝑝/𝑝𝑝0 values. According to IUPAC recommen-
dations, this kind of isotherm is designated as type I (Figure 5, left).[77] Samples that are exclusively 

microporous will show an extended and near-flat plateau region after micropore filling has been 
completed, i.e. that there is no significant external surface area to be covered with adsorbate at 

higher relative pressures. Unrestricted monolayer-multilayer formation cannot take place in 
micropores because their restricted volume does not allow of multilayer formation hence 

micropores are just filled up by small amounts of adsorptive, so-called micropore filling. 
A type II isotherm is produced by non-porous or macroporous materials. The initial steep 

increase typical for type I isotherms is absent and adsorption is governed by unrestricted monolayer-
multilayer formation. The knee of a type II isotherm is referred to as point B and is an indication of 
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the complete formation of a statistical monolayer whence multilayer formation proceeds. It should 
be noted that multilayer formation usually starts before a complete monolayer is formed. 

Type III isotherms can be observed when adsorbate-adsorbate interactions dwarf adsorbate-
adsorbent interactions. This type of isotherm is rather rare. Isotherm types I, II, and III are fully 

reversible, i.e. the desorption branch—evolving after saturation pressure of 𝑝𝑝/𝑝𝑝0 = 1 has been 
reached—follows the exact same trace of the adsorption branch. 

The most striking feature of type IV isotherms is their non-reversibility. Other than that, they 
resemble type II isotherms in terms of monolayer-multilayer formation. Conversely, at a certain 

point, multilayer formation gives way to so-called capillary condensation manifesting itself in a 
near-vertical slope of the isotherm. The formation of a plateau towards saturation pressure suggests 

the absence of macropores. 
Type V isotherms initially show a similarity to type III inasmuch as adsorbate-adsorbate 

interactions play an important role. To their end they are reminiscent of type IV isotherms meaning 
that they are likewise not reversible and exhibit hysteresis. 

Type VI isotherms are reversible and again show unrestricted monolayer-multilayer formation as 
is the case for type II. However, their stepwise evolution is indicative of multilayer formation by 
subsequent monolayers. This kind of behaviour is displayed by non-porous, uniform surfaces. 

 
 

HYS TERE SI S  PHE NOME NA 
 

When desorption does not follow the path described by the adsorption branch of the isotherm, a 
phenomenon is present that is referred to as hysteresis. Hysteresis can assume different shapes 

(Figure 5, right). As described above, hysteresis necessitates that the adsorbate occupies energy 
states that are different during adsorption and desorption. Hysteresis H1 and H4 are considered the 

two extreme cases between which H2 and H3 evolve. The near-vertical desorption of H1 tends to be 
exhibited by samples with well-defined cylindrical pores or specimens containing agglomerates or 

spheres of monodisperse radius assembled in regular arrays. As such they present a narrow pore size 
distribution leading to desorption at one specific value of relative pressure. H2-like hysteresis is 

ascribed to systems of multiple pore diameters whereas H3-like hysteresis is attributed to materials 
featuring plate-shaped particles that promote formation of slit-shaped pores. The latter is true for 
H4 as well, with the initial part of the isotherm being different in demonstrating the presence of 

micropores. Dashed lines (Figure 5, right) exemplify low pressure hysteresis that is usually 
encountered in soft porous materials such as MOPs and is caused by swelling of the organic and 

non-rigid structures. Swelling causes the compounds to alter their structure during the 
measurement thereby forestalling a point of closure of desorption and adsorption branch. In such a 

case, analysis is severely hampered. 
The reasons for hysteresis are a matter of intense debate and can be manifold.[83-84] One 

explanation features the phenomenon of capillary condensation that is found in mesopores. During 
initial multilayer formation according to unrestricted monolayer-multilayer formation and visualised 
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by a moderate but steady positive slope after point B has been passed, adsorbate molecules of 
opposite sites get in closer proximity. When the distance is small enough, adsorbate-adsorbate 

interactions come into effect and supplement adsorbate-adsorptive interactions whereupon a 
concave meniscus is formed. This gives rise to abrupt pore filling by liquefaction of incoming 

adsorptive even at conditions of substantial under-saturation, i.e. at 𝑝𝑝/𝑝𝑝0 < 1, and is visualised by a 
near-vertical slope of the isotherm. Due to the additional adsorbate-adsorbate interactions (capillary 

forces) the molecules assume an energetically more favourable state. During desorption the pore is 
emptied via a receding meniscus as opposed to adsorption that is initially governed by unrestricted 

multilayer formation. That is the reason why adsorbate molecules refuse to enter the gas phase 
during desorption to a certain point and lower relative pressures need to be applied than were 

necessary for adsorption. Capillary condensation predominantly occurs in pores that are not of 
 

 
Figure 5. Types of isotherms (left) and hysteresis (right) as classified by IUPAC (reproduced from reference 77). 
 

ideal cylindrical shape but consist of a main body that encompasses most of the volume and an 
entrance/neck that is of smaller diameter, so-called ink-bottle pores (i.e. type II/H2 isotherms). 

Generally, the smaller the diameter of the entrance, the lower 𝑝𝑝/𝑝𝑝0 at which sudden desorption is 
observed. This is predicted by the Kelvin equation, which stipulates that the relative pressure 
required to form a concave meniscus is lower for smaller diameters. This means that under-

saturation can be more pronounced to form a concave meniscus when the diameter is smaller. 
There is, however, a lower limit of abrupt desorption due to physical properties of the adsorptive, 

the so-called tensile strength effect. That effect causes a cavity to implode due to overwhelming 
surface tension that cannot be sustained by no matter how small a radius of the meniscus. In the 

case of nitrogen at 77 K the lowest relative pressure at which desorption is observed lies between 
0.40 and 0.45. 
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Complementary reasoning for the occurrence of hysteresis is provided by network models that 
deal with so-called pore-blocking (percolation) effects and cavitation phenomena.[85-87] Pore-blocking 

is assumed to take place in pores with wide body and narrow neck, as described above. Although the 
wide body would empty at higher relative pressure, evaporation of its contents is kinetically 

obstructed by the narrow entrance which itself is filled with adsorbate that requires lower 𝑝𝑝/𝑝𝑝0 to 
be emptied. Thus, the wide pore body remains filled until the neck is emptied. When that has been 

achieved, the entire contents of the body evaporate at once causing the isotherm to plummet 
almost vertically. The other phenomenon is called cavitation and considered to occur in pores with 

necks of yet smaller diameters than is the case for pore-blocking. In that instance the adsorbate 
inside the neck demands such low a relative pressure that the contents of the wide body, which is 

very eager to evaporate at much higher relative pressure, cannot be held in check and starts to 
evaporate irrespective of the neck still being filled. This happens at a relative pressure higher than 

required for emptying the neck and proceeds via cavitation, i.e. gas bubbles formed in the pore body 
diffuse through the neck that is still filled with liquid adsorbate. As a result, the pore body will be 

emptied whereas the neck is still filled. The neck then starts to release its adsorbate when the 
respective 𝑝𝑝/𝑝𝑝0 is reached. 
 

 
OTHE R TECH NI QUE S 

 
The preceding discussion focused on volumetric nitrogen sorption at 77 K. Nevertheless, other gases 

have found application in sorption analysis as well. Additionally, techniques other than gas sorption 
have been proven useful and this section is to elucidate some of them without any claim to be 

exhaustive. 
 Carbon dioxide sorption analysis performed typically at 273/298 K, is particularly appropriate for 

the characterisation of materials containing very small pores, so-called ultra micropores with 
diameters below 0.7 nm that are not accessible to nitrogen. A further benefit is less demanding 

requirements for machinery as measurements can be conducted at near room temperature and 
under less pronounced vacuum. In addition, owing to the relatively high temperature of 

measurement the gas has higher thermal thus kinetic energy, a circumstance that diminishes 
diffusion problems and allows the diffusion rate equilibrium to be reached much faster. Thus, 
analysis time is greatly reduced by approximately a factor of 10 as compared to nitrogen sorption, 

leading to CO2 sorption analysis runs of a few hours at most. 
 Krypton sorption at 77 K is well-suited for very small sample masses or, for that matter, samples 

with very small surface areas. The reason for this is the vastly enhanced sensitivity of the probe 
system caused by an immensely different saturation pressure of nitrogen and krypton at 77 K that 

for nitrogen amounts to 760 Torr and for krypton to 2.6 Torr in a subcooled state. As a result, at 
given relative pressure and volume of probe cell, the ratio of dosed probe gas to adsorbed probe gas 

will be a lot larger for nitrogen meaning that in relation to the amount of gas adsorbed much more 
probe gas remains in the cell above the porous sample in the case of nitrogen as compared to 
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krypton. Thus, the pressure change inside the cell will be small and hard to measure for nitrogen 
whereas it is large for krypton. For that reason, samples with small surface areas can induce a larger 

hence more reliably measurable change in pressure when probed with krypton as compared to 
nitrogen. 

 The aforementioned methods can be applied for assessment of very small pores but they falter 
and eventually fail to produce results when bigger pores are to be investigated. Macropores with 

diameters above 50 nm cannot be probed by volumetric gas sorption. Instead, mercury intrusion 
porosimetry is used for pores with diameters from 0.04 µm to 400 µm. The smaller a cavity, the 

larger the required pressure to fill it with mercury hence the applied pressure gives rise to 
assessment of pore size. 

 More exotic techniques for investigation of porosity are small and wide angle X-ray scattering 
(SAXS/WAXS) and positron annihilation lifetime spectroscopy (PALS). Common to these methods is 

their ability to penetrate not only open but also closed pores. 
 

 
SCOPE O F THE SI S  
 

Chapter 1 expounds findings concerning the development and synthesis of new morphologies of 
microporous organic polymers. It will be shown that it is possible to produce microporous polymers 

in a film-like morphology as opposed to the conventionally obtained powder. This was achieved for 
both PPN-6 (aka PAF-1) and CMP-1. 

 
Chapter 2 presents research into templating approaches aimed at the introduction of mesoporosity 

into a microporous system. This was attempted by infiltration of mesoporous silica with precursor 
molecules for a microporous polymer. 

 
Chapter 3 describes results regarding the infusion of microporous systems with the intriguing 

properties of light responsive molecules. It will be shown that it was possible to create structures 
that are both microporous and reversibly light responsive and that changes in gas sorption and other 

properties can be triggered by light stimuli. 
 
Each of these chapters comprises an introduction to its respective topic followed by a presentation 

of the obtained results and associated discussion to be concluded by summarising remarks in 
tandem with an outlook. These three main chapters are succeeded by an Appendix that presents 

details of certain calculations and deliberations as well as additional plots all of which are referred to 
within the main text and help to follow the author’s line of argument. The Appendix is succeeded by 

the Experimental Part containing details of analytical methods and syntheses protocols. The final 
pages of the thesis are dedicated to a list of abbreviations used throughout this work and a 

compilation of literature references. 
 



 
 

 
 

 
 

 
 

CHAPTER 1 

FILMS 

 
MICRO PORO US  POLYME R FILM S O N GOL D ELEC TRO D ES 
 

Microporous polymer networks (MPNs) have become an intensely investigated research field due to 
their unique ability to combine advantages of porous materials with the tunable functionality 

inherent to organic molecules.[15] Introduction of various functional groups into the backbone of 
MPNs has led to applications in catalysis,[45-46,69-70,88-89] energy conversion/storage,[90-93] and gas sorp- 

tion[58-59,94-95] and separation.[96-98] Versatility of applications for MPNs was recently enhanced by 
exploring their usefulness in organic electronic devices.[71,99-101] Common to most MPNs is their 

insolubility in any solvent caused by a high degree of cross-linking tantamount to high molecular 
weight. A lack of solubility is indeed advantageous in regard to heterogeneous catalysis. However, 

for applications such as membranes, catalytically active coatings, functionalised nanoparticles, and 
in particular organic electronics such as organic light emitting diodes or organic photovoltaics, it is 

essential to obtain microporous polymers as thin films. 
 Different strategies have been pursued to reach that goal. One way to circumvent pronounced 
cross-linking is to use compounds that yield polymers of lower dimensionality as achieved in PIM 

synthesis and described earlier.[31] That approach was extended to conjugated dendrimers and 
soluble CMPs (sCMPs)[43] as well as MPN nanoparticles,[102] which likewise were processable from 

solution. Further improvement was attained by the design of novel organic cages, soluble in many 
solvents and advantageously self-aggregating into porous crystals after solvent removal.[54,56] In 

some cases, surfaces provided during synthesis served as nucleation site onto which polymers were 
deposited.[71,103-105] For example, Gölzhäuser et al. produced free-standing but non-porous 

membranes of polymer carpets,[106] which were fabricated based on earlier findings on cross-linking 
of SAMs.[107-109] More recently, Dichtel et al. reported on COF-5 assembled, yet not covalently, on 

graphene.[103] In a related manner, Bein et al. attached a thienothiophene-based COF to an ITO 
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electrode.[71] As a further means to form polymer films, electro-polymerisation has been employed 
necessitating electro-polymerisable tectons.[110-112] Although this approach allows of a very defined 

growth of films, it suffers from decisive drawbacks. It is limited in scope due to reliance on electro-
polymerisable monomers. In addition, this technique usually shows an innate propensity for 

inclusion of impurities in the polymer films due to entrapment of electrolyte during synthesis that 
cannot be disposed of. This has severe detrimental effects on electronic properties.[113-114]  

 In the aforementioned approaches the polymer/electrode interface is not well controlled and it 
can be assumed that films are attached to the surfaces solely by dispersion forces, thus potentially 

prone to electrode/surface detachment. This would certainly be advantageous in case free-standing 
films or membranes are aimed at. However, for other applications such as electrocatalysis or organic 

electronics, formation of stable films on electrodes is an indispensable requirement. To that end, 
methodologies have been developed that enable more control over attachment of films to 

electrodes. Early attempts employed MOFs[115-120] that the groups of Fischer and Bein compelled to 
assume film-like morphology via bonding to a self-assembled monolayer (SAM) yielding so-called 

surface bonded MOFs (surMOFs). Other procedures aimed at formation of films of amorphous 
all-organic polymers on SAM-functionalised substrates by covalent binding.[121] 
 

 
Figure 6. Concept of film formation on gold surfaces. Only SAM-functionalised substrates are able to bind a 
polymer film covalently whereas blank samples remain unaffected (left, illustration). For the proof of concept 
experiments, tetrakis(4-bromophenyl)methane (TBPM) was chosen as monomer to yield PPN-6 as film 
covalently bonded to a SAM bearing a halogen substituent as functional group that can partake in the 
polymerisation reaction (right, X = I or Br). Conditions for Yamamoto reaction were as follows: 1.00 eq. TBPM 
(c = 5.2 mmol·l-1), 4.60 eq. 2,2’-bipyridyl, 4.63 eq. bis(1,5-cyclooctadiene)nickel(0), 4.66 eq. 1,5-cyclooctadiene 
in a volumetric 1:1 mixture of dry DMF and dry THF at room temperature for time periods of 18 min to 20 h. 
 
 In this work, a bottom-up approach is embarked upon to grow a network onto a flat substrate 

(Figure 6). In this way, it is desired to create coatings of microporous polymers that heretofore were 
only accessible as insoluble powders with no prospect of processability. Furthermore, unambiguous 

spectroscopic and macroscopic evidence will be delivered to show that SAM-functionalisation is 
essential for firm attachment of the film to the substrate in the case of PPN-6 coatings. The substrate 

of choice is gold because it is a superior electrode and amenable to modification by a SAM that 
served as bond-mediating group. Modifying the gold surface with a SAM bearing accessible halogen 
groups allows of a polymerisation reaction to be carried out that involves the halogen substituent. 

Since the SAM itself is covalently bonded to the gold, the formed polymer is also connected to the 

Yamamoto

polymerisation

TBPM

AuAu AuAu
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surface in a covalent fashion provided that the monomer species reacts with the exposed functional 
groups of the SAM. As it is desirable to have the SAM influence the system to as small an extent as 

possible while creating a connection between the surface and the polymer that features electronic 
conjugation, 4-bromothiophenol was opted for to function as SAM-forming molecule and is a 

commercially available, cheap candidate. 
 

 
RESULT S  A N D DI SC US SI O N 

 
 PPN-6 |  A  F ILM O N GOL D  |  P AR T O NE [122] 

 
The first set of experiments was designed as proof of concept and aimed at establishing a 

methodology for the growth of microporous polymer films onto an electrode. It was clear from the 
outset that the films will contain very little mass of substance rendering investigation of porosity by 

sorption methods difficult. For this reason, the polymer of choice to grow on the surface is PPN-6, 
which is known to exhibit a high specific surface area. In 2009, Thomas et al. reported the first 
porous polymer synthesised by Yamamoto cross-coupling reaction.[48] In the same year, Zhu et al. 

applied this reaction scheme to the tetrahedral monomer tetrakis(4-bromophenyl)methane yielding 
PAF-1 with reported surface areas of 5600 and 7100 m2·g-1 applying either BET or Langmuir theory, 

respectively.[47] The synthetic protocol for PAF-1 was later improved by Zhou et al. and PAF-1 was 
renamed PPN-6 in the process.[50] For practical reasons, the here applied protocol resembles that of 

Zhou et al. and the designation PPN-6 will therefore be maintained throughout this thesis. 
 The following excerpt provides a succinct description of the experimental procedure. For a more 

in-depth account, the interested reader is kindly referred to the experimental part at the end of this 
dissertation. 

 Gold coated silicon wafer pieces approximately the size of 1 × 4 cm were cleaned with piranha 
solution before being immersed in an ethanolic solution of either 4-bromothiophenol or 

4-iodothiophenol for SAM-functionalisation following established procedures.[123-124] The as-
functionalised wafer pieces were then subjected to a Yamamoto-type Ullmann cross-coupling 

reaction solution according to the PPN-6 protocol that avoids elevated temperatures thus reducing 
the danger of SAM desorption.[124] Substrates were subjected to the solution from atop thereby 
forestalling any mechanical stress induced by the stirrer. After varying amounts of time the reaction 

was quenched by careful addition of aqueous hydrochloric acid. The chief amount of polymer 
formed during the reaction precipitated as bulk powder. However, it could already be judged visually 

at this stage that a layer of polymer did also form on the substrates. After the reaction, the silicon 
pieces adopted a dull look in the region that was immersed in the reaction mixture whereas that 

part of the surface that was not submerged remained unaltered, i.e. utterly shiny. Bulk and wafer 
pieces were treated similarly in terms of washing and Soxhlet extraction. 

 Before any discussion of the formed films can begin, it is wise beforehand to confirm the identity 
of the produced bulk powder as PPN-6 by applying various techniques. Elemental analysis revealed 
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atomic composition with acceptable accuracy: calculated (found) for C25H16 in m-%: C 94.90 (92.70), 
H 5.10 (6.18). IR spectra (Figure 7) of formed bulk polymer reveal the disappearance of typical C-Br 

signals at 509 and 532 cm-1 (δCBr). Solid state 13C{1H} CP/MAS NMR (rotation frequency 10 kHz) 
exhibits five signals, as expected (Figure 8, left). Four signals appear in the aromatic region at 143.9, 

137.3, 128.8, and 123.0 ppm and one signal at 62.2 ppm that can be ascribed to the sp3-hybridised 
carbon central to every tetraphenylmethane repeating unit. At 27.7 ppm, an additional signal 

protrudes the side band and originates from residual THF. 
 Nitrogen sorption experiments were conducted at 77 K (Figure 8, right). The determined BET 

surface area amounts to 2977 m2·g-1, a very high value in itself but appreciably lower than the 
benchmark value of 5600 m2·g-1 reported by Zhu et al. for PAF-1[47] and also lower than the value of 

4023 m2·g-1 published by Zhou et al. for PPN-6.[50] After the identity of the bulk polymer has been 
conclusively established as PPN-6, investigation of the formed films ensues. 

 

 
Figure 7. ATR-FTIR spectra of monomer tetrakis(4-bromophenyl)methane (TBPM, black line) and bulk polymer 
PPN-6 (grey line). Disappearance of the labelled signals is indicative of loss of bromine, hence polymer 
formation. Plots are stacked along the ordinate axis. 
 

 
Figure 8. Solid state 13C{1H} CP/MAS NMR spectrum (left, νrot = 10 kHz, spinning sidebands are marked with an 
asterisk) and isotherm derived from nitrogen sorption at 77 K of bulk polymer PPN-6 that was formed during 
the reaction (right). 
 
 One main objective of this work is to prove the necessity of the SAM for covalent hence firm 

binding of the polymer film to the substrate. An appropriate means of demonstration is to employ 
blank wafer pieces next to SAM-functionalised substrates in the very same reaction (Figure 6). Those 
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blanks have been cleaned in piranha solution, too, but not been subjected to SAM-functionalisation. 
Indeed, in most experiments, the blank samples came out of the reaction as they entered the 

reactor, i.e. clean and shiny, with no polymer layer attached. However, in some cases although the 
blank sample did not expose any bond-mediating groups at its surface, it did exhibit a layer of 

polymer after the reaction (see Figure 9, right-hand side). In those instances the blank substrate 
seems to have served merely as nucleation site for nascent polymer. To verify whether or not a SAM 

is indispensable to attach a polymer layer firmly onto a gold substrate both the blank and the SAM-
covered specimens were immersed in THF overnight without stirring whereupon only the blank 

sample showed detachment of the polymer film upon rinsing with THF. This confirms that the 
polymer film was not covalently bonded to the substrate. The SAM-covered sample resisted 

thorough rinsing via pipette and retained the polymer film. After the swelling procedure, the film on 
the SAM-functionalised sample exhibited cracks. This observation is in line with a polymer film that 

suffered from structural strain caused by swelling and drying. To further substantiate the claim that 
 

 
Figure 9. Left-hand side: Photographs of as-purchased gold coated silicon wafer (a), a SAM-functionalised 
sample (b), and blank sample (c) the latter two of which were subjected to the PPN-6 polymerisation reaction. 
Middle to right-hand side: Photographs of SAM-functionalised gold wafer with grown polymer film PPN-6 
before (middle) and after (right) swelling and rinsing with THF. For comparison, one of the rare occasions with 
a polymer film deposited on a non-functionalised (blank) gold wafer is shown under the same treatment 
showing removal of the polymer film after rinsing with THF. To increase the visibility of cracks after and also 
prove their absence before this procedure, SAM-pictures have been graphically edited (sharpness set to 100 %, 
colour saturation set to 400 % in MS Powerpoint 2010). 
 

the polymer film binds in a covalent fashion to the surface of the substrate, a technique has been 
employed that is capable of elucidating processes at surfaces: surface enhanced infrared absorption 

spectroscopy (SEIRAS). A silicon single crystal is covered with a layer of gold by electrochemical 
deposition and placed at the bottom of a probe cell. Within the probe cell, formation of the SAM 
was studied first and subsequently the entire PPN-6 procedure was carried out within the cell. The 

gold film is nanostructured and serves both as SAM-functionalised surface and as IR signal amplifier. 
SEIRAS is sensitive to surfaces and relies on a local amplification of the incident electric field around 

small metal islands. Since signal enhancement arises from excitation of surface plasmon polaritons, 
the effect promptly fades away with increasing distance from the surface and is observable only up 

to approximately 8 nm, which is very suitable to study mono and multilayer formation.[125] SEIRAS 

a) c)b)
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original edited blank
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overnight, 
r.t.

not swollen but rinsed swollen and rinsed



DIS SERTAT IO N 

26 

allows to monitor SAM formation on gold and the covalent binding of the first layers of monomer to 
the SAM. 

 In Figure 10, left successful formation of the SAM by covalent attachment of 4-bromothiophenol 
to gold can be witnessed. The characteristic S–H stretching band ν(SH) at around 2580 cm-1 is absent 

already shortly after incubation suggesting complete consumption of thiol groups in the reaction 
with gold.[126-128] In addition, the typical vibrational modes of benzene were detected at 1466 and 

 

 
Figure 10. SEIRA spectrum of SAM formation of 4-bromothiophenol on gold recorded minutes after incubation 
(left) and the evolution over time of the most intense signal at 1466 cm-1 (right). 
 
1560 cm-1. The first denotes the C–H in-plane bending and C–C asymmetric stretching mode, the 

second indicates the C–C symmetric stretching mode.[127] To examine the evolution of the spectrum 
the most intensive aromatic band at 1466 cm-1 was chosen as a marker for monolayer formation on 

the gold surface. Figure 10, right displays two distinct regimes with a primary process related to a 
completed SAM adsorption within the first 30 minutes and an additional, slight but continuous 

increase in intensity over the remaining 16 hours. The secondary process can be attributed to 
rearrangements of thiol molecules. Therefore, a longer incubation time of SAM solution onto the 

gold surface is assumed to lead to a more homogeneous monolayer formation. Subsequent removal 
 

 
Figure 11. Comparison between SEIRA and ATR-FTIR spectra. The latter shows the spectrum of 4-bromothio-
phenol that was employed for SAM-formation. The ATR-FTIR spectrum features more signals than the SEIRA 
spectrum since it does not impose the selection rule inherent to SEIRAS. Plots are stacked along ordinate axis. 
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of the SAM-containing solution and several rinsing cycles with ethanol did not affect the overall band 
intensities, indicating strong binding of thiol to the gold surface via covalent Au–S bonds. Moreover, 

no remaining S–H modes could be detected. The fact that the SEIRA spectrum in Figure 10, left looks 
rather neat can be ascribed to the selection rule innate to SEIRAS. Only those vibrations are 

enhanced that upon IR excitation display a change in dipole moment with a predominantly 
perpendicular orientation to the surface while vibrations parallel to the surface remain 

unamplified.[129-133] Figure 11 shows a comparison between a SEIRA and a bulk ATR-FTIR spectrum 
that makes clear how the selection rule manifests itself. Furthermore, at around 2580 cm-1 the 

aforementioned typical ν(SH) can be observed in the ATR-FTIR bulk spectrum of 4-bromothio-
phenol. It should be noted that below 1000 cm-1 SEIRAS does not deliver reliable results since the 

silicon single crystal itself starts to absorb in that region. 
 After verification of successful SAM formation, Yamamoto polymerisation reaction was carried 

out within the SEIRAS probe cell to record spectra derived directly from the surface involving only 
the first layers of monomer thus giving direct proof whether or not the SAM is involved covalently in 

the process of PPN-6 film growth. Indeed, a shift in the wavenumbers of the two characteristic 
vibrational modes at 1466 and 1560 cm-1 could be observed. Figure 12, left shows spectra before (A) 
and after (B) Yamamoto cross-coupling reaction and careful rinsing of the SEIRAS cell. For clarity, the 

 

 
Figure 12. Left: SEIRA spectra of the SAM recorded in equilibrium after 16 hours (A), subsequent to the 
Yamamoto coupling reaction (B), and difference spectrum B minus A (C). In C positive bands are related to the 
emerging polymer matrix, negative bands are characteristic for consumed (incorporated) SAM. Plots are 
stacked along ordinate axis. Right: DFT calculated IR absorption spectra for model compounds mimicking the 
SAM and a SAM molecule that has reacted with one monomer unit. 
 
respective difference spectrum obtained by subtracting the spectrum recorded before from the 

spectrum recorded after the polymerisation reaction is plotted as well (Figure 12, C). In the 
difference spectrum the characteristic bands of the aromatic ν(CC) stretching at 1562 and 1466 cm-1 

decrease while new bands at 1602 and 1492 cm-1 appear. These significant band shifts of 40 and 
26 cm-1 to higher wavenumbers are a good indication for the ongoing reaction consuming the 

bromine functionalities of the SAM. Thus, it can be argued that new C–C bonds are formed between 
the aromatic ring of the SAM and the phenyl groups of tetrakis(4-bromophenyl)methane under 

cleavage of the bromine end groups of the SAM. Notably, comparable shifts of 29 and 34 cm-1 to 
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higher wavenumbers are predicted by DFT calculations for the ν(CC) vibrations of a molecular model 
system composed of one 4-bromothiophenol molecule linked to one monomer unit in vacuum 

(Figure 12, right). It is concluded that film formation is indeed initiated at the bromine-terminated 
surface, resulting in a covalent attachment of the PPN-6 film to the gold electrode. Figure 13 

provides the geometrically optimised structures (in vacuum on the BP86/6-31g* level using Gaussian 
09) of the model compounds that were employed in the calculations. 

 

 
Figure 13. Geometrically optimised 3D structures of the SAM molecule 4-bromothiophenolate before reaction 
(left) and coupled to one monomer unit (right) as employed in DFT calculations (carbon: dark grey, hydrogen: 
light grey, sulphur: yellow, bromine: red). It can be seen that the penetration depth of SEIRAS of approximately 
8 nm is well suited to observe most importantly the first but also subsequent layers. This is even more valid 
when recalling that SAM molecules are usually bent towards the surface. 
 

 The yet presented data show that SAM functionalisation is an indispensable prerequisite for firm 
attachment of the PPN-6 film to the substrate for in this fashion the polymer is bonded covalently to 

the gold via the intermediary SAM. Alongside spectroscopic records, focus was set on more 
illustrative results. By virtue of secondary electron microscopy (SEM) information on the nanoscopic 

morphology of the film was gathered. Figure 14 presents SEM micrographs with increasing 
magnification. For better visibility Figure 14 a) shows an area of the sample where the polymer film 

only partially covers the gold surface. The polymer film is very smooth and homogeneous. However, 
some larger particles are also found to be located on top of the polymer film. This becomes even 

more apparent in cross-section SEM pictures. Figure 14 b)-f) portrays cross-sections of the polymer 
films. The films are very homogeneous up to a thickness where the spatial limit for the primary 

growth process, which starts directly at the surface, is reached. It is assumed that this polymer layer 
is formed by polymerisation of monomers in solution with the bromophenyl moieties exposed by 

the SAM on the gold surface. On top of this dense polymer layer, a second open polymer layer with a 
thickness of about 5 µm did form and consists of agglomerates of polymer spheres. It can be 
reasoned that these polymer particles had been pre-formed in solution and subsequently bound to 

the homogeneous primary polymer layer via terminal bromine groups. Figure 14 e) clearly shows the 
primary polymer layer and a polymer particle bound to it. 

 
To further corroborate the importance of a self-assembled monolayer, SAM-functionalised and blank 

samples both of which received identical treatment in terms of polymerisation reaction and 
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subsequent swelling procedures, have been inspected by SEM. As was mentioned earlier and can be 
reviewed in Figure 9, only the blank sample displayed detachment of polymer film after THF 

treatment whereas the SAM-functionalised sample clung to its polymer film and only suffered from 
crack formation. SEM micrographs prove that the film is still firmly attached to the SAM- 

 

 
Figure 14. SEM micrographs of a PPN-6 film grown on a gold substrate via Yamamoto cross-coupling reaction 
after 20 h reaction time. Top-view (a) and cross-section (b-f) micrographs showing increasing magnification 
from b to f. The primary layer of homogeneous film can clearly be seen (d) as well as particulate growth of 
polymer spheres atop (b and c). 
 
functionalised substrate (Figure 15 a). This is supported by EDX line and spot scans that confirm the 
presence of carbon. A spot scan was conducted to compensate for insufficient resolution during the 

line scan as can be witnessed by the mere meagre increase in intensity of the carbon signal well 
within the polymer layer. Spot scan, affirmatively, reveals the carbonaceous nature of the film as 

well as of the polymer midget that grew onto the homogeneous layer with the values for the three 
spots being (in atom-% carbon) 96 (spot 1), 76 (spot 2), and 6 (spot 3) thereby demonstrating that 

spot scan is far more adept at this task than line scan. Figure 15 b) shows an SEM cross-section 
micrograph from a blank sample from which the formed film was removed via swelling in and rinsing 

with THF. It is obvious that no film resides on the gold layer after the swelling procedure as is 
confirmed by an EDX line scan that supplements the visible proof of the absence of carbon. The 

slight increase in the carbon count (yellow curve) can be attributed to carbon impurities apparently 
residing on the gold layer. 

 The produced polymer layer is indeed very smooth and of very homogeneous thickness. 
However, as can be observed in Figure 14 b) and c) on top of the primary layer a massive layer of 

particulate nature can be found. The natural step forward in the thinking process was to figure out 
whether or not it is possible by means of varying reaction times to influence the extent of that 
agglomeration. The premise is that the shorter the reaction time, the smaller the magnitude of 

agglomerate growth, which would prove the hypothesis correct that the formation of a 
homogeneous film is the primary process hence occurring first followed by attachment of 

polymer
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pre-formed particles from solution. The employed reaction times equaled 18 and 50 min. After 
18 min, a thin, homogeneous polymer film can be observed on the gold substrate. On top of this film 

a few larger particles can already be spotted that become more numerous as the reaction proceeds. 
 

 
Figure 15. SEM cross-section micrographs with superimposed results from EDX line scan analyses of SAM-
functionalised gold with polymer grown atop (a) and blank sample after polymer layer was detached by 
swelling and rinsing (b). In a) spot scans complement line scan analysis. Vertical white lines indicate the path of 
the line scan. 
 
After 20 h, a second, open layer of agglomerated particles is formed (Figure 16). These results 

buttress the notion that agglomerate growth happens after smooth film formation. Moreover, it was 
investigated how reaction time influences the thickness of the film. The assumption, naturally, is 

 

 
Figure 16. SEM cross-section micrographs of samples that have been subjected to Yamamoto cross-coupling 
reaction for varying periods of time. An enhanced formation of a second, particulate layer atop the 
homogeneous polymer film with increasing reaction time is obvious. 

 

that the shorter the reaction time, the less thick the film will become. Figure 17 portrays SEM cross-
section micrographs to disclose film thickness from samples with different reaction times alongside 

top-view images to reinforce the observation of less particulate growth with shorter reaction time. 
The experiments show that film thickness can be tuned to some extent depending on the reaction 

time. This outcome might prove valuable when considering applications in which the polymer film 
serves as molecular sieve with meshes in the nanometer domain. Diffusion of molecules to the 

electrode will take longer with increasing film thickness. 
 As mentioned at the beginning of the chapter, it was expected that the produced films contain 

only a very small mass of polymer thus rendering sorption analysis challenging. In fact, although 
polymer was definitely attached to the samples as could be seen by eye and SEM, it was not possible 

to measure a mass gain even on a five digit high precision balance. Nevertheless, various samples 
have been combined and measured at once to increase the available mass. The thusly measured 
samples exhibited a covered surface of 16.9 cm2. As a result, a 5-point krypton sorption 

a)
1

2

3

b)

3 µm

a) 18 min

5 µm

b) 50 min c)

5 µm

20 h



CHAPTER 1    F IL M S 

31 

measurement could be obtained (Figure 18). As the overall sample mass was still too low to be 
obtained by simple weighing, the measured surface area cannot be calculated as gravimetric surface 

area (a value usually presented for bulk porous materials), but is related to the provided substrate 
surface. It should further be noted that the given film morphology—a thin, dense and homogeneous 

 

 
Figure 17. Top-view images (a and b) to underline the dependence of agglomerate density on reaction time 
and cross-section micrographs (c and d) to reveal that reaction time influences film thickness as well. 
 
polymer layer plus a thicker polymer layer consisting of aggregated polymer particles—obstructs any 

meaningful estimation of applied sample mass using film thickness since an estimation of overall 
density of such films is stricken with high inaccuracy. From krypton sorption measurement a surface 

area of 67.5 cm2·cm-2 sample area could be calculated. This supports the assumption of a porous 
polymer film on the coated substrate. Due to aforesaid reasons, the unavailability of both sample 

weight and sample density, a valid BET analysis cannot be applied to the sorption measurement. This 
notwithstanding, a BET plot for the points of the measurement meeting the criteria recommended 

by Rouquerol et al.,[74] marked grey in Figure 18, already shows porosity with reasonable values for 
 

 
Figure 18. Left half shows the recorded data points from Krypton sorption measurement at 87 K. The points of 
grey colour were the only applicable to BET analysis the result of which is summarised in the table on the 
right-hand side. 
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BET constant C and y-intercept. The author is aware that this procedure is not recommendable for 
conducting a proper BET analysis. However, in the light of the restrictions imposed by the film-like 

nature of the substrate it is still deemed sufficient to qualitatively verify that porosity is present. 
 

Two different molecules were employed for SAM functionalisation: 4-bromothiophenol and 
4-iodothiophenol. The idea behind this was to figure out whether the different reactivity of the two 

halogen atoms in metal mediated cross-coupling reactions translates into a detectable variation in 
the process of film formation. In the experiments conducted in this work, there always occurs a 

competition between film formation and bulk polymerisation. Because the goal was to grow a film 
onto a substrate it was investigated whether surface reaction can be favoured over bulk reaction. 

Obviously, this can only show any effect in binding of the very first layer of monomer molecules 
because it is a homomolecular reaction and after the first layer has been established all exposed 

functional groups are alike. Iodine is far more reactive than bromine but the effect of higher 
reactivity should be most pronounced at short reaction times. It can be reasoned that prolonged 

reaction times will redeem any initial advance in kinetics of one sort of SAM over the other. Polymer 
covered substrates with either bromine or iodine bearing SAMs were analysed via SEM in regard to 
polymer film thickness probing multiple sites of each substrate to get a mean value. After 18 min, 

bromine and iodine SAM substrates exhibited a mean polymer film thickness of 61 ± 10 and 
64 ± 8 nm, respectively. After 50 min, these figures change to 134 ± 14 and 166 ± 11 nm for bromine 

and iodine SAM-functionalised substrates, respectively. Apparently there is a difference in film 
thickness depending on the nature of the functional group exposed by the SAM. It should be noted 

that for the sake of comparability each experiment (18 and 50 min) accommodated two substrates, 
one with bromine-SAM and one with iodine-SAM within the same reaction vessel, thus subjected to 

the same exact polymerisation reaction. The obtained results do not show significant differences in 
film growth on either bromine- or iodine-terminated SAMs. Quite contrarily to the initial 

assumption, a more noticeable difference is observed for longer-term samples (50 min) but overall a 
clear relationship between the nature of the SAM and ensuing film growth cannot be proposed at 

this point of the investigation. 
 To conclude this section, an alternative experimental setup is introduced that allowed of a 

substantial reduction of employed substances. This setup similarly guarantees that no mechanical 
stress is imposed on the substrates, which are placed with their back on a support such as a glass 
slide used in optical microscopy. The exposed faces of the substrates are then treated with a few 

drops of reaction mixture. If applied carefully and not too excessively, surface tension of a DMF/THF 
blend will prevent the reaction mixture from spilling over the fringes. In this way, a confined reaction 

space is generated that requires only minute amounts of reactants. Naturally, stirring is not possible 
in such a setup due to which homogeneous dispersion of reactants within the droplet is thwarted. 

Accordingly, the obtained films were rather inhomogeneous (Figure 19 c). The PPN-6 protocol plays 
into the cards of this approach. For the reaction proceeding at room temperature greatly facilitates 

the setup. It is recommended to conduct this kind of experiments inside a glove box as 
establishment of an inert atmosphere using Schlenk technique proves difficult in this case. Although 
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the reaction was conducted at room temperature and the reaction vessel sealed as good as possible, 
a slow but steady evaporation process could not be forestalled. This led to changes in concentration 

as well as solubility within the droplet thereby detrimentally affecting the reaction itself as well as 
film formation. Provision of a tangible amount of solvent mixture, in composition identical to the 

used reaction solvent, at the bottom of the reaction vessel to establish a saturated atmosphere 
could not compensate for evaporation. Eventually, film formation could be observed on the 

 

 
Figure 19. Photographs of droplet setup during reaction (a), after reaction (b), and substrates after work-up 
(c). A petri dish serves as enclosed reaction vessel the bottom of which is covered with a layer of solvent 
mixture resembling the reaction solvent in order to provide a saturated atmosphere thereby slowing down 
evaporation. In c) a rather inhomogeneous covering of the substrates with polymer can be witnessed. The two 
blank spots (bottom sample in c), are caused by mechanical stress during handling with forceps. 
 

the substrates but surprisingly also on substrates that were blanks, i.e. that did not bear a SAM. In 
contrast to the experiments with hanging blank substrates, on which film formation took place, the 

films on the droplet blank samples could not be detached by swelling in THF. This phenomenon 
might find an explanation in the circumstance that uneven distribution of reactants within the 

droplet exacerbated by an evaporation process led to a situation in which the polymer was literally 
stamped onto the substrates. This scenario is reminiscent of the proceedings described on upcoming 

pages where tethering of CMP-1 to an electrode is recounted. 
 In consideration of inconclusive film formation regarding homogeneity of films along with the 

circumstance that film formation did take place on blank samples as well this approach was 
abandoned. However, improvements in setup such as real tight sealing to further avoid evaporation 

as well as application of larger amounts of reaction mixture to provide a more homogeneous 
reaction environment might prove this concept useful. On the other hand, enhancing the employed 

volume of reaction mixture diminishes the one big trait this methodology benefits from that is to 
reduce the amount of reactants. 
 

 
 CONCLU SIO N 

 
The presented results demonstrate that the proof of concept was successful. Gold coated substrates 

have been covered with polymer film in a reaction that also yielded bulk polymer that could be 
subjected to standard analytical methods thereby confirming the desired target structure of the 

bulk. In so doing, the chemical nature of the grown film was also confirmed since the substrate was 

a) b) c)
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present in the same exact reaction. Moreover, it could be shown that film thickness as well as 
particulate growth atop the homogeneous film could be controlled to some extent by varying the 

reaction time. An additional insight into the porous nature of PPN-6 is portrayed in Figure 20. 
Nitrogen sorption isotherms of PPN-6 samples obtained after varying reaction times differ 

considerably with higher surface area values being achieved for longer reaction times. This can be 
fathomed when imagining that, although precipitate is formed already after minutes, at longer 

reaction times nascent polymer particles will be cross-linked much more extensively thereby 
creating more pores leading to higher surface area values. The initial choice for PPN-6 was based on 

 

 
Figure 20. Isotherms derived from nitrogen sorption at 77 K of three PPN-6 samples after varying reaction 
times (solid symbols: adsorption, empty symbols: desorption). 
 

the assumption that the polymer films exhibit very small mass of polymer. This was indeed the case 
as encountered during sorption experiments of the films. Nevertheless, krypton sorption revealed 

the porous nature of the films. 
 Electrodes coated with PPN-6 might be useful in applications where the polymer can serve as 
molecular sieve to allow only molecules of an appropriate size to reach the electrode. Furthermore, 

the ability to tune the thickness of the film can prove valuable when diffusion length and -time need 
to be adjusted since thicker films exact a higher diffusion time from the agent molecules. In addition, 

the aforementioned possible applications can be envisaged to be expanded to polymers with 
different parameters such as pore size to allow larger or smaller molecules to pass to the electrode. 

Also, polymers could be potentially used that have been functionalised either post synthetically or 
via employment of functionalised monomers. 

 To broaden the scope of possible applications for the presented film growing method it is 
advisable to employ different polymers. Especially, exploiting the very nature of the substrate as 

being a superb electrode leads to the idea of employing polymers that show a higher degree of 
conjugation of π-electrons than PPN-6. To that end, CMP-1 was chosen as candidate to render the 

approach more versatile. 
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 CMP-1 |  A FILM  ON  GOL D |  P A RT TWO 
 

Since their development via Sonogashira-Hagihara palladium catalysed cross-coupling reaction in 
2007, CMPs have been studied extensively in respect to the scope of monomers to employ as well as 

reaction conditions to apply.[40,134-136] Moreover, their potential application in organic electronics has 
been studied since, making it extremely interesting to fabricate those polymers as a thin film on an 

electrode.[90,137-138] It is noteworthy that the vast majority of literature on CMPs describes a fifty 
percent excess of ethynyl to halogen functional groups—an unusual ratio adopted due to empirical 

criteria as this was shown to yield materials with enhanced surface areas.[139] This might be due to 
inconsistent quality of the educt 1,3,5-triethynylbenzene. In this work, however, the educt was 

purified by chromatographic filtration and used in a quantity that reflects a one to one ratio of 
ethynyl- to halogen-groups. 

 

 
Figure 21. Sketch of film formation of CMP-1 on SAM-functionalised gold electrodes (X = I or Br) via palladium 
catalysed Sonogashira-Hagihara cross-coupling reaction according to the following reaction conditions: 
1.00 eq. p-diiodobenzene (c = 0.0056 mol·l-1), 0.67 eq. 1,3,5-triethynylbenzene, 0.013 eq. tetrakis(triphenyl-
phosphine)palladium(0) in a volumetric 2:1 mixture of dry DMF and dry TEA at 80 °C for time periods of 25 min 
to 19 h. 
 

 During CMP-1 synthesis it is customarily observed that the polymer forms within a timeframe of 
minutes or even seconds depending in particular on the type of halogen functionality employed. 

Moreover, the product occupies the entire volume of the reaction vessel; a phenomenon that is not 
beneficial to smooth film formation. For this reason, first attempts in the present work made use of 

the lowest yet reported concentration of p-diiodobenzene of 0.066 mol·l-1.[134] In addition, to slow 
down polymer formation and thus enhance the chance of a smooth film growth, early experiments 

employed the brominated rather than the iodinated monomer due to the former’s lower reactivity. 
Still, as can be perceived in Figure 22 a) even at this low a concentration the reaction vial got filled 
up with polymer. This, naturally, leads to problems in terms of reaction environment, for under such 

circumstances the reaction might enter a stage where both an even thermal conductivity as well as a 
uniform diffusion of monomers are severely impeded. Also, and more important for this work, since 

the substrates are in such close proximity to and virtually engulfed in polymer, smooth film 
formation can be assumed to be frustrated unlike in a liquid environment. Indeed, Figure 22 c) gives 

an idea of how unevenly films are formed on the substrates. It is not even safe to assure that those 
films have been formed bottom-up, as desired, or merely got stamped onto the substrates from 

all-surrounding polymer. The obtained bulk polymer was washed and Soxhlet extracted from 
methanol as routinely done for CMPs and according to nitrogen sorption at 77 K exhibited a BET 

Sonogashira-
Hagihara

polymerisation
AuAu AuAu
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surface area of 796 m2·g-1, which is inferior to the literature value of 870 m2·g-1 for CMP-1 using the 
same concentration.[134] Moreover, although bulk material was Soxhlet extracted, its yield amounted 

to 207 % insinuating massive amounts of impurities. The macroscopic appearance offers an image of 
inhomogeneous composition. The consequence of this outcome was to abandon the classical 

 

 
Figure 22. Photographs of CMP-1 reaction when finished (a), substrates engulfed in polymer as withdrawn 
from reaction vessel (b), substrates where excess polymer has been removed (c), and bulk polymer after 
washing, Soxhlet extraction, and vacuum drying (d). 
 

approach and embark on a methodology that avoids the formed polymer demanding such an 
enormous space within the reaction vessel. The most influential parameter in this regard is 
concentration that was accordingly further reduced to nearly homeopathic amounts. In the new 

reaction protocol the concentration of p-dihalobenzene was set to 0.0056 mol·l-1. This time, 
p-diiodobenzene was employed. In addition, no copper(I) iodide was used and the amount of 

catalyst was reduced to 0.013 eq. with p-diiodobenzene defining 1.0 eq. However, the decisive 
feature in this case to ensure a liquid reaction environment is the decrease in concentration. It is 

emphasised that except for the low concentration these reaction conditions were adapted from a 
recently optimised protocol developed in our laboratory that yielded CMP-1 with improved 

structural integrity and enhanced porosity.[41] In spite of the fact that the more reactive iodo 
monomer has been used, there was no prompt and overwhelming formation of polymer. Quite the 

opposite was true with the reaction solution remaining colourless and clear for the first 10 min 
(Figure 23). Then, a slight yellow tinge arose and governed the next 15 min. Finally, after 25 min, the 

 

 
Figure 23. Photographs of CMP-1 synthesis during the first 10 min (a), the ensuing 15 min (b), and precipitated 
polymer after 35 min already forming bigger agglomerates in c). Pictures in d) and e) show bulk polymer 
washed and dried after reaction times of 35 min (d) and 19 h (e). 

a) b) c) d)

d)

e)

b)a) c)
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solution turned turbid and very gentle precipitation of yellow flakes could be observed. The flakes 
grew slightly in size but what is more important they did not aggregate to pile up but kept stirring so 

that the substrates were surrounded by liquid medium for the entire time of the reaction. As such, it 
could be guaranteed that the reaction proceeded entirely in solution or at the very least in 

dispersion and that films grown on the substrates did develop bottom-up, as desired. As in the 
previously described experiments, substrates with SAMs bearing either bromine or iodine were 

employed. Since p-diiodobenzene was used as linker it was considered worthwhile to use an iodine 
bearing SAM for a more or less equal reactivity of the surface compared to bulk reaction in solution. 

Nonetheless, both bromine and iodine SAM-functionalised gold substrates did exhibit a film after the 
reaction proceeded for 25 min at the least (Figure 24 b) and c). In case the substrates were 

withdrawn before that time i.e. within the initial phase during which the solution turned yellow but 
no precipitation was observed just yet, neither substrate was coated with polymer. This is illustrated 

in Figure 24 a) that features two substrates obtained from an experiment analogous to the one 
shown in the previous Figure 23. This finding suggests that the process of film growth at the surface 

is not favoured over polymerisation in solution to form bulk CMP-1. In the applied experimental 
 

 
Figure 24. Photographs of gold substrates that were withdrawn after varying time intervals from a CMP-1 
polymerisation reaction. Sub-short-term experiments (a) yield no covering of either specimen. Short-term 
trials (b, 25 min) gave rise to much more homogeneous films than long-term trials (c). But already after 35 min 
homogeneity is adversely affected in comparison to a 25 min sample. 
 
setup the substrates were immersed into the reaction solution from atop via a metal wire that 

pierced through a septum in order to control depth of immersion. In this way it was possible to 
withdraw the substrates to a certain extent in order to stop the reaction for the upper part whereas 

the lower part of the substrate remained immersed. In this manner, substrates as presented in 
Figure 24 b) could be obtained. 

 To verify that the films on the substrates were in fact CMP-1, the bulk material acquired in the 
reactions was analysed. Firstly, the two batches, short-term (35 min) and long-term (19 h), differ in 

colour with the long-term CMP-1 exhibiting a brighter hue leaning to beige whereas the short-term 
sample is of brown colour. Results from elemental analysis differ as well and show a slightly better 

overall conformity to theoretical values for the long-term sample: calculated (found short-term 
CMP-1; found long-term CMP-1) for C21H9 in m-%: C 96.53 (87.71; 92.53), H 3.47 (3.41; 3.71). 

 The mentioned difference in colour could be caused by a more pronounced conjugation of 
π-electrons within the long-term sample triggered by more comprehensively consumed functional 
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groups. This claim can be substantiated by solid state 13C{1H} CP/MAS NMR spectra (Figure 25). 
Prima facie, the two samples do not differ noticeably except for signal to noise ratio. Both yield 

similar signals at (numbers in brackets for long-term sample) 134.4 (134.6), 128.0 (128.1), and 120.8 
(121.1) ppm for aromatic carbons and 87.4 (87.5) ppm for ethynyl carbons. There is, however, one 

 

 
Figure 25. Solid state 13C{1H} CP/MAS NMR spectra of both short-term and long-term CMP-1 trials 
(νrot = 10 kHz, spinning sidebands are marked with an asterisk). 
 

signal present only in the short-term sample at 78.8 ppm that can be assigned to terminal ethynyl 
carbons of unreacted ethynyl groups. The short-term sample seems to suffer from a higher degree 

of unreacted ethynyl groups (see Appendix Figure A1), a circumstance that supports the notion of 
diminished conjugation of π-electrons. 
 To further investigate the structure of the obtained CMP-1 samples, ATR-FTIR investigations 

have been conducted. Short-term as well as long-term sample have been compared to both of the 
employed educts 1,3,5-triethynylbenzene and 1,4-diiodobenzene. In this manner, congruent and 

differing signals can be spotted easily. Figure 26 reveals that the typical alkyne C–H stretching 
vibration mode at 3277 cm-1 is absent from the spectra of both CMP-1 specimens. On the other 

 

 
Figure 26. ATR-FTIR spectra from CMP-1 samples (grey) and both educts 1,3,5-triethynyl-benzene (top black) 
and 1,4-diiodobenzene (bottom black). Plots are stacked along ordinate axis. 
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hand, a vibration mode, which is lacking in the educt 1,3,5-triethynylbenzene, appears, albeit only 
weakly and submerged in noise, in the CMP-1 spectra at 2190 cm-1 and can be assigned to C≡C 

stretching mode of disubstituted alkyne. Furthermore, characteristic signals hailing from the second 
starting material 1,4-diiodobenzene at 1430 and 1060 cm-1 can be deemed absent from the CMP-1 

long-term sample but slight traces of this educt can be found in the CMP-1 short-term sample again 
indicating a less complete conversion hence more unreacted end groups strengthening the notion of 

reduced conjugation of π-electrons. It is noteworthy, though, that traces of 1,4-diiodobenzene can 
be spotted whereas the spectra are completely devoid of residual signals from 1,3,5-triethynyl-

benzene, although the latter’s presence is clearly revealed in the NMR spectrum at least of short-
term CMP-1. 

 
The basic idea for the very low concentration applied in the reaction was to avoid the substrates 

from being engulfed in polymer and ensure smooth film formation. As a concomitant feature, the 
reaction was allowed to proceed as solution/dispersion-based reaction in contrast to typical CMP-1 

synthesis. This circumstance in conjunction with the other altered parameters applied in this work 
and adopted from reference 41 are apparently conducive to enhanced structural integrity of the 
polymer especially at short reaction times as can be witnessed by means of nitrogen sorption. The 

obtained surface area values exceed comparative figures from a study on the influence of 
concentration on surface area values by far.[134] In that study, a decrease in concentration was 

accompanied by a steady decline in surface area dropping from 956 to 870 m2·g-1 for 
p-diiodobenzene concentrations of 0.666 mol·l-1 and 0.066 mol·l-1, respectively. Apart from the 

concentration of p-diiodobenzene other experimental parameters differed likewise in the literature 
study: (notes in brackets for parameters in this work) ethynyl/iodine molar ratio of 1.5 (1.0), usage 

of copper(I) iodide (none), toluene/TEA volumetric ratio of 1:1 (DMF/TEA volumetric ratio of 2:1), 
tetrakis(triphenylphosphine)palladium(0) mol-% of 4.3 (1.3), and finally, reaction time of 72 h 

(35 min and 19 h). Conversely, two crucial characteristics are identical: reaction temperature of 80 °C 
and employment of iodinated benzene as linker rather than their brominated brethren. These latter 

two factors play an important role in terms of reactivity and reaction progress. Giving credit to the 
vastly reduced reaction time makes the upcoming values even more astounding. Nitrogen sorption 

experiments revealed BET surface areas of 1423 and 1538 m2·g-1 for 35 min CMP-1 and 19 h CMP-1, 
respectively (Figure 27). These values surpass the aforesaid figure of 870 m2·g-1 by a staggering 64 
and 77 %. Considering the trend disclosed in the literature study suggesting lower surface areas for 

reduced concentrations these results, obtained with a concentration of only a twelfth of the 
reference value, are even more striking. Another feature unveiled by these outcomes regards an 

apparent difference between CMP-1 and PPN-6 formation. As can be assessed from Figure 20, PPN-6 
requires long reaction times to accomplish high surface area values while CMP-1 seems to reach its 

apex within a little more than half an hour. A finding that suggests that the palladium-catalysed 
Sonogashira-Hagihara reaction for CMPs reaches full conversion a great deal faster than the nickel-

mediated Yamamoto cross-coupling reaction for PPNs using stoichiometric amounts of nickel. 
However, a caveat needs to be issued on the nature of functional groups in both cases. Whereas 
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CMP-1 synthesis employed an iodinated compound, the PPN-6 protocol made use of a brominated 
species of less reactivity. In addition, other experimental parameters differ as well most importantly 

reaction temperature that was set to 80 °C for CMP-1 and left at room temperature for PPN-6 
synthesis. 

 As can be drawn from Figure 27, not only surface areas exceed the reported value. Surface area 
contributed from micropores is also higher and reaches 1343 and 1318 m2·g-1 for short-term and 

 

 
Figure 27. Isotherms derived from nitrogen sorption at 77 K for short-term and long-term CMP-1 trials (solid 
symbols: adsorption, empty symbols: desorption). Additional information provides comparison to CMP-1, 
obtained via the classical synthetic route (values originate from reference 40). SABET calculated from nitrogen 
adsorption branch using BET method; micropore SA calculated from nitrogen adsorption branch using t-plot 
method; total pore volume derived at 𝑝𝑝/𝑝𝑝0 = 0.99 (values in brackets obtained at 𝑝𝑝/𝑝𝑝0 = 0.92 for short-term 
and 0.93 for long-term), Vmicro derived from t-plot method using Halsey equation. 
 

long-term experiment, respectively, compared to 675 m2·g-1 reported in literature. Moreover, the 
share of microporous surface area in total surface area is increased, too. Overall pore volume is 

nearly twice as high but it has to be mentioned that the isotherms obtained in this work are of 
different shape. Whereas Cooper et al. acquired near-perfect type I isotherms the graphs obtained 

here show a steeper, steady increase after micropore filling has been completed. Furthermore, 
approaching saturation pressure the isotherms in Figure 27 exhibit a steep increase in gas uptake 
indicative of macropore presence and/or textural porosity. This is intensified for the long-term trial 

and is plausible since longer reaction times allow the system to cross-link more comprehensively 
thereby creating structures of higher dimensions. That circumstance necessitated different points to 

be applied in calculation of total pore volume. The neat numbers in the table in Figure 27 are the 
results obtained by emulating the analysis reported by Cooper et al. with total pore volume 

calculated at 𝑝𝑝/𝑝𝑝0 = 0.99 while numbers in brackets were acquired by applying lower relative 
pressure values that can still be considered to lie on the segment of the adsorption branch with a 

constant slope. Even so, total pore volume amounts to 0.83 and 0.98 cm3·g-1 for short-term and 
long-term trial, respectively, which dwarfs the value of 0.47 cm3·g-1 for conventional CMP-1. Pore 

volume provided by micropores is at least twice as high as the reported value, yielding a share of 
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micropore volume in total pore volume of 72 and 46 % for short-term and long-term trial, 
respectively, when related to a total pore volume at 𝑝𝑝/𝑝𝑝0 = 0.99. Using total pore volume derived 

from lower 𝑝𝑝/𝑝𝑝0 values, micropore volume ratio becomes yet higher than or comparable to the 
value of 70 % for classical CMP-1. 

 An interesting observation comes to the fore when comparing short-term and long-term 
experiment amongst themselves. Both micropore surface area and micropore volume are slightly 

lower for the long-term sample which is surprising considering the irreversibility of the Sonogashira-
Hagihara cross-coupling reaction defying cleavage of a bond once formed. Thus, any micropore once 

formed stays a micropore and will not be broken up again. Either the discerned difference, which is 
indeed quite small, lies within the error margin or, alternatively, interpenetration can serve as a line 

of reasoning. Longer reaction times undoubtedly increase the likelihood of interpenetration that can 
lead to a reduction in both accessible micropore surface area and micropore volume. 

 

 
Figure 28. SEM cross-section micrographs from substrates that have been subjected to CMP-1 polymerisation 
reaction for varying amounts of time. 
 
 Following the identification of the formed bulk polymer as CMP-1, more graphic results were 

sought by means of SEM in conjunction with EDX analysis. The circumstance of more pronounced 
film growth with enhanced reaction time is supported by cross-section micrographs that show more 
polymer residing on those substrates that have been subjected to the reaction for longer periods of 

time (Figure 28). This finding is also reflected in top-view images that show an increased amount of 
polymer agglomerates for the long-term sample. Likewise, the thickness of the homogeneous film 

increases with enhanced reaction time (Figure 29). The analysis of multiple sites of a short-term and 
 

 
Figure 29. Top-view (a and b) and cross-section (c and d) SEM micrographs from CMP-1 coated substrates. 
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a long-term sample showed average values for film thickness of 132 ± 24 nm and 239 ± 61 nm, 
respectively; figures that lie within the same region as those obtained for PPN-6 films that amount to 

around 60 and 150 nm for a short-term (18 min) and a long-term (50 min) sample, respectively. The 
overall higher values for CMP-1 films can be attributed to faster reaction progress during CMP-1 

formation. Although the long-term samples should not be used to arrive at this conclusion due to 
vastly differing durations that the substrates were subjected to the reactions (19 h for CMP-1 films 

vs. 50 min for PPN-6 films), reaction times of the short term samples match sufficiently well and 
allow of a direct comparison of the obtained film thicknesses. 

 
One main aspect of the previous chapter on PPN-6 films on gold electrodes was to prove the SAM 

indispensable for covalent attachment of the polymer film. Similar experiments were conducted for 
CMP-1 films. A blank sample was immersed in the reaction mixture adjacent to a SAM-functionalised 

sample. After 19 h, both substrates were covered with polymer. Ensuing swelling of the substrates in 
THF overnight produced a different result than obtained for blanks covered with PPN-6 films. 

Whereas PPN-6 was easily removed via rinsing after swelling (cf. Figure 9), CMP 1 films clung to the 
non-functionalised substrate no matter how harsh the sample was rinsed via pipette (Figure 30). 
 

 
Figure 30. Photographs of CMP-1 films on gold substrates after 19 h reaction time that have been 
functionalised with an iodine-terminated SAM (a) and subjected to reaction without prior SAM 
functionalisation (b). Both SAM-functionalised and blank sample retain their polymer film after swelling. 
 
EDX line scans performed on cross-section specimens confirm the carbonaceous nature of the film 

residing on the blank sample. These results are complemented by line scans from short-term 
(25 min) and sub-short-term (20 min) samples (Figure 31). To recapitulate briefly, the sub-short-term 

sample was withdrawn from the reaction mixture when the solution already displayed a yellow tinge 
 

 
Figure 31. EDX line scan results superimposed onto SEM cross-section micrographs from sub-short-term (a), 
short-term (b), and blank samples (c). 
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but not yet precipitate. Five minutes later into the reaction, precipitation was obvious and at that 
point in time short-term samples were obtained. The sub-short-term sample’s apparent lack of an 

attached polymer film (cf. photographs in Figure 24) is verified by SEM examination as is the 
presence of carbon within the film atop the short-term sample. 

 The key to rationalise the observation of a polymer layer forming on top of a blank sample lies 
within the different monomers employed. PPN-6 synthesis consumes tetrakis(4-bromophenyl)-

methane, a molecule that is unimpressed by the presence of gold. CMP-1 formation, on the other 
hand, utilises 1,4-diiodobenzene as well as 1,3,5-triethynylbenzene in a Sonogashira-Hagihara cross-

coupling reaction. It has been established that gold can be substituted for copper in that kind of 
cross-coupling reaction and serve as alkyne activating agent.[140-142] Moreover, gold was attributed a 

yet more prominent role in that it can supplant palladium as catalyst altogether. This, however, is a 
subject of debate juxtaposing claims that it is actually residual palladium traces that perform the 

catalysis and not gold itself[143] with others that contest this view and maintain that gold is indeed 
active on its own provided that it is not molecularly dispersed in gold complexes but present in a 

clustered form, that is to say nanoparticles.[144] The latter view is reinforced by studies focusing on 
the active sites as well as experiments conducted in vacuum where the occurrence of any 
homogeneity, i.e. leaching of catalyst can be ruled out.[145-146] Whatever the real skills of gold in that 

environment, suffice it to say that in any event it does interact with the alkyne and this creates a 
scenario in which a blank sample, i.e. a pristine gold covered substrate can induce polymer 

formation to take place directly at the surface. That being said, when drawing a picture of gold 
acting as co-catalyst, supplanting copper, or catalyst, supplanting palladium, one has to bear in mind 

that in neither case gold is entitled to get a hold of the reaction product after the catalytic cycle has 
been completed. For as is essential to catalysts, gold would provide a reactive centre for bringing 

together reactants but after the reaction has taken place, the product is cleaved off of the gold. This 
means that the potential of gold for serving as catalyst would favour the reaction to take place 

directly at the surface but it would not lead to covalent attachment of the polymer film to the 
substrate. For this to occur, another peculiarity of gold has to be accounted for. 
 

The previous chapter dealt with PPN-6 films covalently attached to gold electrodes via a SAM and 
capitalised on gold’s property to form gold-sulphur bonds for thiol-based SAM formation. Yet, thiols 

are not the only molecules interacting with gold in that manner. It was shown that nitrile and 
isonitrile groups do so as well via exploitation of the high electron density within the triple bond 

between carbon and nitrogen.[147-149] More importantly, not the nitrogen but the triple bond is 
responsible for this behaviour, so much so that alkynes are also candidates for SAM formation on a 

gold surface.[150-152] In this work, one of the employed reactants is 1,3,5-triethynylbenzene that is 
potentially prone to strong interaction with a gold surface. Owing to its trifold functionality, the 

monomer could form a SAM on gold while still exposing reactive groups that can partake in the 
polymerisation reaction thus prompting the polymer film to stick to the surface in a covalent 

fashion. 
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 To elucidate whether or not interactions between ethynyl groups and the gold surface are 
detectable in the system described herein, UV-vis reflection and Raman spectroscopic experiments 

were conducted. UV-vis reflectance measurements were operated on a gold wafer after it has been 
subjected to a solution of 1,3,5-TEB as sole component under otherwise conditions that pertained 

during the actual polymerisation reaction. The idea was to detect absorption of electromagnetic 
radiation by a possibly formed SAM of 1,3,5-TEB. However, no conclusive evidence could be 

gathered as to whether the anticipated monolayer had formed. Comparison with a blank sample, i.e. 
a pristine gold wafer showed no significant difference in the spectra of the supposedly SAM-covered 

specimen. Such an outcome was not completely unexpected as UV-vis absorption of 1,3,5-TEB is not 
particularly strong and thus challenging for the study of systems with such low a concentration of 

analyte.  
 More appropriate in that regard are surface-enhanced Raman spectroscopy (SERS) and surface-

enhanced IR absorption spectroscopy (SEIRAS). The latter, however, cannot be employed to detect 
the possible formation of a sulphur-gold bond as the silicon single crystal used in SEIRAS itself 

absorbs in the energetic region that accommodates the absorption signal of said bond. In principle, 
SEIRAS could be used to probe the absence of the vibrational mode effected by the terminal carbon-
hydrogen bond, an observation that would be tantamount to the formation of a sulphur-gold bond. 

However, seeing that the analyte molecule 1,3,5-TEB has more than one ethynyl group at least one 
of which remains intact after assumed SAM formation renders SEIRAS inappropriate eventually. As a 

result, SERS was performed on the utilised gold-coated silicon wafers to detect a potentially created 
sulphur-gold bond. The results were as unsatisfying as those from UV-vis experiments insofar as no 

significant deviation from the baseline could be observed after exposure of the gold surface to 
1,3,5-TEB treatment. However, these negative, or rather neutral, results should not be treated as 

cogent evidence that SAM formation had not taken place. To be sure, positive results would have 
proven SAM formation real but it has to be kept in mind that the probed system consists of a 

monolayer of analyte molecule and as such approaches the realm of single molecule spectroscopy. 
The concentration of analyte might just have been too minuscule to be detected by the described 

techniques. After all, SAM formation with triple bond motifs in general and ethynyl groups in 
particular is a reported fact as described above. By and large, gold substrates are well-suited systems 

to be probed by SERS. Nevertheless, their plasmonic resonance depends strongly on the roughness 
and morphology of the film. It is entirely possible that for example the roughness of the purchased 
gold-coated silicon wafers that were employed in the polymerisation reactions and the SAM-

formation experiments is not sufficiently pronounced or otherwise inadequate as to induce an 
enhancement of the Raman signal that would give proof of a formed sulphur-gold bond. 

 
An interesting phaenomenon can be witnessed when taking a closer look at the blank substrate 

employed in the polymerisation reaction. From the very beginning, the purchased silicon wafer was 
not entirely covered with gold but exhibited some sites devoid of gold coating thus presenting the 

bare silicon. As can be surmised from Figure 30, where the gold-free fringe can be found in the 
bottom left edge of the blank sample, the polymer film does not cover that very part of the 
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substrate although the wafer piece was immersed in the reaction solution in its entirety. A low-
magnification SEM micrograph in Figure 32, left allows an unequivocal judgement that the polymer 

layer sharply avoids traversing the pure silicon and remains within the area covered with gold. This 
occurrence suggests that in this environment only gold is susceptible to the formation of a SAM 

 

 
Figure 32. Top-view SEM micrographs and EDX area scan of blank sample confirm the presence of a polymer 
layer on top of the gold coating. The inset in the left picture shows a photograph of the measured sample, the 
SEM image of which is depicted in the larger frame, and reveals also optically that the silicon wafer piece 
exhibits an area that does not bear a gold coating. The polymer layer was probed by EDX area scan (right; the 
plot itself covers the actually probed region) disclosing the carbonaceous nature of the film. 
 
by 1,3,5-TEB molecules whereas silicon is not. In addition, Figure 32, right shows an EDX area scan 
that again confirms the presence of carbon within the polymer layer. Owing to the high penetration 

depth of the probe beam, the chemical composition of underlying strata is also recorded. 
 

 
 CONCLU SIO N  

 
The herein developed methodology that was initially used to yield PPN-6 films on gold substrates 

could be adapted to the synthesis of a conjugated microporous polymer leading to the formation of 
CMP-1 films on gold. In stark contrast to PPN-6, for which it was shown that prior SAM 

functionalisation of the gold surface is vital for a covalent attachment of polymer films, CMP-1 films 
were also obtained on blank, i.e. unfunctionalised substrates. This peculiarity is caused by the nature 

of employed 1,3,5-triethynylbenzene that, through its ethynyl groups, does interact with gold 
surfaces and can form a SAM of its own thus serving as both monomer and bond-mediating group. 

However, such behaviour cannot be assumed to be equally applicable to other alkyne monomer 
species utilised in CMP synthesis. Accordingly, the obtained results regarding successful formation of 
CMP-1 films on gold substrates that have been functionalised with a SAM in advance 

(4-bromothiophenol or 4-iodothiophenol) are highlighted here as a means to form films of CMPs 
that incorporate monomers with no tendency to SAM formation. 
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CHAPTER 2 

SILICA 

 
TEMPLATE D PO RO SIT Y  
 

The advent of mesoporous silica with ordered pore structure at the beginning of the 1990s heralded 
new opportunities for porous materials.[13,153-154] In particular, with the development of MCM-41 the 

world of material science witnessed an expansion of available pore systems of ordered nature from 
microporous zeolites to mesoporous silica. As defined by IUPAC convention, mesopores have 

diameters of 2 to 50 nm and are thus far bigger than micropores with diameters of less than 2 nm.[1] 
This enhancement in size of the pore interior has been made use of as confined reaction space and 

catalyst support in heterogeneous catalysis with higher diffusion rates of educts and products alike 
as compared to microporous systems. In addition, mesoporous silica has found use in drug delivery 

as well as templating approaches. For instance, the hexagonally ordered mesoporous channels of 
SBA-15 (Santa Barbara-15) can be infiltrated with metal salt precursors.[155-156] High thermal stability 

of silica permits calcination of the infiltrated system allowing the precursor to convert to a metal 
oxide that mimics the negative shape of the template. As a result, porous metal oxides can be 
obtained in defined shapes that can prove advantageous to semiconductor performance. Likewise, 

an exact replica of the silica template, i.e. the positive form can also be obtained by using the 
negative mould as template. The templating approach can moreover be used to obtain so-called 

(inverse) opals also known as photonic crystals.[157-160] Although not meso- but macroporous, and 
therefore somewhat extraneous to this topic these structures are extremely intriguing as they 

feature periodically aligned spheres (opal) or cavities (inverse opal) comparable in size to the 
wavelengths of visible electromagnetic radiation. This property endows the material with waveguide 

capability with potential application in envisaged quantum computers.[161-162] 
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 The goal of this work was to obtain a microporous network with imprinted mesoporosity derived 
from a siliceous template. To this end, it was devised to infiltrate mesopores of a silica monolith with 

the monomers used in PPN-6 synthesis. The employed silica should be devoid of significant 
microporosity as in an intermediate stage of the process a successful infiltration was sought to be 

proven by the presence of microporosity provided by formed PPN-6. Moreover, many possible silica 
precursors were considered inappropriate for the approach, namely those that are available as 

powder only. The reason springs from practical considerations. It is very hard to separate powder of 
potentially infiltrated silica from bulk polymer that has been formed in excess. This in turn makes 

sorption analysis of the silica pointless since microporosity will certainly be detected but not due to 
polymer inside the silica but rather as a result of excess polymer. Another aspect regards the nature 

of porosity within the prospective template. In principle two different types of pore architecture can 
be conceived. One in which the pores are interconnected as is the case in so-called worm-like pore 

systems and another that exhibits pores lacking significant interconnection and can thus be treated 
as isolated from each other. These two situations will lead to different outcomes. After infiltration 

and decomposition of the template, an interconnected pore system will yield a monolithic since 
interconnected negative shape whereas a pore system consisting of isolated pores will give rise to 
isolated e.g. rods of the anticipated material (Figure 33). 

 

 
Figure 33. Illustration of the influence the pore system has on the templated polymer. Foreground shows an 
idealised micropore-free SBA-15 structure featuring a hexagonally ordered pore system with no 
interconnection between the pores before infiltration (left), infiltrated with PPN-6 (middle), and the polymer 
obtained after the template has been dissolved (right). Backdrop shows a silica template with a worm-like, i.e. 
interconnected pore system neat (left), infiltrated (middle), and polymer after template-removal (right). 
 
 For this reason, a worm-like pore system within the template might be desired as it provides the 

necessary structural interconnectivity to obtain a polymer with an interstitial regime of mesoporous 
voids between polymer chains as a result of the templating process. Different siliceous materials 
exhibiting worm-like pore systems have been reported. For example, KIT-6 (Korean institute of 

technology-6) features a mesostructure with 𝐼𝐼𝐼𝐼3�𝑑𝑑 symmetry as does MCM-48.[13,154,163-164] 𝑃𝑃𝑃𝑃3�𝑛𝑛 
symmetry can be found in SBA-1[165-166] whereas SBA-16[156] as well as FDU-1 (Fudan university-1)[167] 
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incorporate pore systems of 𝐼𝐼𝑃𝑃3�𝑃𝑃 symmetry, which is not innocuously referred to as ‘the plumber’s 

nightmare.’[168] The pore system of FDU-12 features 𝐹𝐹𝑃𝑃3�𝑃𝑃 symmetry. 
 Conversely, materials such as SBA-15 display hexagonally arranged mesopores (𝑃𝑃6𝑃𝑃𝑃𝑃-

symmetry) that if isolated from each other could be expected to lead to isolated polymer rods of, in 
this case, PPN-6. Comparably thick pore walls in SBA materials (3.1 to 6.4 nm for SBA-15)[155] as 

compared to e.g. MCM materials (0.6 to 1.2 nm for MCM-41)[169] are a decisive feature as the 
expected mesoporosity that PPN-6 should be infused with hails from the portion of the template 
that is not occupied by polymer, that is to say the walls of the silica.[170] Moreover, SBA-15 is not 

exclusively mesoporous but contains microporosity within the walls, a circumstance subject to 
numerous studies.[171-179] However, whether or not those microporous channels are sufficiently 

spacious to accommodate the rather formidable zoo of compounds required in the synthesis of 
PPN-6 and are thus able to interlock the polymer rods that are anticipated to form inside the 

cylindrical mesopores, remains to be seen. 
 

 
RESULT S  A N D DI SC US SI O N 

 
 SIL IC A |  PR I STI NE  

 
In the light of the aforesaid predicament of the impossibility to separate excess polymer from the 

supposedly infiltrated silica template when relying on silica in form of powder, it was imperative to 
employ a monolithic template. This requirement ruled out the use of worm-like siliceous materials 
as these are not available in monolithic form. However, it was possible to identify a protocol 

reported in literature for the synthesis of monolithic silica exhibiting a structure akin to SBA-15.[180] 
The procedure utilises an ethanolic solution of the triblock copolymer Pluronic-123 (P-123) as 

templating agent and tetraethyl orthosilicate (TEOS) as silicon source. The novelty of this protocol by 
Zhao et al. comes with the step where the already solidified gel is covered with a layer of paraffin oil 

before ageing at elevated temperatures commences. This is reported to prevent formation of cracks 
within the solid due to structural strain by shrinkage of the siliceous block. Figure 34 portraits the 

result typically obtained in this work and shows that the reproduction of the protocol from Zhao 
et al. did work to some extent albeit crack formation could not be forestalled as successfully as was 

achieved in the literature account. Nevertheless, as the main goal was to obtain silica chunks of 
 

 
Figure 34. Photographs of a monolithic silica chunk after ageing at room temperature (left) and after 
subsequent ageing at 60 °C. Crack formation progresses during ageing at elevated temperatures diminishing 
the structural integrity of the monolith that eventually fell into pieces. A one euro coin serves as scale. 

after ageing at 
r.t.

after ageing at 
60 °C
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tangible size rather than powder the silica synthesis is considered successful. After all, a monolith of 
the size depicted in Figure 34 would have to be crushed into smaller pieces in any event lest 

application of the silica in the envisaged experiments is obstructed. The aged samples were washed 
clean from excess paraffin oil and subjected to calcination (550 °C for 6 h) for template removal and 

the formation of porosity. Upon calcination a considerable mass loss of 63.2 % was detected. 
Thermogravimetric analysis (TGA) of an aged sample showed a comparable mass loss of 63.4 % 

(Figure A2). The obtained calcined silica was proven to be porous by volumetric nitrogen sorption 
yielding a SABET of 446 m2·g-1. NLDFT calculation revealed a narrow PSD with a single pore domain 

centred around a pore diameter of 4.9 nm and a cumulative pore volume of 0.46 cm3·g-1 (Figure 35). 
 

 
Figure 35. Isotherm obtained from nitrogen sorption at 77 K (left) and plot of NLDFT results for both 
cumulative pore volume and PSD (right). 
 

Notably, albeit the isotherm displays an uptake at low relative pressures, NLDFT calculations show 
no contributions from micropores to either pore volume or surface area thus characterising this 

material bereft of microporosity, as desired. The shape of the isotherm reflects type IV and shows 
mesopore filling after point B has been passed before levelling off towards saturation pressure 

clearly suggesting the absence of macropores or textural porosity. During desorption, hysteresis is 
evident. 

 The degree of structural order was evaluated by powder X-ray diffraction (PXRD) (Figure 36). An 

aged sample, i.e. before calcination, shows a weak reflex at 0.97 ° 2 θ as shoulder adjacent to the 

primary X-ray beam, which translates into an interplanar distance of 9.1 nm employing Bragg’s law. 
 

 
Figure 36. PXRD patterns obtained from an aged (black curve) and a calcined (grey curve) sample. The aged 
sample shows a very weak signal at 0.97 ° 2 θ. After calcination, this reflex is shifted to 1.3 ° 2 θ. 
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This reflex is commonly assigned to the reflection off of the (100) lattice plane. The low intensity of 
the signal is arguably caused by the low contrast provided by the specimen. At this stage the silica 

was still infiltrated with block-copolymer P-123, i.e. the pores were not empty resulting in only a 
small difference in the mass densities of the siliceous material and its pores-to-be. Calcination 

triggers the generation of porosity by decomposition and eventual expulsion of P-123 with a 

concomitant contraction of the structure occasioning the (100) reflex to appear at 1.3 ° 2 θ, which is 

indicative of an interplanar distance of 6.7 nm. In addition to the (100) reflex, (P)XRD patterns of 

SBA-15 materials commonly also show the (110) and (200) reflections at around 1.4 and 1.7 ° 2 θ, 

respectively. Those are usually observed with very low intensity indeed but there conspicuous 
absence here suggests a low degree of crystalline order. 

 
 

 S IL IC A |  PR I STI NE  |  PPN-6  
 

First attempts at infiltration of silica with a microporous polymer employed calcined silica without 
further treatment other than vacuum drying prior to polymerisation runs. Generally, under inert 
atmosphere a flame-dried glass vial was charged with the reactants required in PPN-6 synthesis (see 

Chapter 1 or Experimental Part for details) save for the monomer tetrakis(4-bromophenyl)methane 
lest polymerisation commences before template is present. It was ensured that all components got 

dissolved before the silica chunks were added in an amount that guaranteed all template pieces 
being properly immersed in and surrounded by reaction solution. The system was given a few 

minutes to let the silica chunks get properly soaked with the medium. Only at this point was the 
reaction solution complemented by addition of monomer in a dissolved state to ensure and facilitate 

a homogeneous distribution of all components. 
 After the reaction was completed, silica pieces were recovered and worked-up by means of 

washing, Soxhlet extraction, and ensuing drying in vacuum. After the silica template was subjected 
to the polymerisation reaction, according to nitrogen sorption analysis an increase in SABET could be 

detected. Assuming that possibly not the entire pore interior was filled with polymer, the supposedly 
infiltrated silica was employed in the same kind of polymerisation reaction yet a second time to 

monitor if a further increase in surface area is observed. As a result, however, a decline in SA was 
detected yielding a value that lies between the figures for pristine silica and the sample that partook 
in the polymerisation only once (Figure 37). Moreover, the isotherm did not assume a significantly 

different shape after polymerisation, an unanticipated outcome when considering that, if successful, 
the mesopores will be occupied by a microporous polymer with no apparent mesoporosity 

remaining. Thus, an increase in the low relative pressure region as well as a diminution of hysteresis, 
which reflects the typical pattern for mesoporous systems, can be expected. 

 In addition, TGA showed no mass loss that reaches the expected value of 8.4 % assumed to be 
observed in case of decomposition of a polymer formed quantitatively inside the whole space of the 

mesoporous channels (see Appendix Comment A for TGA and calculation). More importantly, the 
sample subjected to the polymerisation reaction twice showed a lower mass loss as compared to the 



DIS SERTATIO N 

52 

specimen employed only once, a result utterly unexpected when assuming infiltration had been 
successful. On the other hand, the seemingly higher polymer content of the sample employed only 

once accords with results obtained from nitrogen sorption that ascribe a higher SABET to that very 
sample as compared to the one that had been subjected to polymerisation twice. 

 

 
Figure 37. Isotherms derived from nitrogen sorption at 77 K (left-hand side) and TGA plots (right-hand side) for 
a pristine silica sample after calcination (black curves), ensuing first (red curves) and second (blue curves) 
polymerisation reaction. For better visibility red and blue isotherms are stacked along the ordinate axis; solid 
symbols: adsorption, empty symbols: desorption. 
 
 In order to ascertain whether or not the structural pattern of the template was successfully 

imprinted on the polymer PPN-6, the silica was removed by virtue of etching with an aqueous 
solution of ammonium hydrogen difluoride (NH4HF2). Inconveniently, although a very tangible 

amount of several hundreds of milligrammes of polymer was expected to be revealed the concrete 
obtained quantity was far too less to be collected. In fact, it appeared as if almost no polymer 

remained. Thus, analysis of the polymer was impossible. 
 In the light of this, it might be conceivable that the infiltration itself did not progress as assumed 

in the first place. The detected increase in SABET of the supposedly infiltrated silica after the first and 
second polymerisation runs as compared to the pristine sample might then be ascribed to excess 

polymer attached to the silica but not actually residing inside its porous system. Although it was 
endeavoured to avoid such an outcome by multiple washing steps its materialisation cannot be ruled 
out. This line of argument, moreover, helps to explain why SABET of the sample subjected to the 

polymerisation twice was lower than the value of the sample that underwent this procedure only 
once. For if it premised that indeed excess polymer is responsible for the gain in SABET, this increase 

can be interpreted as a rather erratic event than as a systematically caused incident. As such, a lower 
SABET value after the second polymerisation can be attributed to a lower amount of excess polymer 

present in or on the specimen. 
 An alternative explanation is based on the possibility of polymer inside the pores being washed 

out during the first and the second polymerisation run. This explanation, however, is conceded less 
probability as it is hard to understand why polymer inside the pores should get washed out in a 

second run during which, subsequent washing steps included, an environment is created that exactly 
resembles the conditions that led to the infiltration in the first run. 
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 SIL IC A |  F UNC TIO N ALI S AT ION WI TH HE XAME TH YLD I SIL AZ A NE (HM D S)  
 

The question then arises what might have foiled successful formation of polymer inside the siliceous 
structure. As possible reason for the failed attempt to form PPN-6 inside the silica, the chemical 

structure of the template was singled out. Here, silica was formed by condensation reaction of TEOS 
in acidified ethanol. Naturally, the condensation reaction cannot consume the entire supply of 

hydroxy groups provided by the hydrolysed TEOS. A reasonable amount of unreacted hydroxyls will 
remain at the silica-air phase boundary, i.e. the surface, rendering the formed silica hydrophilic. This 

peculiarity gives rise to an incompatibility in polarity between the template and the reagents used in 
PPN-6 synthesis since the latter are hydrophobic. The polymerisation reaction itself did indeed 

proceed as could be judged from bulk polymer that formed in trials following the wet-approach 
(more details on that later). Unsuccessful infiltration then might have been thwarted by a template 

that, due to its hydrophilic surface, did not allow reagents to enter its porous system. 
 The issue of polarity incompatibility posed by the hydrophilic surface of the silica was addressed 

by virtue of surface functionalisation. A possible strategy is to decrease or eliminate the hydrophilic 
character of the silica by functionalisation with hexamethyldisilazane (HMDS), which transforms 
terminal hydroxy groups to trimethylsiloxanes rendering the surface hydrophobic in the process. The 

success of functionalisation was monitored by an increase in sample weight of 8.3 % with respect to 
the final mass, i.e. the mass obtained after functionalisation. 

 TGA revealed a mass loss of 4.7 % for the functionalised sample (Figure 38, right red curve and 
Figure A3). Prima facie, TGA does not confirm the mass increase determined by simple weighing. But 

one has to bear in mind how the surface is altered by HMDS treatment. Hydrogen is substituted by 
trimethylsilyl (TMS) groups. The latter are only partially susceptible to thermal decomposition and 

subsequent expulsion from the system, which represents the modus operandi of a TGA machine. In 
other words, by HMDS functionalisation groups are introduced into the system that will not entirely 

be removed during a TGA run. Assuming that only the methyl groups are expunged from the surface 
with the newly introduced silicon atoms remaining firm in place even at 1000 °C, the observed mass 

 

 
Figure 38. Isotherms derived from nitrogen sorption at 77 K (left-hand side) and TGA plots (right-hand side) for 
a pristine silica sample after calcination (black curves), ensuing functionalisation with HMDS (red curves) and 
subsequent polymerisation reaction (blue curves). For better visibility red and blue isotherms are stacked 
along the ordinate axis; solid symbols: adsorption, empty symbols: desorption. 
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loss of 4.7 % during TGA has to be set into relation to the mass gain of 8.3 %. As a result, the former 
constitutes 56.6 % of the latter. Affirmatively, in theory a mass loss of 59.1 % is predicted in case 

three methyl groups per TMS unit are jettisoned when put into relation to the mass increase 
observed for the transformation of a hydroxyl to a trimethylsiloxane group (see Appendix 

Comment B for TGA and calculation). 
 To assess how comprehensive functionalisation was the added TMS groups have to be set into 

relation to the number of silanol groups presented by the silica. According to a publication 
quantifying silanol sites in various mesoporous ordered siliceous systems, SBA-15 exhibits 1.7 

hydroxy groups per square nanometre that are accessible to HMDS.[181] In conjunction with the 
observed mass gain a fairly high degree of functionalisation of 0.74 can be determined (see 

Appendix Comment C for calculation). This means that nearly three quarters of all accessible hydroxy 
groups have been transformed into trimethylsiloxanes. 

 Substituting trimethylsilyl for hydrogen not only alters the surface chemistry of the silica but also 
changes its gas sorption properties. As TMS groups are profoundly more bulky, a decrease in gas 

uptake is expected. Indeed, nitrogen sorption at 77 K shows a specific SABET for the HMDS treated 
sample of 488 m2·g-1, considerably less than the value of 595 m2·g-1 for the pristine, i.e. calcined 
sample (Figure 38, left red and black curve, respectively). Allowing for the mass increase induced by 

functionalisation of 9.0 or 8.3 % with regard to initial, i.e. mass available before functionalisation, or 
final mass, respectively, a specific SABET of 546 m2·g-1 has been expected, if only gravimetric 

influences had been at work. This shows that the surface area is indeed affected by bulky residents 
in the porous structure. Concomitantly, according to NLDFT calculations pore volume decreases from 

0.58 to 0.53 cm3·g-1 in the course of the functionalisation process. 
 

 
 SIL IC A |  HM D S |  PPN-6 

 
With the surface of the silica rendered hydrophobic it was employed in a polymerisation reaction of 

the kind described above with the objective to form PPN-6 inside the pore system. Again, 
investigation of porosity and combustible components drew a bleak picture that suggested that the 

infiltration of the silica was unsuccessful. Nitrogen sorption showed a decrease in SABET culminating 
in 455 m2·g-1 for the HMDS-functionalised sample that has been subjected to polymerisation 
(Figure 38). However, provided that the pores are infiltrated with highly microporous PPN-6, an 

increase in surface area is anticipated. Moreover, as was the case with the unfunctionalised sample 
subjected to polymerisation, the shape of the isotherm still bears testimony to the presence of a 

mesopores indicating that infiltration was fruitless. 
 In addition, TGA showed that the mass loss after the polymerisation run is actually lower than it 

was before amounting to 3.8 % as compared to 4.7 % for the HMDS-functionalised sample. The 
expected value lies around 12.6 % (see Appendix Comment D for calculation). These two results, 

lower SABET and lower mass loss, are indeed hard to fathom when supposing that polymerisation had 
just not taken place. In such an event the initially employed template material should remain 
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unaffected and give identical results in both surface area and mass loss as compared to a specimen 
probed before functionalisation. 

 Solid state CP/MAS NMR investigations of the supposedly infiltrated silica buttresses the notion 
that infiltration was unsuccessful in showing no signals whatsoever that would confirm the presence 

of PPN-6 inside the siliceous template (Figure 39). 
 

 
Figure 39. Solid state CP/MAS NMR spectra (νrot = 10 kHz) from a HMDS-functionalised sample that has been 
subjected to PPN-6 polymerisation reaction. 13C{1H} (left) and 29Si{1H} (middle to right) spectra show that no 
polymer is found inside the template. Carbon NMR gives rise to only one signal at -3.5 ppm hailing from the 
methyl moieties of the trimethylsiloxane units. The respective silicon atom of that group begets the signal at 
12.7 ppm in the silicon NMR. Therein, the multiplet at around 102 ppm is magnified in the spectrum to the 
right with Q2, Q3, and Q4 denoting Si(OSi)2(OH)2, Si(OSi)3(OH), and Si(OSi)4 species, respectively.[181] 
 
 Upon removal of the silica template via treatment with NH4HF2(aq) no polymer was found to be 

left over, a finding that confirms on a macroscopic level what has been suggested by analytical 
investigations. If infiltration had worked satisfactorily, a mass of several hundreds of milligrammes 

would have been uncovered upon template removal (see Appendix Comment D). 
 

 
 SIL IC A |  F UNC TIO N ALI S AT ION WI TH P AR AB ROMOP H ENYLT RIME THO XY SIL A NE (PBPTMO S)  

 
After it was soundly established that infiltration of the silica template has failed, emphasis was put 
on how to increase the likelihood of polymerisation to take place inside the pores. The previous 

approach entailed alteration of the surface properties with the aim to decrease hydrophilicity as to 
enhance the probability of polymerisation to take place inside the pores. However, the introduced 

HMDS groups remain passive in the sense that they do not react with incoming reagents due to 
which that methodology does not actively foster polymerisation inside the pores. To promote such a 

scenario the silica surface was functionalised with a molecule that can actively partake in the PPN-6 
reaction. Parabromophenyltrimethoxysilane (PBPTMOS) was chosen as suitable candidate to 

decorate the pore walls. A condensation reaction between the molecule’s methoxy and the silica’s 
hydroxy groups under release of methanol leads to covalent attachment of a parabromophenyl-

siloxane moiety to the surface leaving the brominated phenyl ring exposed to incoming reagents. 
Advantageously, at the same time the surface’s hydrophilicity is diminished as well. Figure 40 shows 

a graphical abstract of the envisaged surface alteration in juxtaposition with the earlier described 
method involving functionalisation with HMDS. 
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Figure 40. Sketch of surface functionalisation employing either HMDS in order to solely decrease hydrophilicity 
of the surface or PBPTMOS to decorate the surface with moieties that participate in the polymerisation 
reaction of PPN-6 and, in addition, render the surface hydrophobic. 
 
 The functionalisation with PBPTMOS yielded an increase in sample weight of 17.5 % with respect 

to the final mass, i.e. the mass obtained after functionalisation. The employed molar amount of 
PBPTMOS was 16.7 mmol and the observed mass increase amounted to 3.6608 g. Presupposing 
different condensation events, these numbers help to identify whether condensation occurred one-, 

two-, or three-fold. Eventually, a one-fold condensation with two remaining methoxy groups per 
PBPTMOS unit is the most likely event (see Appendix Comment E for discussion thereof). 

 During TGA a total mass loss of 16.1 % was recorded. Again, that result cannot be taken at face 
value as what was true for the functionalisation process via HMDS is applicable here as well. The 

introduced groups will not be expelled in their entirety with the silicon atoms remaining unaffected 
by combustion. Consequently, the mass loss observed during TGA has to be set into relation to the 

mass gain of 17.5 % caused by functionalisation. As a result, the mass loss constitutes 92.0 % of the 
mass increase. Theoretical considerations to reinforce this experimentally obtained ratio need to 

take into account different condensation events. However, with the aforesaid reckoning favouring a 
one-fold condensation it is reasonable to apply these conditions first. Indeed, the result closest to 

the experimental finding is obtained when assuming a one-fold condensation reaction with a 
theoretical ratio for mass loss during TGA to mass gain through functionalisation of 89.0 %, 

somewhat below the experimentally obtained value of 92.0 % but still in good agreement (see 
Appendix Comment F for TGA and calculation). 
 The degree of functionalisation was determined to be 0.63 (see Appendix Comment G) assuming 

an amount of hydroxy groups present at the surface of 1.7 groups per square nanometre, identical 
to what has been applied in the respective assessment for the HMDS-functionalised sample. That 

amount of available hydroxy groups, however, was established for hydroxyls accessible to HMDS, a 
smaller molecule than PBPTMOS. Nevertheless, due to the absence of a more appropriate data it is 

considered a valid parameter to use for the purpose at hand. Moreover, if a correction was to be 
applied, the value of 1.7 groups per square nanometre is to be reduced since in this context it is 

reasonable to argue that the number of accessible hydroxyls is lower for a bigger molecule as 
compared to a smaller one. This, in turn, leads to a higher degree of functionalisation by decreasing 

the denominator in the fraction while keeping the numerator unchanged. 
 Functionalisation with PBPTMOS implies that the pores of the silica accommodate bulky entities. 

As a result, both porosity and surface area are expected to decrease. However, BET analysis of the 
isotherms derived from nitrogen sorption at 77 K shows that SABET remains virtually unaltered with 
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486 and 487 m2·g-1 for pristine and PBPTMOS-functionalised samples, respectively (Figure 42, left). 
Taking into account the mass gain of 21.3 or 17.5 % with regard to initial, i.e. mass available before 

functionalisation, or final mass, respectively, the obtained result seems inconsistent with theory. 
Assuming only mass affects surface area, a SABET of 401 m2·g-1 is calculated to be the maximum. A 

value below this calculated figure could be explained by pore blocking effected by cumbersome 
entities. Clearly, the measured SABET surpasses the theoretical maximum, a circumstance that cannot 

be explained in the context of this investigation as it is highly unlikely that the introduced PBPTMOS 
groups enable the system to accommodate more gas than before functionalisation.  

 
 

 SIL IC A |  PB PTMO S |  PPN-6 
 

Apart from the variation in functional groups attached to the surface another aspect was paid 
attention to. The question as to where the PPN-6 formation does actually take place was identified 

as one of the problems encountered during the experiments. In the previously described attempts, 
the monolithic chunks of the silica template were properly immersed in an excess of reaction 
medium, a configuration designated wet-approach in hindsight. However, in such a reaction scheme 

competition as to where the polymerisation takes place could not be ruled out. This, theoretically, 
can create a situation in which most or even the entire polymerisation takes place within the surplus 

liquid reaction medium leaving the silica unaffected and possibly empty. To frustrate the occurrence 
of such an event, a second methodology was adopted. According to the dry-approach, an excess of 

reaction medium was circumvented and only as much reaction medium applied as necessary to 
impregnate the silica pieces (Figure 41). The PBPTMOS-functionalised silica was employed in PPN-6 

 

 
Figure 41. Photograph of reaction vials set up according to either wet-approach (left) or dry-approach (right). 
 
polymerisation batches following either the wet- or dry-approach. Results from nitrogen sorption 

analysis and TGA do suggest a difference between these two protocols indeed. However, when 
compared to the reference plot, i.e. the isotherm obtained for PBPTMOS-functionalised silica 

exhibiting a SABET of 487 m2·g-1, the polymerisation samples produce figures slightly above and below 
this value with 502 and 479 m2·g-1, for batches from wet- and dry-approach, respectively. 
 TGA disclosed mass losses of 14.5 and 13.6 % for wet- and dry-approach samples, respectively 

(Figure 42, right). These values are lower than the figure of 16.1 % obtained for the PBPTMOS-
functionalised sample, a result that is anomalous albeit not as straightforwardly as it might seem. If 

polymerisation and tethering of the polymer to the surface was successful, the bromine atom is 

wet-approach,
silica pieces
thouroughly
immersed in

reaction medium

dry-approach,
silica pieces
impregnated,
no excess
reaction medium



DIS SERTATIO N 

58 

sacrificed in the course of the reaction thereby in fact reducing the mass inside the pores at least to 
a certain extent. That extent is determined by the nature of the motif that is tethered to the surface. 

In this case, a tetraphenylmethane (TPM) moiety is coupled to the phenyl ring of the surface bonded 
PBPTMOS. Assuming an ideal reaction progress, i.e. all PBPTMOS anchor sites react to an individual 

TPM unit and these TPMs bear no residual bromine atoms, a mass decrease can only occur when the 
added TPM is more lightweight than the sacrificed bromine atom. This, however, is not the case with 

the former putting approximately four times as much mass onto the balance than the latter. 
Moreover, the ideal conditions outlined above will not be met in reality and most probably not all 

PBPTMOS units will react and the attached TPM units will certainly bear residual bromine 
functionalities in addition to the fact that more than a monolayer of TPM is attached. These factors 

all favour an increase in the mass of the matter present inside the pores. Thus, with not even the 
most benign assumptions sanctioning a reduced mass loss after polymerisation, the eventual 

conclusion is that it is indeed anomalous to observe a diminished mass loss for the samples that 
have been subjected to polymerisation trials. 

 Furthermore, the observed values for the polymerisation experiments following the wet- and 
dry-approach do not reach the calculated mass loss of 16.6 % based on the provided sample mass 
and pore volume of the siliceous template (see Appendix Comment H for calculation). 

 

 
Figure 42. Isotherms derived from nitrogen sorption at 77 K (left-hand side) and TGA plots (right-hand side) for 
a pristine silica sample after calcination (black curves), ensuing functionalisation with PBPTMOS (red curves) 
and subsequent polymerisation reaction following either wet (blue curves) or dry (orange curves) approach. 
For better visibility red, blue, and orange isotherms are stacked along the ordinate axis; solid symbols: 
adsorption, empty symbols: desorption. 
 
 To lay bare the polymer possibly residing in the pores, the silica was etched away by means of 

NH4HF2(aq) treatment. However, as was observed and described above for the polymerisation 
attempts employing either unfunctionalised or HMDS-functionalised silica the process revealed no 

amount of polymer to speak of. In fact, only minuscule traces of a white substance were observed 
that were far too small to be collected or analysed. Thus, it must be concluded that this strategy 
failed to produce the desired target structure of a nominally microporous network with additional 

mesoporosity generated by virtue of a template. 
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 CONCLU SIO N 
 

In the discussion of the reasons why the experiments were abortive the focus is set on the subject as 
to where the reaction takes place. To ensure that the monolithic silica template does indeed 

accommodate the polymerisation reaction the dry-approach was devised (cf. Figure 41). That the 
silica pieces were properly soaked through could be witnessed during work-up when the addition of 

hydrochloric acid in order to quench the Yamamoto reaction causes the brownish tinge of the 
reaction to fade away to give rise to a lighter appearance (Figure 43). It is apparent that the colour 

starts to fade at the outer rim with the centre still displaying a darker shade. This observation 
propounds that the reaction components are inside the template material. Inside the pores, 

however, diffusion can be expected to be severely hampered due to spatial constraints casting a 
scenario in which reactive components might not be able to get in as close a contact as necessary. 

Likewise, polymer might be formed but preferably just outside the pores, that is to say at the 
entrance. In such an event the entrance of a pore might become blocked by polymer thereby further 

reducing the already adversely affected diffusion of reagents into the pores. This can be pictured 
especially in the case of the PBPTMOS-functionalised silica that presents groups at its surface that 
participate in the reaction. Such a constellation foreshadows covalent attachment of polymer to the 

surface. Polymer that gets attached in such a manner at the entrance of a pore will inevitably shield 
the pore from incoming reagents. 

 

 
Figure 43. Photograph of reaction vessel utilising the dry-approach during work-up with aqueous hydrochlorid 
acid. The typical fading of the dark colour during quenching can be discerned to start from the outer rim of the 
monolithic silica pieces and proceeds to its centre. This confirms that the template has been properly 
impregnated with reaction medium. 
 
 





 
 

 
 

 
 

 
 

CHAPTER 3 

LIGHT 

 
The final chapter of this thesis presents results of the incorporation of the light-responsive molecules 
diarylethenes (DAEs) and azobenzenes (Azos), into architectures of microporous polymers. 

Microporous materials are very sensitive to changes in their structure as regards for instance rigidity, 
contortion or geometry of building blocks. For this reason, it is expected that successful 

isomerisation of the photochromic moieties translates into an observable alteration in the material’s 
properties such as surface area, pore volume, affinity for probe gases, and gas permeability. 

 
 

PHOTOC H ROMI SM  
 

The key feature for a compound to be labelled photochromic is a reversible transformation A → B in 
its molecular structure with a concomitant change in the UV-vis absorption spectrum upon exposure 

to an electromagnetic stimulus. Reversibility is of crucial importance and depending on whether the 
reverse reaction B → A is triggered by heat or by light, a compound is designated t-type or p-type 
chromophore, respectively. It has to be mentioned, though, that thermally stable usually refers to 

stable at room temperature and means that the formed isomer will not relapse to the initial form at 
room temperature in the dark. The most frequently used chromophores are fulgides,[182-185] 

azobenzenes,[186-187] spiropyranes,[188-189] and diarylethenes[190-191] and the transformation in their 
molecular structure is of varying nature (Figure 44).[192] 

 Azobenzenes, for instance, perform a marked geometrical change by flipping around one half of 
the molecule to the other side of the central N=N double bond thereby switching between the (E)- 

and (Z)-isomer. When completed, there are no additional or missing bonds. As for spiropyranes, the 
hybridisation state of the spiro carbon changes from sp3 to sp2 under cleavage of an adjacent bond 

thereby shifting the geometry of the molecule from tetrahedral and rigid to more planar and 
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flexible. In addition, the molecule becomes zwitterionic and gains an increased conjugation of π-
electrons. Azobenzenes and spiropyranes are classified as t-type chromophores since their isomers 

formed under UV illumination are thermally unstable and revert to the initial isomer in the dark at 
room temperature. Fulgides and diarylethenes show a structural motif different from the 

 

 
Figure 44. Members of different classes of photochromic compounds and their switching patterns. 
Azobenzenes and spiropyranes are designated t-type chromophores and the examples depicted here turn 
from pale yellow to orange and from colourless to blue, respectively. Fulgides and diarylethenes are 
designated p-type chromophores and the representatives depicted here both turn from colourless to red. This 
scheme shall only provide a basic overview of switching patterns and has no pretension to three-dimensionally 
correct arrangement of molecular moieties but simply shows flat structures (adapted from reference 193). 
 
aforementioned but similar to each other. A central π-electron sextet executes a photochemically 

induced pericyclic ring closing reaction by concerted flipping of π-bonds. The result is a minor 
geometrical change and a stiffer molecule as well as a vastly enhanced conjugation of π-electrons. 

Fulgides and diarylethenes are classified as p-type chromophores. Azobenzenes do not undergo a 
large change in conjugation of π-electrons as can be witnessed by a barely noticeable colour change 

from pale yellow to orange. Conversely, spiropyranes, fulgides, and diarylethenes exhibit an 
increased conjugation of π-electrons as a result of the switching event as depicted in Figure 44. This 

is reflected in a very noticeable change in colour of those compounds from colourless to blue, red, 
and red, respectively. The increased conjugation causes the band gap to narrow due to which the 

molecules start to absorb light of lower energy than before, now lying in the visible region of the 
electromagnetic spectrum. 

 From those four classes of photochromic compounds, azobenzenes and diarylethenes have been 
selected to be employed in the experiments because these are most profoundly studied in literature. 
In addition, the high degree of symmetry that traverses their structures facilitates utilisation in 

polymer synthesis. These two classes of photochromic molecules will be introduced by virtue of a 
brief historical survey on their discovery as well as by an account of their characteristics in terms of 

photochemical switching. 
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AZOBENZE NE S 
 

Azobenzenes are a very popular class of photochromic compounds and all but new to chemistry. 
Over 180 years ago in 1834, Eilhard Mitscherlich published findings on a substance that he obtained 

as red crystals soluble in ether and alcohol but insoluble in hot water. By means of elemental 
analysis he found an elemental composition remarkably close to theoretical values for azobenzene 

and correctly figured a molecular formula of C12H10N2.[186] Although it has been agreed upon that the 
N=N double bond gives rise to two possible isomeric forms, (E) and (Z), photochromism of 

azobenzene has not been a matter of concern in those early days and came to the fore only over a 
century later. In 1937, Hartley shed some light on this issue and, indeed, azobenzene when in the 

course of experiments to determine the solubility of azobenzene he was puzzled by inconsistencies 
in the light absorption of standard solutions that showed changes upon inadvertent exposure to light 

in a “north-lit room.”[187] By thoughtfully conducted solvent extraction experiments, he was able to 
isolate (Z)-azobenzene and could trace the observed inconsistencies in absorption spectra to the fact 

of differing absorption behaviours of (E)- and (Z)-azobenzene. Ever since, a great amount of research 
has been devoted to illuminate and influence the process of photochemical switching. The vast 
 

 
Figure 45. Summary of possible mechanisms for photochemically induced (E) → (Z) isomerisation of 
azobenzene and the associated change in molecular spatial dimension and dipole moment (adapted from 
reference 194). 
 

change in geometry of the two isomers of azobenzene implicates pronounced differences in 
physicochemical properties. Unsubstituted (E)-azobenzene is thermodynamically more stable by 

approximately 50 kJ·mol-1.[195] This value, however, can experience large variations upon attachment 
of functional groups to the phenyl rings. Whereas (E)-azobenzene adopts a near planar geometry 
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with C2h symmetry and a dipole moment near zero Debye, the (Z)-isomer is distinctly non-planar 
with one phenyl ring rotated out of plane. This leads to C2 symmetry with repercussions for the 

dipole moment that increases to three Debye and is associated with enhanced hydrophilicity.[194,196] 
Concurrently, hauling around one half of the molecule to the other side, reduces the distance 

between the 4 and 4’ carbon atoms of the phenyl rings from 9 to 5 Å for (E)- and (Z)-azobenzene, 
respectively. 

 Investigation of azobenzene and its derivatives has elicited thorough understanding of how to 
influence the switching process and alter absorption maxima. However, the workings behind 

isomerisation remain elusive. Two mechanisms have been identified to underlie the process: 
rotation, involving cleavage of the π-bond between the nitrogen atoms, and inversion with all bonds 

remaining intact. Variations and combinations of these two model concepts are also discussed in 
literature.[194,197] Figure 45 provides a survey of the debated mechanisms. The nature of the 

switching event is of interest when considering structures that incorporate azobenzenes as rotation 
and inversion proceed via different molecular motions one of which might be favoured over the 

other depending on the host system. 
 Coming back to what Hartley observed well over three quarters of a century ago, the opto-
electronic properties of azobenzene and how these vary in the two isomers shall now be examined. 

As mentioned above, the change in colour upon switching is not as pronounced as in other 
photochromic molecules. Nevertheless, it can be unequivocally followed in UV-vis spectra that for 

both isomers show absorption patterns that are overlapping yet distinct. The upcoming discussion 
will refer to a spectrum not of unsubstituted azobenzene but of 3,3’,4,4’-tetrafluoroazobenzene 

(Figure 46). The UV-vis spectrum of the (E)-isomer is dominated by three absorption events. 
 

 
Figure 46. UV-vis absorption spectra of 3,3’,4,4’-tetrafluoroazobenzene before (E) and after (Z) illumination 
with UV light at 366 nm (solvent: dichloromethane, c = 5·10-5 mol·l-1). 
 

At 225 nm, a π-π* transition is excited that is localised at the phenyl rings. At 330 nm, the strongest 
absorption can be witnessed hailing from a π-π* transition delocalised throughout the molecule. 

Finally, at 434 nm, a n-π* transition localised at the central nitrogen atoms takes place.[198] After 
illumination with UV light (366 nm, 260 s), the (E)- transforms into the (Z)-isomer, which features 

three absorption events as well but at different wavelength and intensities. In the UV region, 
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absorption is of lower magnitude and takes place at 230 and 288 nm. Higher absorption intensity 
can be witnessed in the visible range at 438 nm. 

 Since absorption properties of a molecule are intimately associated with its electronic 
properties, substituents at the phenyl rings exert a big influence. As a result, azobenzenes have been 

categorised into three classes: azobenzenes (AB), aminoazobenzenes (aAB), and pseudostilbenes 
(pSB). The difference is the kind of substituents and their position at the phenyl rings 

(Figure 47).[194,199] AB-type molecules show π-π* and n-π* transitions sufficiently different in energy 
 

 
Figure 47. Different classes of azobenzenes (adapted from reference 194). 
 
to yield well separated UV-vis bands (cf. Figure 46), a feature these molecules have in common with 

unsubstituted azobenzene. On the other hand, electron donating substituents as in aAB-type 
molecules infuse the system with additional electron density causing the π-π* transition to demand 

less energy. As a result, it occurs at higher wavelength the corollary of which are overlapping absorp-
tion bands for π-π* and n-π* transition. In push-pull systems realised in pSB-type compounds, the 

two transitions are nearly degenerate in energy and cannot be distinguished in the UV-vis spectrum. 
 In summary, isomerisation of azobenzene gives rise to a tremendous geometrical change. This 
has been exploited to block ion channels,[200] shield reactive centres,[201] or influence aggregation 

behaviour of biomolecules.[202-205] In addition, molecular machines were designed where the 
electromagnetic input is transformed into mechanical work conducted by the system.[206-208] Drawing 

on the change in dipole moment, the viscosity of polymers with integrated azobenzene units could 
be influenced by light stimulus, the so-called photoviscosity effect.[209-210] 

 
 

DIA RYLE THE NE S 
 

The only class of photochromic molecules that can be expected to catch up with azobenzenes in 
terms of scientific interest devoted to it is the class of diarylethenes (DAEs). In spite of being 

extremely intriguing molecules with a vast array of applications DAEs have not been rationally 
designed in a straightforward approach but were rather “serendipitously discovered during the 

course of study on photo-responsive polymers a quarter of a century ago” as Masahiro Irie, one of 
the father of DAEs, frames it in a comprehensive review article.[193] According to his account, in an 
attempt to influence a polymer’s properties by light stimuli, various photoactive molecules have 

been incorporated into the polymeric structure amongst others stilbene. Stilbene was known to 
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perform (E)/(Z) isomerisation upon light exposure in a comparable manner as described earlier for 
azobenzenes. However, in the presence of oxygen, stilbene reacts further when (Z)-configurated and 

undergoes an irreversible annulation reaction under elimination of hydrogen to form phenanthrene, 
a thermodynamic trap. The scientists then pondered over how to avoid that problem and thought 

about replacing the hydrogens prone to elimination by methyl groups eventually leading to 
2,3-dimesitylbuta-1,3-diene to serve as monomer for a radical 1,4-polymerisation, in the course of 

which a central C=C double bond is formed. Yet, that monomer could not be synthesised due to the 
too cumbersome mesitylene groups. For successful synthesis of a suitable monomer steric demand 

needed to be reduced and mesitylene was replaced by 2,5-dimethylthiophene yielding 2,3-bis(2’,5’-
dimethylthien-3’-yl)buta-1,3-diene that was successfully polymerised. To the surprise of the 

researchers, the resulting polymer was not interesting for an (E)/(Z) conformational change of its 
constituents but for a photochromic reaction evidenced by a tremendous colour change upon light 

exposure. More importantly, the colour did not vanish even at 100 °C but only when irradiated with 
visible light. It was soon figured out that the thiophene units, bridged by a C=C double bond, were 

responsible for this behaviour. 
 From the outset it was clear that the exclusive p-type character of DAEs rendered them ideal 
candidates for optical data storage, a potential application for organic molecules pioneered by 

Yehuda Hirshberg in the year of 1956.[211] In spite of DAEs having been discovered rather 
accidentally, the rationale behind the nowadays most frequently used structure of diarylethenes 

 

 
Figure 48. Influence of different structural characteristics on the switching behaviour of the molecular unit that 
eventually evolves into the DAE motif currently used. Newly introduced molecular design elements are shown 
in bold. 
 

starting from its structural ancestor stilbene is adumbrated in Figure 48. Apart from (E)/(Z) 
isomerisation, stilbene can also perform a pericyclic ring closing reaction. Methyl groups prevent the 
molecule from falling into the thermodynamic trap via phenanthrene formation. To make ring 
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closure the only possible reaction triggered by light, (E)/(Z) isomerisation is forestalled by bridging 
the ethylene linker between the aromatic rings. 

 The reason for thienyl groups being a superior choice over phenyl moieties is rooted in the fact 
that benzene possesses a higher aromatic stabilisation energy than thiophene, the values amounting 

to 116 and 20 kJ·mol-1, respectively. That this is of importance can be fathomed when taking a closer 
look at the structures at hand to reveal that upon switching, aromaticity in the aromatic moieties is 

sacrificed to an overall extended conjugation of π-electrons. The higher a molecule’s aromatic 
stabilisation energy, the more it is energetically unfavourable to lose the aromatic state. In other 

words, phenyl substituents are not eager to undergo a switching process and want to revert to their 
initial aromatic state. Therefore, the back reaction, cycloreversion, can be triggered thermally for 

phenyl but not for thienyl groups as the latter do not forego nearly as much energy as the former for 
ring closure.[193,212] Presence of two aromatic units in the structure even doubles the difference. 

 It was also elaborated on the size of the ring that bridges the ethylene linker and established 
that ring size controls planarity of the system and therefore the extent of delocalisation of 

π-electrons.[213-215] Six-membered rings were found to exhibit the highest cyclisation quantum yield 
but in combination with the absorption maximum of the closed ring form, five-membered rings were 
judged to perform best overall. Perfluorination of the central ring is attributed better spectral 

splitting between open and closed form as well as improved fatigue resistance.[191] 
 The singular most important structural feature of diarylethenes is an integrated π-electron 

sextet that endows the system with the capability to perform a cyclisation isomerisation. As such, 
DAEs adhere to the Woodward-Hoffmann rules for pericyclic reactions stipulating that for a 

6 π-electron system a ring closing reaction can be induced either thermally when disrotatory or via 
electromagnetic stimulus when conrotatory.[216] These two situations presuppose different 

molecular arrangements as depicted in Figure 49. The two thienyl groups in a DAE molecule can 
 

 
Figure 49. The desired photochemical isomerisation can only proceed out of anti-parallel conformation in 
conrotatory mode. Theoretically, parallel conformation gives rise to disrotatory isomerisation that is induced 
thermally. Disrotatorily, however, the methyl groups in 2 and 2’ position will experience considerable sterical 
repulsion making this process energetically unfavourable. Reactive carbons are emphasised. 
 

assume parallel or anti-parallel orientation towards each other. Only the anti-parallel conformation 
yields a conrotatory ring closure and in so doing satisfies the precondition for a light-induced 

isomerisation. In solution anti-parallel and parallel conformation are in dynamic equilibrium and 
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generally populated in a 1:1 ratio setting the upper limit of cyclisation quantum yield to 0.5. 
Consequently in order to increase the quantum yield, strategies have been devised to enhance 

anti-parallel population such as introduction of bulky substituents or long alkyl chains at reactive 
carbons 2 and 2’, trapping DAEs in cyclodextrin cavities, incorporate DAEs covalently into polymers, 

introduction of pyridinium cations on both sides to exploit coulomb repulsion,[217] bridging of the 
thienyl rings, and, finally, introduction of intramolecular multiple non-covalent interactions[218] all of 

which have been dealt with in more depth elsewhere.[193] 
 Parallel orientation of the thienyl moieties necessitates these to move disrotatorily. A 

disrotatory ring closure is in principle allowed and is stimulated by thermal energy. This, however, is 
not desired, for DAEs to be p-type chromophores they should not show thermally induced reactions 

but respond exclusively to electromagnetic stimuli. In that regard, the methyl groups at the reactive 
carbons of the thienyl rings perform two vital tasks. Firstly, they prevent hydrogen elimination from 

those positions once and for all thereby avoiding the thermodynamic trap mentioned earlier. 
Secondly, they thwart disrotatory ring closure by inflicting steric repulsion on the system. In 

disrotatory motion, ground state (S0) orbitals of open (o) and closed (c) form are of the same 
symmetry thus entitled to interact with each other. However, the ground state orbital of the closed 
isomer S0(c) has a far higher energy already with hydrogen in 2-position. Substituting methyl for 

hydrogen increases the energy of S0(c) even further making it utterly untenable for the system to 
perform the ring closure in disrotatory fashion.[212] 

 In conrotatory mode a different orbital situation is encountered with S0(o) and S0(c) closer in 
energy. More importantly, S0(c) is now of different symmetry than S0(o) prohibiting direct interaction 

between these two orbitals. This circumstance exacts a prize from the system to be paid in form of 
an activation energy barrier that needs to be overcome when performing cycloreversion, i.e. ring 

opening, in ground state, i.e. thermally. The electronic ground state sets the stage for thermally 
induced reactions and the energy barrier in the ground state is the origin of the p-type character of 

DAEs in preventing ring closing and opening reactions that are induced thermally. However, the 
system can evade the ground state by resorting to electronically excited states. Those states are the 

stages of electromagnetically induced reactions. In excited states, orbitals are found that correspond 
in both symmetry and energy. Thus, ring closure and opening can be achieved by light stimuli, as 

desired. Figure 50 provides a succinct account of the orbital situation present in DAEs and is a 
two-dimensional simplification of the three-dimensional potential energy surfaces described 
elsewhere.[219-221] As mentioned earlier, the energy barrier in ground state S0 will usually not be 

overcome at room temperature rendering the system not amenable to thermally induced 
isomerisation. The open ring isomer can be excited by light into excited state S1 with a subsequent 

relaxation of the system to the conical intersection that provides the passage from S1 to S0. The 
favoured outcome is a relaxation of the molecule to the closed ring isomer’s ground state S0(c). 

Basically, the same is true for cycloreversion but one important difference can be witnessed within 
the diagram. In S1 there is an activation barrier on the side of the closed ring isomer. Thus, for 

cycloreversion to take place, the excited closed ring isomer must overcome an energy barrier in S1. 
This peculiarity sets the cycloreversion process in stronger competition with the relaxation process 
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to S0(c) and makes it dependent on temperature and wavelength with higher conversion rates being 
achieved by increasing the former and reducing the latter.[222] The absence of an energy barrier in S1 

on the side of the open isomer renders the cyclisation process independent from those two factors. 
 

 
Figure 50. Energy diagram for ring closing and ring opening reactions in diarylethenes. Letters o and c in round 
brackets refer to open and closed isomer, respectively. Furthermore: TS = transition state, CI = conical 
intersection, and hν = light stimulus. The energy barrier in S0 prevents the system from performing thermally 
induced isomerisation. An interesting feature can be found in S1 with an energy barrier present on the side of 
the closed ring isomer (adapted from reference 221). 
 

 As suggested in Figure 44, compared to azobenzenes DAEs show a much more noticeable colour 
change upon switching, a manifestation of a more comprehensively altered electronic situation. 
Figure 51 portrays the influence of switching on UV-vis absorption of a simple DAE derivative in 

direct juxtaposition with spectra from an azobenene derivative (cf. Figure 46). Extinction coefficients 
give proof that the compared species absorb light on a similar scale. In open state, DAE shows strong 

absorption at 242 nm accompanied by minor events at shorter (220 nm) and longer (310 nm) 
wavelengths. Noticeably, no absorption is recorded within the visible range rendering the molecule 

colourless. After illumination with UV light (254 nm, 60 s), a striking colour change can be observed 
 

 
Figure 51. UV-vis absorption spectra of DAE 1,2-bis(2'-methyl-5‘-trimethylsilylthien-3'-yl)hexafluorocyclopent-
1-ene before (open) and after (closed) illumination with UV light at 254 nm (left; solvent: dichloromethane, 
c = 4.29·10-5 mol·l-1) in comparison with Figure 46 (right). 
 

with the molecule turning violet. In closed state, π-conjugation is much more pronounced indicative 
of a narrowed bandgap allowing the molecule to absorb visible light around 553 nm. The UV bands 
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get somewhat diminished but are still clearly discernible as broad bands at 365 and 285 nm and 
more resolved signals at 242 and 220 nm. 

 Another important difference between azobenzenes and diarylethenes is the extent of 
geometrical change upon isomerisation that in the case of DAEs is comparably small. This forfeits 

any application in which a certain site needs to be blocked or shielded as described for azobenzenes. 
On the other hand, that drawback turns into a benefit as the very minor molecular motion occurring 

during ring closure/opening allows DAEs to perform isomerisation not merely in solution but also in 
solid state giving rise to single crystals that not only change colour but also, quite exceptionally, 

macroscopic shape.[223] In addition, single crystals of mixed DAE derivatives could be obtained and 
their constituent species were addressed individually as to allow the system to assume more than 

two states—typical for contemporary computers—thereby offering exciting prospects for multi-state 
computational systems with three-dimensional architecture.[224-225] 

 In that regard it is imperative to mention the key subject of fatigue resistance as it is vital for a 
photo-switch, especially when conceived as data storage device, to perform at least thousands of 

switching cycles without showing degradation. DAEs are known to irreversibly form by-products, a 
circumstance that leads to a diminution of photoactive molecules.[226-232] However, when 
appropriately designed with suitable functional groups attached, DAEs can indeed satisfy the 

requirement for a high number of switching cycles.[191,233] 
 In summary, it can be said that diarylethenes have elicited vast interest in materials chemistry, 

and rightfully so. Appropriately designed, they meet all demands for an efficient photoswitch: p-type 
character of both isomers, ring closing and opening cycles can be repeated more than 10,000 times, 

cyclisation quantum yield is nearly quantitative, cyclisation and cycloreversion take place on a 
picosecond time scale, and, finally, many DAEs perform isomerisation in solid state. The tremendous 

change in electronic properties prompted DAEs to serve as light-triggered switches for fluorescence, 
magnetism, spin state, electrical conductance, acidity/basicity, chemical reactivity proper, and 

non-covalent intermolecular interactions. Although small, the structural change gave rise to 
light-triggered switching of crystallinity, affinity for metal deposition, as well as viscosity all of which 

have been dealt with in more detail elsewhere.[193] 
 

 
LIGH T-SW ITC HA BLE  MIC R OPOROU S S TRU CTU RE S 
 

In general, three strategies can be devised to incorporate photochromic molecules in host structures 
the first of which describes infiltration of a host structure with photo switchable molecules. This 

approach, however, does not really do justice to the concept of incorporation/integration but simply 
exploits mixing of two initially separate systems (Figure 52).[234-235] 

 The second and more appropriate methodology is to combine the two desired systems during 
synthesis to ensure covalent binding between them in such a way as to decorate the host structure 

with photochromic molecules as dangling groups. This approach has been widely employed in 
several areas of materials chemistry. For example, in 2004 Fernando and co-workers tethered 
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azobenzenes to polymer backbones not aiming at light-induced changes in porosity but looking for 
alterations in the polymer’s viscosity.[210] Zink et al. functionalised the inner walls of porous silica 

with Azos in order to control accessibility of channels.[236] In 2009, Stock et al. developed a zeolitic 
imidazolate framework (ZIF) decorated with azobenzenes and although changes in UV-vis spectra 

were recorded upon switching no apparent change in any other physical property was reported.[237] 
Not so in complementing publications by the same group that described azobenzene tethered to 

MOFs and demonstrated a change in the latter’s crystal structure upon switching.[238-239] In 2012, 
Zhou et al. published findings on reversible alteration of carbon dioxide uptake in a MOF 

functionalised with azobenzene[240] and one year later light-induced guest release was demonstrated 
by Yaghi et al.[241] Apart from MOFs, organic cages have also been functionalised with azobenzenes 

and their conformational change was shown to influence gas uptake as well as uptake and release of 
guest molecules.[242] Combining SAM and MOF chemistry, Wöll and co-workers capped a 

surface-bonded MOF (surMOF) with azobenzenes and used these to open and close the MOF 
thereby gaining control of light-induced release of adsorbed molecules.[243] Another example 

highlights Azos tethered to amorphous porous organic polymers that Zhang et al. designed to 
observe a change in gas uptake upon switching.[244] 
  

 
Figure 52. Rendering of the three concepts described. The left model shows the concept of mixing photoactive 
molecules (red bodies) with host compound (blue body). The centre model depicts the dangling group 
approach where photoactive molecules are covalently bonded to the host system by one side only. The right 
model portrays the methodology opted for in this work that aimed at comprehensive incorporation of 
light-responsive molecules into a host structures by two-fold covalent attachment thereby making DAEs or 
Azos a constituent part of the polymer backbone. The depicted highly ordered arrangement of the host 
structure does not relate to the systems used in this thesis but serves to facilitate perception. 
 
 The third approach comes closest to the concept of incorporation and relies not on tethering 

photochromic molecules to host structures but their complete covalent or coordinative integration 
into the backbone thereby making them a constituent part of the overall structure. In the case of 
azobenzenes the conformational change triggered by light leads to a large geometrical 

transformation as compared to diarylethenes. This results in the former’s employment predomi-
nantly as dangling groups within host structures as described above. Conversely, diarylethenes 

exhibit a far less pronounced change in geometry upon conformational transformation and are 
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consequently more prominent protagonists of the third strategy. Again, MOFs have been the 
systems of choice and several studies present changes of the framework properties stimulated by 

light. For example by integrating a DAE in a MOF in 2014, Shustowa et al. showed that fluorescence 
of the system can be altered by incident light, i.e. by switching the DAE moiety.[245] In another study, 

Zhou and co-workers exploit the enhanced conjugation of π-electrons in the closed ring isomer to 
provide energetic levels lower in energy compared to the open ring isomer.[246] This enables 

formation of singlet oxygen from triplet oxygen upon irradiation with light. 
 

 
DAE-POLYMER  |  3D 

 
From the strategies delineated above, the third was embarked upon in this work to covalently 

incorporate light-responsive molecules into the backbone of host structures. Naturally, this concept 
severely constrains the degree of motional freedom for a built-in molecule and in the light of this 

azobenzene was ruled out to deliver satisfactory results. DAEs instead do not necessitate large 
motional freedom to perform isomerisation. For this reason, the envisaged three-dimensional 
polymer was decided to incorporate in its backbone DAEs rather than azobenzenes. 

 The geometrical change of DAEs upon isomerisation is negligible as compared to azobenzenes 
and yet it was expected to have a detectable influence on the structure of the polymer not for a 

pronounced rearrangement of polymer entities but for a change in stiffness of the backbone. For in 
open state the two thienyl moieties of a DAE are decoupled both electronically and sterically the 

latter aspect of which is of importance at this point. As a result, flexibility of the molecule is 
enhanced and since it is integrated as a linker between stiff nodes this lack of stiffness is passed on 

to the entire polymeric structure rendering the polymer softer and more prone to space-efficient 
packing. The expected outcome is a diminution in porosity. 

 Further reason for the preference of DAE over azobenzene is provided by the latter’s ineptitude 
to perform isomerisation in solid state. The expected three-dimensional polymer decorated with 

photo switchable moieties will be a solid lacking any solubility. Thus, it is prudent to opt for a 
photochromic compound that is known to switch in solid state, an established fact for DAEs. That 

being said, this argument might be restricted right away by the peculiar nature of the envisioned 
structure. It is a solid indeed but light-responsive entities will be separated by node molecules hence 
apart from each other with the conceivable outcome that those entities amongst themselves cannot 

be regarded as solid such as in bulk form. More aptly, they might be considered spatially more 
isolated from each other as compared to bulk. And this is nothing less than a similar state as is found 

in solutions, save for intermingled solvent molecules. Hence, in those particular systems in which 
e.g. azobenzenes were interspersed throughout, photochromic molecules can be regarded as ‘solidly 

dissolved or diluted’. However, even if e.g. azobenzene molecules did not hamper themselves in the 
process of switching, they are still covalently incorporated so that molecular motion is impinged by 

the entire polymeric structure. This might not pose a problem in—preferentially two-dimensional—
crystalline systems where all photochromic entities are oriented alike. In this case azobenzenes 
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could perform isomerisation cooperatively, i.e. in the same direction and thus would not cancel out 
each other’s motion. As the envisaged structure is not crystalline but amorphous, it cannot be 

expected to behave likewise and the fact remains valid that molecular movement is severely 
affected by the host system. This, of course, holds true for incorporated DAE molecules as well but 

as described above DAEs do not demand as much motional freedom for isomerisation thus, in the 
end, justifying their choice over azobenzenes. 

 Making DAEs an intrinsic part of a polymeric structure can have a beneficial side effect. DAEs can 
perform light-induced isomerisation only out of anti-parallel (ap) conformation (cf. Figure 49) and 

integration into a polymer can not only promote the molecules to adopt ap conformation but also 
ensnare them in this particular state. However, this cannot be guaranteed since the desired target 

structure is formed via irreversible cross-coupling reactions during which DAEs can be incorporated 
in parallel (p) conformation as easily. Irreversibility, then, prevents a once built-in p-DAE molecule 

from being released and subsequently changing its conformation to be reintegrated into the 
structure in ap-geometry. On the other hand, to conclude this thought, reversibility not necessarily 

yields a crystalline product exclusively with ap-DAE moieties. This was true only when the crystalline 
hence thermodynamically most stable product is formed with ap-DAEs. In the instance that 
incorporation of p-DAEs also gave rise to a crystalline product, competition between two crystalline 

products sets in. Or, in case integration of only p-DAE formed a crystalline product but that of 
ap-DAE did not, a structure is obtained that does not contain any light-switchable molecules and 

therefore embodies the opposite of what was initially intended. 
 

According to the herein developed strategy DAEs are employed as linker molecules between stiff 
nodes. Bearing in mind that an extension of struts between nodes diminishes overall stiffness of the 

system and thus permanent porosity,[134] the node molecule was required to be of very stiff nature. 
A suitable candidate for an appropriate node molecule was found in 1,3,5-trieethynylbenzene 

(1,3,5-TEB)—the archetype node motif for CMPs. 
 CMPs are usually accessible via Sonogashira-Hagihara C-C cross-coupling, a reaction scheme that 

satisfies the crucial demand for a reliable integration of DAE molecules in a defined and predictable 
way as to obtain an AB-type polymer. In contrast, a reaction protocol that relies on one functional 

group only such as Yamamoto cross-coupling reaction, commonly employed in the syntheses of 
PAFs/PPNs, cannot serve this purpose as it will promote reaction preferably between the same type 
of monomer species. This poses no problem when only one type of monomer is involved as is the 

case for PPN-4 or PPN-6 but renders this approach useless when more than one monomer species 
are present. Thus, the ability to form an AB-type polymer in a defined manner offered by 

Sonogashira-Hagihara cross-coupling reaction is emphasised here. 
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 RESULT S  A N D DI SC US SI O N 
 

 DAE-CMP 
 

The most prominent conjugated microporous polymer, CMP-1, is customarily formed from 1,3,5-
triethynylbenzene (1,3,5-TEB) serving as node and 1,4-dihalobenzene functioning as strut or linker 

with the halogen atom being either bromine or iodine. In this work, a scheme was developed that 
utilises the same node molecule but substituted the linker molecule with a DAE derivative likewise 

bearing two functional groups. In this manner, a structure comparable to CMP-1 is envisaged with 
the additional benefit of incorporated light-switchable moieties that may allow of a structural 

alteration induced by electromagnetic stimulus. The synthesis of polymer precursors 1,2-bis(5’-iodo-
2’-methylthien-3’-yl)hexafluorocyclopent-1-ene 1 and resulting DAE-CMP is outlined in Figure 53. 

 

 
Figure 53. Synthesis route to DAE-CMP. a) in glacial acetic acid 2.0 eq. bromine, r.t., 5 h; b) in dry diethyl ether 
firstly 1.1 eq. n-butyllithium, -78 °C, 90 min then 2.5 eq. trimethylsilyl chloride, -78 °C, 90 min, r.t.; c) in dry 
tetrahydrofuran firstly 1.1 eq. n-butyllithium, -78 °C, 2 h then 0.45 eq. octafluorocyclopentene, -78 °C, 4 h; d) 
in dry chloroform 4.0 eq. iodine monochloride, 0 °C, 4.25 h. Details for DAE-CMP: Syntheses employed the DAE 
derivative in open (1O, shown) or closed (1C) state and 1,3,5-TEB. e) in dry DMF/TEA 0.67 eq. 1,3,5-TEB, 
0.05 eq. CuI, 0.03 eq. tetrakis(triphenylphosphine)palladium(0), 100 °C, 18 h. Equivalents are given with 
respect to starting material for each step being set to 1.0 eq. Percentage values denote yield for each step. 
 
 DAE component 1 was obtained starting from commercially available 2-methylthiophene that 

was treated with neat bromine to brominate the two most reactive sites at C3 and C5. The next step 
comprised substitution of trimethylsilyl for bromine at C5 in order to block that position’s higher 

reactivity in the next stage that involved lithiation at C3 and subsequent coupling to the bridging unit 
octafluorocyclopentene. The last step witnessed substitution of trimethylsilyl groups with iodine in 

order to obtain the appropriate functionality at C5 of each thienyl moiety. 
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 At the outset of the experiments it was pondered over why literature reports on CMPs reliably 
describe a 50 % excess of TEB with respect to the dihalobenzene. In order not to lose any valuable 

DAE monomer it was decided to purify the purchased educt 1,3,5-triethynylbenzene by means of 
filtration through silica thereby rendering the initially dark brown compound off-white (Figure A6). 

This finding sparked further investigation into the topic of CMP formation and the underlying 
mechanism and elicited a deeper understanding of these subjects.[41] Purified 1,3,5-TEB was then 

employed in a Sonogashira-Hagihara cross-coupling reaction together with the bifunctionalised DAE 
derivative in an equimolar amount with respect to functional groups. The incorporation of DAE 

moieties into CMP-like architectures was anticipated to endow the system with light responsiveness. 
In amorphous materials such as CMPs molecular entities are assembled in a disordered manner, a 

corollary of the irreversible nature of the cross-coupling reaction. Two implications arise from that. 
Firstly, a DAE molecule in open state can be built into the structure in parallel conformation, which 

in turn renders that moiety unreceptive to electromagnetic stimuli. Secondly, an open DAE molecule 
that is attached in anti-parallel conformation might be fixed by adjacent TEB units in a geometrical 

arrangement that prevents the two reactive carbons from approaching each other in order to 
perform photochemical isomerisation. Contrariwise, starting from a closed DAE isomer as monomer 
draws a different picture. A closed DAE has not remotely as many possible orientations in which to 

be incorporated into the network. As a stiff unit it compels the other network forming entities to 
arrange in a certain way. As a result, if the closed DAE is indeed built into the structure, it will 

constitute a rigid linker between two nodes. As cycloreversion does not demand any favourable 
orientation of molecular units, quite contrary to cyclisation, ring opening is attributed a much higher 

likelihood of occurrence than ring closure. Moreover, the influence that a closed, hence stiff DAE 
strut exerts on the orientation of other monomers will most probably not be sufficiently strong to 

completely alleviate the structural strain that is characteristic for a network formed by kinetically 
governed irreversible reaction schemes. Therefore, it is reasonable to assume that DAE units that are 

incorporated in closed state experience at least some strain inflicted by the network. That strain can 
be regarded as driving force for cycloreversion as the opening of the ring leads to assuaged stress 

due to higher degrees of freedom for molecular motion within the DAE entity. However, it must be 
pointed out that when a strained DAE is opened the stress will be relieved through reorganisation of 

the two thienyl moieties, very likely leading to a molecular arrangement that is detrimental to a 
succeeding ring closure. 
 Two sets of experiments were carried out. The first accords with the scheme in Figure 53, 

presenting a DAE derivative in open state. The second differs only in that it employs the DAE 
derivative in closed state. It has to be kept in mind, though, that one result of the ring closure is an 

altered electronic situation. Aromaticity of the thienyl moieties is sacrificed for an enhanced 
conjugation of π-electrons. Hence, in a closed DAE the iodine bearing carbon atoms cannot anymore 

be regarded as constituents of an aromatic thiophene system with possible repercussions for 
reactivity at these sites. 

 Nevertheless, quantitative yields were obtained for both protocols suggesting that the 
polymerisations went unimpaired. Both products were obtained as black insoluble solids. The colour 
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of the products cannot easily be explained. The precursor molecules were off-white 1,3,5-TEB and 
either colourless open DAE 1O or violet closed DAE 1C. The products were washed and Soxhlet 

extracted according to standard CMP procedure and the yields of just slightly more than 100 % 
bespeak little to no impurity ensnared within the final material. Typically, an extension of π-electron 

conjugation is accompanied by a narrowing of the band gap, that is to say the energy difference 
between the frontier orbitals HOMO and LUMO. This leads to the absorption of light of lower 

energy, often lying within the visible range of the electromagnetic spectrum which in turn lends a 
certain colour to the compound. Albeit labelled conjugated microporous polymers, CMPs usually do 

not show conjugation of π-electrons beyond the nodes. CMP-1, for example, exhibits conjugation 
only between two nodes thence it assumes a pattern of cross-conjugation. It is enough, though, to 

lend a pale ochre hue to CMP-1. Substituting DAE for phenyl as strut between two nodes gives rise 
to two different situations. In open state the thienyl units in a DAE can be treated as electronically 

isolated from each other. Thus, conjugation length in a CMP incorporating open DAE (DAEO-CMP) is 
restricted from one node to the nearest thienyl unit of a strut. The other thienyl ring of the same 

strut is already part of the next conjugation entity reaching to the next node (Figure 54). In a closed 
DAE-CMP (DAEC-CMP) the two thienyl units are electronically coupled and the entire strut is in 
conjugation with two nodes, one to each side. The bandgap of DAEC-CMP is expected to be 

 

 
Figure 54. Sketch of fragments from DAE-CMPs showing different states of the strut-forming DAE moiety. 
Conjugation length is depicted in grey. Superscripts O and C refer to open and closed, respectively. 
 

more narrow than that of DAEO-CMP resulting in two different colours of the overall networks. This 
holds true especially when considering that monomer 1C has a very distinct violet colour whereas 1O 

is colourless. 
 As mentioned, the two obtained polymers were of similar appearance, black. This outcome is 

unexpected if not for the ‘colour’ itself, which is hard to predict, then for the fact that DAEO-CMP 
and DAEC-CMP show no difference. Further investigation is warranted for example by conducting 

molecular calculations of the energy levels actually present in the introduced compounds. 
 The chemical composition of the obtained polymers was probed by virtue of elemental analysis. 

Experimentally obtained values accord reasonably well with theoretical figures (found for 
DAEO-CMP; found for DAEC-CMP) for C34.5H15F9S3 in m-%: C 59.48 (61.61; 62.21), H 2.17 (3.26; 3.05), 

S 13.81 (12.15; 12.59), N 0.00 (1.20; 1.03). Apparently, both samples contain nitrogen that it is 
plausible to assume to hail from residual DMF and TEA that was employed during synthesis. 

 NMR analysis confirms successful incorporation of precursor building blocks into the final 
network. Signals related to ethynyl carbons, contributed by 1,3,5-TEB, are found in the spectrum of 
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DAE-CMP at around 90 ppm (Figure 55). Likewise, a signal at 12.4 ppm testifies the presence of 
methyl groups (♥), constituent parts of the DAE moiety. In the aromatic region the signal at 

142.3 ppm can be assigned to sp2 hybridised C2,2’ in the thienyl units (). The peak at 133.3 ppm has 
contributions from the thienyl carbons connected to the bridging unit () as well as the 

 

 
Figure 55. Liquid phase 13C{1H} NMR spectra (CDCl3, 50 MHz) of educts 1O (left red) and 1,3,5-TEB (left blue) in 
comparison with solid state 13C{1H} CP/MAS NMR spectrum (νrot = 10 kHz, spinning sidebands are marked with 
an asterisk) of obtained DAEO-CMP (left black) and the latter in comparison with the spectrum obtained for 
DAEC-CMP (right black and red, respectively). Solvent signals in the liquid phase spectra at 77 ppm are 
apodised for clarity. In the spectrum for 1O the signal at 0 ppm originates from TMS used as stabiliser in 
deuterated chloroform. The numbers beneath each graph on the right-hand side denote relative integral 
values with respect to the integrals of the alkyne signals that were set to 1.00. 
 

unsubstituted carbon of the benzene node (♣). At 124 ppm the most intense signal is observed with 

contributions from the ethynyl-substituted carbon of the benzene node (♠), the unsubstituted () 
and ethynyl substituted (’) carbon of the thienyl moieties. Notably, no signal is recorded for a 

carbon in a terminal, i.e. unsubstituted ethynyl group. Such a signal is expected at around 79 ppm 

(cf. Figure 25) and can clearly be witnessed in the liquid state NMR of 1,3,5-TEB (♦’). Conversely, a 

new signal emerges at 92.1 ppm (♦’) signifying successful substitution of a DAE unit for hydrogen. 
The absence of a signal from a terminal alkyne hints at a quantitative reaction, which is in line with 

the observed high yield. It should be noted that carbons of the octafluorocyclopentenyl bridge do 
usually not produce observable signals. 

 The origin of the signal at 59.2 ppm is a matter of debate. It is not caused by unreacted, hence 
still iodine-functionalised carbon atoms because that kind of signal can be witnessed in the liquid 

state NMR of 1O at 70.9 ppm () thus distinctly more low-field. A possible source for the signal at 
59.2 ppm is the methyl substituted carbon of the thienyl unit in a specific state. In open state, the 

methyl bearing carbon atoms of the thienyl units (C2,2’) are sp2-hybridised and part of an aromatic 
entity thus spawning signals in the aromatic region at 142.3 ppm (). During cyclisation those 
carbons change hybridisation from sp2 to sp3 with a concomitant change in chemical shift to a value 

of around 50 to 60 ppm, in good agreement with the observed signal. The question as to if 
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cyclisation actually took place during synthesis and why it may have could not be answered in the 
course of the investigations. 

 The comparison in Figure 55 shows a difference between the carbon solid state NMR spectra of 
DAEO-CMP and DAEC-CMP. The relative value for the combined integrals under signals A and B is 

considerably higher for DAEO-CMP. The same is true for the area under signal C but not as much. 
Likewise, the integrals under the signal at 59.2 ppm, ascribed to sp3 C2,2’of thienyl, and the peak at 

12.4 ppm (♥) are slightly higher in DAEO-CMP. The higher value for the combined area under A and B 
can only be attributed to the DAE linker entities because integration was referenced to ethynyl 

signals. The ratio between ethynyl and benzene carbons is fixed since both are constituents of the 
same molecule. Thus, every difference in the integrals must be ascribed to DAE units because an 

alteration in benzene entites will inevitably be reflected in the value for ethynyl units. That change, 
however, is deliberately suppressed by normalising the integration to the ethynyl carbons. Now, 

signals A and B represent thienyl carbon C2,2’ (), C4,4’ (), and a benzene carbon (♣). As delineated 
above, a different value for the integral can only be effected by DAE-related carbons C2,2’ and C4,4’. 

Amongst these two carbons only C2,2’ can experience a dramatic shift in chemical environment, 
during cyclisation. The higher value for the area under signals A and B can thus be traced to a higher 
content of open ring DAE linker. However, this reasoning falls short of explaining the observed 

relative values for the area under the signal at 59.2 ppm that is assigned to sp3, i.e. closed ring C2,2’. A 
diminution in relative amount of sp2, i.e. open ring C2,2’ has to take place for the benefit of sp3 C2,2’ 

implying that when the area under signals A and B decreases, the signal at 59.2 ppm should become 
more pronounced as a result. This is not the case. Quite contrarily, that signal is less intense in 

DAEC-CMP as compared to DAEO-CMP. 
 Alternatively, in the light of reduced integrative values for virtually all DAE-related signals in 

DAEC-CMP as compared to DAEO-CMP it could also be argued that the overall ratio of linker (DAE) to 
node (TEB) is smaller in the former. This, however, is hard to fathom when keeping in mind that the 

reaction protocols for both DAEO-CMP and DAEC-CMP utilised stoichiometric amounts reflecting a 
one to one ratio of the functional groups ethynyl and iodine. Moreover, elemental analysis does not 

deliver proof to substantiate that assumption and displays elemental compositions for the two 
discussed materials that match each other reasonably well thus attests neither a significantly higher 

1,3,5-TEB content. 
 
To ascertain whether the obtained polymers exhibit permanent porosity, nitrogen sorption 

experiments were carried out and a striking difference between DAEO-CMP and DAEC-CMP was 
disclosed. The two states of the DAE linker should precipitate very different patterns of structural 

integrity. For in open state the two thienyl rings are decoupled not only electronically but also 
sterically. As a result, they can move and rotate independently from each other but, of course, only 

to the extent granted by the host structure and the methyl groups at C2,2’. Giving credit to the vast 
amount of linker molecules throughout the material there is every reason to assume a much more 

flexible and less stiff structure for DAEO-CMP as compared to DAEC-CMP. That lack of stiffness in the 
linker entities of the entire polymeric fabric can be expected to translate into diminished permanent 
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porosity. Consequently, DAEC-CMP, incorporating the closed DAE isomer, is expected to display 
noticeably augmented permanent porosity due to a much more rigid network. 

 The obtained results corroborate this contemplation and show higher nitrogen uptake for 
DAEC-CMP yielding a SABET of 487 m2·g-1 as compared to 278 m2·g-1 found for DAEO-CMP (Figure 56). 

Apparently, both materials span structures sufficiently rigid to generate permanent porosity. This 
can primarily be attributed to the inflexible nature of the node 1,3,5-TEB. Placing linkers between 

these nodes that themselves show little to no flexibility—a scenario realised in DAEC-CMP—
heightens the overall stiffness of the entire structure thereby spanning more pores. Pore size 

distribution reveals microporosity as dominant pore size domain with only minor differences 
between the examined specimens. A significant difference can be found in the pore volume that 

 

 
Figure 56. Isotherms derived from nitrogen sorption at 77 K (left, solid symbols: adsorption, empty symbols: 
desorption) and graphs derived from QSDFT for both PSD (right, main) and cumulative pore volume (right, 
inset) for DAEO-CMP (black graphs) and DAEC-CMP (grey graphs). 
 
amounts to 0.195 and 0.391 cm3·g-1 for DAEO-CMP and DAEC-CMP, respectively. The latter value 

being nearly double as high as the former supports the idea of a more extended pore system built up 
in the material that employed in its construction the closed ring isomer of the DAE and is in line with 

the recorded higher surface area. The adsorption branches of both samples show a distinct uptake at 
low relative pressures until an easily identifiable ‘knee’ can be observed. Thence both isotherms 

exhibit a steady positive slope that is higher for DAEC-CMP, which, in addition, shows a slightly 
enhanced uptake towards saturation pressure. A distinct difference becomes obvious during 

desorption. Both samples show hysteresis down to low relative pressures. However, hysteresis of 
DAEO-CMP is nearly featureless over the entire range probed except for a very subtle step at a 

relative pressure of 0.45. A very noticeable step, meanwhile, can be witnessed in DAEC-CMP at 
relative pressure of 0.50 indicative of the presence of mesopores. The fairly prominent step in the 
isotherm of DAEC-CMP is caused by a higher contribution from mesopores as compared to 

DAEO-CMP. This can be witnessed in the PSD in Figure 56 (full-range in Figure A7) derived from 
quenched solid density functional theory (QSDFT) calculations. 

 In summary, NMR suggests that polymerisation went not as desired whereas nitrogen sorption 
clearly displays a marked difference between DAEO-CMP and DAEC-CMP. For this reason, the 
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obtained materials were tested to elicit whether or not it is possible to capitalise on the uniqueness 
of incorporated photo-responsive building blocks. 

 As described earlier, DAEO-CMP and DAEC-CMP are of very similar colour. This could be 
substantiated by means of solid state UV-vis reflectance investigations, which give rise to reflectance 

profiles that differ only to a small extent (Figure 57). For an increased contrast the compounds were 
blended with barium sulphate that provides for an immaculate white background. The seemingly 

 

 
Figure 57. Solid state UV-vis reflectance spectra of DAE-CMPs synthesised either by employing 1O or 1C. 
 
higher reflectance of DAEO-CMP is not meaningful as this can arise from differences in sample 
packing with barium sulphate. Dissimilarities in the profile, on the other hand, are of more 

importance but clearly observed can be next to none other than a small bump pointing to lower 
reflectance values at around 500 nm in the spectrum for DAEO-CMP (black line) that is absent from 

the graph for DAEC-CMP (grey line). As outlined above, between cyclisation and cycloreversion the 
latter is accorded a higher probability of occurrence in the systems under discussion. For this reason, 

first isomerisation experiments were conducted on DAEC-CMP. The sample holder was placed in a 
light beam at 480 nm to induce cycloreversion. Despite illumination proceeded for 60 min at high 

intensity, it spawned only subtle differences in the spectrum and the obtained graph (blue line) 
resembled the spectrum of DAEC-CMP (grey line) rather than assuming the profile of the graph from 

DAEO-CMP (black line). At around 500 nm a small bump is produced after illumination that is not 
visible in the grey graph but it points to higher reflectance values in contrast to the bump in the 

black graph that points in the opposite direction. Overall, solid state UV-vis reflectance experiments 
do not give any conclusive hint that cycloreversion could be triggered. 

 Nitrogen sorption confirms that illumination did not yield a considerably altered system as 
surface area as well as pore size distribution along with cumulative pore volume do not show 

significant differences (Figure 58). Full range PSD concurs with this assessment and characterises the 
two graphs as nearly congruent at least in the mesopore domain (see Appendix Figure A8). After 
illumination, surface area drops from 487 to 482 m2·g-1 and pore volume from 0.391 to 0.365 cm3·g-1. 

Slight changes within the micropore region of the PSD can be observed with a reduced contribution 
to overall pore volume by pores the size around 0.6 and 1.2 nm whereas pores of sizes in between 

are more prominently present in the illuminated sample. 
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Figure 58. Isotherms derived from nitrogen sorption at 77 K (left, solid symbols: adsorption, empty symbols: 
desorption) and graphs derived from QSDFT for both PSD (right, main) and cumulative pore volume (right, 
inset) for DAEC-CMP (grey graphs) and DAEC-CMP after illumination (black graphs). 
 
 

 CONCLU SIO N 
 

Comprehensive covalent incorporation of diarylethenes in a three-dimensional CMP host structure 
was successful. Elemental analysis and NMR confirm the chemical composition of the obtained 

networks, which were produced in quantitative yields. This demonstrates the feasibility of the 
presented approach in terms of synthesising DAE containing three-dimensional microporous 
networks. 

 On the other hand, the main feature of light responsiveness especially with an eye towards 
reversible electromagnetically induced alteration of porous properties could not be observed to any 

satisfactory extent. There are several reasons as to why the anticipated outcome might have been 
thwarted. Firstly, the obtained materials were insoluble, a circumstance that, on the one hand, 

proves that polymerisation did proceed well while otherwise poses problems in terms of accessibility 
of structural entities to incident light. Only those parts of the material can be expected to respond to 

light that are exposed to it, i.e. parts that rest at the surface of the polymer particles. Those surface 
located regions accommodate only a minor part of the overall material making it questionable 

whether a sufficiently large portion of the polymer has undergone isomerisation as to trigger a 
detectable change in its porous properties. 

 Another reason that particularly applies to the case of DAE-CMP can be found in the architecture 
of the node-forming entities. In DAE-CMP a 1,3,5-TEB unit is surrounded by three DAE moieties. The 

nodal benzene ring does not establish a straight conjugation of π-electrons across one node but 
rather describes a pattern of cross-conjugation. Still, DAE units are electronically connected to each 
other to some extent. Ko and co-workers synthesised a star-shaped 1,3,5-triethynylbenzene 

molecule with one DAE attached to each triple bond.[247] Their attempts to obtain the all-closed (ccc) 
isomer were to no avail other than was the case for a compound different only in that it 

incorporated vinyl rather than ethynyl groups as linkage between benzene and DAE. The molecule 
adopting the double bond layout can be switched from ooo to ooc, occ, and ccc. Conversely, the 

triple bond layout allowed only of switching from ooo to ooc and occ. Theoretical investigations by 
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Perrier, Jacquemin and co-workers explained why this is the case and analysed the frontier and 
energetically contiguous orbitals.[248-249] It was revealed that in the cco isomer the shapes of LUMO, 

LUMO+1, and LUMO+3 for the vinyl based structure are similar to those of their respective 
counterparts in the ethynyl based motif but that these orbitals contribute to differing degrees to the 

transition events in each molecule. In both cases LUMO+3 was identified to be the photochromic 
orbital, i.e. it shows bonding character and is located at the remaining open DAE fragment thus 

responsible for a potential final isomerisation to the respective ccc isomer. However, whereas this 
orbital contributes substantially to the transition event in the 1,3,5-trivinylbenzene based structure, 

transitions in the 1,3,5-triethynylbenzene based motif are devoid of any significant contribution 
from that very orbital and take place in molecular orbitals that are not located at the remaining open 

DAE moiety. 
 Even so, in an extended three-dimensional network it is sensible to consider two out of three 

switching events sufficient to effect a structural change that results in altered gas sorption 
properties. Moreover, the pattern of molecular orbitals in an isolated 1,3,5-triethynylbenzene 

molecule bearing three DAEs is probably different from that in an extended network that basically 
consists of that unit. 
 Another line of argument has at its core the nature of the polymerisation reaction. The 

employed reaction protocol utilised an irreversible reaction scheme governed by kinetics. As a 
consequence, DAE molecules that are incorporated in parallel (p) conformation, thus unresponsive 

to light stimuli, will retain this orientation of thienyl rings under all circumstances. Irreversibility 
prevents built-in units to be released and adopt anti-parallel conformation before being reintegrated 

into the network. On the other hand, what seems to speak in favour of reversible reactions yielding 
crystalline products, which have not been pursued in this work, must be subjected to scrutiny, too. 

Reversible reactions do provide the opportunity to release and reincorporate network-forming 
entities multiple times indeed. However, as long as there is no driving force for the ap-conformer of 

a DAE to be built in more prevalently a blend will be obtained containing both ap- and p-DAEs to 
similar extents. Only if the thermodynamically more stable compound is formed by incorporation of 

ap-DAEs, a corresponding framework will be obtained in which all DAEs are responsive to light. 
 Apart from the impossibility of release and reintegration of monomer entities during 

polymerisation, irreversibility, moreover, leads to amorphous materials. The disordered 
arrangement of struts and nodes, can also be imagined to foil switching events by cancelling out 
motions executed by individual DAE units. Although DAEs, provided they are incorporated in ap-

conformation, do not demand a large degree of motional freedom to perform cyclisation it is at least 
conceivable that a DAE that rotates partially to undergo cyclisation is hindered in doing so by 

random network movement triggered by other DAE struts moving likewise to achieve the same. 
However, as this takes place in a setting of complete randomness of molecular arrangement it could 

equally be contended that a DAE is actually helped by arbitrary network movement for the same 
reason. Eventually, in an amorphous network with statistically arranged struts and nodes both 

support for and obstruction of a cyclisation event by random network movement can be argued for. 
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 In the light of the intricacies connected with an amorphous network formed by irreversible 
polymerisation reactions, a prospective endeavour deals with the incorporation of DAEs into 

covalent organic frameworks (COFs). These are crystalline all-organic frameworks formed from 
reversible condensation reactions. An ordered arrangement of building blocks in a repetitive fashion 

can assist successful switching of DAEs because all molecules are oriented alike and will move in the 
same direction at the same time with no countervailing force being exerted by other light-responsive 

units. As a result, DAEs shall be free to perform cyclisation. Yet, this course of events can more easily 
be pictured in a two- rather than a three-dimensional setting the former of which is found in COF-1 

or COF-5 where two-dimensional sheets stack to form a porous structure.[32] This type of 
architecture, when appropriately designed, might even allow of azobenzenes to be integrated and 

perform (E)/(Z) isomerisation prompting profound changes in the geometry of the host system. 
 

 
DAE A ND  AZO-POLYMER S  |  1D 

 
The high degree of cross-linking in polymers that are interconnected in a three-dimensional manner 
such as the aforesaid system DAE-CMP has certain detrimental ramifications the most crucial of 

which is insolubility of these kinds of materials. Not only are analytics severely circumscribed but 
also is the prospect of processability next to non-existent. 

 For these reasons, a different molecular architecture was framed that relies on polymers of 
intrinsic microporosity (PIMs).[31] Those are one-dimensional polymers evolving from reactions of 

monomers at least one of which must exhibit a structural kink that frustrates space-efficient packing 
of polymer chains (cf. Figure 3), inevitably leading to the formation of void space between those 

chains thereby creating pores. The one-dimensional pattern of interconnection allows PIMs to be 
soluble in common organic solvents hence to be processed into films or membranes. That aside, 

solubility opens up the prospect of addressing every single light-responsive moiety within the 
polymer when illuminated in dissolved state or in solid state when a transparent film or membrane 

is obtained. 
 Moreover, the severe restrictions imposed upon motional freedom of light-responsive entities in 

systems such as DAE-CMP do not apply in the case of materials derived from PIMs. Consequently, 
not only diarylethenes but also azobenzenes are suitable candidates to be incorporated into these 
types of polymers. 

 Two molecular designs have been devised, one utilising DAEs, the other Azos as light-responsive 
constituents. The former will hereafter be referred to as DAE-PIM whereas the latter will be 

designated Azo-PIM. 
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 RESULT S  A N D DI SC US SI O N 
 

 DAE-PIM [ 2 5 0 ]  
 

As mentioned previously, DAEs do perform only a subtle geometrical change during isomerisation. 
When incorporated into the backbone of a PIM that minor alteration is expected to wield a 

detectable influence on the entire DAE-PIM chain more precisely on its ability to adopt a more or 
less contorted conformation. 

 The target structure was designed as to exhibit an alternating AB pattern of building blocks. For 
this reason, Suzuki cross-coupling reaction was opted for to form the desired DAE-PIM (Figure 59). 

 

 
Figure 59. Synthesis route to DAE-PIM and isomerisation thereof. a) in dry 1,4-dioxane 2.2 eq. 
bis(pinacolato)diboron, 0.1 eq. 1,1’-bis(diphenylphosphino)ferrocene, 1,1’-bis(diphenylphosphino)ferrocene 
palladium(II)dichloride, 6.0 eq. potassium acetate, reflux, 17 h; b) in DMF/THF 1.0 eq. 1O, 0.05 eq. 
tetrakis(triphenylphosphine)palladium(0), 3.85 eq. potassium carbonate, 120 °C, 20 h. Equivalents are given 
with respect to starting material in each step being set to 1.0 eq. 3D representations illustrate the change in 
the structure in DAE-PIM upon isomerisation. A detail of two repeating units is shown. Hydrogen and fluorine 
atoms are omitted for clarity. 
 
Commercially available spirobifluorene bearing one bromine functionality at each fluorenyl unit was 

employed to guarantee that the kink of the molecule is conveyed to the entire polymer structure. By 
virtue of Miyaura borylation the spiro compound was functionalised with boronic ester 

functionalities (2) applicable to ensuing Suzuki cross-coupling reaction with iodinated DAE monomer 
1O. The obtained product, which is superbly soluble in THF, did not precipitate but stayed in solution 

and was isolated and purified by repeated precipitation from methanol. When precipitated, 
DAE-PIM was obtained as green powder. Conversely, when evaporated from THF the same 

compound formed films of very brittle nature and intense green colour (Figure A10). Investigations 
by gel permeation chromatography (GPC, polystyrene standard) revealed a molecular weight of 
7179 g·mol-1, corresponding to a polymerisation degree of n ≈ 11. These relatively low values are 

presumably responsible for the observed fragility of the films. The polydispersity index (PDI) of 3.1 is 
comparable to the value reported for PIM-1 and other PIMs.[31] 

 Elemental analysis showed discrepancies between theoretical and experimental values: 
calculated (found) for C40H22F6S2 in m-%: C 70.58 (63.55), H 3.26 (3.95), S 9.42 (7.55), N 0.00 (0.27). 
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The presence of chains of differing lengths in combination with an expected presence of end groups 
on either type of monomer leads to deviations from the theoretical values. 

 NMR analysis disclosed the expected signals with sixteen protons to be found in the aromatic 
and six in the aliphatic region. To study the influence of isomerisation on the chemical environment 

within the molecule, the NMR sample solution was irradiated with either UV or visible light and 
spectra were recorded at different stages of the isomerisation process. In this way, it was 

established that isomerisation sets in motion reversible alterations within the molecule’s electronic 
structure that are not confined to the DAE moieties but transcend well into the spiro motif 

evidenced by an evolution of all the signals for aromatic protons. The aliphatic region accommodates 
the methyl signals from the DAE and gives proof of proceeding isomerisation by the diminution of 

the signal at 1.77 ppm accompanied by the emergence of a new signal at 1.96 ppm (Figure 60). At 
 

 
Figure 60. Proton NMR spectra (THF-D8, 400 MHz) of DAE-PIM. Top plot shows initial spectrum of DAEO-PIM. 
Bottom plots show magnifications of the aromatic (left) and the aliphatic (right) region. During illumination 
with UV light, that is to say during cyclisation, the change in chemical environment can clearly be traced in the 
spectral evolution. After a total of 60 min of illumination time with UV light the sample was irradiated with 
visible light (550 nm) for 5 min and the initial spectrum (hollow circles) could be reobtained. The numbers 
below the signals denote the relative integral area under the respective range. 
 

1.40 ppm an intense signal is observed that can only be explained by a rather prominent presence of 
methyl groups from the pinacol ester. Additional NMR studies utilising diffusion-ordered 

spectroscopy (DOSY) showed that the protons at 1.40 ppm have a higher mobility than both the 
aromatic and the DAE-methyl protons. DOSY calculates only one mobility value for each type of 

protons as the mean value of all mobilities, i.e. protons that show different mobilities, present at a 

THF

methyl from
pinacol groups

H2O
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certain chemical shift. As a result, the observed protons at 1.40 ppm can hail from both loose 
monomer present in the sample as well as end groups of DAE-PIM chains. 

 
Successful introduction of photochromism was revealed by UV-vis experiments conducted in 

solution and solid state. The obtained spectra from investigation of the dissolved compound and 
corresponding photographs of the solution in different states of illumination are presented in 

Figure 61. The data clearly show a change in absorption upon irradiation at 254 nm. Initially, DAE 
units are open and conjugation of π-electrons is mainly confined to the thienyl rings. As a result, 

nearly no absorption in the visible range is observed except for a slight absorption from 400 to 
500 nm rendering the bulk compound green. DAEO-PIM does absorb in the UV region with a 

maximum at 337 nm accompanied by a shoulder and a minor absorption at 285 nm. Upon 
irradiation at 254 nm the solution turns from green to blue. This change is seen in the UV-vis spectra 

 

 
Figure 61. UV vis absorbance spectral evolution of DAE PIM in dissolved state (dichloromethane, 
c = 4·10-5 mol·l-1) during illumination with 254 nm (a), 550 nm (b), and alternating exposure to either UV or 
visible light for cycling experiments (c). Note that for the ring opening process (b) visible light of much lower 
intensity was used than for the cycling experiment (c) yielding the difference in exposure time of 2.86 h as 
compared to only 90 s. In the insets in a) and c) focus is set on the intensity of absorbance at 610 nm. 
 
with the emergence of a new band at 610 nm and a concomitant decrease of the bands at 285 and 

337 nm. The appearance of strong absorption in the visible range is triggered by a narrowing of the 
molecule’s bandgap induced by an augmented conjugation of π-electrons upon cyclisation. 
Noteworthy, a photo-stationary-sate could not be detected. Instead, a loss of absorbance (dashed 

lines in Figure 61 and inset) as well as a deviation from the isosbestic point at 358 nm is observed 
after irradiation times of more than 90 s, hinting at decomposition and/or side reaction induced by 

sustained UV irradiation. For this reason, a time of 60 s was used for irradiation with UV light in 
further UV-vis related experiments in solution as absorption at 610 nm reached its apex after this 

time already. The discussed colour change from green to blue upon irradiation with UV light could 
be reversed under illumination with visible light applying a wavelength of 550 nm. Figure 61 shows 

the decrease in intensity of the band at 610 nm with a parallel increase of the bands at 285 and 
337 nm thereby regenerating the state prior to UV illumination. Cycling experiments showed that 

the photo-induced switching between open and closed state is reversible, even though after five 
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cycles the intensity of the band at 610 nm reached only 80 % of the initial value (Figure 61 and 
inset). 

 To verify whether DAE’s capability to perform isomerisation in solid state is retained in DAE-PIM 
UV-vis transmission measurements were conducted on a drop-cast film. Indeed, the initially green 

film turns violet upon UV irradiation and reverts to its erstwhile appearance after illumination at 
550 nm (Figure 62). Switching in the solid state was not only observed in a drop-cast i.e. evaporated 

sample, but also in the powders obtained via precipitation from methanol (Figure A9). 
 Importantly, when DAEC-PIM was stored in the dark at room temperature no reversion to the 

open isomer was observed as evinced by the intense blue colour that was retained even after weeks 
of storage. This behaviour confirms the p-type character of DAEs and was also observed in other 

systems that are related to MOFs.[235,251] 
 

 
Figure 62. UV-vis absorbance spectral evolution of DAE-PIM in solid state during illumination with 254 nm (a), 
550 nm (b) and alternating exposure to either UV or visible light for cycling experiments (c). In the insets in a) 
and c) focus is set on the intensity of absorbance at 610 nm. 
 

 UV-measurements on DAE-PIM in solid state indicate considerable and reversible light-triggered 
conversion between the open and closed state. Moreover, it can be observed that degradation of 

DAE moieties within the PIM is at least retarded in the solid state as compared to the polymer in 
solution. An investigation into the conversion rate of DAE-PIM by virtue of NMR analysis was 

considered unreliable as the polymeric character of the system leads to NMR signals of 
pronouncedly broad shape thus impeding any such inquiry (cf. Figure 60). 

 It has to be noted that the employed wavelength of 254 nm to induce cyclisation is not ideally 
suited due to its propensity to induce degradation for reasons discussed below in the concluding 

paragraph to this topic. Quite frequently, less hard wavelength such as 313 or 365 nm are employed 
to trigger cyclisation in DAEs. However, certain restrictions in terms of available equipment made it 
much more feasible to utilise 254 nm. This work was based on and designed as a proof of concept, a 

circumstance underlined by the DAE-derivative employed in this study that makes no pretensions to 
be fatigue resistant due to the lack of any substituents that could suppress degradation. 

 
Porosity of DAE-PIM was investigated by means of nitrogen sorption. DAE-PIM is non-porous as film 

in both open and closed state (Figure A10). Contrarily, it shows permanent porosity when 
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precipitated as powder exhibiting a SABET of 395 m2·g-1 for DAEO-PIM. After DAE-PIM has been 
demonstrated to be photochromic it was of interest whether porous characteristics can be 

influenced by light stimulus. To minimise any unsolicited influence by externalities such as 
precipitation procedure DAEO-PIM was switched in solid state as powder obtained via precipitation 

from methanol. UV irradiation clearly effects a change in colour of the material giving proof of 
proceeding isomerisation (Figure A9). Nitrogen sorption of the as-switched sample indeed bespeaks 

a distinctly altered situation with a decrease in SABET as well as a different shape of the isotherm. 
SABET drops from 395 to 168 m2·g-1 for DAEO-PIM and DAEC-PIM, respectively (Figure 63). After 

illumination with visible light to trigger cycloreversion and regain the initial state the sample did 
assume its former colour and SABET did rise to 245 m2·g-1, less than the initially measured value for 

the open state but substantially more than the figure recorded for the closed state. It was thus 
shown that illumination with UV light to induce cyclisation results in a decrease in surface area that 

can, at least partially, be reverted by cycloreversion triggered by irradiation with visible light. That 
after cycloreversion SABET does not reach the value of initially measured DAEO-PIM might be ascribed 

to degradation of DAE moieties that already took place and forestalls more comprehensive 
cycloreversion. The obtained isotherm for the precipitated sample shows an unusually sharp uptake 
of nitrogen in the region below relative pressures of 0.1. As for amorphous PIMs no accumulation of 

 

 
Figure 63. Isotherms derived from nitrogen sorption at 77 K. Plotted are isotherms from DAEO-PIM (green, 
solid line), DAEC-PIM (purple line) and DAEO-PIM after reopening (green, dashed line). Switching was 
conducted in solid state (ss). Solid symbols: adsorption, empty symbols: desorption. 
 
micropores with defined diameters in this region can be expected, this increase in uptake might be 

an intrinsic feature of the molecular structure of the compound possibly caused by a gate-pressure 
effect that opens up the structure thereby enhancing nitrogen uptake capacity.[252-253] The initial 

assumption that this bend in the isotherm might be caused by residual helium inside the pores, 
which is used for the calibration of the cells, could be dispelled. Measurements with pre-calibrated 
cells during which no helium gets in contact with the sample yielded similar results. 

 The reasoning for the observed decrease in SABET after cyclisation emanates from the nature of 
porosity prevalent in PIMs. In contrast to (micro)porous organic networks in which porosity is 

created within each individual polymeric (macro)molecule by a spanning of pores by highly cross-
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linked struts and nodes,[15,59] PIMs can exhibit porosity only when several individual chains 
congregate in a space-inefficient fashion. Therefore the stiff but kinked structure of PIMs is of crucial 

importance for the observed inefficient chain packing and consequently determines the percolated 
free volume accessible to nitrogen i.e. microporosity of the polymer in the dry state. It was revealed 

that already subtle changes in the flexibility or degree of contortion of the backbone structure of 
PIMs can have a large influence on the finally observed porosity.[254] 

 Even though DAEs do not perform a large geometrical change during either cyclisation or 
cycloreversion, the molecule still adopts a rigid and essentially planar structure in the closed state 

but a slightly bent geometry in the open form. Multiplied by each repeating unit of the chain a 
higher degree of contortion within a polymer chain can be expected when all DEA moieties are 

existent in their open form, which in turn should yield a less space-efficient packing that leads to 
more free volume/interstitial space between the chains and thus higher SABET values. 

 That this material is extremely sensitive to structural changes is emphasised by the fact that, 
after the powder has been illuminated for 90 s at 254 nm, the conversion rate amounts to 5 % when 

compared to the maximal achievable conversion as evidenced by UV-vis studies (Figure A11). 
 
Apart from surface area, it was examined whether gas diffusivity and permeability can be switched 

by light stimulus. Owing to its low molecular weight, DAE-PIM does not form a free-standing 
membrane on its own. However, as the compound is well soluble in various common solvents it was 

possible to form a composite in conjunction with Matrimid (MI), a commercially available polyimide 
that is commonly used in gas separation membranes (Figure A12). Membranes were prepared from 

a chloroform solution containing both polymers yielding a DAE-PIM@MI composite that consists of 
5 wt% of DAE-PIM. 

 It was first necessary to verify whether or not DAE-PIM performs cyclisation when incorporated 
in the Matrimid matrix. Figure 64 shows UV-vis transmission spectra for DAE-PIM@MI confirming 

that DAE-PIM does switch inside the membrane, which assumes distinct colours for the open and 
closed form in the process. The green curve depicts the spectrum obtained for the composite as-

blended. It seems that it contains DAEC-PIM to a certain extent evidenced by the band at 600 nm. 
 

 
Figure 64. UV-vis transmission spectra for DAE-PIM@MI superimposed onto photographs of the composite in 
either open (left, light green) or closed (right, dark green) state. 

UV 60 min

vis 10 min



DIS SERTATIO N 

90 

Initial illumination was performed using visible light (550 nm) to diminish the intensity of that band 
and reach a steady state of DAEO-PIM@MI. Subsequently, the composite was irradiated with UV 

(254 nm) and visible light in an alternating fashion to conduct cycling experiments. The prolonged 
illumination time with UV light has to be accounted for by the applied, weak, light source (lamp for 

thin layer chromatography (tlc), 6 W) as well as the fact that Matrimid absorbs UV light to a 
considerable extent thereby drastically reducing the amount of light available to DAE-PIM inside the 

composite. The inset in Figure 64 shows that although absorbance after UV cycles is lower than for 
the first run it stays approximately the same after that. 

 Diffusion coefficients (D) for oxygen and carbon dioxide were measured for DAE-PIM@MI after 
alternating UV and visible light illumination as well as for pure Matrimid as reference (Figure 65). 

 

 
Figure 65. Diffusion coefficient for oxygen (circles) and carbon dioxide (squares) at 35 °C and 10 bar of pure 
Matrimid (left) and DAE-PIM@MI (right) for subsequent measurements in between which the composite was 
switched by light. 
 

Generally, diffusion coefficients for oxygen are higher than for carbon dioxide in pure Matrimid as 
well as in DAE-PIM@MI membranes. This can be attributed to the kinetic or effective diameter of 

the gas molecules that is smaller for oxygen.[255-256] Incorporation of DAE-PIM into Matrimid leads to 
a slight increase in D of approximately 10 % for both oxygen and carbon dioxide. With time and an 

increasing number of measurements, diffusion coefficients decrease in both pure Matrimid and the 
composite, a manifestation of physical ageing occurring in both systems. Nonetheless, it is evident 

that isomerisation of DAE-PIM@MI by light stimuli has a significant influence on the diffusion 
coefficient of the membrane. Switching to the closed form lowers D whereas cycloreversion results 

in an enhancement thereof. The process can be repeated and a zigzag pattern of D can be observed 
with DAEO-PIM@MI exhibiting higher values than DAEC-PIM@MI. 

 A comparable trend is observed for the permeability of oxygen and carbon dioxide within the 
membranes (Figure A13). 
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 CONCLU SIO N 
 

The presented results show that the light-responsive properties of diarylethenes can be transferred 
to a polymer of intrinsic microporosity by coupling of DAE and spirobifluorene monomers. Resulting 

DAEO-PIM exhibits permanent porosity with a surface area of nearly 400 m2·g-1. The polymer is 
soluble and isomerisation of DAE moieties could be witnessed by means of UV-vis transmission and 

NMR spectroscopy. Moreover, it was proven that cyclisation and cycloreversion of the DAE moieties 
occur in solid state, i.e. in films or powders of DAE-PIM. For DAE-PIM powders surface area could be 

altered upon isomerisation showing a decrease after cyclisation and an increase after cycloreversion. 
Furthermore, in combination with Matrimid a gas-permeable membrane containing DAE-PIM as 

light-responsive component can be formed and the properties of the membrane—most importantly 
the diffusion coefficient—can be switched by external light stimuli. 

 The proof of concept presented in here is a promising approach towards light-switchable 
membranes, in which diffusion and permeability of gases can be controlled by an external and 

non-destructive stimulus in a reversible manner. Such a system offers the benefit of circumventing 
the accumulation of chemical waste as is encountered in chemically switched set-ups via acid/base 
chemistry, for instance. Moreover, switching by light can be achieved over spatial distances; a 

circumstance that potentially provides for enhanced latitude in the construction of a respective 
system because the trigger—the light source—does not have to be installed in the nearest proximity 

of the membrane. 
 As the switching process is accompanied by a conspicuous colour change systems can be 

envisioned that exploit the colour of the membrane to determine its current state and adjust its gas 
separation performance accordingly. This concept is adumbrated in Figure 66. In one state (green) 

the membrane displays low permeability for incoming gas. Irradiation with an appropriate 
wavelength triggers isomerisation that leads to an altered permeability displayed by the other state 

(blueish). Thanks to the colour change the light source for switching can be connected to a detector. 
The latter activates or otherwise controls the lamp depending on the current state of the 

membrane. It can very well be feasible to not only use the two extreme states—completely open 
and completely closed in this case—but also conditions in between. 

 

 
Figure 66. Graphical abstract outlining the concept of the application of a photo-switchable membrane. 
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 Naturally, for this concept to work in a reliable fashion the issue of fatigue resistance has to be 
addressed and a DAE-monomer must be synthesised that shows no or negligible degradation upon 

UV irradiation. The here applied DAE derivative is certainly not optimised evidenced by the lack of 
any substituents that could suppress fatigue such as methyl groups in 4 and 4’ position of the thienyl 

rings or substitution of C4 with hetero atoms, approaches that have proven to be potent strategies. 
These and other aspects have been investigated by many groups and improvements in fatigue 

resistance has made great progress over the last years.[233] Additionally, the employed wavelength of 
254 nm to trigger cyclisation is relatively short and it is known that such short wavelengths can lead 

to pronounced degradation for several reasons such as reduced penetration depth of incident light, 
higher spatial concentration of excited states, and a higher variety of reaction pathways that lead to 

by-products.[226,257] Future work has to focus on the two issues of molecular design of the DAE 
moiety and the utilisation of longer wavelengths such as 313 or 365 nm. 

 
 

 AZO-PIM 
 
Azobenzenes were not deemed suitable candidates to be incorporated into three-dimensional 

systems such as CMPs the main obstacle being the large geometrical change performed during 
isomerisation. However, with the utilisation of PIMs a completely new situation is encountered. 

Owing to their one-dimensional connection pattern PIMs are anticipated to tolerate large 
movements of their molecular entities. 

 As a result, a PIM was conceived that incorporates an azobenzene derivative as linker molecule 
between nodal moieties exhibiting a kink in their structure in order to generate porosity. 

Commercially available 5,5’,6,6’-tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobiindane was reacted 
with azobenzene derivative 3. A two-fold condensation reaction per repeating unit ensures a firm 

connection between linker and node leading to the formation of Azo-PIM (Figure 67). Formally 
released hydrogen fluoride is scavenged by potassium carbonate. Dissolution of all components did 

occur not before the reaction temperature reached 65 °C. In the course of the reaction only little 
 

 
Figure 67. Synthesis route to Azo-PIM. a) in H2O/EtOH 1.0 eq. 3,4-difluoroaniline, 1.8 eq. potassium hydroxide, 
8.0 eq. potassium hexacyanoferrate(III), reflux, 20 h; b) in dry DMF 1.0 eq. 3, 1.0 eq. spirobiindane, 8.0 eq. dry 
potassium carbonate, 65 °C, 24 h. 
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precipitation was observed. The product did precipitate eventually as yellow to orange powder 
when the reaction batch was poured into a mixture of ice and methanol. It was observed that 

reaction times of 48 h yield a product that is hardly soluble. Therefore, a reaction time of 24 h was 
employed in order to obtain Azo-PIM with very good solubility in THF. The compound was purified 

by repeated precipitation from methanol. Whereas precipitation yields a powder, Azo-PIM forms an 
intensely coloured film of orange hue when the solvent is removed by evaporation (Figure A14). 

 GPC (polystyrene standard) revealed a molecular weight for Azo-PIM of 9456 g·mol-1, translating 
into a polymerisation degree of n ≈ 18; a figure that together with a PDI of 2.2 testifies that Azo-PIM 

consists of chains that are both longer and more monodisperse in length as compared to DAE-PIM 
with values of 11 and 3.1 for n and PDI, respectively. The enhanced chain length is expected to be 

responsible for the diminished fragility of the films formed by Azo-PIM, which are not remotely as 
brittle as is observed for DAE-PIM and stick rather firmly to the glass wall. 

 Elemental analysis showed good conformity of theoretical with experimental values: calculated 
(found) for C33H26N2O4 in m-%: C 77.03 (73.71), H 5.09 (5.52), N 5.44 (4.67). 

 

 
Figure 68. Proton (THF-D8, 500 MHz) and carbon (THF-D8, 126 MHz) NMR spectra of Azo-PIM. 
 

 Proton NMR confirms the presence of all expected hydrogens with ten hydrogens to be found in 
the aromatic region, four around 2.26 ppm hailing from the methylene fragments of the 

cyclopentane moiety, and another twelve around 1.33 ppm originating from the four methyl groups. 
 Carbon NMR gives rise to twelve signals in the aromatic region. According to DEPT and HSQC 

measurements, seven of these hail from carbon atoms that bear no hydrogen and the other five 
from carbon atoms with hydrogen attached. Further signals at 60.1, 58.1, and 44.1 ppm can be 

assigned to the methylene fragments of the cyclopentane moiety, the spiro-carbon, and the methyl 
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bearing carbons, respectively. Due to the methyl group’s tetrahedral arrangement at the 
cyclopentane moiety in conjunction with a likewise tetrahedral geometry at the spiro carbon the 

methyl groups are exposed to differing chemical environments evidenced by the presence of two 
signals at 31.7 and 30.3 ppm. 

 The presence of fluorinated terminal groups was elucidated by fluorine NMR displaying several 
signals within a narrow spectral region around -135 ppm (Figure A15). The number of signals 

surpasses the expected number of fluorine species present, that is two. Measurements at an 
elevated temperature of 55 °C, as compared to 25 °C, did not lead to a diminution in the number of 

signal hence ruling out any effects originating from rotamers. 
 

Photochromism was investigated by virtue of UV-vis absorption experiments. The monomer 
3,3’,4,4’-tetrafluoroazobenzene exhibits (E)/(Z) isomerisation. As mentioned earlier, azobenzene 

performs a vast geometrical change in the course of isomerisation and its incorporation in a PIM was 
expected to yield a structure that can tolerate such massive movements of its constituent parts. The 

results show that the target structure does indeed display photochromism. Albeit the change in 
colour—light orange to slightly more intense orange—is not as pronounced as was true for DAE-
PIM—green to blue—UV-vis spectra unequivocally indicate reversible isomerisation. Figure 69 

contrasts UV-vis absorption spectra from Azo-PIM and the monomer 3,3’,4,4’-
tetrafluoroazobenzene. Both ordinate axes are set to the same scale, thus it becomes apparent that 

the monomer absorbs light to a much greater extent. Azo-PIM shows no noticeable absorption 
above 520 nm. Absorption starts at the edge of the visible region and Azo(E)-PIM, i.e. Azo-PIM with 

(E)-configured azobenzene entities, exhibits absorption events at 398, 339, 283, and 236 nm. After 
 

 
Figure 69. UV-vis absorption spectra for DAE-PIM (left, solvent: tetrahydrofuran, c = 2·10-5 mol·l-1) and the 
azobenzene monomer (right, cf. Figure 46) before (E) and after (Z) illumination with UV light at 366 nm. 
 
illumination with UV light (366 nm, 140 s) two isosbestic points could be identified at 475 and 

274 nm and absorption is reduced in the entire region from the latter on to longer wavelengths. A 
slight increase is recorded in the peak at 236 nm. Overall, the absorption profile of Azo(Z)-PIM is 

flattened out and more featureless as compared to its (E)-counterpart. 
 Photochromism in Azo-PIM is not as straightforward an affair as Figure 69 might suggest and 

was the case for DAE-PIM. Here, in an attempt to trigger (Z) → (E) isomerisation it was discovered 
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that the system responds in multiple ways to incoming light of different wavelengths. It appeared 
that depending on the employed wavelength different absorption regimes could be addressed. This 

peculiarity is illustrated in Figure 70. All three plots feature the spectra from Azo(E)-PIM (orange) and 
Azo(Z)-PIM (red) serving as boundaries between which spectra evolve that were obtained after 

varying amounts of time of illumination utilising different wavelengths. Figure 70 a) provides an 
 

 
Figure 70. UV-vis absorption spectra from (E)- and (Z)-configured Azo-PIM (a) and in different stages of the 
(Z) → (E) isomerisation process either utilising 440 nm (b) or 254 nm (c) (tetrahydrofuran, c = 2·10-5 mol·l-1). 
 
overview of the obtained intermediate curves, which are rendered light grey. (E) → (Z) isomerisation 

was triggered by UV light (366 nm, 140 s). Figure 70 b) shows results from the attempt to trigger 
(Z) → (E) isomerisation with visible light (440 nm, 100 s). The outcome was rather surprising as only a 

narrow region between 300 and 400 nm was susceptible to the applied wavelength and showed a 
response, that is an increase in absorption, emphasised in dark grey. Thus, this procedure led to a 

profile that differs tremendously from the profile for Azo(E)-PIM especially when acknowledging that 
the major absorption band at 398 nm is not restored to any extent. Ensuing treatment with UV light 
(254 nm, 200 s), depicted in c), led to the evolution of absorption spectra that mimic the initial 

profile. Whereas the shape of the spectrum from Azo(E)-PIM could be retrieved, attempts to regain 
the intensity where to no avail. This issue was addressed by further investigation of the monomer 

tetrafluoroazobenzene and a more detailed account of this can be found in the Appendix. At this 
point, suffice it to say that the wavelength of 440 nm opted for to trigger (Z) → (E) isomerisation 

affects the azobenzene moiety already when (E)-configured and leads to a slight diminution of the 
absorption intensity of Azo(E) (Figure A16). 

 The described procedure utilised 366 nm to induce (E) → (Z) isomerisation and illumination was 
conducted for 140 s. This duration was chosen because it was observed that a degradation process 

seemed to set in when the sample is overexposed to 366 nm. And although the phenomenon is not 
remotely as prominent as observed for DAE-PIM after sustained treatment with 254 nm 

(cf. Figure 61), UV-vis spectra evince a deviation from the isosbestic points at 274 and 475 nm 
(Figure A17). 

 The common feature amongst the aforementioned is that a wavelength of 366 nm was used to 
trigger (E) → (Z) isomerisation. The reverse process was stimulated by two different wavelengths, 
either 440 or 254 nm although only the latter seemed to yield a spectrum that mimics the initial 

spectrum of Azo(E)-PIM. To enhance the intricacy of the matter even further it was elaborated on 
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whether a wavelength other than 366 nm can be employed to induce (E) → (Z) isomerisation. This 
was considered necessary as cycling experiments showed an apparent degradation that is all but 

negligible when Azo-PIM is switched back and forth. This is in stark contrast to the very subtle 
degradation observed in Figure A17. However, the already described very minor degradation was 

observed when the sample was constantly illuminated with 366 nm in a one-way fashion. In cycling 
experiments, on the other hand, Azo-PIM is subjected to light of different wavelengths in an 

alternating fashion. In this case 366 and 254 nm were employed to foster (E) → (Z) and (Z) → (E) 
isomerisation, respectively. As depicted in Figure 71 a), degradation becomes obvious early on. 

During the second cycle, absorption intensities of the supposed Azo(E)-PIM (dashed, cyan) and 
Azo(Z)-PIM (dashed, blue) do only match in a rough approximation the intensity recorded for the 

initially obtained Azo(Z)-PIM (solid, red) that demarcates the lower threshold in terms of intensity of 
absorption. The fourth cycle then shows intensities that are far below that boundary. Another aspect 

was observed regarding the influence that 254 nm exert on the sample. After having reached a fairly 
high intensity during (Z) → (E) isomerisation (solid, dark grey) further illumination leads to a decrease 

in absorption intensity (solid, grey) which is why for ensuing cycling experiments a time of 200 s (in 
a), 190 s in b) was chosen for treatment with 254 nm. 
 A different scenario unfolds when a wavelength of 415 nm is utilised for (E) → (Z) isomerisation 

(Figure 71 b). In this case, even the sixth cycle of back and forth switching produces an absorption 
curve for Azo(E)-PIM that in the region above 350 nm is close to the one obtained after the first cycle 

(solid, dark grey). More strikingly, in the same region the profile for Azo(Z)-PIM remains unchanged 
over six cycles. Differences are encountered, though, most conspicuously in the region below 

 

 
Figure 71. UV-vis absorption spectra for Azo-PIM where (E) → (Z) isomerisation is promoted either by a): 
366 nm or b): 415 nm. Note that b) demonstrates a higher number of performed switching cycles as compared 
to a) and still displays better recoverability of the initially obtained spectrum for Azo(E)-PIM. 
 
350 nm. In both a) and b) the isosbestic point at 274 nm is deviated from and the band at 237 nm is 
noticeably amplified in the course of switching between the (E)- and (Z)-isomer. 

 The investigations delineated above conclusively demonstrate that a PIM-like architecture can 
tolerate large movements of its constituent parts as Azo-PIM undoubtedly exhibits photochromism. 

 



CHAPTER 3    L I GHT  

97 

In summary, UV-vis investigations lead to the following conclusions: 
 

i) (E) → (Z) isomerisation can be promoted by either 366 or 415 nm with the latter 
 showing much higher fatigue resistance over consecutive switching cycles. 

ii) (Z) → (E) isomerisation can be promoted by either 440 or 254 nm with the 
 former addressing only a narrow region of the absorption spectrum leading to 

 the assumption that this wavelength does not induce actual (Z) → (E) 
 isomerisation. Moreover, it was discovered that 440 nm do affect the monomer 

 Azo(E) already yielding a slight decrease in the intensity of absorption (see 
 Appendix). Illumination with 254 nm is more appropriate to promote (Z) → (E) 

 isomerisation.
 

The tacit assumption made up to this point that Azo-PIM’s designation as porous material was wisely 
chosen will become more pronounced during the following paragraphs. Nitrogen sorption 

experiments were performed to evaluate whether or not the system displays a porous structure of 
permanent nature. It was discovered that the apparent surface area is heavily influenced by the 
number of conducted precipitation cycles with an interdependence showing increasing values for 

SABET with an increasing number of precipitation steps. This phenomenon can be ascribed to a higher 
degree of purity attained after each cycle. It has to be mentioned that as-synthesised Azo-PIM was 

initially precipitated twice already for the sake of purification. The material purified thusly was then 
precipitated again before being submitted to nitrogen sorption, i.e. the first isotherm in Figure 72 

was recorded on a sample that has been precipitated thrice. 
 The first isotherm gives rise to a SABET of 83 m2·g-1, a value that experienced a steady increase 

over the ensuing three precipitation cycles culminating in a figure of 305 m2·g-1. For all isotherms 
hysteresis is evident and the profiles are similar insofar as they exhibit a steady increase in the 

relative pressure region between 0.1 and 0.9 with a pronounced uptake towards saturation 
pressure. One difference is that this final uptake is commensurate with the number of precipitation 

cycles. As mentioned in the introductory chapter, such an increase is usually attributed to either 
macropore filling or textural porosity. In the case of PIMs consisting of individual chains the notion of 

macropore formation is a non sequitur leaving only textural porosity to serve as explanation for the 
observed uptake. In fact, due to the intrinsic morphology of PIMs and the structural prerequisite to 
avoid space-efficient packing, textural porosity is the sole sort of porosity available to PIMs. Another 

difference between the isotherms is obvious at low relative pressures where an augmented gas 
uptake in the micropore domain is responsible for higher SABET values for samples that have been 

precipitated more frequently. 
 As can be drawn from Figure 72, SABET seems to level out after Azo-PIM has been precipitated a 

fourth time. However, to substantiate that assessment further precipitation steps are certainly 
warranted. As of this writing, due to time constraints any such enquiry to advance elucidation of that 

matter has to be stalled for the time being. 
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 Likewise, research into the switching behaviour of Azo-PIM is of very preliminary nature. First 
attempts employed a sample that has been precipitated twice after synthesis. The apparent surface 

area of that Azo(E)-PIM specimen accrues to 33 m2·g-1. In order to exclude any influence from 
precipitation procedures, which is evidently very prominent, (E) → (Z) isomerisation was tried to be 

triggered within the sorption tube. UV-vis experiments were instrumental in that regard, as the 
option was opened to induce (E) → (Z) isomerisation not only by UV but also visible light. The 

 

 
Figure 72. Isotherms derived from nitrogen sorption at 77 K after consecutive precipitation cycles of Azo-PIM 
(left). The plots are stacked along the ordinate axis for clarity. A steady increase in SABET can be noticed with 
regard to an increasing number of precipitation cycles (right). Solid symbols: adsorption, empty symbols: 
desorption. Note that for all isotherms multi-point BET analysis was performed consistently by selection of the 
same five points. 
 
sorption tube is made of glass that is not transmissive to UV-light. Visible light, however, passes 

unimpeded rendering light with a wavelength of 415 nm a suitable choice. When illuminating the 
sample within the sorption tube a caveat needs to be kept in mind. Sorption analyses as performed 

here are run on solid state samples, a condition that is not conducive to successful isomerisation so 
far as azobenzenes are concerned. Azobenzenes perform large movements upon isomerisation and 
cannot be expected to isomerise in the solid state. Nevertheless, the described experiment might be 

viewed as a confirmation of this circumstance. Indeed, after illumination with 415 nm no noticeable 
change could be witnessed and the compared isotherms look virtually alike (Figure A18). 

 
 

 CONCLU SIO N 
 

It was demonstrated that azobenzene in conjunction with a kinked molecule—a spirobiindane 
motif—yield a polymer of intrinsic microporosity. Within the polymer azobenzene units retain the 

capability to respond to electromagnetic stimuli and perform (E) → (Z) isomerisation in a reversible 
manner. It can be fathomed that the more central Azo-units, i.e. the one closer to the middle of the 

chain, have to exert more force to perform isomerisation due to the higher molecular mass that is 
tethered to those units as compared to the more peripheral ones. It is expected that isomerisation 

of the inner Azo-units is not adversely affected by this situation as it is established that azobenzenes 
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can exert considerable force as shown in numerous publications describing the influence of (E)/(Z) 
isomerisation on the structural arrangement of proteins or exploitation of the isomerisation process 

to operate molecular machines.[198,202,207-208,258] 
 UV-vis absorption shows that isomerisation in Azo-PIM is a complex matter. To elaborate upon 

this issue more comprehensively in order to e.g. explain why for (Z) → (E) isomerisation 440 nm do 
address only a narrow region of the absorption spectrum whereas 254 nm lead to a restoration of 

the initial profile, save for the intensity, (cf. Figure 70) or why switching cycles employing 366 nm for 
(E) → (Z) isomerisation display rapid degradation as compared to when 415 nm are utilised 

(cf. Figure 71), further investigations are needed. In particular, theoretical calculations should be 
exploited to buttress further research as it is feasible to have an idea about dipole moments, 

structural arrangements and (frontier) orbital as well as transition state energies prevalent in the 
two isomers of Azo-PIM. 

 Permanent porosity was proven by nitrogen sorption with a SABET of 305 m2·g-1 for a sample that 
has been precipitated four times (six times when adding the initial two cycles that are considered 

‘raw purification’). The most interesting phenomenon of an (reversible) alteration of surface area 
induced by light stimulus could not be addressed in any sufficient detail. Nevertheless, some 
thoughts on this are to be outlined here. As already noted, azobenzenes do not isomerise in solid 

state, a circumstance illustrated in Figure A18. This means that isomerisation needs to be conducted 
in solution followed by evaporation of solvent and precipitation to obtain Azo-PIM in form of a 

powder as PIMs in general tend to exhibit no porosity when obtained as film. The problem that 
arises is that precipitation evidently has a considerable influence on surface area making it partially 

fruitless to perform isomerisation in the first place as an enhanced surface area cannot 
unequivocally be attributed to the presence of the other isomer but must be considered a 

repercussion of the precipitation event. On the other hand, a significant drop in surface area after 
successful isomerisation could quite convincingly be attributed to the presence of the other isomer 

as the revealed considerable influence that precipitation has did show a clear propensity towards 
higher surface area values. However, the following step would comprise the proof of reversibility 

with an anticipated increase in surface area so that the problem adumbrated above presents itself 
anew. One way out of this predicament is to develop a methodology according to which surface area 

remains constant after at least two consecutive precipitation steps e.g. by substitution of another 
solvent mixture from which precipitation occurs. 
 Moreover, the partial t-type character of azobenzenes poses problems in terms of handling. 

When (Z)-configured, thermal relaxation to the (E)-isomer is to be thwarted by conducting 
investigations at reduced temperatures unless an azobenzene derivative is employed that features 

an appropriate substitution pattern as to exhibit a reduced proclivity towards thermally triggered 
(Z) → (E) isomerisation.[196] 

 The inability of Azo-PIM to isomerise in solid state restricts its prospective utilisation in any sort 
of device such as indicated in Figure 66 for DAE-PIM. This notwithstanding, it might be possible to 

incorporate Azo-PIM in a matrix to circumvent that problem in the following manner. When solidly 
diluted in a matrix individual Azo-PIM chains are spatially separated from each other thereby 
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avoiding mutual hindrance of isomerisation. Naturally, the space between Azo-PIM chains must be 
occupied by other matter—the matrix. Now, the success of this scenario severely depends on 

whether or not a matrix can be found that consists of e.g. polymeric or probably even better 
oligomeric chains that are flexible and mobile enough to rearrange swiftly and recoil from Azo-PIM 

chains that engage in the process of isomerisation. A matrix material of this sort might be considered 
quasi-solid or gelish. An endeavour to this end is very promising as the two isomers of Azo-PIM are 

expected to yield significantly different affinities for gases such as carbon dioxide or oxygen in 
particular due to the dipole moment that experiences a tremendous change upon isomerisation 

(cf. Figure 45). Thus, experiments regarding diffusivity and permeability are expected to yield a 
pattern that qualitatively should be comparable to the one obtained for DAE-PIM. 

 The pronouncedly higher molecular motion during isomerisation that is exerted by Azo-PIM as 
compared to DAE-PIM might lead to vastly enhanced deformations of the entire PIM chain. At this 

point, only propositions can be made as to what sort of arrangement is attained after (E) → (Z) 
isomerisation but a detail of two repeating units will suffice to illustrate that the Azo-PIM chain has 

to accommodate to the isomerisation event in a profound way (Figure 73). What can be discerned 
quite clearly is that whatever degree of linearity traverses the (E)-isomer is lost during isomerisation 
to the (Z)-counterpart compelling the chain to adopt a more compact and contorted geometry. 

 

 
Figure 73. Graphical abstract of switching event in Azo-PIM shown for a detail of two repeating units. 
Hydrogen atoms are omitted for clarity. 
 

Whether the outcome looks like a random coil or has some sort of order reminiscent of a helix 
cannot be clarified at this point in time. 
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CHAPTER 1  FILMS 
 

 
Figure A1. 13C solid-state CP-MAS NMR spectra (10 kHz) of short- (top) and long- (bottom) term CMP-1 runs. 
Spinning side bands are marked with an asterisk. The signal at 78.8 ppm is absent from the long-term sample. 
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CHAPTER 2  SILICA 
(Note: Molar masses obtained from ChemDraw Professional, v. 15.0.0.106.) 

 
SIL IC A |  PR I STI NE  

 

 
Figure A2. Result from TGA (ϑstart = 25 °C, ϑend = 1000 °C, heating rate = 10 °C·min-1, in air) performed on an 
aged sample of silica formed from TEOS and P-123. The final mass loss (grey line) accumulates to 63.4 %. 
 
 COMMENT A: MA S S O F P OLYMER A NTIC IP ATE D TO FORM  I NS IDE  T HE  PO RES 

 
The silica employed for this experiment was analysed by nitrogen sorption experiments after 

calcination, a state denoted here as pristine. NLDFT calculation disclosed a total pore volume of 
0.561 cm3·g-1 with no contributions from micropores. This volume is the space in which the polymer 

PPN-6 is desired to take shape. To assess the overall pore volume available within the reaction 
vessel, the mass of the employed silica needs to be accounted for. Theoretically, it is advisable to 

refer to the mass of the silica that was used in the beginning of the reaction because at this stage the 
template is empty with no contributing mass fractions from polymer inside the pores. However, as it 

was not possible to avoid some undetermined loss of template during handling, the initially 
employed mass cannot be referred to as reference. For this reason, the eventually obtained mass of 
the supposedly infiltrated silica after workup was used for the ongoing calculation in acknowledge-

ment that this approach suffers from the inadequacy that the final mass already contained a mass 
contribution from the polymer, if infiltration was successful. 

 Eventually, a mass of 3.57 g of supposedly infiltrated silica was gathered. Multiplied by the total 
pore volume of 0.561 cm3·g-1 an overall volume of 2.00 cm3 is determined. Multiplying this value 

with the tap density of 0.15 g·cm-3 for PPN-6[50] yields a mass of 0.300 g for PPN-6 to be formed 
inside the porous system of the silica template amounting to a mass fraction of 8.4 % for the 

polymer. Although a caveat needs to be issued on grounds of the fact that tap density does probably 
not reflect the packing situation of a polymer formed inside a template, this estimation still gives a 

rough hint for the expected mass to be found after the template has been removed. 
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SIL IC A |  F UNC TIO N ALI S AT ION WI TH HE XAME TH YLD I SIL AZ A NE (HM D S)  
 

 COM MENT B:  OB SE RVE D MAS S  CH A NGE C AU SE D B Y  HMD S  T REA TMEN T 
 

- Numbers (factors excluded) without units given in g·mol-1; R refers to the surface of the silica 
 

Theory 
a) Transformation of silica via HMDS 

 treatment: 
 R-OH → R-O-Si(CH3)3 

 - 1H + Si + 3CH3 
 - 1.008 + 28.085 + 3 · (12.011 + 1.008) 

 = + 66.134 (≜ 100 %) 
 

 
b) Decomposition of functionalised surface 

 during TGA: 
 R-O-Si(CH3)3 → R-O-Si 

 - 3CH3 
  - (3 · (12.011 + 1.008)) 

 = - 39.057 (≜ 59.1 %) 
 

Experiment 
Mass gain caused by HMDS functionalisation: 8.3 % (≜ 100 %) with respect to final mass 
Mass loss according to TGA:      4.7 % (≜ 56.6 %) 

 

 

Figure A3. Result from TGA (ϑstart = 25 °C, ϑend = 1000 °C, heating rate = 10 °C·min-1, in air) performed on a silica 
sample that has been calcined and subsequently functionalised with HMDS. The final mass loss (grey line) 
accumulates to 4.7 %. 
 
 COM MENT C:  DEG REE  O F HMD S-FU NC TIO N ALI S ATIO N 

 
This calculation relies on the value of 1.7 hydroxy groups per nm2 that are accessible to HMDS 

molecules.[181] In conjunction with Avogadro’s constant a value of 2.823 µmol·m-2 is determined. The 
employed silica template exhibited a SABET of 595 m2·g-1. As 4.1957 g of pristine template were 

employed a total surface area of 2496.44 m2 was provided in the course of the reaction, which in 
turn yields a total molar amount for present hydroxy groups of 2.823 µmol·m-2 · 2496.44 m2 = 
7.047 mmol. 
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 The observed mass gain of 0.3776 g (9.0 or 8.3 % with regard to initial or final mass, respectively) 
is assumed to hail exclusively from TMS groups. However, as one proton must be sacrificed for each 

TMS unit to bind to a silanol group a molar mass of 72.182 g·mol-1 (TMS minus one proton) for each 
additional TMS group is reckoned with. As a result, the mass gain translates into a molar amount 

5.231 mmol of added TMS groups. By dividing that value by the molar amount of present hydroxy 
groups yields a degree of functionalisation in per cent of 5.231 mmol · (7.047 mmol)-1 = 74.2 %. 

 
 COM MENT D: MA S S O F P OLYMER A NTIC IP ATE D TO FORM  I NS IDE  T HE  PO RES 

 
The calculation follows the same procedure as utilised under Comment A. The employed silica 

exhibited a pore volume of 0.529 cm3·g-1. A mass of 4.2132 g of supposedly infiltrated silica was 
gathered. Multiplied by the total pore volume of 0.561 cm3·g-1 an overall volume of 2.23 cm3 is 

determined. Multiplying this value with the tap density of 0.15 g·cm-3 for PPN-6[50] yields a mass of 
0.3343 g for PPN-6 to be formed inside the porous system of the silica template constituting a mass 

fraction of 7.9 % for the polymer. This value has to be augmented by the mass loss for the HMDS-
functionalised sample of 4.7 % to estimate a mass loss encountered during TGA of 12.6 %. 
 

 
SIL IC A |  F UNC TIO N ALI S AT ION WI TH P AR AB ROMOP H ENYLT RIME THO XY SIL A NE (PBPTMO S)  

 
 COM MENT E:  CO RREL AT I ON BE TWEE N M A SS  I NCRE A SE  AN D IN TRO DUCE D P B PTMOS  SPECIE S  

 
The molar amount of PBPTMOS employed in the functionalisation experiment was 16.704 mmol. 

The mass gain induced by functionalisation was measured to be 3.6608 g. That mass corresponds to 
a certain amount of introduced functional moieties. However, attention has to be paid to what 

species of PBPTMOS is considered to be present. PBPTMOS bears three methoxy groups each of 
which can but not necessarily does undergo a condensation reaction with a hydroxyl at the surface 

of the silica. Each condensation reaction releases one methanol molecule to give rise to a siloxane 
bond formation. Thus, it is important to recognise whether two, one, or none methoxy groups are 

kept per PBPTMOS unit after attachment to the silica. These different species will be designated M2, 
M1, and M0 for the following consideration (Figure A4). As there will be different molecular weights 
associated with M2, M1, and M0 the measured mass increase can be related to the presence of one 

or the other species. As every condensation reaction sacrifices formally one hydrogen atom 
belonging to surface hydroxyls to form methanol, the molecular weights of M2, M1, and M0 need to 

be reduced by the molecular weight of one, two, and three hydrogen atoms, respectively. 
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Figure A4. Formal chemical structures of the PBPTMOS species that can possibly contribute to the mass 
increase. Depending on whether one, two, or all three methoxy groups have undergone condensation 
reaction, two (M2), one (M1), or none (M0) methoxy groups, respectively, will be maintained in the surface 
bonded moiety. Formally correct charges on the silicon atom are omitted for clarity. 
 

Results of calculations employing the different molecular weights: 
n(Mx) = mgained  · MPBPTMOS species  = nPBPTMOS species 

n(M2) = 3.6608 g · 245.147 g·mol-1  = 14.933 mmol 
n(M1) = 3.6608 g · 213.105 g·mol-1  = 17.178 mmol 

n(M0) = 3.6608 g · 181.063 g·mol-1  = 20.218 mmol 
 

It can easily be understood that two of those reckonings do not comply with reality: n(M1) and 
n(M0), for the simple reason that the calculated molar amount of attached PBPTMOS exceeds the 

amount of 16.704 mmol employed in the first place. Naturally, it is possible that combinations of the 
three condensation events (one-, two-, and three-fold) did occur. However, this is not part of this 

deliberation. 
 The previous reflection suggests that the functionalisation proceeded via one-fold condensation 

reaction leaving the attached parabromophenylsiloxane moiety with two remaining methoxy 
groups. The following will show that this hypothesis can be substantiated by TGA analysis. 
 

 COM MENT F:  OB SER VE D MAS S  CH A NGE C AU SE D B Y  PBP TMOS  T REA TMEN T 
 

- Numbers (factors excluded) without units given in g·mol-1; R refers to the surface of the silica 
 

Theory 
a) Transformation of silica via PBPTMOS 

 treatment: 
 R-OH → R-O-Si(OCH3)2-(C6H4)-Br 

 - 1H + Si + 2(OCH3) + 6C + 4H + Br 
 - 1.008 + 28.085 + 2 · (15.999 + 12.011 + 

 3 · 1.008) + 6 · 12.011 + 4 · 1.008 + 79.904 
 = + 245.147 (≜ 100 %) 

 
 
 

 

 
b) Decomposition of functionalised surface 

 during TGA: 
 R-O-Si(OCH3)2-(C6H4)-Br → R-O-Si 

 - Br - 6C - 4H - 2(OCH3) 
 - 79.904 - 6 · 12.011 - 4 · 1.008 - 

 2 · (15.999 + 12.011 + 3 · 1.008) 
 = - 218.070 (≜ 89.0 %) 

 

BrSi
MeO

MeO BrSi

C6H4BrSi
184.087 g·mol-1

-3H: 181.063 g·mol-1

C8H10BrO2Si
246.155 g·mol-1

-1H: 245.147 g·mol-1

BrSi
MeO

C7H7BrOSi
215.121 g·mol-1

-2H: 213.105 g·mol-1

M2 M1 M0
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Experiment 
Mass gain caused by PBPTMOS functionalisation: 17.5 % (≜ 100 %) with respect to final mass 

Mass loss according to TGA:       16.1 % (≜ 92.0 %) 
 

 
Figure A5. Result from TGA (ϑstart = 25 °C, ϑend = 1000 °C, heating rate = 10 °C·min-1, in air) performed on a silica 
sample that has been calcined and subsequently functionalised with PBPTMOS. The final mass loss (grey line) 
accumulates to 16.1 %. The sudden mass loss at around 400 °C amounts to 4.9 % and is ascribed to the loss of 
bromine. 
 
 Indeed, the assumption of a one-fold condensation reaction leaving two methoxy groups on the 

attached PBPTMOS unit produces the best result in a theoretical approach to rationalise the TGA 
findings. The mass loss measured by virtue of TGA amounts to 16.1 %, which constitutes 92.0 % of 

the mass gain. Theory predicts a ratio of mass loss to mass gain in per cent of 89.0 % when putting 
into relation the increase in mass observed for the transformation of a hydroxyl to a parabromo-

phenyldimethoxysilane moiety to the mass loss experienced during TGA. Although these values 
differ to some extent they still are in reasonable conformity to each other. 
 Another hint for the legitimacy of the hypothesis of a one-fold condensation event is the 

plummeting mass loss observed at around 400 °C in the TGA plot (Figure A5). This step accumulates 
to a decline in mass of 4.9 % and is ascribed to the expulsion of bromine.  When set into relation to 

the total mass loss of 16.1 %, the witnessed step accounts for 30.4 %. Bromine, on the other hand, 
constitutes 44.1, 37.5, and 32.6 % of the molecular weight of the parabromophenyl moieties bearing 

none, one, and two remaining methoxy groups, respectively. Thus, applying the molecular weight of 
the parabromophenyl species bearing two methoxy groups, the outcome of a one-fold condensation 

event, yields the result that conforms best to the experimentally obtained value. 
 

 COM MENT G:  DEG REE  OF  PBPTMO S-F UNC TIO N ALI S A TIO N 
 

This calculation relies on the value of 1.7 hydroxy groups per nm2.[181] Although this value was 
established for hydroxyls accessible to HMDS it is still considered a valid parameter to apply albeit 

PBPTMOS is a bigger molecule than HMDS. If anything, that number most probably would encounter 
reduction since it is reasonable to argue that less surface hydroxyls are accessible to bigger 
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molecules as compared to the number that can be reached by smaller ones. In reducing the value of 
1.7 groups per nm2, however, the degree of functionalisation will be enhanced since in the applied 

fraction the denominator will be decreased while the numerator remains unchanged. 
 Taking the aforesaid value of 1.7 groups per nm2 into account in conjunction with Avogadro’s 

constant a value for present hydroxyl groups of 2.823 µmol·m-2 is determined. The employed silica 
template exhibited a SABET of 486 m2·g-1. As 17.2205 g of pristine template were employed a total 

surface area of 8369.16 m2 was provided in the course of the reaction, in turn yielding a total molar 
amount for present hydroxy groups of 2.823 µmol·m-2 · 8369.16 m2 = 23.626 mmol. 

 Supposing that the incoming PBPTMOS molecules underwent a one-fold condensation reaction 
the observed mass gain of 3.6608 g (21.3 or 17.5 % with regard to initial or final mass, respectively) 

is assumed to hail exclusively from parabromophenyldimethoxysilyl (PBPDMOS) groups. However, as 
one proton from the surface hydroxy groups must be sacrificed for each condensation step a molar 

mass of 245.147 g·mol-1 (PBPDMOS minus one proton, cf. Figure A4) for each additional PBPDMOS 
group is reckoned with. As a result, the mass gain translates into a molar amount 14.933 mmol of 

added PBPDMOS groups. By dividing that value by the molar amount of present hydroxy groups 
yields a degree of functionalisation in per cent of 14.933 mmol · (23.626 mmol)-1 = 63.2 %. 
 

 COM MENT H: MA S S O F P OLYMER A NTIC IP ATE D TO FORM  I NS IDE  T HE  PO RES 
 

The calculation follows the same procedure as applied under Comment A. The employed silica 
exhibited a pore volume of 0.383 cm3·g-1. Masses of 9.5135 and 9.6889 g of supposedly infiltrated 

silica were gathered for wet- and dry-approach, respectively. Multiplied by the total pore volume of 
0.383 cm3·g-1 overall volumes of 3.64 and 3.71 cm3 are determined that by multiplication with the 

tap density of 0.15 g·cm-3 for PPN-6[50] translate into masses of 0.5466 and 0.5566 g for wet- and dry-
approach, respectively, for polymer formed inside the porous system of the silica template. Both 

these figures lead to a mass fraction of 5.7 % for the polymer within its respective sample. In 
contrast to the case of the HMDS-functionalised sample this value must not be augmented by solely 

adding the mass loss observed during TGA of the, in this case, PBPTMOS-functionalised silica. Unlike 
HMDS, the PBPTMOS motif does partake in the reaction hence experiences a mass loss, the loss of 

bromine, upon successful tethering of polymer to the surface. This intrinsic mass loss has to be 
allowed for and as delineated under Comment E a one-fold condensation is presumed for the 
functionalisation in which case bromine accounts for 32.6 % of the mass of the surface bonded 

PBPTMOS moiety (cf. Comment F). That percentage has to be deducted on a proportionate basis 
from the mass loss of the PBPTMOS-functionalised silica of 16.1 % yielding a mass loss corrected for 

the loss of bromine of 10.9 %. That value is in good agreement with the number of 11.2 % that is 
obtained when subtracting the mass loss of 4.9 % observed at around 400 °C from the total mass 

loss of 16.1 % (cf. Figure A5). The figure of 10.9 % is relevant to be added to the calculated weight 
fraction for the polymer of 5.7 % leading to a theoretical mass loss induced by combustion of 16.6 %. 
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CHAPTER 3  LIGHT 
 

 
Figure A6.  Photographs of 1,3,5-triehtynylbenzene as-purchased and after a filtration run through silica with 
dichloromethane as mobile phase. 
 

 

 
Figure A7. Full range pore size distribution according to QSDFT (calc. model: N2 at 77 K on carbon; slit pore, 
QSDFT adsorption model) for DAEO-CMP (black graph) and DAEC-CMP (grey graph). 
 

 

 
Figure A8. Full range pore size distribution according to QSDFT (calc. model: N2 at 77 K on carbon; slit pore, 
QSDFT adsorption model) for DAEC-CMP (black graph) and DAEC-CMP that underwent illumination (grey 
graph). 
 

 
 

as-purchased after
filter column
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Note on QSDFT adsorption model: 
The software ASiQwin (v. 3.01) that was used for the analysis did not have implemented an 

adsorption model for the desired method of calculation. Therefore, desorption points of the 
isotherm were deleted and an equilibrium model was applied to that modified isotherm. In this way 

an adsorption model was simulated to be applied to the isotherm—credits to Dr. Jérôme Roeser for 
suggesting that methodology to the author. 

 
 

 
Figure A9. Photographs of DAE-PIM switched in solid state as powder as obtained from precipitation from 
methanol. 
 

 

 
Figure A10. a) Isotherms derived from nitrogen sorption at 77 K for DAEO-PIM obtained as both powder from 
precipitation (black graph) and film from evaporation (red graph). b) Isotherms derived from nitrogen sorption 
at 77 K for DAE-PIM film-like samples obtained via evaporation of solvent. The lack of porosity is evident in 
both films that incorporate the open and films that incorporate the closed isomer of DAE-PIM irrespective of 
whether switching was conducted in solid state (ss) or dissolved state (ds). Solid symbols: adsorption, hollow 
symbols: desorption. 

precipitated 254 nm, 30 s 254 nm, 60 s 254 nm, 90 s

550 nm, 60 s 550 nm, 120 s550 nm, 90 sclosed

open closed

closed open



APPEN DIX  

111 

 
Figure A11. UV-vis absorbance spectrum to determine the conversion rate of the sample that shows a drop in 
SABET after UV-treatment. The powder sample has been illuminated with 254 nm for 90 s (black solid curve). 
For UV-vis measurement the as-irradiated sample was dissolved in dichloromethane and after its spectrum has 
been recorded that dissolved sample was treated further with 254 nm for additional intervals of illumination 
(dashed curves) to obtain the maximal achievable conversion (grey solid curve) after 180 s of illumination time 
in the dissolved state, i.e. a total duration of illumination of 270 s. To determine the conversion rate with 
regard to the maximal achievable conversion the absorbance values at 610 nm were set into relation. Such 
comparison between the red and blue curve yields a conversion rate of 5 %. 
 

 

 
Figure A12. Chemical structure of Matrimid. 
 
 

 
Figure A13. Permeability for oxygen (circles) and carbon dioxide (squares) at 35 °C and 10 bar of pure Matrimid 
(left) and DAE-PIM@MI (right) for subsequent measurements in between which the composite was switched 
by light. 
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Figure A14. Photographs of Azo-PIM obtained as powder or flakes from precipitation (left) and as film from 
evaporation of solvent (right). 
 
 

 
Figure A15. NMR spectra of Azo-PIM recorded at r.t. and elevated temperature to accelerate possible 
rotational movements and reduce the number of fluorine species that can be distinguished by NMR 
spectroscopy. As both spectra look alike, the presence of rotamers is ruled out. 
 
 

 
Figure A16. UV-vis absorption spectra of 3,3’,4,4’-tetrafluoroazobenzene to illustrate the influence of 440 nm 
on the (E) isomer. The inset shows a close-up on the absorption band in the visible region. As a recurring 
pattern during UV-vis investigations of Azo-PIM it was observed that the intensity of UV-vis absorption after 
(Z) → (E) isomerisation triggered by 440 nm did not reach the initial value exhibited by Azo(E)-PIM. (E) → (Z) 
isomerisation was induced by UV light at 366 nm and the reverse process by 440 nm. As the photochromic 
entity in Azo-PIM is the azobenzene moiety, the monomer 3,3’,4,4’-tetrafluoroazobenzene (“Azo”) was studied 
in more detail. It was discovered that illumination with 440 nm already exerts an influence on Azo(E), i.e. the 
monomer with an (E)-configured N=N double bond. When irradiated with said wavelength the absorption 
profile for Azo(E) shows an evolution reminiscent of the actual (E) → (Z) isomerisation process. However, this is 
true only for the beginning and the process stops and yields a new photo-stationary state (PSS) close to the 
initial absorption pattern of the (E) isomer. 

Azo-PIM 19F{1H} _ 25 °C

Azo-PIM 19F{1H} _ 55 °C
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Figure A17. Overexposure to 366 nm. UV-vis absorption spectra of Azo-PIM recorded during (E) → (Z) 
isomerisation utilising 336 nm. After sustained illumination, a deviation from the isosbestic points at 274 and 
475 nm is observed (insets). 
 

 

 
Figure A18. Isotherms derived from nitrogen sorption at 77 K for Azo(E)-PIM before (black) and after 
illumination with 415 nm in solid state (grey). Solid symbols: adsorption, hollow symbols: desorption. 
 

 
 
 

Note on 3D renderings: 

Figures 1, 3, 6 (left part), 33, 52, and 66 were conceived and produced by the author of this thesis by 
utilisation of the 3D software            , which can be obtained free of charge from 

https://www.blender.org/download/ (as of December 2016). 
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INSTR UMENTATIO N  

 

Samples for nitrogen sorption at 77 K and krypton sorption at 87 K were activated by degassing in 

vacuum at varying temperatures and for varying periods of time. For a detailed overview refer to 

appended spreadsheet. Samples measured on Quadrasorb have been activated with a MasterPrep 

whereas those measured on or Autosorb-iQ have been activated directly on the Autosorb machine. 

All devices mentioned in this paragraph were manufactured by Quantachrome Instruments. The 

employed software was ASiQwin (v. 3.01). 

 

 

 

Surface enhanced infrared absorption spectroscopy (SEIRAS)—operated by Nina Heidary at 

Technische Universität Berlin—for monitoring the adsorption of a 4-bromothiophenol self-

assembled monolayer on a gold surface was carried out in a Kretschmann-like attenuated total 

reflection configuration. Details about the ATR-FTIR set-up are given elsewhere.[259-260] The 

removable single crystal silicon prism of the ATR cell was coated with a thin nanostructured gold film 

to obtain an adequate surface enhancement. FTIR spectra were recorded with a spectral resolution 

of 4 cm-1 on a Bruker IFS66v/s IR spectrometer equipped with a photoconductive MCT detector 

cooled with liquid nitrogen. For each spectrum 400 scans were accumulated. 

 

Liquid NMR analyses was conducted on a Bruker Avance II 400 MHz or 200 MHz device. Solid state 

NMR spectra were recorded on a Bruker Avance 400 MHz Solid State. The data were processed using 

the Topspin software (v. 3.2). 

adsorbate machine

ϑ / °C t / h

PPN-6_films Kr Autosorb iQ 100 1

PPN-6_bulk_18 h N2 Autosorb iQ 200 17

PPN-6_bulk_18 min N2 Quadrasorb 110 20

PPN-6_bulk_50 min N2 Quadrasorb 110 20

CMP-1_bulk_35 min N2 Autosorb iQ 80 20

CMP-1_bulk_19 h N2 Autosorb iQ 80 20

silica_pristine N2 Quadrasorb 80 20

silica_PPN-6_1st polym. N2 Quadrasorb 110 20

silica_PPN-6_2nd polym. N2 Quadrasorb 110 20

silica_HMDS N2 Quadrasorb 80 20

silica_HMDS_PPN-6 N2 Quadrasorb 110 20

silica_PBPTMOS N2 Quadrasorb 80 20

silica_PBPTMOS_PPN-6_wet N2 Quadrasorb 110 20

silica_PBPTMOS_PPN-6_dry N2 Quadrasorb 110 20

DAE-CMP_open N2 Autosorb iQ 70 20

DAE-PIM N2 Quadrasorb 40 10

DAE-Azo N2 Quadrasorb 40 10

activation



EXPERIME NTAL  PART  

117 

UV−vis analyses were carried out on a Varian Cary 300 Scan UV−visible Spectrophotometer 

(instrument version 10) employing a scan rate of 600 nm·min-1 and a data interval of 1 nm with the 

source changeover set to 350 nm. The used software was Varian Cary WinUV Software. 

 

Infrared spectra were acquired on a Varian 640IR spectrometer equipped with a GladiATR cell and 

running the Varian ResolutionsPro (v. 5.2.0) software. 

 

SEM and EDX analyses—operated by Prof. Anna Fischer, Axel Heilemann and Dr. Amandine Guiet at 

Technische Universität Berlin and Albert-Ludwigs-Universität Freiburg—were acquired using either a 

FEG-SEM Hitachi SU8030, operated between 5 and 15 kV, equipped with a TEAM EDX-System from 

EDAX (30 mm2 SDD) or a FEG-SEM Hitachi SU8220, operated between 5 and 15 kV, equipped with 

an EDX System (X-Flash and FlatQuad) from Bruker. 

 

Elemental analyses were performed on a Thermo FlashEA 1112 Organic Elemental Analyzer using 

dynamic flash combustion or high-temperature pyrolysis in combination with the Eager 300 

software. Note: A ‘Δ’ in the percentage values for certain elements, e.g. fluorine, denotes a value hat 

is obtained by deduction of the other obtained measured values from 100 %. 

 

Thermo-gravimetric analyses were conducted on a Mettler Toledo TGA1 STARe System using the 

STARe SOFTWARE (v. 12.10b). 

 

Mass spectrometric measurements were obtained by employing a LTQ Orbitrap XL (atmospheric-

pressure chemical ionization (APCI) and electrospray ionization (ESI)) or a MAT 95S (electron impact 

(EI) ionization) equipped with the Excalibur software (v. 2.10). 

 

Powder X-ray diffraction analyses were performed on a Bruker D8 Advance using the Cu Kα 

excitation wavelength of λ = 154.18 pm and the DiffracSuite software package (v.2 2.2.60.0). 

 

Gel permeation chromatography was conducted on a device from Thermo Separation Products in 

combination with a Shodex RI-71 detector and the PSS WinGPC UniChrom software (v. 8.0.6). 

 

Gas diffusion experiments—operated by Nora Konnertz and Martin Böhning at Bundesanstalt für 

Materialforschung und -prüfung—were conducted applying the time-lag method. In a temperature-

controlled set-up the dense, defect-free polymer film with a diameter of 38 mm is placed in a 

permeation cell on a porous metal support and sealed by a Viton O-ring. The film and the entire cell 

are thouroughly evacuated before the probe gas is fed into the upstream compartment. The 

pressure in the closed and previously evacuated downstream volume is measured with a 

temperature-controlled MKS Baraton gauge (128 A, 10 mbar range) and recorded as function of 

time.[250] 
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Illumination for the purpose of isomerisation was done using either a laboratory lamp usually 

employed for thin layer chromatography at 254 nm (6 W) for UV exposure or a Lumatec Superlite 

S400 at 550 nm for exposure to visible light. At one instance, a 1000 W Xe-Arc lamp (model 6271) 

from Newport Spectra-Physics with an optical filter to generate 480 nm was utilised in the attempt 

to switch open the closed form of DAE-CMP. This experiment was conducted by Dr. Alexis Goulet-

Hanssens at Humboldt-Universität zu Berlin. 

 

Glovebox: MBraun UniLAB with Siemens Panel Touch, H2O < 0.1 ppm, O2 < 0.1 ppm) 

Vacuum oven: Heraeus model VT6025 

 

MATER IAL S  

(chemicals were used as received unless stated otherwise; percentage values are given as wt.%) 

 

Nitrogen and argon gas (< 2.0 ppm-mol H2O, 99.999 %) were purchased from Air Liquide. 

 

Deionised water (0.057 µS) was home-grown with a Millipore Elix 20 with 12’’ vent Ctg with CO2 trap 

and a Q-Gard TL. 

 

Ethanol (≥ 99.8 %), methanol (≥ 99.0 %), acetone (≥ 99.9 %), n-pentane (≥ 99.0 %), n-hexane 

(≥ 95.0 %), dichloromethane (≥ 99.5 %), chloroform (≥ 99.0 %), tetrahydrofuran (≥ 99.5 %), toluene 

(≥ 99.5 %), acetonitrile (≥ 99.9 %), diethylether (≥ 99.5 %), and acetic acid (100 %) were purchased 

from Carl Roth. 

N,N’-dimethylformamide (≤ 0.005 % H2O, 99.8 %), tetrahydrofuran (≤ 0.005 % H2O, 99.5 %) were 

purchased from Acros Organics. 

Diethylether (anh., stabiliser: BHT, ≥ 99.0 %), chloroform (anh., stabiliser: amylenes, ≥ 99.0 %), 1,4-

dioxane (anh., 99.8 %) were purchased from Sigma Aldrich. 

 

Parabromophenyltrimethoxysilane (99 %) was purchased from Gelest. 

Octafluorocyclopentene (97 %) was purchased from ChemPur. 

Tetraphenylmethane (96 %) was purchased from Alfa Aesar. 

Sulphuric acid (98 %), hydrogen peroxide (aqueous, 30 %), silica gel (40-63 µm, 400-230 mesh), 

sodium hydroxide (≥ 99.0 %), hydrochloric acid (aqueous, 37 %), and sodium sulphate (≥ 99.0 %) 

were purchased from Carl Roth. 

2,2'-dibromo-9,9'-spirobi[9H-fluorene] and 1,3,5-triethynylbenzene were purchased from TCI. The 

former was purified by column chromatography prior to use. 1,3,5-triethynylbenzene was purified 

by a filter column (eluent: dichloromethane). 

4-iodobenzenesulphonyl chloride (97 %), bis(1,5-cyclooctadiene)nickel(0), potassium hexacyanofer-

rate(III) (99 %), and potassium carbonate (99 %) were purchased from Acros Organics. Potassium 

carbonate was dried in vacuum at 170 °C for 24 h when required. 
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Tetrakis(triphenylphosphine)palladium(0) (99 %), 4-bromothiophenol (95 %), bromine (99 %), tri-

phenylphosphine (99 %), 2,2’-bipyridyl (≥ 99.0 %), 1,5-cyclooctadiene (≥ 99.0 %), 1,4-diiodobenzene 

(99 %), Pluronic-123 (100 %), tetraethyl orthosilicate (98 %), hexamethyldisilazane (99 %), 2-methyl-

thiophene (98 %), n-BuLi (1.6 mol·l-1 and 2.5 mol·l-1 in hexanes), chloro trimethylsilane (≥ 99.0 %), 

iodine monochloride (100 %), triisopropyl borate (98 %), copper(I) iodide (98 %), 1,1’-bis(diphenyl-

phosphino)ferrocene (97 %), [1,1’-bis(diphenylphosphino)ferrocene]dichloro palladium(II) (100 %), 

potassium acetate (100 %), bis(pinacolato)diboron (99 %), 3,5-difluoroaniline (99 %), potassium 

hydroxide (100 %), 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobiindane (96 %), triethyl-

amine (anh., ≥ 99.5 %), sodium thiosulphate (≥ 98.0 %), and gold coated silicon wafers (thickness of 

silicon: 0.5 mm, crystalline orientation: <100>, coated with titanium (99.99 %) adhesion layer to bind 

the gold (99.999 %, 100 nm thickness, polycrystalline with preference to <111> orientation) to the 

silicon wafer) were purchased from Sigma Aldrich. Potassium acetate was dried in vacuum at 170 °C 

for 48 h when required. 

 

GENER AL  P ROCED URE  FO R  SAM  FO RM ATI ON  

Silicon wafer shards were cleaned prior to use by treatment with piranha solution for 10 min.1 

subsequently wafer pieces were flushed with copious amounts of water followed by ethanol and 

dried in a nitrogen stream whereupon the wafer shards were immersed in a 1 mmol·l-1 ethanolic 

solution of the respective SAM-molecule (4-bromothiophenol or 4-iodothiophenol) in a vial. The 

solution was covered with argon, the vial sealed and placed in the dark for 16 h. The functionalised 

pieces were taken out, flushed thoroughly with ethanol and dried in a nitrogen stream. 

 As-prepared SAM-functionalised substrates were subjected to reaction mixture within hours 

until when they were stored in an argon filled vial in order to avoid adventitious adsorption of water 

or any organic compound ubiquitously present in a laboratory environment.[124,261] 

 

GENER AL  P ROCED URE  FO R  FILM  F O RM ATI ON
[122] 

In order to avoid mechanical stress imposed upon the substrates by a stirrer, a scheme was 

conceived that enabled the silicon shards to be immersed in the solution from atop with no contact 

whatsoever to a stirrer inside the reaction vessel. Additionally, the applied technique permitted the 

immersion depth to be controlled. To achieve this, the samples were hold by a crocodile clip the 

teeth of which were covered by several layers of PTFE thread. This proved necessary owing to the 

single crystalline nature of the wafer shards the anisotropy of which can lead to breakage only by 

the pressure that is generated by the spiky teeth of the crocodile clip. PTFE covering disposed of this 

                                                           
1
 Piranha solution (Caro’s acid): conc. sulphuric acid/30 % aqueous hydrogen peroxide 2/1 (V/V). 

Warning! Piranha solution is an extremely oxidising agent. Nascent oxygen will react violently with anything 

organic. Therefore, any organic residues, even remaining solvent in a frit, must be avoided by prior washing 

with polar organic solvent followed by copious amounts of water. Moreover, in order to avoid an excess of 

peroxide, sulphuric acid has to be allocated firstly followed by hydrogen peroxide of no more than half the 

allocated volume. When mixed, the solution gets boiling hot so that glass apparatuses cannot be handled 

barehanded. 
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problem as the pressure was reduced due to enhanced contact surface between the clip and the 

shard. The clip itself was attached to a wire (iron coated with zinc) that was pierced through a 

septum thus ensuring an inert atmosphere and at the same time allowing of the substrates to be 

immersed in the solution from atop (cf. Figure 23). 

 The final assembly of the reaction vessel was conducted inside a glovebox. After the solution has 

been prepared, the vials were sealed with a septum that accommodated the crocodile clip holding 

two substrates back to back. In this manner, two substrates with two different SAMs could be 

subjected at once to the very same reaction mixture or, for that matter, one SAM-functionalised and 

one blank sample. Having thus ensured an inert atmosphere, vials were taken out of the glovebox 

and placed for stirring inside fume hood either at room temperature (r.t.) (PPN-6 films) or at 80 °C 

(CMP-1 films). 

 

MONOL IT HIC  SBA-15-TY PE  S IL IC A  

In a typical synthesis a 50 ml round bottom flask was charged with block-copolymer P-123 (2.0 g) 

followed by ethanol (10.0 ml) and HCl(aq) (1.0 mol·l-1, 0.4 g, 0.4 ml). The mixture was stirred until a 

homogeneous suspension was obtained before tetraethyl orthosilicate (TEOS) (4.16 g) was added 

dropwise via pipette. The sol was then stirred for 15 min before being poured into vessels of e.g. 

tubular shape. The sol was left ageing at r.t. for 40 h to yield a solidified, clear gel that was not 

entirely crack free but still retained the shape of the mold. At this stage the gels were covered with a 

layer of paraffin oil ca. 3 mm in thickness before being subjected to ageing at elevated temperature 

(60 °C, 18 h). As a result, crack formation became enhanced leading to silica blocks that fell apart yet 

not into powder but rather into tangible chunks. 

 The shape of the vessel the sol is poured into has a tremendous effect on the first ageing 

progress at r.t. For example, when a syringe, large (20 ml) or small (1 ml), was filled with sol and left 

standing with the only opening being the tip of the syringe (no needle attached), the sol would not 

solidify but rather display sedimentation of its components. Conversely, a 50 ml cylindrical glass vial 

(diameter 2.4 cm, height 9.5 cm) with an opening of ca. 2.3 cm gave the best results. The main 

reason is the opening of the respective vessel and how well it allows the ethanol to evaporate. 

 The aged silica chunks were subjected to calcination according to the following heating protocol: 

- 25 °C to 550 °C in 17.5 h (30 °C·h-1) 

- 550 °C for 6 h 

- cooling to r.t. overnight 

 

FUNC TIO NALI SAT ION WI T H HMD S  

Monolithic silica chunks (4.1957 g) were dried under vacuum at 120 °C for 4 h to remove residual 

water before being immersed in dry toluene (30 ml). At r.t. and under argon atmosphere HMDS 

(18.7967 mmol, 3.0337 g, 3.9917 ml) was added via syringe. In order not to impair the structural 

integrity of the silica chunks the magnetic stirrer was operated very carefully initially before being 

deactivated altogether. Mixture was heated up to 70 °C and kept at this temperature for 23 h before 

being allowed to cool to r.t. After silica pieces were collected via filtration (frit, porosity 4, vacuum) 
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and washed with toluene, acetone, ethanol, ethanol/water (1/1, V/V), water, ethanol, acetone, n-

pentane in that order, they were dried in vacuum at 80 °C for 15 h. 

 

FUNC TIO NALI SAT ION WI T H P BPTMO S  

Monolithic silica chunks (17.2205 g) were dried under vacuum at 120 °C for 24 h to remove residual 

water before being immersed in dry toluene (60 ml). At r.t. and under argon atmosphere PBPTMOS 

(16.7039 mmol, 4.6301 g, 2.8371 ml) was added via syringe. Without stirring mixture was refluxed 

overnight before being allowed to cool to r.t. 

After silica pieces were collected via filtration (frit, porosity 4, vacuum) and washed with copious 

amounts of dichloromethane, they were dried in vacuum at 80 °C for 20 h. 

 

PPN-6  FO RM ATIO N |  WE T-APP RO ACH  

The procedure was carried out in a glove box. A flame-dried glass vial was charged with bis(1,5-

cyclooctadiene)-nickel(0) (4.6258 eq., 0.6020 mmol, 0.1656 mg), 2,2'-bipyridyl (4.6028 eq., 

0.5990 mmol, 0.0936 mg), dry DMF (12.5 ml) and dry THF (10.5 ml). The mixture was stirred until a 

solution was obtained. 1,5-cyclooctadiene (4.6575 eq., 0.6061 mmol, 0.0656 mg, 0.0745 ml) was 

added via Eppendorf pipette and solution stirred for a 1 min. Monomer tetrakis(4-

bromophenyl)methane (1.0000 eq., 0.1301 mmol, 0.0828 g) dissolved in THF (2 ml) was added via 

pipette and complemented reaction mixture stirred for 0.5 min. PBPTMOS-functionalised silica 

pieces (9.8700 g) were transferred into reaction vial and without stirring reaction proceeded for 18 h 

after which aqueous hydrochloric acid (6 mol·l-1, 8.1 ml). Mixture was slightly moved to ensure 

proper mixing and left standing for ca. 2 h until colour changed from brownish-red to blueish-green. 

Bulk polymer floated at top of liquid phase whereas silica pieces rested at bottom. Bulk PPN-6 could 

be removed via pipette. Silica pieces were filtered off (frit, porosity 4, vacuum), washed with water 

and methanol thrice each and THF once before being Soxhlet extracted (THF, overnight) and 

subsequently dried in vacumm (110 °C, 26 h). 

 

PPN-6  FO RM ATIO N |  D R Y-APP ROAC H  

The procedure equals the protocol described above for the wet-approach up until the point where 

the silica pieces are introduced into the reaction vial. After that has been achieved the 

heterogeneous mixture was left standing for 5 min before the reaction mixture was withdrawn via 

pipette yielding the silica pieces bereft of surplus reaction medium but properly impregnated 

(cf. Figure 41). Quenching with HCl(aq) necessitated prior addition of THF (25 ml) in order generate a 

liquid environment. After silica pieces turned from brownish-red to blueish-green (ca. 2 h) the 

procedure again equals the one described in the wet-approach. 

 

TETR AKI S(4-B ROMOP HENYL )METH ANE
[262] 

A 50 ml two-neck round bottom flask—equipped with a Dimroth reflux condenser to accommodate 

and alleviate bromine fumes—was charged with bromine (20.0 eq., 125.7841 mmol, 20.1013 g, 

6.4795 ml). At r.t., tetraphenylmethane (1.0 eq., 6.2892 mmol, 2.0152 g) was added under stirring as 
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solid in small portions. With the flask left open, the heterogeneous 

mixture was stirred for 45 min and then cooled to -78 °C (solid 

CO2/acetone) to add ethanol (excess, 15.7 ml) dropwise. The reaction 

mixture was allowed to warm to r.t. overnight. The solid was filtered 

off (frit, porosity 5, vacuum) and washed with aqueous sodium 

thiosulphate solution (0.5 mol·l-1, 200 ml) and water (400 ml) to yield a 

brown-yellowish solid that was thoroughly dried in the frit. The solid 

was then dissolved in THF (60 ml) and sodium sulphate added to remove residual water. Solution 

filtered off (folded filter, gravity) and evaporated to dryness to yield the crude product as pale 

yellow solid in quantitative yield. The crude product was purified by column chromatography (silica, 

crude product infused on silica, V/V (n-pentane/DCM) 93/7 → 90/10) to yield the clean product as 

white solid (3.4507 g, 86 %). 

NMR-1H 200 MHz, CDCl3, δ / ppm: 7.39 (d, J = 8.7 Hz, 8 H, H3,5), 7.01 (d, J = 8.7 Hz, 8 H, H2,6) 

NMR-13C 50 MHz, CDCl3, δ / ppm: 144.6 (C1), 132.5 (C3,5), 131.2 (C2,6), 121.0 (C4), 63.9 (C0) 

 

4- IODO TH IOP HENOL
[263] 

A flame-dried 250 ml Schlenk flask equipped with robust stirrer was charged with 

4-iodobenzenesulphonyl chloride (‘pipsyl chloride’, 1.0 eq., 19.8351 mmol, 6.0003 g). 

Dry toluene (100 ml) was added under argon atmosphere via syringe to yield a 

suspension. At r.t., triphenylphosphine (3.0 eq., 59.5053 mmol, 15.6077 g) was added 

under vigorous stirring in small portions under argon flow which causes the mixture to 

warm up. The obtained foamy suspension of yellowish colour was kept stirring for 10 min without 

additional external heating followed by stirring for an additional 10 min at 60 °C by means of 

external heating. Then, suspension was allowed to cool to 50 °C whereupon water (25 ml) was 

slowly added and mixture stirred for 30 min. Aqueous layer (AL) was discarded, organic layer (OL) 

extracted with NaOH(aq) (10 w-%, 2 × 100 ml) to deprotonate render hydrophilic the thiol. The 

obtained alkaline AL was washed with toluene (3 ×) and acidified with HCl(aq) (4 mol·l-1) until pH 

plummeted from above 11 to below 2, which consumed approximately 120 ml of HCl(aq). When 

aqueous medium turns acidic, the thiol gets reprotonated thus insoluble in water evidenced by an 

observed precipitation of white solid accompanied by the emergence of a distinct odour reminiscent 

of that of 4-bromothiophenol. Acidic AL was extracted with DCM (3 ×) causing the precipitate to 

dissolve rapidly. Merged OLs dried over sodium sulphate, filtered off (folded filter, gravity) and 

evaporated to dryness to yield a white crystalline solid that was purified by sublimation (overnight, 

1E-3 mbar, ϑoil bath = 50 °C, ϑcoolant (water) = 10 °C) to yield the clean product as white crystalline solid 

(3.9801 g, 85 %). 

NMR 1H 200 MHz, CDCl3, δ / ppm: 7.54 (d, J = 8.4 Hz, 2 H, H3,5), 7.01 (d, J = 8.5 Hz, 2 H, H2,6), 3.42 (s, 

S-H) 

NMR 13C 50 MHz, CDCl3, δ / ppm: 138.2 (C3,5), 131.3 (C2,6), 131.1 (C1), 90.3 (C4) 
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PPN-6  F ILM S
[50,122] 

A flame-dried 50 ml vial equipped with triangular stirrer was charged 

with 2,2’-bipyridyl (4.6028 eq., 0.5999 mmol, 0.0937 g) and bis(1,5-

cyclooctadiene)nickel(0) (4.6258 eq., 0.6029 mmol, 0.1658 g). Addition of 

dry DMF (12.53 ml) and dry THF (10.53 ml) ensued upon which a deep 

violet mixture was obtained that was stirred for 5 min at r.t. to dissolve 

components. 1,5-cyclooctadiene (4.6575 eq., 0.6071 mmol, 0.0657 g, 

0.075 ml) was added and solution stirred shortly. In a separate vial, 

flame-dried beforehand, monomer tetrakis(4-bromophenyl)methane (1.0000 eq., 0.1303 mmol, 

0.0829 g) was dissolved in 2 ml of dry THF in order to ensure proper mixing of the components from 

the very beginning. Immediately after dissolved monomer was added to the prepared reaction 

solution, silicon wafer pieces were subjected to the reaction. It lasted only minutes to observe a 

colour change from violet to brown. Reactions were quenched after varying amounts of time (18 or 

50 min, 18 or 20 h) by careful addition of HCl(aq) (6 mol·l-1, 8.1 ml) followed by stirring for 

approximately 2 h until reaction mixture turned from brown over reddish to blueish-green with 

white bulk polymer floating at the top of the phase boundary. Silicon wafer pieces were then taken 

out and rinsed with ample amounts of water, methanol, chloroform and THF. Bulk polymer was 

filtered off (frit, porosity 4, vacuum) and washed accordingly before both silicon shards and bulk 

polymer were Soxhlet extracted from THF overnight. Silicon substrates dried in vaccum at 80 °C 

overnight and bulk polymer dried in vacuum at 110 °C overnight. The short-term experiment 

applying 18 min and 50 min reaction time yielded 0.0363 g (87 %) and 0.0396 g (95 %), respectively. 

The long-term trial, surprisingly, yielded only 78 %. 

Analytical data for bulk polymer: 

NMR 13C solid state, CP-MAS, νrot = 10 kHz, δ / ppm: 143.9 (C4), 137.3 (C1), 128.8 (C2,6), 123.0 (C3,5), 

62.2 (C0). At 27.7 ppm an additional signal protrudes the side band which can be ascribed to residual 

THF. 

EA calculated (found) for C25H16
4• in m-%: C 94.90 (92.70), H 5.10 (6.18). 

 

CMP-1  F ILM S  

A flame-dried 50 ml vial equipped with triangular stirrer 

was charged with 1,3,5-triethynylbenzene (0.67 eq., 

0.0926 mmol, 0.0139 g), 1,4-diiodobenzene (1.00 eq., 

0.1388 mmol, 0.0458 g) and tetrakis(triphenylphosphine)-

palladium(0) (0.013 eq., 0.0018 mmol, 0.0021 g). Addition 

of dry TEA (16.68 ml) and dry DMF (8.84 ml) ensued and 

mixture was stirred for 5 min until solution was obtained. 

Vial sealed with septum that accommodated the clip 

holding two substrates. Reaction vessel was taken out 

from glovebox and placed in a pre-heated oil bath (80 °C). 

Reaction solution remained colourless for the first 10 min thenceforth assumed a yellow tinge but 
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stayed clear for ensuing 15 min. Subsequently, solution turned turbid hinting at beginning 

precipitation. Thanks to low concentration of 0.00555 mol·l-1 (1,4-diiodobenzene) everything was 

kept in motion for the entire duration of the reaction that was aborted after periods of time of 

35 min and 19 h. Resultant precipitate was filtered off (frit, porosity 4, vacuum) and washed with 

methanol, THF and DCM. Silicon wafer substrates were washed accordingly and both bulk polymer 

and substrates were Soxhlet extracted (methanol, overnight). Bulk polymer was dried in vacuum 

oven (80 °C, overnight) to yield CMP-1 as pale yellow powder in quantities of 0.0227 g (63 %, 35 min 

trial) and 0.0263 g (72 %, 19 h trial). 

Analytical data for bulk polymer: 

NMR 13C solid state, CP-MAS, νrot = 10 kHz, δ / ppm: 134.4 (C2,4,6), 128.0 (C10,11), 120.8 (C1,3,5), 87.4 

(C7,8). At 78.8 ppm a signal is observed that hails from residual unreacted terminal alkyne groups. 

EA calculated (found) for C21H9
9• in m-%: C 96.53 (92.53), H 3.47 (3.71). 

 

3,5-DIB ROMO -2-ME TH YL THI OPHE NE
[264-266] 

To glacial acetic acid (154 ml) allocated in a 500 ml flask 2-methylthiophene 

(1.0 eq., 76.8720 mmol, 7.5462 g, 7.398 ml) was added and solution stirred. Flask 

was placed in water bath to avoid too rapid temperature rise in next step. 

However, cooling to 0 °C as described in literature is not recommended since 

glacial acetic acid melts at 16 °C. Dropwise addition of bromine (2.0 eq., 153.7440 mmol, 24.5695 g, 

7.920 ml) via dropping funnel ensued whereupon solution turned orange-brown. After stirring at r.t. 

for 5 h, solution transferred into a beaker and aqueous saturated solution of sodium bicarbonate 

was added carefully (120 ml). Solution extracted with chloroform (5 ×, tlc check for UV-active 

substance). Organic layer (OL) washed with water (5 ×) and dried over sodium sulphate, then filtered 

off (folded filter, gravity) and evaporated to yield crude product as brown liquid (16.3098 g, 83 %). 

Purification by column chromatography (silica, n-hexane 100 %) yielded pure product as pale yellow 

liquid (7.7404 g, 39 %). 

NMR 1H 400 MHz, CDCl3, δ / ppm: 6.85 (s, 1 H, H4), 2.34 (s, 3 H, CH3) 

NMR 13C 100 MHz, CDCl3, δ / ppm: 136.1 (C2), 132.0 (C4), 108.8 (C5), 108.6 (C3), 15.0 (CH3) 

MS APCI, M/Z calculated (found) for [M]-: 253.83950 (253.83925) 

 

3-BROMO -2-MET HYL -5-T RIMET HYL SIL YLT HIOP H E NE
[264-266] 

A flame-dried 3-neck 500 ml flask equipped with dropping funnel was 

charged with 3,5-dibromo-2-methylthiophene (1.0 eq., 30.2411 mmol, 

7.7404 g) under Ar flow. Dry diethyl ether (130 ml) was added. Mixture was 

stirred and cooled to -78 °C (solid CO2/acetone) to add n-BuLi (1.6 mol·l-1 in 

n-hexane, 1.1 eq., 33.2652 mmol, 2.1308 g, 20.791 ml) dropwise via dropping funnel whereupon 

solution turned yellow and warmed up. After complete addition, mixture was stirred for 90 min 

at -78 °C followed by slow addition of trimethylsilyl chloride (2.5 eq., 75.6026 mmol, 8.2136 g, 

9.663 ml) via syringe. After a further 90 min stirring at -78 °C cooling was removed and solution 

allowed to cool to r.t. Reaction mixture poured into water (150 ml) and layers were separated. 
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Aqueous layer extracted with diethyl ether (3 ×) and merged organic layers dried over sodium 

sulphate, filtered off (folded filter, gravity) and evaporated to yield crude product as 

yellow-brownish liquid (7.0981 g, 94 %). Column chromatography (silica, n-hexane) gave rise to 

purified product as colourless clear liquid (6.2375 g, 83 %). 

NMR 1H 200 MHz, CDCl3, δ / ppm: 7.03 (s, 1 H, H4), 2.43 (s, 3 H, C2-CH3), 0.30 (s, 9 H, Si-(CH3)3) 

NMR 13C 100 MHz, CDCl3, δ / ppm: 139.5 (C2), 137.9 (C4), 136.5 (C5), 110.8 (C3), 14.9 (C2-CH3), -0.2 

(Si-(CH3)3) 

MS APCI, M/Z calculated (found) for [M]-: 247.96851 (247.96840) 

 

1,2-BIS(2 '-ME TH YL -5'-T R IMETH YLS ILYL TH IEN -3'-YL )HEX AFLUO ROCYCLOPE NT -1-ENE
[264-266] 

A flame-dried 500 ml 2-neck Schlenk flask equipped with 

dropping funnel was charged with dry THF (215 ml) followed by 

3-bromo-2-methyl-5-trimethylsilylthiophene (1.00 eq., 

24.4577 mmol, 6.0959 g) via syringe. Solution was cooled 

to -78 °C (solid CO2/acetone) to add n-BuLi (1.6 mol·l-1 in 

n-hexane, 1.10 eq., 26.9034 mmol, 1.7233 g, 16.815 ml) 

dropwise via dropping funnel. After addition was completed, 

mixture was stirred at -78 °C for 2 h whereupon octafluorocyclopentene was added at -78 °C slowly 

via canula as follows: A separate flame-dried 25 ml Schlenk flask was charged with of dry THF (10 ml) 

and cooled to -78 °C (solid CO2/acetone). Octafluorocyclopentene (0.45 eq., 11.0060 mmol, 

2.3337 g, 1.477 ml) was taken from the freezer and readily added to the separate flask via syringe 

(caution: compound is extremely volatile, ϑboil = 27 °C, and evaporates instantaneously out of the 

syringe because of which the tip of the needle needs to be placed inside the allocated and cooled 

THF layer). Dissolved octafluorocyclopentene was transferred to the prepared reaction mixture via 

cannula and small flask flushed with dry THF (2 × 10 ml). Addition of octafluorocyclopentene caused 

reaction mixture to assume a red-brownish colour. After addition was completed, solution was 

stirred at -78 °C for 4 h, then cooling was removed and solution stirred for another 18 h. Reaction 

was quenched by  addition of HCl(aq) (0.1 mol·l-1, 100 ml) and mixture stirred for 5 min whereupon 

the red organic layer (OL) was separated. Aqueous layer (AL) was extracted once with diethyl ether, 

which was merged with THF-OL. Merged OLs dried over sodium sulphate, filtered (folded filter, 

gravity) and evaporated to obtain crude product as red liquid (6.6088 g, 117 %), that solidified in 

refrigerator. Column chromatography (silica, n-hexane) in combination with recrystallisation 

(n-hexane, fridge) of mixed fractions yielded clean product as waxy, white solid (3.9865 g, 71 %). 

NMR 1H 200 MHz, CDCl3, δ / ppm: 7.05 (s, 2 H, H4), 1.90 (s, 6 H, C2-CH3), 0.27 (s, 18 H, Si-(CH3)3) 

NMR 13C 100 MHz, CDCl3, δ / ppm: 146.9, 138.9, 134.1, 133.5 (C6), 126.7 (C4), 121.4 (C7), 109.1 (C8), 

14.2 (C2-CH3), -0.1 (Si-(CH3)3). 

MS APCI, M/Z calculated (found) for [M]-: 512.09132 (512.09015) 

EA calculated (found) for C21H26F6S2Si2 in m-%: C 49.19 (49.06), H 5.11 (5.35), S 12.51 (11.97), N 0.00 

(0.16) 
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1,2-BIS(5 '- IODO -2'-MET HYLT HIE N -3'-YL)HE X AFLU OROCYCLOPE NT -1-E NE
[264-266] (1) 

In a flame-dried 500 ml Schlenk flask 1,2-bis(2'-methyl-5'-trimethyl-

silylthien-3'-yl)hexafluorocyclopent-1-ene (1.0 eq., 3.9008 mmol, 2.0000 g) 

was dissolved in dry chloroform (153 ml). Solution was cooled to 0 °C 

(crushed ice/water) before iodine monochloride (4.0 eq., 15.6032 g, 

2.5333 g) was added in one portion under Ar flow causing the solution to 

assume a red colour. Solution was stirred at 0 °C for 4.25 h after which the 

cooling was removed and solvent evaporated. Obtained residue 

redissolved in chloroform (300 ml) and washed with aqueous sodium thiosulphate solution (0.5 

mol·l-1, 2 ×). Each aqueous layer (AL) was extracted with chloroform twice. Merged organic layers 

(OLs) were washed with water twice and each resulting AL extracted with chloroform once. Merged 

OLs dried over sodium sulphate, filtered off (folded filter, gravity) and evaporated to give crude 

product as red, highly viscous oil (2.5942 g, 107 %) that solidifies partially in refrigerator. Column 

chromatography (silica, n-pentane/DCM 98/2 (V/V)) yielded clean product as pink, highly viscous 

substance (2.0825 g, 86 %). 

NMR 1H 200 MHz, CDCl3, δ / ppm: 7.18 (s, 2 H, H4), 1.90 (s, 6 H, C2-CH3) 

NMR 13C 100 MHz, CDCl3, δ / ppm: 147.8 (C2), 136.2, 126.7, 70.9 (C5), 14.5 (C2-CH3) 

MS EI, M/Z calculated (found) for [M]-: 619.80555 (619.80599) 

EA calculated (found) for C15H8F6I2S2 in m-%: C 29.05 (28.93), H 1.30 (1.47), S 10.34 (9.71), N 0.00 

(0.11) 

 

DAE-CMP  

An oven-dried Schlenk-tube with thick 

glass wall was charged with 1 (1.00 eq., 

0.3225 mmol, 0.2000 g) and purified 

1,3,5-triethynylbenzene (0.67 eq., 

0.2150 mmol, 0.0323 g). Dry TEA 

(2.443 ml) and dry DMF (2.443 ml) were 

added and mixture stirred until solution 

was obtained. Schlenk-tube sealed with 

screw cap and heated up to 100 °C 

before a slurry of tetrakis(triphenyl-

phosphine)palladium(0) (0.0288 eq., 

0.0093 mmol, 0.0108 g) and 

copper(I) iodide (0.0525 eq., 

0.0169 mmol, 0.0032 g) in dry DMF 

(0.212 ml) was added under argon flow. Schlenk-tube was resealed and mixture stirred at 100 °C for 

18 h. Formed blackish coloured solid was filtered off (frit, porosity 4, vacuum) and washed with 

chloroform, water, methanol and acetone (3 × each). Soxhlet extraction (methanol, 18 h) and 

consecutive drying in vacuum (70 °C, 18 h) yielded a black insoluble solid (0.1578 g, 105 %). 
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NMR 13C solid state, CP-MAS, νrot = 10 kHz, δ / ppm: 142.3, 133.3, 124.0, 113.9 (sh), 92.1 (C≡C), 82.6 

(C≡C), 59.2, 12.4 (CH3) 

EA calculated (found) for C34.5H15F9S3 in m-%: C 59.48 (61.61), H 2.17 (3.26), S 13.81 (12.15), F(Δ) 

24.54 (21.79), N 0.00 (1.20) 

 

2,2'-BI S(4,4,5,5-TET R AMETHYL -1,3,2-DIO X ABO R OLAN -2-YL)-9,9' -SPI ROBI FLUO RENE
[267] (2) 

A flame-dried 250 ml Schlenk flask equipped with reflux 

condenser was charged with 2,2'-dibromo-9,9'-

spirobi[9H-fluorene] (1.0 eq., 4.1937 mmol, 1.9886 g), 

bis(pinacolato)diboron (2.2 eq., 9.2262 mmol, 2.3429 g), 

1,1’-bis(diphenylphosphino)ferrocene (0.1 eq., 

0.4194 mmol, 0.2325 g), 1,1’-bis(diphenylphosphino)-

ferrocene palladium(II)dichloride (0.1 eq., 0.4194 mmol, 0.3069 g) and anhydrous potassium acetate 

(6.0 eq., 25.1622 mmol, 2.4695 g). The solids were degassed in vacuum with consecutive refilling 

with argon for four times. Dry 1,4-dioxane (84 ml) was added via syringe and mixture refluxed for 

20 h (reaction progress checked by means of tlc). After cooling to r.t., DCM and water were added to 

separate organic layer (OL). Aqueous layer was extracted with DCM (3 ×) and merged OLs washed 

with water (2 ×), dried over sodium sulphate, filtered off (folded filter, gravity) and evaporated to 

dryness to yield a black solid as crude product. Purification by column chromatography (silica, 

n-pentane/ethyl acetate 99/1 → 90/10 (V/V)) yielded clean product as white solid (1.3101 g, 55 %). 

NMR 1H 200 MHz, CDCl3, δ / ppm: 7.91-7.80 (m, 6 H, HAr), 7.35 (t, J =  7.5 Hz, 2 H, HAr), 7.17 (s, 2 H, 

HAr), 7.09 (dt, J = 7.6, 0.9 Hz, 2 H, HAr), 6.66 (d, J = 7.6 Hz, 2 H, HAr), 1.26 (s, 24 H, 8 × CH3) 

NMR 13C 50 MHz, CDCl3, δ / ppm: 149.7, 147.7, 145.2, 141.6, 134.9, 130.6, 128.4, 127.7, 124.2, 

120.6, 119.5, 83.8 (Cquat,ethylene), 66.07 (C9), 25.0 (CH3) 

MS APCI, M/Z calculated (found) for [M+H]+: 569.30290 (569.30310) 

 

DEA-PIM  

A 250 ml Schlenk flask equipped with reflux condenser 

was evacuated and refilled with argon three times 

before being charged with 1 (1.0 eq., 1.9350 mmol, 

1.2000 g), 2 (1.0 eq., 1.9350 mmol, 1.0997 g) and 

tetrakis(triphenylphosphine)palladium(0) (0.05 eq., 

0.0968 mmol, 0.1118 g). Reaction vessel degassed and 

backfilled with argon thrice. A mixture of DMF 

(14.885 ml) and THF (14.885 ml), degassed by three freeze-thaw-cycles, was added to yield a 

suspension. Aqueous potassium carbonate solution (2 mol·l-1, 3.85 eq., 7.4425 mmol, 1.0286 g in 

3.721 ml water) was added, reaction vessel sealed by screw cap and solution again degassed by 

three freeze-thaw cylcles. Solution heated up to 120 °C under argon atmosphere with no reflux 

condenser attached and stirred at that temperature for 42 h. Afterwards, solvent was evaporated to 

add a small amount of THF to dissolve soluble compounds. Solution dropped into methanol (300 ml) 
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causing precipitation of an olive green powder that was filtered off (frit, porosity 5, vacuum), then 

within the frit redissolved in THF to dispose with any insoluble residues. The as-such obtained 

solution was evaporated to dryness then redissolved in THF (3 ml) and repricipitated from methanol 

(150 ml). Precipitate filtered off (frit, porosity 5, vacuum) to yield an olive green solid (1.0333 g, 

78 %). Alternatively, to obtain the product as powder rather than as film reprecipitation was 

repeated but the precipitate was collected by means of centrifugation (4000 rpm, 20 min). 

NMR 1H 400 MHz, THF-D8, δ / ppm: 8.03-7.79 (m, 4 H, HSpiro), 7.72-7.45 (m, 2 H, HSpiro), 7.33 (s, 2 H, 

HSpiro), 7.28-7.14 (m, 2 H, HSpiro), 7.06 (s, 2 H, HSpiro), 6.92 (s, 2 H, HSpiro), 6.64 (s, 2 H, HAr,DAE), 1.93-1.75 

(m, 6 H, HMe)  

NMR 13C 101 MHz, THF-D8, δ / ppm: 150.3, 149.8, 143.2, 142.9, 142.1, 142.0, 138.2 (C2 with pinacol 

residue), 134.0, 129.0, 128.8, 126.6, 125.9 (C1), 124.7, 123.2 (C4’’), 121.6, 121.5, 121.1, 67.9 (C9), 35.1 

(Cquat,pinacol), 30.7 (CH3
pinacol), 26.4, 14.5 (CH3

DAE) 

 

3,3’,4,4’ -TETR AFL UORO AZOBENZE N E
[268] (3) 

To a solution of water (188 ml) and ethanol (188 ml) allocated in a 

1000 ml 3-neck flask equipped with reflux condenser 3,4-difluoro-

aniline (1.0 eq., 37.6133 mmol, 4.8562 g, 3.730 ml) was added. It is 

recommended to use a strong stirrer or on that scale even a KPG 

stirring unit. Under vigorous stirring potassium hydroxide (1.8 eq., 

67.7040 mmol, 3.7986 g) and potassium hexacyanoferrate(III) (8.0 eq., 300.9065 mmol, 99.0728 g) 

were added. Reaction mixture was refluxed for 20 h, then cooled to r.t. whereupon mixture was 

filtered (frit, porosity 4, vacuum) to remove undissolved oxidant that was extracted within the frit 

thrice with DCM. Obtained filtrate was deep violet in colour and was evaporated until DCM and 

ethanol vanished. Oily remnant was redissolved in a small amount of ethanol and water added to 

extract crude product with DCM (5 ×). Organic layers merged and washed with water (3 ×), dried 

over sodium sulphate, filtered off (folded filter, gravity) and evaporated to yield an intensely violet 

solid as crude product (3.9702 g, 83 %). Filtration through silica (n-pentane 100 %) yielded clean 

product as orange, crystalline solid (0.9951 g, 21 %). 

NMR 1H 700 MHz, acetone-D6, δ / ppm: 7.96-7.86 (m, 2 H, H2 or 6), 7.86-7.75 (m, 2 H, H2 or 6), 7.59 

(ddd, J = 17.4, 8.5 Hz, 1.8 Hz, 2 H, H5) 

NMR 13C{1H} 50 MHz, acetone-D6, δ / ppm: 153.2 (dd, J = 253.0, 13.3 Hz, C3 or 4), 151.7 (dd, 

J = 249.6, 14.1 Hz, C3 or 4), 149.8 (m, C1), 123.1 (dd, J = 7.2, 3.2 Hz, C6), 118.9 (d, J = 18.8 Hz, C5), 110.5 

(d, J = 18.5 Hz, C2) 

NMR 13C{19F} 176 MHz, acetone-D6, δ / ppm: 153.2 (m, C3 or 4), 151.6 (t, J = 7.2 Hz, C3 or 4), 149.8 (m, 

C1), 123.2 (dd, J = 16.8, 6.6 Hz, C6), 118.9 (d, J = 167.8 Hz, C5), 110.5 (dd, J = 167.6, 6.6 Hz, C2) 

NMR 19F 188 MHz, acetone-D6, δ / ppm:  -134.6 (m, 1 F), -137.5 (m, 1 F) 

MS EI, M/Z calculated (found) for [M]-: 254.04616 (254.04544) 

EA calculated (found) for C12H6F4N2 in m-%: C 56.70 (56.80), H 2.38 (2.41), N 11.02 (10.90), F(Δ) 29.90 

(29.90) 
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AZO-PIM  

A flame-dried 20 ml Schlenk tube made of 

thick glass was charged with 3 (1.0 eq., 

1.1215 mmol, 0.2851 g), 5,5',6,6'-tetrahy-

droxy-3,3,3',3'-tetramethyl-1,1'-spirobi-

indane (1.0 eq., 1.1215 mmol, 0.3818 g) 

and dry potassium carbonate (8.0 eq., 

8.9723 mmol, 1.2400 g). Solid components 

were degassed by means of vacuum and refilling with argon three times. Dry DMF (5.608 ml) was 

added via syringe, reaction vessel sealed with screw cap and mixture heated up to 65 °C. After 24 h, 

reaction mixture was poured into a mixture of crushed ice (100 g) and methanol (100 ml) 

whereupon an orange solid precipitated. Mixture was stirred to ensure dissolution of potassium 

carbonate and potassium fluoride, then filtered off (frit, pore 4, vacuum) to yield an orange-red solid 

that was washed with water (3 ×) and methanol (cooled by ice water). Drying yielded crude product 

as orange solid, that forms film upon evaporation of solvent. For purification, compound was 

dissolved in THF (3 ml) and reprecipitated from methanol (58 ml). Precipitate filtered off (frit, pore 4, 

vacuum) and washed with methanol (cooled by ice water, 2 × 20 ml). The procedure was repeated 

once to yield the purified product as orange solid (0.6158 g, 107 %). To obtain the product as 

powder rather than as film reprecipitation was repeated but the precipitate was collected by means 

of centrifugation (4000 rpm, 20 min). 

NMR 1H 500 MHz, THF-D8, δ / ppm: 7.83-7.20 (m, 4 H, H5,6), 7.20-6.84 (m, 2 H, H9 or 12), 6.84-6.59 (m, 

2 H, H2), 6.59-6.04 (m, 2 H, H9 or 12), 2.49-2.07 (m, 4 H, H14), 1.49-1.13 (m, 12 H, 4 × CH3) 

NMR 13C{1H} 126 MHz, THF-D8, δ / ppm: 149.9 (C1 or 3), 149.2 (C1 or 3), 149.0 (C11), 146.7 (C4 or 7 or 8), 

145.5 (C4 or 7 or 8), 143.6 (C10), 142.1 (C4 or 7 or 8), 122.3 (C6), 117.2 (C9 or 12), 112.6 (C9 or 12), 110.7 (C2), 

109.0 (C5), 60.1 (C14), 58.1 (C13), 44.1 (C15), 31.7 (CH3), 30.3 (CH3) 

 

 





ABBREVIATIONS 

 
ALPO   Aluminophosphate 

AMOCO  American Oil Company 
APCI   Atmospheric Pressure Chemical Ionisation (MS technique) 

ATR    Attenuated Total Reflection 
BDC   benzenedicarboxylate 

BET    Brunauer, Emmet, Teller (scientists, formulated a theory on adsorption) 
BHT   2,6-di-tert-butyl-4-methylphenol (stabiliser in THF and diethylether) 

BJH    Barrett, Joyner, Halenda (scientists, formulated a theory for the calculation of PSD) 
CAU   Christian-Albrechts-Universität 

CMP   Conjugated Microporous Polymer 
COF   Covalent Organic Framework 

COSY   Correlated Spectroscopy (NMR technique) 
CP/MAS  Cross-Polarisation/Magic Angle Spinning 

CTF    Covalent Triazine-based Framework 
DEPT   Distortionless Enhancement by Polarisation Transfer (NMR technique) 
DIB    diiodobenzene 

DCM   dichloromethane 
DH    Dollimore, Heal (scientists, advanced BJH theory) 

DMF   N,N’-dimethylformamide 
DOE   Department of Energy 

DOSY   Diffusion-Ordered Spectroscopy (NMR technique) 
EI    Electron Impact (MS technique) 

EOF    Elemental Organic Framework 
eq.    equivalent(s) 

ESI    Electrospray Ionisation (MS technique) 
FDU   Fudan University 

FT    Fourier Transform 
GPC   Gel Permeation Chromatography 

HCP   Hyper Cross-Linked Polymer 
HKUST   Hong Kong University of Science and Technology 
HMBC   Heteronuclear Multiple Bond Correlation (NMR technique) 

HOMO   Highest Occupied Molecular Orbital 
HSQC   Heteronuclear Single Quantum Coherence (NMR technique) 

HTC   Hydrothermal Carbonisation 
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IM    Intrinsic Microporosity 
IMFV   Internal Molecular Free Volume 

IR    Infrared 
IRMOF   Isoreticular Metal  Organic Framework 

ITO    Indium Tin Oxide 
KIT    Korean Institute of Technology 

LUMO   Lowest Unoccupied Molecular Orbital 
MCM   Mobile Corporation Material, Mobil Catalytic Material,[2] or 

    Mobil Composition of Matter[269] 
MIL    Matériaux Institute Lavoisier 

MOF   Metal Organic Framework 
MOP   Microporous Organic Polymer 

MPN   Microporous Polymer Network 
MS    Mass Spectrometry 

NLDFT   Non-Local Density Functional Theory 
NMR   Nuclear Magnetic Resonance 
NU    Northwestern University 

on.    overnight 
PAE    poly(aryleneethynylene) 

PAF    Porous Aromatic Framework 
PALS   Positron Annihilation Lifetime Spectroscopy 

PCBM   phenyl-C61-butyric acid methyl ester 
(P)CP   (Porous) Coordination Polymer 

PIM    Polymer of Intrinsic Microporosity 
PMD   Periodic Mesoporous Dendrisilicas 

PMO   Periodic Mesoporous Organosilanes 
PPB    poly(phenylene butadiynylene) 

PPN   Porous Polymer Network 
PPV    poly(phenylenevinylene) 

PSD    Pore Size Distribution 
PSN    Poly(organosiloxane) Network 
𝑝𝑝/𝑝𝑝0   relative pressure 

PXRD   Powder X-Ray Diffraction 
QSDFT   Quenched Solid Density Functional Theory 

r.t.    room temperature 
SA    Surface Area 

SAM   Self-Assembled Monolayer 
SAPO   Silicon Aluminium Phosphate 

SAXS   Small X-Ray Angle Scattering 
SEIRAS   Surface Enhanced Infrared Absorption Spectroscopy 
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SEM   Scanning Electron Microscopy 
SERS   Surface Enhanced Raman Spectroscopy 

SBA    Santa Barbara 
SCMP   Soluble Microporous Conjugated Network 

SCP    Surface Coordination Polymer 
SDA   Structure Directing Agent 

SOCONY  Standard Oil Company of New York 
SPCP   Surface Porous Coordination Polymer 

SURMOF  Surface MOF 
TEA    triethylamine 

TEB    1,3,5-triethynylbenzene 
TGA   Thermo-Gravimetric Analysis 

THF    tetrahydrofuran 
UMCM   University of Michigan Crystalline Material 

ZIF    Zeolitic Imidazolide Framework 
ZSM   Zeolite Socony Mobil 
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