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Abstract 
The presented thesis explores the nitrile imine-mediated tetrazole-ene 

cycloaddition (NITEC) as a versatile photoinduced conjugation technique in 

solution and on surface. The NITEC reaction was found to be an efficient 

methodology for the formation of profluorescent sensor molecules featuring 

a fluorophore and a nitroxide moiety, and applied for the detection of redox 

and radical processes. A range of nitroxide functionalized tetrazoles was 

synthesized and converted to their corresponding profluorescent pyrazoline 

derivatives through UV irradiation in the presence of a dipolarophile. The 

nitroxide species had no effect on the photoinduced formation of the nitrile 

imine dipole, an important intermediate in the NITEC reaction. The formed 

pyrazolines were investigated with regard to their sensor performance via 

fluorescence spectroscopy. It was found, that close proximity of the 

nitroxide and fluorophore moieties enhanced the sensor performance of the 

cycloadduct. Selected pyrazoline derivatives were subsequently exposed to 

model radical or reductive environments, revealing good stability under the 

given conditions, as well as excellent detection ability of minute 

concentrations of radicals or reductants. Furthermore, the NITEC concept 

was extended into the visible light range. A pyrene moiety was fused to the 

core structure of the diaryl tetrazole allowing conjugation reactions 

triggered at 410 - 420 nm. The resulting pyrene functional tetrazole was 

employed for small molecule ligation, polymer end group modification and 

formation of block copolymers. Thus, a variety of electron deficient olefin 

species were found to be suitable dipolarophiles for the addition reaction 

with the in situ formed nitrile imine moiety. Rapid and efficient formation 

of the desired cycloadduct under mild conditions was observed for all 

cycloadditions performed. The presented approach is the first example of a 

visible light induced, catalyst free, ligation technique suitable for advanced 

macromolecular design. Interestingly, all cycloadducts emit in the NIR 

range, allowing for potential future applications for in vivo labelling and 
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tracking. In addition, the trigger wavelength of the pyrene functionalized 

tetrazole was extended deep into the NIR range via the combination of the 

NITEC with upconversion nanoparticles (UCNPs). Assisted by the UCNPs, 

photoinduced ligation of both, small and macromolecules was obtained with 

irradiation at 974 nm. Full conversion and rapid formation of the desired 

pyrazoline cycloadducts were observed. In addition, a block copolymer 

featuring the biological relevant biotin moiety was prepared via NITEC at 

974 nm, demonstrating the suitability of the approach for applications in 

the field of biology. Biotin was found to retain bioactivity after being 

exposed to the NITEC reaction conditions. The efficient penetration ability 

of the NIR irradiation applied was verified by ‘through tissue’ conjugation 

experiments. After the NITEC reaction was demonstrated to be a powerful 

ligation tool in solution, the concept was employed for the modification of 

surfaces in a λ-orthogonal approach. The selective ability of the pyrene 

tetrazole and an UV-active diaryl tetrazole to undergo independent NITEC 

reactions at 410 – 420 nm, and 320 nm respectively, was demonstrated in 

solution. Importantly, the UV-active tetrazole remains unreacted if exposed 

to visible light, even for prolonged irradiation times. Subsequently, a 

surface grafted with pyrene functional tetrazole and UV-active tetrazole 

was prepared and utilized for formation of advanced patterned surfaces. 

The resulting structures were investigated via ToF-SIMS, verifying excellent 

spatial resolution and high degree of functionalization on the surface. The 

presented approach is the first example a λ-orthogonal modification 

technique, where photoinduced linkage reactions can be triggered 

selectively, allowing for simple fabrication of advanced patterns without the 

requirement for elaborate shadow masks. 
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Zusammenfassung 
Im Rahmen der vorliegenden Arbeit wurde die Nitrilimin vermittelte 

Tetrazol-Ene Cycloadditionen (NITEC) als eine vielseitige photoinduzierte 

Konjugationsmethode untersucht. Die effiziente Synthese von 

profluoreszierenden, Nitroxid- und Fluorophor-haltigen Sensormolekülen 

mittels der NITEC Reaktion wurde gezeigt. Die hergestellten Derivate 

wurden für die Detektion von Redox- und Radikalprozessen verwendet. 

Eine Auswahl von Nitroxid-funktionalisierten Tetrazolen wurde synthetisiert 

und in Gegenwart von Dipolarophilen mit Hilfe von Licht zu den 

entsprechenden profluoreszierenden Pyrazolin-Derivativen umgesetzt. 

Dabei hatte die Gegenwart der Nitroxid-Gruppe keine Auswirkung auf die 

photoinduzierte Entstehung des Nitrilimin Dipols, welcher eine wichtige 

Rolle im Verlauf der NITEC Reaktion einnimmt. Die Sensorleistung der 

hergestellten Pyrazoline wurde mittels Fluoreszenzspektroskopie 

untersucht. Eine Steigerung der Sensorleistungsfahigkeit bei den 

Cycloaddukten mit kurzer Entfernung zwischen der Nitroxid-Gruppe und 

dem Fluorophor wurde festgestellt. Ausgewählte Pyrazolin-Derivate wurden 

in eine Radikal- oder Redoxumgebung versetzt, wobei eine ausreichende 

Stabilität der Cycloaddukte und deren exzellente Nachweisfähigkeit für 

minimale Mengen an Radikalen oder Reduktanten festgestellt wurde. 

Desweiteren wurde sichtbares Licht als Auslöser für die NITEC Reaktion 

eingeführt, indem eine Pyrengruppe in die Grundstruktur eines 

Diaryltetrazol eingebaut wurde. Die Konjugationsreaktionen konnten 

anschließend bei 410 – 420 nm durchgeführt werden. Das hergestellte 

Pyren-funktionalisierte Tetrazol wurde für die Kopplung kleiner Moleküle, 

Polymer Endgruppen-Umwandlungen und für die Bildung von 

Blockcopolymeren verwendet. Eine Reihe von elektronenarmen Olefinen 

zeigten sich für die Additionsreaktion mit dem in situ entstehenden 

Nitrilimin geeignet. Sowohl eine schnelle, als auch effiziente Formation des 

gewünschten Cycloaddukts unter milden Reaktionsbedinnungen wurde für 
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alle durchgeführten Cycloadditionen beobachtet. Die vorgestellte Methode 

ist das erste bekannte Beispiel für sichtbares Licht induzierte, 

katalysatorfreie Kopplungstechnik, welche für makromolekulares Design 

geeignet ist. Alle Cycloaddukte emittieren im nahen Infrarotbereich, was 

einen potenziellen Einsatz der Pyrazoline für in vivo Experimente als 

Fluoreszenzmarker und deren Verfolgung ermöglicht. Die Kombination des 

NITEC Konzeptes mit Photonen aufkonvertierenden Nanopartikeln (UCNPs) 

erlaubte eine deutliche Verschiebung der Anregungswellenlänge in den 

nahen Infrarotbereich. In Gegenwart von UCNPs wurden photoinduzierte 

Kopplungen der kleinen Moleküle oder Polymerketten bei 984 nm 

durchgeführt. Zusätzlich wurde ein Biotin funktionalisierter Blockcopolymer 

mittels der NITEC Reaktion bei 984 nm synthetisiert. Das im Bereich der 

Biologie relevante Biotin wurde durch die NITEC Reaktion nicht beeinflusst. 

Die funktionelle Gruppe blieb nach der lichtinduzierten Kopplungsreaktion 

weiterhin bioaktiv. Die Cycloadditionen wurden im Rahmen von 

Gewebepenetrationsexperimenten durchgeführt, um die 

Durchdringungsfähigkeit des nahen Infrarotlichtes zu demonstrieren. 

Nachdem die NITEC Reaktion als eine leistungsstrarke Kopplungsmethode 

in Lösung etabliert wurde, konnte das Konzept für die λ-orthogonale 

Modifizierung von Oberflächen angewendet werden. Zunächst wurde die 

selektive Anregung des Pyrentetrazols (410 – 420 nm) und eines UV-

aktiven Tetrazols (320 nm) im Rahmen einer NITEC Reaktion in Lösung 

demonstriert. Das UV-aktive Tetrazol blieb dabei auch nach ausgedehnter 

Belichtung mit sichtbaren Licht intakt. Die hergestellten 

Oberflächenstrukturen wurden mittels ToF-SIMS analysiert, wobei eine 

exzellente räumliche Auflösung und hohe Funktionalisierungsgrade der 

Oberfläche festgestellt wurden. Das vorgestellte Konzept ist das erste 

Beispiel einer λ-orthogonale Modifizierungstechnik für Oberflächen, bei der 

selektive Anregung der photoinduzierten Reaktionen möglich ist. Diese 

Technik erlaubt die einfache Anfertigung von Oberflächen mit komplexen 

Mustern ohne den Einsatz von aufwendigen Schattenmasken. 
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1 Introduction 
Photochemistry is as old as the world and is involved into every aspect of 

life on our planet. The nature itself provides the most fascinating examples 

of the utilization of photochemical and photophysical processes such as 

photosynthesis1 or the phenomenon of visualising the environment through 

one’s eyes.2,3 The versatility and efficiency of photochemical reactions 

demonstrated by the nature has ever inspired scientist to adapt this 

powerful technique to the demands of the fast growing and developing 

human civilization. Giacomo Luigi Ciamician (1857 – 1922) is considered to 

be the pioneer of photochemistry. He was a visionary, far ahead of his time 

with his suggestion, to utilize the sunlight as the ultimate renewable energy 

source.4 He proposed utilization of solar energy in a suitable photochemical 

process as a possible route for the transition from fossil energy to 

renewable energy sources. This revolutionary idea to use sunlight for the 

triggering of a chemical processes continues to remain a highly intriguing 

challenge since its introduction by Giacomo Luigi Ciamician. In particular, 

the ever increasing energy consumption combined with the continually 

dwindling stocks of fossil fuel resources raises the question for alternative, 

environment friendly strategies to satisfy the energy demand.5 Light driven 

reactions could be one potential solution.6 However, the advantages of 

photoinduced reactions are not limited to the application on sunlight as a 

possible energy source. Other key features such as the spatial and temporal 

control, as well as the mild reaction conditions, make the light driven 

reactions to potent tools for mastering scientific challenges of today and 

tomorrow.7-9 Energy storage and information transition, miniaturisation of 

the communication and information devices, as well as advanced medical 
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applications such as drug delivery are among the relevant research and 

application areas of photochemistry.10  

Light induced ligation techniques are an important class of photochemical 

reactions employed for macromolecular design,11 surface modification,9 

fabrication of 3D structures via direct laser writing12, as well as in vivo 

labelling and tracking.13-16 In particular, conjugation methods fulfilling the 

‘click chemistry’ requirements17 are highly sought, as they allow fast and 

efficient tethering of molecules in a spatially and temporally resolved 

manner. There exists a range of photo active moieties suitable for 

conjugation reactions, whereby a light triggered elimination, isomerisation 

reaction or electronic activation is involved into the coupling process.18 The 

major part of these coupling techniques require UV light. The employment 

of such high energy irradiation can damage organic or inorganic moieties, 

as well as biological relevant compounds. Therefore, alternative 

photoligation strategies applying visible or NIR light are in high demand, as 

the employment of longer wavelengths is less harmful for the irradiated 

species.19 An additional advantage of long wavelength irradiation is the 

increased penetration ability compared to the UV light. Therefore, visible or 

NIR light triggered reactions are valuable for in vivo deep tissue conjugation 

reactions. Tuning of the photophysical properties of light active moieties in 

order to achieve a bathochromic shift of their absorption spectrum is one 

possibility to overcome the application of UV light as a trigger. However, 

currently there are no photo active species suitable for additive free linkage 

reactions in the visible light regime. Photoredox catalysis and multiphoton 

processes such as upconversion or two photon absorption provide valuable 

alternatives for triggering of a light induced reaction in a longer wavelength 

region. All described strategies have strengths and limitations, which will 

be discussed further in Section 2.3.3., whereby the choice of the 

appropriate technique is driven by the requirements of the specific 

application. However, further development of visible light induced 

conjugation techniques is indispensable in order to satisfy the increasing 
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demands of progressing scientific research. The current thesis presents the 

nitrile imine-mediated tetrazole-ene cycloaddition (NITEC) of a tetrazole 

species and a suitable dipolarophile as a possible ligation technique for 

advanced (macro)molecular design on surfaces and in solution (refer to 

Figure 1). The concept was first demonstrated to be an efficient and robust 

conjugation tool for the formation of sensor molecules in presence of a 

nitroxide species, known to have potential impact on light induced 

processes. Subsequently, a bathochromic shift of the absorption spectrum 

was attempted by modifying the core structure of the tetrazole species. The 

resulting visible light active tetrazole was employed for additive free ligation 

of small molecules and macromolecular design such as formation of block 

copolymers. Further red shifting of the trigger wavelength into near infrared 

(NIR) region was achieved by combining of the NITEC concept with 

upconversion nanoparticles (UCNPs). Thus, ‘through tissue’ ligation 

experiments were performed, in order to demonstrate the penetration 

ability of the NIR irradiation applied. Finally, two tetrazoles with different 

activation wavelengths were employed in a λ-orthogonal approach for the 

preparation of advanced patterned surfaces. The concept was first 

evaluated in solution and then used for the modification of silica wafers.  
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Figure 1 Overview of the projects described within the current thesis. 
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2 Theoretical Background and 

Literature Review 
The current chapter provides a brief overview over the applied synthetic 

methods as well as selected topics related to the scientific work presented. 

A short summery of polymerization methods for the synthesis of well-

defined, end group preserved polymers is given, with a focus on reversible 

deactivation radical polymerization methods. Subsequently, the concept of 

profluorescent nitroxides is presented, whereby the principle and synthesis 

are discussed. In addition, selected examples for applications of 

profluorescent nitroxides are given. The last section of the literature review 

is adressed to the photochemistry. Thus, the basics of photophysics and 

photochemistry are discussed. Furthermore, selected examples of efficient 

conjugation reactions are presented, whereby the basic mechanism, as well 

as current applications are provided. In the final section the state of the art 

techniques for triggering photoreactions via visible light or in NIR region 

are evaluetd. Modification of the photoactive species, photoredox 

chemistry, two photon absorbtion and upconverting nanoparticles are 

discussed. The basic mechanism, fields of applications, as well as advatages 

and disadvatages of each technique are described. 
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2.1 Techniques for the Synthesis of Well-Defined, 

End Group Preserved Polymers 

Anionic polymerization was invented in 1956 by Michael Szwarc as a first 

example of a living polymerization technique.20 This revolutionary approach 

enabled for the first time the synthesis of polymers with narrow molecular 

weight distributions featuring defined end group functionalities. Those 

functionalities were employed in an additional polymerization reaction for 

further modification of the obtained macromolecule. Thus, the end group 

capped polymer was used as a macroinitiator in order to form block 

copolymers. The pioneering work of Scwarc was continued in the following 

decades, whereby a variety of reversible deactivation radical 

polymerization (RDRP) techniques were introduced such as Reversible 

Addition-Fragmentation chain Transfer (RAFT) Polymerization, Atom 

Transfer Radical Polymerization (ATRP), and Nitroxide-Mediated 

Polymerization (NMP). Importantly, chain breaking events are suppressed 

and can still occur in the RDRP, while no such event is given in a living 

polymerization. In contrast to the living anionic polymerization, the RDRP 

techniques are less sensitive to water. In addition a wide variety of solvents 

and monomers are accessible. Although, the named techniques rely on 

different concepts, they all fulfil the following requirements: (i) narrow 

polydispersities, (ii) predictable molecular weight, (iii) high end group 

fidelity, (iiii) reuse of the formed polymer as a macroinitiator.21 In the 

current section an overview over most common polymerization 

methodologies for the synthesis of well-defined polymers is provided, 

including RDRP and Ring Opening Polymerization (ROP). Thus, the general 

mechanism, the advantages and limitations of each technique will be 

addressed. 
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2.1.1 Ring Opening Polymerization (ROP) 

Ring opening polymerization under controlled conditions continues to play 

a significant role in the modern synthesis of macroarchitectures.22 The 

release of the ring strain of the employed monomer is the driving force of 

the polymerization process, allowing for the formation of the more stable 

linear structures. Therefore, the reactivity of the monomer is highly 

dependent on the ring size and conformation. Among established ROP 

monomers are lactide, lactone, cyclic ethers or siloxanes. A variety of 

strategies are available for the preparation of polymers from cyclic 

monomers including radical,23 cationic24 or anionic25 ring opening reactions 

(refer to Scheme 1). In order to obtain efficient control over the radical 

ROP, a controlling species such as a RAFT agent should be added23 (refer 

to Section 2.1.2.1 for detailed background on RAFT polymerization). In case 

of an anionic polymerization, the termination reaction by the recombination 

of two propagating macromolecular species is prevented by the repulsive 

interaction of their active centres. However, side reactions of the 

propagating chain such as transfer, or backbiting can occur, causing an 

increase of the polydispersity by formation of non-linear or shorter chains.26 

Therefore, the choice of the appropriate reactions condition is crucial. One 

of the key features is the reactivity of the initiating  

 

 

Scheme 1 Basic mechanisms of ring opening polymerization (ROP) 
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species, which is affected significantly by the solvent and the employed 

counter ion. More polar solvents solvate the ionic pairs and improve the 

initiation efficiency by increasing the distance between the cation and the 

anion.27,28 

Coordinative ROP provides an alternative approach for the polymerization 

of cyclic monomers. Organic molecules,29 metal complexes30 or enzymes31 

can be applied to drive the polymerization to higher conversions and to 

retain the linear character of the synthesized chains. Although the 

propagation mechanism still follows the basics of ROP, additional steps are 

involved into the polymerization process. Metal complexes and organic 

molecules coordinate to the growing chain end and the monomer, ensuring 

close proximity of both species. In case of the enzymatic ROP, a monomer 

transformation into reactive linear derivatives by the enzyme occurs, 

followed by the subsequent introduction of the formed intermediate into 

the growing polymer chain. Although the catalytic systems provide rapid 

polymerization rates and prevent backbiting, several challenges ROP such 

as transfer reactions, the requirement of an elevated reaction set up or 

poor orthogonality towards functional groups must be addressed in the 

future scientific research.  
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2.1.2 Reversible Deactivation Radical Polymerization 

(RDRP)  

Reversible deactivation radical polymerization methods combine the 

advantages of living polymerization with the versatility of free radical 

polymerization (FRP). A wide range of monomers and reaction conditions 

can be applied for the formation of well-defined polymers with high end 

group fidelity.21 By suppressing termination reactions, occurring in the 

conventional FRP, the lifetime of the propagating chain radical can be 

extended from 1 s to ca 1 h or longer.32 Two strategies were established in 

order to control the radical polymerization process, whereby an equilibrium 

between propagating radicals and a dormant species is the key feature. The 

first strategy is based on decreasing the radical concentration in the 

polymerization mixture by trapping the propagating radicals in a reversible 

deactivation process.32 The second strategy utilizes a reversible addition 

fragmentation process to reduce the amount of irreversibly terminated 

chains. In contrast to the first approach, the radical concentration remains 

unaffected.33 Importantly, the concentration of the mediating species must 

be decreased for all mentioned techniques, in order to obtain higher 

molecular weight polymers. However, a certain amount of the mediating 

species is required for controlling the polymerization. Consequently, there 

is a molecular weight limit for polymers synthesized via RDRP, defined by 

the classical Mayo equation.34 

 

 

2.1.2.1 Reversible Addition-Fragmentation Chain Transfer (RAFT) 

Polymerization 

In contrast to ATRP (refer to Section 2.1.2.2) and NMP (refer to Section 

2.1.2.3) RAFT does not rely on decreasing the radical concentration by a 

reversible equilibrium between a dormant species and propagating chains. 

Under given conditions, the propagation rate and the overall radical 
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concentration of a RAFT polymerization and conventional FRP are similar.35 

The extended lifetime of a propagating chain is attributed to a reversible 

addition-fragmentation equilibrium with a controlling agent, also termed 

RAFT agent.34,36 The control of the molecular weight is achieved by 

changing the initiator to RAFT agent ratio, whereby a liner correlation 

between the monomer conversion and the molecular weight is observed if 

the RAFT agent is chosen judiciously. The RAFT mechanism is displayed in 

Scheme 2. The initiation and termination reactions proceed in an identical 

manner as for a conventional FRP. In the initial phase of the polymerization, 

the growing chain (Pn
●) forms a covalent bond with the RAFT agent a in a 

radical addition reaction. The formed radical intermediate b releases the R 

group in order to generate the radical species (R●). The resulting R group  

 

 

Scheme 2 Basic mechanism of the RAFT process, with RAFT agent a intermediates b, 
d, and macro-RAFT species c.35 
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radical initiates the propagating chain (Pm
●). To ensure equal propagation 

probability for all chains combined with narrow polydispersities, high 

addition rates are required.35 

RAFT agents should be carefully selected with respect to the monomer 

polymerized. Although there exists a variety of RAFT agents such as 

dithioesters,37-39 trithiocarbonates,40-42 xanthates43-45 and 

dithiocarbamates,46-48 they all feature a Z and R-groups. Both moieties play 

a key role in the RAFT polymerization. The Z-group coregulates the addition 

and the fragmentation reactions. In an efficient RAFT polymerization, the 

formation of intermediates b and d are favoured by the Z-group. However, 

the stabilisation by the Z-group should not prevent the intermediates from 

converting to species c, otherwise an inhibition of the polymerization can 

occur. The structure of R should facilitate the fragmentation of the radical 

species (R●) and allow monomer initiation by the formed carbon centered 

radical. In case of a poor initiation ability of (R●), inhibition or retardation 

of the polymerization can be observed.35 

One of the distinct advantages of the RAFT polymerization is its versatility. 

A large variety of monomers and solvents can be employed, allowing for 

simple, fast and efficient preparation of desired polymers. The RAFT group 

can also participate in a post-polymerization modification approach. Several  

 

 

Scheme 3 Strategies for a post polymer modification of a RAFT end group.49 
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strategies to post-modify the RAFT group into different moieties have been 

established (refer to Scheme 3). The thiocarbonylthio moieties of the RAFT 

agent can be transformed to thiols in the presence of nucleophiles.50,51 The 

resulting thiol species are available for a Micheal addition.52 The thermolysis 

of the RAFT group yield alkene end capped chains.53 Radical-induced RAFT 

group removal can be employed for the generation of hydrogen end capped 

polymers. Furthermore, functional azo initiators can be used for the 

introduction of a desired moiety to the chain end.42 The C-S double bond is 

available for a Diels-Alder reactions with dienes if featuring an electron 

withdrawing substituents within the Z-group.54 The presented 

transformation strategies provide a synthetic route to overcome the largest 

disadvantage of the RAFT: the colour and potential instability of the RAFT 

end groups incorporated into the polymer chains.55-57 They also allow the 

preparation of advanced macromolecular architectures. However, suitable 

functionalities for post-polymerization macromolecular design can be 

incorporated into the polymer structure by their linkage to the R or Z group 

of the RAFT agent. Furthermore, the RAFT process can be utilized for 

synthesis of the desired macromolecular architecture.58 A large range of 

polymer structures synthesized via RAFT approach is established, including 

block copolymers for micelle formation,59-62 brush-,63 comb-,64 and star65-

67 polymers.  

 

 

2.1.2.2 Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization relies on a redox process involving a 

halogenated alkyl species and a transition metal (refer to Scheme 4). Thus, 

the halogenated alkyl species (Pn-X) is reduced in a radical process by the 

transition metal catalyst (Mtn / L) in order to form the radical species (Pn
●). 

The generated radical (Pn
●) propagates in the presence of a monomer (M) 

to form a polymer chain. The reduction of the halide is reversible, whereby 

the activation and deactivation rate coefficients kact, kdeact determine the 
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redox equilibrium. To ensure low radical concentration and consequently 

gain control of the polymerization, rather low equilibrium constant Keq is 

required. The resulting high concentration of the dormant species (Pn-X) 

and a low concentration of the highly reactive radical species (Pn
●) allow 

the suppression of the termination reaction.68,69 The transition metal 

(Mtn / L) is applied for the homolytic dissociation of the bond between the 

halogen and the alkyl moiety. The employed metal must possess the ability 

to expand the coordination sphere and change the oxidation number. A 

variety of metals have been found to be suitable for ATRP such as Mo,70 

Fe,71 Ni,72 and Cu.73 The corresponding nitrogen containing ligands (L) are 

required in order to stabilize the low oxidation state of the metal complex. 

Furthermore, by changing the structure of the ligand, the kinetics of the 

polymerization can be affected. The linkage between the nitrogen atoms, 

the topology and the nature of the N-ligand can decrease or increase the 

value of kact several orders of magnitude (refer to Figure 2).74 Alternative 

ways to influence the activation rate is provided by substitution of the 

initiator species (primary < secondary < tertiary) or the corresponding 

halide leaving group (Cl < Br < I). Importantly the Keq values of 

conventional monomers are less dependent on the steric effects as in the 

case for NMP or RAFT. The equilibrium constants for each monomer under 

given reaction conditions are a major factor, if block copolymers 

preparation via chain extending ATRP is targeted.75,76 Generally, the 

monomer with the higher Keq value should be polymerized first and chain 

 

 

Scheme 4 Basic mechanism of ATRP. Redox equilibrium of the halogenated alkyl 

species (Pn-X) and reduced transition metal (Mtn / L) vs. propagating chain Pn
● and 

oxidized transition metal (Mtn X / L). Keq, kact, kdeact are the equilibrium constant, activation 

rate coefficient and the deactivation rate coefficient respectively. kp is the propagating rate 
coefficient.77 
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extended with the monomer with lower Keq value, e.g. poly(methyl 

methacrylate) should be applied as a macroinitiator for polymerization of 

poly(n-butyl acrylate). To overcome the ‘order limitation’, halogen 

exchange reactivity of the macroinitiator can be decreased by a halogen 

exchange reaction e.g. from Br to Cl.78-80 Consequently, the order of 

monomers can be switched starting with n-BA and extending with MMA. 

The decreased Keq value of the chloride end capped poly(n-butyl acrylate) 

macroinitiator leads to an increased initiator efficiency by slowing the 

reactivation process with respect to the propagation rate. Therefore, all 

chains start to grow nearly simultaneously, providing good control over the 

polymerization reaction and low polydispersities.81 

Activators regenerated by electron transfer (ARGET) ATRP is an advanced 

methodology for controlling a radical polymerization. Compared to 

conventional ATRP, the process is more robust towards oxidation and thus 

requires significantly reduced amounts of the metal catalyst.82,83 The key 

feature of the ARGET ATRP is an excess of a reducing agent such as 

hydrazine or SnII, allowing for the continuous reduction of CuII to CuI 

throughout the polymerization. Therefore, only minor amounts of Cu (in 

ppm range) are required for the polymerization of acrylates,84 

 

 

Figure 2 Activation rate coefficients in M-1 · s-1 for a range of N-ligands employed in 

a polymerization under ATRP conditions (initiator: ethyl-2-bromoisobutyrate, catalyst: 

CuIBr, solvent MeCN).74 
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methacrylates85 and styrene86 or formation of block copolymers.87,88 

Overall ATRP is a powerful technique for the synthesis of defined 

macromolecular architectures.89 The advantages of the strategy are the 

commercial availability of the conventional reagents such as initiators, 

ligands and the metal catalysts. Although not as versatile as RAFT, ATRP 

can be applied for a wide range of monomers and solvents. Similar to RAFT, 

the Trommsdorf effect is not present and a variety of end groups can be 

introduced via functional ATRP initiators or through conversion of the halide 

species.90 Polymer electrolysis was reported as an efficient methodology for 

Cu removal.91 The novel strategy can potentially provide a long sought 

solution for a major disadvantage of the ATRP: contamination with metal 

catalyst such as Cu. Furthermore, ion exchange resins have been also 

applied for the copper removal.92 

 

 

2.1.2.3 Nitroxide-Mediated Polymerization (NMP) 

A reversible reaction between the propagating radical and a dormant 

species is the key feature of NMP. Thus, alkoxyamines are used as 

initiator / controlling agent, as they feature a labile C-O bond. Exposed to 

heat93 or light94 the homolysis of the single bond occurs. The resulting 

carbon centered radicals initiate macromolecular growth. The formed 

persistent nitroxide radical can then reform the dormant species by 

undergoing a reversible termination reaction with the propagating chains. 

In an alternative approach, a combination of a radical initiator and free 

electron containing TEMPO derivatives can be employed. The equilibrium 

constants for NMP are close to 1.5 · 10-11 M (120 °C, styrene)95 allowing 

the suppression of the termination reaction between the propagating chains 

by decreasing the overall radical concentration (refer to Scheme 5). In 

order to achieve good control over the polymerization process, the 

mediating species / initiation system needs to be chosen with respect to  
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Scheme 5 Basic mechanism of the NMP. Light or heat induced homolysis of the 

alkoxyamine, in order to form a nitroxide and a carbon centered radical (R●). 

Polymerization process induced by the carbon centered radical (R●) with nitroxide as the 

mediating species. Keq, kc, kd are the equilibrium constant, association rate coefficient and 
the dissociating rate coefficient respectively. kp is the propagating rate coefficient.  

 

the polymerized monomer. The relatively stable C-O bond of TEMPO 

provides lower equilibrium constants and is well suitable for synthesis of 

polystyrene. However, elevated temperatures are required for efficient 

polymerization control for more reactive monomers, as the stability of the 

C-O bond decreases when exposed to higher temperatures. To avoid higher 

polymerization temperatures often leading to side reactions, bulky 

substituents can be introduced into the TEMPO derivative. The resulting 

steric effects decrease the dissociation energy for the C-O bond cleavage, 

allowing the controlled polymerization of more reactive monomers such as 

butyl acrylate at temperatures lower than 70 °C.96,97 One example of a 

sterically hindered TEMPO species is the trans-2,6-diethyl-2,6-bis(1-

trimethylsilanoxyethyl)-1-(1-phenylethoxy)piperidine-N-oxyl (TEMPO-

TMS) (refer to Scheme 6), whereby bulky TMS substituents are introduced 

into the core structure of the nitroxide in order to ease the homolysis of the 

C-O bond. However, the introduction of functional groups should be carried 

out with caution, as too bulky substituents can decrease the controlling 

performance of the TEMPO.96 

In order to increase the labile nature of the C-O bond, nitroxides with H 

atom attached to the α-carbon such as DEPN or TIPNO have been 

synthesized.98-100 Initially both derivatives were considered to be unstable 

under polymerization conditions, due to the potential abstraction of the H 
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atom, α to the nitroxide moiety. However, employed as mediating species 

DPN and TIPNO derivatives provide efficient control of the polymerization 

for styrene and other monomers at lower temperatures. It should be 

mentioned that other organic molecules containing a stable, free radical 

species can also be employed to gain control over a radical polymerization 

such as triazolinyl,101 boronate,102 and (arylazo)oxy103 species. In addition, 

transition metals such as Mo104 and Os105 can be applied. The disadvantages 

of the NMP technique are the rather high temperatures required, difficulty 

to control the polymerization of disubstituted alkenes, and the high costs 

of the initiator species. However, NMP is suitable for a variety of monomers 

including those with acidic functional groups and allows for the synthesis of 

macro molecules employing organic compounds only.32 

 

 

Scheme 6 Structures of DEPN, TIPNO and TEMPO-TMS. 
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2.2 Chemistry of Profluorescent Nitroxides 

2.2.1 Concept  

Due to their stable unpaired electron, nitroxides possess unique physical 

and chemical properties, and continue to find applications in the fields of 

biology, polymer and material science.106 The first organic nitroxides were 

invented and studied by Piloty and Schwerin,107 as well as by Wieland and 

Offenbacher108 in the first two decades of 20th century. In 1959, Lebedev 

and Kazarnovsky introduced the 4-oxo-2,2,6,6-tertramethylpiperidine-N-

oxyl radical, which was later converted to 2,2,6,6-Tetramethylpiperidin-1-

yl)oxyl (TEMPO).109,110 Their stability as a free radical species can be 

attributed to the delocalisation of the single electron between the oxygen 

and the nitrogen atoms (refer to Scheme 7), whereby steric hindrance can 

also have a contribution.111 Although the nitroxide is an established reactive 

centre for a range of chemical reactions, it is not available for recombination 

with other nitroxide species. The stabilization of two free radical species via 

the delocalisation process (ca. 130 kJ · mol-1 х 2) is higher than the energy 

gained through recombination of two nitroxide species and formation of one 

O-O bond (140 kJ · mol-1).112-114 However, depending on the structure of 

the nitroxide, recombination of two nitroxides can occur via an alternative 

pathway. If a phenyl ring is attached in the α-position to the nitroxide, the 

delocalisation of the single electron by the aromatic system occurs, which 

should suggest an increase of the stability of the radical species. However, 

the resulting carbon centered radicals are highly reactive and can 

recombine with oxygen centered radicals, leading to the formation  

 

 

Scheme 7 Delocalisation of the single electron of the nitroxide. 
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of non-radical site products (refer to Scheme 8).112 In addition, nitroxide 

species featuring hydrogen atoms in close proximity such as β-hydrogen 

are sensitive to disproportionation reactions. Through a hydrogen atom 

abstraction by an oxygen centered radical, a hydroxylamine and a nitrone 

can be formed (refer to Scheme 8).112 Among other nitroxide species 

including derivatives featuring heteroatoms or unsaturated nitroxides, the 

2,2,5,5-tetramethylpyrrolidine-1-yloxyl (PROXYL), the corresponding 

phenyl ring fused 1,1,3,3-tetramethylisoindoline-2-yloxyl (TMIO), and 

TEMPO possess remarkably robust structure.115 Especially TMIO provides 

excellent stability towards ring opening reactions of the nitroxide moiety, 

e.g. the photoinduced radical cleavage of the N-C bond of the nitroxide 

(refer to Scheme 9).116 The aromatic ring of the isoindoline core structure 

provides significant rigidity to the fused five membered ring, allowing 

efficient recyclisation reaction. The photostability of the nitroxides plays a 

key role for their application as profluorescent nitroxides (PFNs).  

PFNs are hybrid species featuring a stable nitroxide covalently attached to 

a fluorophore.117 Due to the fluorescence quenching ability of the nitroxide, 

the PFNs found various applications as sensor materials for monitoring  

 

 

Scheme 8 Side reactions of the nitroxide species. (1) Recombination of nitroxide 

derivative featuring a phenyl ring in α-position. (2) Hydrogen abstraction reaction of 
nitroxide derivative featuring a hydrogen atom in β-position. 
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Scheme 9 Structures of TEMPO, PROXYL and TMIO. Photoinduced cleavage of the C-N 
bond and recyclisation of TMIO. 

 

radical or redox processes.118 First described by Stryer,119 the pioneering 

work on PFNs was carried on by Bystryak120 and Blough,121-123 who both 

demonstrated the great potential of this unique compound class. The 

sensor mechanism of the PFNs relies on the fluorescence quenching ability 

of the nitroxide, caused by its paramagnetic nature. Located in close 

proximity to a fluorophore, the nitroxide moiety suppresses the emission of 

the chromophore.117 However, through a conversion of the single electron 

in a chemical reaction such as reduction, oxidation or a radical termination, 

the nitroxide loses the quenching ability as it becomes diamagnetic. 

Consequently, the fluorescence becomes visible (refer to Figure 3).118 The 

fluorescence quenching can occur intramoleculary and intermoleculary,124-

127 whereby the distance between the nitroxide and the emitting species is 

crucial for the quenching performance. Furthermore, the stability of the 

non-radical species formed should be considered, as some redox reactions 

of the nitroxide species are reversible. The resulting equilibrium between 

the nitroxide and the corresponding non-radical derivative can potentially 

negate the quenching performance. Generally, close proximity of the 

nitroxide and the fluorophore are required in order to achieve efficient 

fluorescence quenching. The electronical transitions in a fluorophore 

molecule are illustrated in the Figure 3. In a typical fluorescence process, 

an electron transfers from the singlet ground state of the fluorophore (S0) 

to a vibrational level of an excited singlet state. Subsequent energy release  
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Figure 3 Schematic illustration of coupling of the nitroxide species (TEMPO) with a 

fluorophore, resulting in fluorescence quenching and the subsequent conversion of the 

nitroxide in a radical recombination or reduction reaction leading to recreation of the 

fluorescence (top). Jablonski diagram of photoinduced electronic transitions resulting in 

fluorescence or phosphorescence (bottom).118 Reproduced from Blinco et al. (2011), with 

permission from CSIRO Publishing. 

 

through vibrational relaxation and internal conversion allows the electron 

to reach the lowest excited singlet state (S1). In case the energetic gap 

between the S0 and S1 states is small, the electron can return to the ground 

state by releasing the energy in an internal conversion process. However, 

in case of a fluorophore two other possible pathways for returning to the 

ground state exist. The first path involves fluorescence as an energy release 
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mechanism, whereby the excited electron reaches rapidly the ground state 

through the emission of light. The second pathway proceeds through an 

intersystem crossing process. Thus, the spin angular momentum of the 

electron changes, leading to the transition to a triplet state (T1). The 

described transition is spin forbidden as only electronical transitions 

between states of the same spin multiplicity are allowed. However, 

depending on the structure of the excited molecule and the atoms involved, 

there is a finite probability of an intersystem crossing (ISC). In contrast to 

the S1 state, the T1 state has a significantly longer living time, as the 

transition to the S0 is spin forbidden. Therefore, the energy release though 

the emission (phosphorescence) proceeds on a longer time scale compared 

to the fluorescence, enabling non-radiative release of the major part of the 

energy through an internal conversion process. Consequently, increased 

ISC ability of the fluorophore results in fluorescence quenching.117 

Nitroxides are able to increase the transition probability from S1 to a T1 

state of the fluorophore. Given a close proximity of the unpaired electron 

of the nitroxide and the conjugated system of the fluorophore, an 

interaction between both moieties occurs, leading to 

 

 

Figure 4 The mechanism of the electron exchange between Dn and D1 and between 
D1 and D0.118 
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a change in the spin multiplicity. Consequently, the singlet ground state S0 

and the lowest single excited state S1 become doublet states D0 and Dn, 

respectively, due to the spin contribution of the single electron of the 

nitroxide (refer to Figure 4). The triplet state T1 becomes D1. In contrast to 

the singlet states, the transition between Dn and D1 (S1 and T1 for the single 

states respectively) becomes a spin allowed transition, enabling efficient 

fluorescence quenching. Thus, electron exchange processes between the 

nitroxide and the fluorophore are suggested to be the major path for 

decreasing the fluorescence quantum yield.117  
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2.2.2 Synthesis  

The design of the profluorescent nitroxides has been driven by two major 

factors. First to be considered is the distance between the nitroxide and the 

fluorophore, as close proximity of both species enables efficient 

fluorescence quenching. The second consideration applies to the stability of 

the PFN. The linkage unit between the nitroxide and the fluorophore is a 

key feature, ensuring short distance between the nitroxide and the 

fluorophore. The cleavage of the covalent connection between both 

moieties would negate the quenching performance.128 Therefore, the 

connection of commercially available nitroxides and fluorophores via 

esterification,122,123,129-134 amidation,135-137 or sulfonamidation138-140 

employed in the early stages of the PFN research are less suitable for 

efficient PFNs (refer to Scheme 10). The resulting compounds contain long, 

hydrolysis sensitive linkages. Consequently the fluorescence quenching is 

rather low ranging between 2- to 30-fold. Furthermore, the potential 

cleavage of the linkage will negate the quenching performance even 

further, due to the resulting space separation between the nitroxide and 

the fluorophore.  

 

 

Scheme 10 Structures of hydrolysis sensitive PFNs 1-3, synthesized via esterification 

(1), amidation (2), and sulfonamidation (3). Structures of robust PFNs 4-6 featuring 
carbon linkage between the nitroxide and the fluorophore.118 
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An alternative route for the synthesis of PFNs is provided by metal catalysed 

cross coupling reactions or cycloadditions. The strategy relies on 

halogenated or alkyne functionalized nitroxide derivatives coupled with 

commercially available fluorophores via Heck,141,142 Songashira142,143 and 

Suzuki143-146 coupling, as well as copper mediated 1,3-dipolar 

cycloaddition147 (refer to Scheme 10). The straight-forward coupling 

approach was applied for synthesis of a wide range of PFNs, whereby their 

photophysical properties and solubility could be tuned according to the 

requirements of the targeted application. It should be noted, that 

compound 6, as well as the corresponding non radical derivatives, 

synthesized via copper mediated 1,3-dipolar cycloaddition, possess pH-

dependent photophysical properties. Higher absorption and fluorescence 

emissions were observed in basic solutions, providing an additional sensor 

feature for the monitoring of pH values. However, the metal catalysed 

methodologies for the synthesis of PFNs are challenging due to the 

demanding synthetic routs applied.147 Furthermore, the use of metals is a 

major drawback for in vivo applications.148 Finally, all presented strategies 

do not allow in situ formation of the PFN, which could potentially facilitate 

their application in the field of biology and as a tool for surface 

modifications. 
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2.2.3 Applications 

PFNs are efficient sensor materials for detection of redox/radical processes. 

Many of the limitations, present in the beginnings of the concept, have been 

overcome by novel synthetic routes for a variety of robust PFNs with 

efficient quenching performance and a broad range of absorption and 

fluorescence wavelengths (refer to Section 2.2.2). The advantages of the 

later generation of PFNs facilitated their utilization in various scientific 

fields. Due to their good compatibility with biological systems, PFNs have 

found application as in vivo redox process sensors. Blough and Simpson 

were among the pioneers to demonstrate the sensitivity of PFNs towards 

biologically relevant ascorbate.123 By application of the methodology to 

several fruit juices, the quenching performance was found to be dependent 

on the concentration of the ascorbic acid.149 Furthermore, the presence of  

 

 

 

Figure 5 Two-photon fluorescence microscopy images from femtosecond excitation 

at 900 nm of Chinese hamster ovary CHO cells incubated with 4 and H2O2 of (a) differential 

interference contrast (DIC), (b) one 2PFM XY optical slice, (c) 2PFM 3D reconstructed 

image, and incubated with 7 and H2O2: (d) DIC, (e) one 2PFM XY optical slice, (f and g) 

2PFM 3D reconstructed image.150 This is an unofficial adaptation of an article that appeared 

in an ACS publication. ACS has not endorsed the content of this adaptation or the context 
of its use. 
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larger protein molecules was demonstrated to increase the reduction rate 

of the PFN.151 More advanced systems such as whole-blood samples were 

investigated towards their antioxidant capacity by employing PFNs as the 

sensor species.152 An elegant example of in vivo application of the 

profluorescent nitroxides is the work of Belfield and co-workers. Here, 

compounds 4 and 7 were applied for monitoring reactive oxygen species 

(ROS) damage in Chinese hamster ovary (CHO) cells. Both species were 

demonstrated to be non-toxic to the living system applied. In addition, two 

photon absorption was shown to be suitable for the PFN approach (refer to 

Figure 5).150 

One of the most established application of the PFNs in material science is 

their use as radical sensors in polymer degradation studies. A variety of 

different approaches have been reported in solution and solid state, 

demonstrating the efficiency of the methodology.153-156 Real time 

monitoring via fluorescence spectroscopy of a solid PMMA matrixes doped 

with PFN and a photo initiator were performed while exposing the polymer 

film to UV light in presence of a photo-mask. Spatial resolutions in a range 

of 10 μm were accomplished by this approach. Importantly, the photo-

stability of the applied chromophore plays a major role for the effective  

 

 

Figure 6 Poison oak leaves (a), fluorescense image of the same leaves after exposure 

to an acetone mixture of TEMPO functional PFN and B-n-butylboronic acid (λex = 365 nm) 
(b). Reprinted with permission from [157]. Copyright 2016 American Chemical Society. 
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monitoring of light induced degradation processes.158 Thermal polymer 

degradation has also been investigated extensively, including studies on 

initiator free,128 as well as AIBN159 and peroxide144 doped polymer samples. 

Thereby, not only initial formation of radicals, but also the secondary radical 

damage was detected.144  

An alternative application for the PFNs is the monitoring of ROS in 

particulate matter in order to quantify their toxicity. A variety of studies 

were undertaken including investigations of cigarette smoke33 as well as 

diesel biodiesel particulate matter160 and biomasses.161 Thus, PFNs were 

demonstrated to be extremely sensitive detecting nmol amounts of radical 

species.162 An interesting approach towards detection of minute amounts 

of toxic urushiol was reported by Braslau and co-workers.157 The method 

allows rapid and efficient, radical induced detection of catechols in the 

presence B-n-butylboronic acid and a suitable PFN (refer to Figure 6). 

  



 

Photochemistry 

29 

2.3 Photochemistry 

2.3.1 Theoretical Concept 

All light induced transformations follow the basic principles of photophysics 

and photochemistry. The two essential rules in photochemistry concept 

are:10 

1. Photochemical transformation (such as isomerisation or chemical 

reaction) of a molecule or an atom can only occur if light is absorbed. 

2. One molecule can absorb only one photon at a time. 

The second rule is applicable to a large part of the photoinduced processes. 

However, if high intensity irradiation sources are employed, multiphoton 

absorption is possible (refer to Section 2.3.3). To fulfil the basic 

requirement of photochemistry, namely the absorption of light, a suitable 

irradiation wavelength should be chosen. The ability of the molecule to 

absorb only defined amounts of energy can be explained by quantum 

mechanics. The energetic state of a molecule can be described by the 

Schrödinger equation. Assuming the nuclear motion is much slower than 

the electron motion, the Schrödinger equation can be simplified and solved, 

providing an infinite number of wavefunctions describing the energy states 

of the molecule. However, only some solutions are physically acceptable. 

Therefore, the energy of different molecular states is defined, or in other 

words quantized. The energy quantisation of molecular states is a key 

feature in photochemistry, as a excitation of a molecule can be achieved by 

applying appropriate irradiation wavelengths only. In addition, the selection 

rules for electronic transitions are to consider:163 

1. Only transitions between states with the same spin multiplicity are 

allowed (spin selection rule). 

2. Only transitions between states featuring a change in the parity are 

allowed (symmetry selection rule). 
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It should be noted, that both rules do not apply strictly. Parity forbidden 

transitions can occur due to the vibronic coupling, whereby the vibration of 

the molecule affects its symmetry. Spin forbidden transitions can be 

addressed to spin-orbit coupling occurring. However, the forbidden 

electronic transitions display much lower intensities compared to the 

allowed electronic transitions.10 The macroscopic description of the light 

absorption is given by the Beer-Lambert Law (refer to Figure 7). A linear 

correlation between the absorbance and the concentration of the sample is 

expected for monochromatic light and a homogeneous sample. The 

absorbance strength of the molecule at a given wavelength is described by 

the molar extinction coefficient ε, being the joint between the quantum 

mechanical calculations and the macroscopic observations. Rather low ε 

values are observed for forbidden electronic transitions, while higher ε 

values can be expected for allowed electronic transitions.163 

In case the appropriate wavelength is applied, the absorbed energy cause 

an electronic transition in the molecule, whereby an electron is promoted 

from a lower energy orbital to a higher energy orbital according to the 

 

 

Figure 7 Schematic illustration of the Beer-Lambert Law. A is the absorbance; I0 and 

I are the light intensities before and after the absorption; ε and c are the molar extinction 

coefficient and the concentration of the given species, respectively; l is the length of the 

absorption path. 
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transition rules. A variety of transitions are possible. A short overview over 

selected electronic transitions involving σ, ϖ, anti-bonding σ*, ϖ* and non-

bonding n orbitals is presented below:164 

σ  σ* Mostly occur for saturated hydrocarbons and possesses rather 

lower excitation wavelengths (100 – 200 nm). 

n  ϖ * Occur for unsaturated molecules featuring a free electron 

pair(s) located in the non-bonding orbital n of a heteroatom 

(e.g. N, O, S). Typically, the transition requires excitation above 

270 nm. However, a red shift of the absorption can be achieved 

by extending the conjugated ϖ system. Importantly, the 

transition is quantum mechanically ‘forbidden’, 

resulting in rather low molar extinction coefficients 

(ε < 20 L · mol−1 · cm−1). 

ϖ  ϖ * Present in molecules with ϖ electrons being involved into the 

conjugation system e.g. aromatic derivatives. With expansion 

of the conjugated system, a bathochromic shift of the 

absorbance can be achieved. Molar extinction coefficients are 

high, with values up to 105 L · mol−1 · cm−1). 

Typically, a variety of transitions can be observed in the absorbance 

spectrum of a molecule. The resulting spectrum shape can be explained by 

the Frank-Condon Principe (refer to Figure 8). The key feature of the 

concept is the approximation that electron motions appear on a much 

shorter time scale than the nuclear motions. Therefore, the electronic 

transitions can be considered to occur at fixed nuclear coordinates between 

the ground state and the excited state vertically above (illustrated by the 

vertical arrow). Importantly, the vibronic ground level is the most 

populated level in the ground state due to the Boltzmann distribution 

function. Consequently, it is the starting point for the electronic transition. 

The intensity of each transition can be referred to the integral overlap of 
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Figure 8 Illustration of the Frank-Condon principle. The arrow visualizes the transition 

from the ground state to an excited state, whereby the vibration sublevels with the 

corresponding wave functions are depicted in the potential curves. The resulting 
absorbance is illustrated in blue.165 Reused with the permission by IOP. 

 

both wave functions involved. Maximum overlap leads to the maximum 

absorption intensity, while a poor overlap results in a low absorption 

intensity. The transition occurs preferably from the most likely location of 

the electron in the energetic ground state to the most likely location of the 

electron in the excited state. 10 

Several deactivation mechanisms are available for the excited molecule in 

order to return to the ground state, including radiatiative and non-radiative 

deactivation. Radiative deactivation occurs via fluorescence or 

phosphorescence. In case of fluorescence, the excited molecule transits to 

the ground vibration level of the excited electronic state S1 via vibrational 

relaxation. Subsequently, a spontaneous emission of the energy, known as 

fluorescence, occurs, resulting in returning of the electron to the ground 

state. Similar to the absorption, the fluorescence follows the Frank- Condon 

principle. The wavelength of the emission is higher than the wavelength of 

the excitation (Stokes shift), as a part of the absorbed energy is dissipated 

through the vibrational relaxation. An alternative deactivation process is  
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Figure 9 Radiative deactivation of an excited state illustrated by a Jablonski diagram. 

S0, S1 and T1 represent the singlet ground state, excited singlet state and the triplet state 

respectively. 

 

the phosphorescence, whereby the molecule in the excited singlet state S1 

undergoes an intersystem crossing to the triplet state (T1). The transition 

from S1 to T1 is formally forbidden (spin electron rule), however, it occurs 

to a minor degree, if spin-orbital coupling is efficient. After vibrational 

relaxation to the lowest T1 vibronic state, the radiative deactivation back to 

the singlet ground state, known as phosphorescence, can appear. In 

contrast to the fluorescence, which occurs on nanoseconds scale, the 

phosphorescence can have a life time up to seconds. This can be addressed 

to the fact, that the transition from the T1 to the S0 state is also spin 

forbidden.10,164 

Apart from the radiative deactivation, non-radiative processes lead to the 

return to the ground single state, such as internal conversion. Furthermore, 

chemical processes involving the excited states can occur, resulting in 

relaxation of the molecule to the ground state with or without a change of 

its chemical structure. Importantly, the molecule in the excited state 
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possesses a different electronic structure compared to the ground state and 

should be considered as a new compound with its own specific reactivity. 

The photo induced chemical reactions often have low or no activation 

energy and proceed at high reaction rates, as they compete with over 

deactivation processes (refer to Figure 10).10 An example of a mechanism 

of a photo induced chemical transformation is given in the next section. 

 

 

Figure 10 Schematic illustration of the deactivation processes of an excited molecule.10 
Reproduced with permission of WILEY‐VCH Verlag. 
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2.3.2 Modern Photoinduced Conjugation Reactions 

2.3.2.1 Photoenolisation of o-Methylphenylcarbonyl Compounds 

Tchir and Porter were among the pioneers in the field of photoenol 

chemistry. Based on laser flash photolysis experiments of 2,4-dimethyl 

benzophenone, they suggested a mechanism for the photo induced Diels-

Alder reaction.166 Importantly, the term photo induced refers to the 

formation of the reactive o-quinodimethanes (photoenol), as ‘photo-Diels-

Alder’ reactions are forbidden due to the Woodward–Hoffmann rules. UV 

irradiation of an o-methylphenyl ketone or aldehyde a leads to an electronic 

n-ϖ* transition and subsequent ISC to form excited species b (refer to 

Scheme 11). The short lived species b undergoes an H-abstraction to afford 

the radical intermediate c (τ = 67 ns). Two stereoisomers (c, f) are 

generated, due to intramolecular rotation of the formed species. Both 

derivatives undergo a rapid rearrangement to afford the corresponding o-

quinodimethanes (d, g). While derivative g rearranges to the reagent a, 

the relatively long living species d (τ = 250 s) takes part in a Diels-Alder 

reaction in the presence of a dienophile to the cycloadduct e. The photoenol  

 

 

Scheme 11 Basic mechanism of the photoinduced formation of the photoenol (o-

quinodimethanes) and the subsequent conversion of the formed intermediate in a Diels-
Alder reaction.167 
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ligation strategy provides an efficient, rapid and catalyst free method for 

the design of macromolecular structures and the modification of 

surfaces.18,168-171 In contrast to the majority of Diels-Alder reactions, the 

photoenol cycloaddition is irreversible. Depending on the structure of the 

o-methylphenyl carbonyl species, dienophiles with different electron 

densities can be employed. While highly electron deficient alkene 

derivatives such as maleimides are required for an efficient conjugation 

with o-methyl benzophenone derivatives,166 o-methyl benzaldehyde can be 

accessed with acrylates,172,173 acrylonitrile174 and C-S double bonds.175 The 

difference in the reactivity was recently utilised by Barner-Kowollik and co-

workers to form ABC-triblock copolymers.172 An α,ω-functional polymer 

block (B), end capped with an acrylate and o-methyl benzaldehyde moiety 

respectively, was converted in two subsequent steps with a maleimide 

functional polymer block (A) and an o-methyl benzophenone functional 

polymer block (B). An alternative approach employing a photo active acyclic 

imine derivative allows cycloadduct formation with the electron rich furan 

double bond. Furthermore, the reported method allows for the preparation 

of the photo reactive precursor in two steps, compared  

 

 

Scheme 12 Basic mechanism of the reaction channel control.176 
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to the four step linear synthesis required for the preparation of o-methyl 

benzaldehyde derivatives.177 The photo induced reaction of the o-methyl 

benzaldehyde towards an alkene species can be suppressed, if an amine 

species is provided (refer to Scheme 12). Starting from a one pot system 

including the photo active species, a maleimide and an alkylamine, the 

cycloaddition can be triggered by light, while the imine formation takes 

places in the dark. The preference of a reaction channel is controlled by the 

amount of the ene compound.176 

Photoenol chemistry provides an efficient and rapid coupling method. 

However, the preparation of the o-methyl benzaldehyde derivatives is 

challenging and requires four linear steps of synthesis. In addition, the 

cycloaddition reaction can be triggered by UV light only, as long a single 

photon excitation is applied. 

 

 

2.3.2.2 Nitrile Imine-Mediated Tetrazole-Ene Cycloaddition 

(NITEC) 

First discovered by Huisgen and co-workers forty years ago,178 the NITEC 

reaction has recently been applied to a number of fields e.g. as a linker 

molecule in polymer science,179-181 as a fluorescence marker for biological 

applications,13,14,182 as well as for surface modifications.183-186 NITEC is a 

two-step process. A photoinduced release of N2 from the diaryl tetrazole 

occurs in the first step. Subsequent cycloaddition of the formed 1,3 dipole 

intermediate with a suitable dipolarophile takes place in the second step. 

The resulting cycloadduct displays strong fluorescence in a specific 

wavelength ranges, depending on the substituents of the diaryl tetrazole 

species.187 The reaction is irreversible and occurs without the need of a  
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Scheme 13 Basic mechanism of the nitrile imine-mediated tetrazole-ene 

cycloaddition.187 

 

catalyst. Full conversion of the reagents, rapid and exclusive formation of 

the desired cycloadduct can be achieved. One key factor for the success of 

the cycloaddition are the energy levels of the molecular orbitals involved. 

In Figure 11, the energy levels of the molecular orbitals of a nitrile imine 

and an olefin and their HOMO-LUMO interaction are displayed. Three 

reaction types should be considered. In the first reaction type, an 

interaction between the HOMO (highest occupied molecular orbital) of the 

nitrile imine and the LUMO (lowest unoccupied molecular orbital) of the 

dipolarophile (olefine) occurs. The resulting stabilisation ∆ E1 is significantly 

higher than the stabilisation ∆ E2. In the second reaction type an interaction 

between the LUMO of the nitrile imine and the HOMO of the dipolarophile 

(olefin) occurs. The resulting stabilisation ∆ E2 is significantly higher than 

the stabilisation ∆ E1. Both interactions are relevant for the third type of 

the reaction, where the stabilisation energies ∆ E1 and ∆ E2 are similar. 

Similar energies of the HOMO of the dipolarophile and LUMO of the ene 

species or vice versa are required to achieve an effective molecular orbitals 

interaction, leading to high ∆ E and high reaction rates.188 A large number 

of reactions of the in situ formed nitrile imine have been reported (refer to 

Scheme 14). Among the most prominent examples are the cycloadditions 

with alkenes, including electron deficient,187 non-activated14,179,189 and 

electron rich double bonds.182 Furthermore, reactions with the triple bond 

of MeCN181 and organic acids have been reported, whereby a 1,4-acyl shift  
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Figure 11 Energy levels of the molecular orbitals of nitrile imine and the olefine and 

their HOMO-LUMO interaction in a 1,3-dipolar cycloaddition, resulting in stabilization 

energies ∆ E1 and ∆ E2.188 

 

occurs in case of the reaction with an acid.190 Thiols,191 imidazole192 and 

water193 are also known to undergo addition reactions with the nitrile imine 

species. Finally, the dimerization to a tetrazine has also been established 

as a method for single chain nanoparticle formation.194 Due to such a 

variety of possible reaction channels for the nitrile imine intermediate, the 

question arises, if the NITEC reaction can fulfil the strict orthogonality 

criteria of a ‘click reaction’.17 To address this question, the significant 

impact of the substituents R1 and R2 on the reactivity of the nitrile imine 

formed must be considered (refer to Scheme 14). There exist over 30 

published tetrazoles suitable for NITEC reactions. Each of the derivatives 

possesses unique reactivity properties towards nucleophiles or 

dipolarophile species. The reactivity of the diaryl tetrazole towards olefine 

species can be taken as an example to demonstrate the influence of the 

substituents. When equipped with an ester moiety in the no reaction of the  
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Scheme 14 Reaction pathways of nitrile imine, formed through a light induced 
decomposition of a diaryl tetrazole. 

 

para R2 position tetrazole 181 species towards electron rich and non-

activated olefins is observed. Through the attachment of an additional 

methoxy or an dimethyl amine group, in the para R1 position, the 

photoactive species becomes more reactive and suitable for addition 

reactions with non-activated and electron rich alkene species.182,189 

Furthermore, the ability of a tetrazole to undergo reactions with a variety 

of species is not necessarily a disqualifier for an orthogonality of the 

reaction. If the desired reaction channel is dominating, the target 

cycloadduct can be obtained almost exclusively, as illustrated for the 

photoenol in the previous section. Although reactions with water,193 

imidazoles, and MeCN,181 as well as dimerization187 are possible, their 

formation occurs mostly due to the lack of a suitable dipolarophile species. 

Therefore, NITEC can be a promising candidate for orthogonal conjugation 

approaches, if an appropriate dipolarophile is employed. To date, only a 

minority of the tetrazoles have been investigated with regard to their scope 

to perform conjugation reactions with a variety of coupling reagents. 

Further reactivity studies on tetrazole derivatives are needed in order to 

establish orthogonality of the NITEC reaction for a given application. 
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Apart from the orthogonality towards different moieties, the λ-

orthogonality of the NITEC reaction towards other photo induced 

conjugation methods is an intriguing synthetic approach. Although several 

attempts to achieve λ-orthogonality of light triggered reactions have been 

undertaken,195-197 it was Barner-Kowollik and co-workers, who introduced 

an efficient λ-orthogonality methodology for the conjugation of 

macromolecules (refer to Scheme 15).9 Here, different irradiation 

wavelengths were applied, enabling independent coupling reactions of the 

photoenole (λ = 310 - 350 nm) and tetrazole (λ = 270 - 310 nm). The 

concept was demonstrated to be suitable for biological applications via the 

synthesis of protein end capped block copolymers. In an additional study 

the methodology was extended to form star polymers.198 

In summary, NITEC provides a versatile and powerful conjugation 

technique. The required tetrazole species are easily accessible and provide  

 

 

Scheme 15 λ-Orthogonal approach for macromolecular design.9 
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a wide range of reactivities as well as trigger wavelengths. However, 

shifting of the tetrazole absorption spectra into the visible light range 

remains an unfulfilled challenge and will be addressed further in 

Section 2.3.3.1. 

 

 

2.3.2.3 Azirine Photoligation 

The photoinduced 1,3-dipolar cycloaddition of an azirine is an alternative 

conjugation approach to the NITEC reaction. Starting from the 2H-azirine, 

a nitrile ylide dipole is generated in a photoinduced ring opening reaction.199 

The photoinduced step is remarkably efficient, providing almost 

monophotonic yields.200 The formed intermediate undergoes a rapid 

cycloaddition with an electron deficient multibond derivative (refer to 

Scheme 16).201 The substituents of the three membered azirine ring have 

substantial impact on the reactivity of the formed dipole. Both, alkyl and 

aryl azirines substituted in the R2 position are reported in the literature. 

Electron withdrawing groups in the R2 position increase the reactivity for 

the diphenyl azirines. Thus, delocalisation of the negative charge located 

on the carbon of the nitrile ylide species is suggested to contribute to the 

stabilization of the dipole.202 Furthermore, diphenyl azirines are reported to 

be reactive towards alcohols, allowing the formation of alkoxyimines. High 

electron density of the dipole and rather acetic alcohols are required for an 

effective addition reaction.200 When functionalized with alkyl groups in the  

 

 

Scheme 16 1,3-Dipolar cycloaddition of an nitrile ylide, formed in a photoinduced ring 
opening reaction of a 2H-azirine species. 
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R2 position, the azirine derivatives reveal high reactivity towards CO2 and 

CS2 double bonds. In general, the nitrile ylides are suggested to be more 

reactive than nitriles imine formed in a NITEC reaction.202 Although the 

photoinduced azirine reactions fulfil the requirements of a coupling method 

for the design of macromolecular structures, only Lin and co-workers have 

utilised this strategy for polymer-protein conjugation (refer to Scheme 

17).202 After establishing the conjugation reaction for the ligation of small 

molecules, the concept was applied for the linkage of an biologically 

relevant protein lysozyme with water soluble PEGs. The azirine functional 

protein was irradiated in the presence of fumaryl functional PEG for 2 min 

to yield the desired cycloadduct. Importantly, no Michael addition adducts 

were observed, verifying the efficiency of the rapid cycloaddition. 

 

 

Scheme 17 Polymer-protein conjugation via light induced 1,3-dipolar cycloaddition of 

2H-azirine.202  
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2.3.3 Visible Light Chemistry: Strategies for 

Bathochromic Shift of the Irradiation Wavelength 

Light induced reactions continue to gain strong attention from researches 

of all fields of chemistry. One of the main research areas of the photo 

triggered processes is the development of efficient conjugation reactions 

for macromolecular modifications, surface and interface functionalisation, 

as well as applications in the field of biology. Thus, reactions are often 

desired, which fulfil the ‘click chemistry’ criteria.17 However, most of the 

photo active species employed, require UV light in order to perform 

efficiently. The application of such a high energy irradiation is a major 

disadvantage of the coupling reactions as a large part of organic and 

inorganic compounds, as well as biological systems are labile towards UV 

light.203 Consequently, photo degradation can occur. To overcome the 

limitations of UV light induced reactions, a variety of strategies for 

triggering of the photoreactions with visible light or in the NIR range has 

been established. The current section provides an overview over the 

available strategies, explaining the basic principle of the approach, presents 

application examples, as well as discusses the advantages and 

disadvantages of each technique. 
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2.3.3.1 Modification of Photoactive Species 

Modification of photoactive species in order to shift the trigger wavelength 

of a photoactive molecule into the visible or NIR range is an intriguing 

scientific task. The resulting advantages are the avoiding of additives or 

advanced experimental setups, required for other visible light inducted 

conjugation techniques. The design of a novel ‘red-shifted’ photo active 

species should be driven by several general factors, as well as structural 

considerations related to the specific light sensitive molecule. Bathochromic 

shift of the absorption spectrum is the key requirement for a photosensitive 

species in order to operate in a higher wavelength regime. The ‘red-shift’ 

can be achieved by expanding the aromatic systems included into the core 

structure of the photo active moiety, as well as the introduction of further 

substituents.182,204-207 However, the reactivity of the photo sensitive 

molecule towards desired moieties can potentially be affected by the 

resulting changes in the molecules’ structure.205,206 In addition, large 

absorption coefficients do not imply efficient photo activation.208 The 

photophysical properties of the modified chromophore are decisive for the 

success of the photoreaction. High intersystem crossing quantum yields 

and the ability to perform as a photosensitiser are among the most 

important features of the chromophore. Both properties allow for an  

 

 

Figure 12 Plot of wavelengths matching the bond energies for various single bonds and 
O-O double bond. The arrow illustrates the increasing bond energies.209 
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efficient transition of the photoactive species into the reactive intermediate 

form. In addition, the irradiation wavelength should be adjusted to the 

desired photo induced structural change. Often, bond cleavage processes 

are involved into the mechanism of a photochemical induced reaction. 

Therefore, a trigger wavelength, possessing sufficient energy to break the 

photo labile bond, is required. In Figure 12, the average bond energies of 

various single bonds and O-O double bond in a range of 200 – 900 nm are 

illustrated. Cleavage of labile C-S and N-N single bonds can be achieved via 

visible light or IR irradiation. Harsh UV light is required for more stable O-

O double bond. The reported energy values should be considered as 

benchmarks for a qualitative overview, as the bond stability can be 

influenced significantly by the chemical structure of the molecule. The effect 

of the solvent should be also considered. Importantly, the preparation and 

application of the compounds for visible light triggered reactions can be 

challenging due to their sensitivity to ambient light.  

A prominent example of a photo induced conjugation approach is the NITEC  

 

 

Figure 13 Structures, absorption maxima (λabs max) and excitation wavelength of the 

NITEC reaction (λex) of the tetrazole species 8 – 11. Bathochromic shift is illustrated by 
the arrow.182,204-206,210 
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reaction (refer to Section 2.3.2.2 for further details on NITEC). Several ‘red 

shifted’ tetrazoles have recently been reported. Thus, a bathochromic shift 

of the absorption was achieved via modification of the core structure of the 

tetrazole (refer to Figure 13).159,184-186,190 While the non-functional diaryl 

tetrazole 8 absorbs at 272 nm, the tetrazole derivative 9, substituted in 

both para positions, has an absorption maxima at 310 nm. Importantly, the 

introduction of the dimethylamine to the N2 phenyl ring increases the 

reactivity of the tetrazole species towards non-activated alkene derivatives. 

By extending the aromatic system of the tetrazole, further red shifting of 

the absorption wave length was achieved, as demonstrated for the cumarin 

and the oligothiophene based tetrazole derivatives 10 and 11. The trigger 

wavelengths of compounds 8-11 shift into the lower energy region with 

respect to the increasing absorption wavelength (λex = 272 nm (8) to 

λex = 405 nm (11)). It should be noted, that the presented data provides 

only a qualitative overview of the bathochromic shift of the tetrazole 

species. As stated before, irradiation at the λabs max is not inherently linked 

to an efficient formation of the cycloadduct. The excitation wavelength, 

required for light triggering of the conjugation reaction, can potentially be 

associated with a subtle absorbance which is hidden within other 

absorbances from chromophores within the molecule that do not lead to 

triggering. Consequently, excitation wavelengths higher than the λabs max 

are possible (refer to Figure 13, compound 10 and 11). The provided 

irradiation wavelengths are based on the literature and do not necessarily 

represent the most efficient or the longest λex. Interestingly, an extension  

 

 

Scheme 18 Visible light induced 1,3-dipolar cycloaddition of a pyrene functionalized 2H-
azirine.204 
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of the aromatic system of the C5 phenyl ring does not necessarily allow for 

an application of longer irradiation wavelengths.190 Another recent example 

of the red-shifting of the photoactive species is the pyrene functional 2H-

azirine reported by Barner-Kowollik and co-workers. By extending the 

aromatic system of a phenyl azirine to a pyrenyl azirine derivative, a 

bathochromic shift of the absorption was achieved. Consequently, the 

corresponding photoinduced 1,3-dipolar cycloaddition of the pyrenyl 

functional 2H-azirine species was performed at 410 - 420 nm. The approach 

was applied for small molecule ligation and polymer modification. It is the 

first example of a visible light triggered reaction allowing efficient small 

molecule and polymer conjugation.204 

 

 

2.3.3.2 Photoredox Catalysis 

MacMillan, Yoon and Stephenson are among the pioneers of visible light 

photoredox catalysis (VLPC).211-213 Today, VLPC is a fast growing research 

area, attracting attention from scientists in various fields of chemistry. A 

large range of reactions including [2 + 2] cycloadditions,214 dehalogenation 

reactions215 and β-functionalization of carbonyl compounds216 can be 

performed in the presence of photoredox catalysts by applying visible light 

only. Thus, irradiation sources > 500 nm can be employed, a unique feature 

not yet accessible by any additive free conjugation strategy.217 The 

methodology allows efficient chemical transformations under mild 

conditions without additional heating. [RuII(bpy)3]2+ is a prominent and well 

understood example of a photoredox catalyst, which can be used to 

illustrate the basic mechanism of VLCP (refer to Figure 14). The transition 

metal complex possesses significant absorption at 452 nm, which can be 

assigned to the electron transition from dt2g (HOMO, S0) to ϖ* (LUMO, S1) 

orbital in a metal to ligand charge transfer. The resulting excited state S1 

participates in an intersystem crossing process, in order to transform itself 
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quantitatively into the long living excited triple state T1. Two reaction 

channels of T1 are possible: a reduction or an oxidation (refer to Scheme 

19). In a reduction process, the vacant electron position in the t2g(M) 

becomes occupied in an electron transfer from a single electron reduction 

agent. The oxidation occurs via photoinduced electron transfer  

 

 

Figure 14 Schematic representation of orbital energy levels and photoinduced 

activation of [RuII(bpy)3]2+. S0,S1 and T1 are the ground singlet state, the excited singlet 

state and the excited triplet state respectively. Reduction: high energy electron available 

for a reduction reaction. Oxidation: vacant electron position in the t2g(M) orbital available 
for a oxidation reaction. 

 

 

Scheme 19 Redox cycles of [RuII(bpy)3]2+. Reduction and oxidation agents are 
illustrated as (R) and (O) respectively.218 
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from the metal complex to a single electron oxidation agent. Both reactions 

are possible in case of the Ru photo catalyst, depending on the redox 

potentials of the reagents employed.218 Organic photoredox catalysis allows 

for free conjugation or transformation of organic molecules and provides 

strategies for the synthesis of molecules not accessible via metal complex 

photo catalysis.219 Xanthenes,220 thiazines221 and acridiniums222 have been 

all established as visible light active photo catalysts. 

A wide range of photo catalytic species has been reported, allowing tuning 

of the irradiation wavelength, as well as catalyst reactivity with respect to 

the specific reaction.219,223 However, the application of a catalyst remains a 

major disadvantage for in situ reactions, where the additive can not be 

removed. Post reaction interaction of the catalytic species with moieties 

present in direct proximity is a possible disadvantage too. Furthermore, 

orthogonality of the photoinduced reaction towards existing functional 

groups must be assured, as alternative redox processes can potentially 

occur. Finally, the toxicity of the major part of current employed organic 

photo catalysts is unknown, limiting their application in the field of biology.  

 

 

2.3.3.3 Simultaneous Two-Photon Absorption 

Simultaneous two photon absorption (TPA) was predicted by Göppert-

Mayer in 1929 as an alternative to one photon absorption.224,225 Although 

the first evidence of such a process was given by Hughes and Grabner in 

1950,226 high intensity laser introduction in the 1960s allowed the 

experimental observation of TPA.227,228 The basic mechanism of the 

absorption process is illustrated in Figure 15. In contrast to the one photon 

absorption (OPA), two photons are needed in TPA to reach the excited 

state. The electron in the ground state S0 is transferred to the excited state 

S1 by simultaneous absorption of two photons. Thus the molecule goes  
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Figure 15 Left: Schematic illustration of the one photon absorption (OPA) and 

simultaneous two photon absorption (TPA). Right: TPA and OPA induced fluorescence of 

fluorescein solution (irradiation via laser).229 Reprinted with permission from Nature 
Publishing Group. 

 

through a virtual state with a short lifetime of several femtoseconds.230,231 

In contrast to the OPA, longer wavelengths are suitable for the TPA. 

Furthermore, as two photons are required to reach the excited state, the 

absorption increases with the square of the light intensity. Consequently, 

efficient excitation occurs at the laser focus only. In comparison, OPA 

depends linearly on the intensity, resulting in photo excitation along the 

irradiation beam (refer to Figure 15).232 The ability to spatially confine the 

photoexcitation, along with the red shifting of the trigger wavelength, has 

been utilised in various application fields including fluorescence 

spectroscopy,233 microscopy,229 drug delivery,234-236 as well as 3D 

lithography237-239 and optical data storage.240,241 Expanding the toolbox of 

the TPA induced chemical transformation reactions is a key feature for 

further development of the methodology. Several TPA induced reactions 

were established such as cycloadditions,242,243 cycloreversion reactions,244 

isomerisations,245-247 as well as polymerization techniques.248 A recent  
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Figure 16 Scanning electron microscope (SEM) images of the woodpile photonic 

crystal. a) magnification of whereas b) image of the entire structure fabricated c) interior 

of the woodpile visualised via SEM after focused ion beam milling. Scale bares are 1 μm 
(a), 2 μm (b) and 200 nm (c)).12 Reproduced with permission of WILEY‐VCH Verlag. 

 

example of 3D lithography via photoinduced photoenole chemistry was 

reported by Barner-Kowollik and co-workers.12 A polymer species carrying 

dipolarophile moieties along the backbone was prepared and crosslinked 

via a multifunctional o-methyl benzaldehyde derivative at 700 nm. The 

applied strategy allowed the fabrication of woodpile photonic crystals with 

rod spacings down to 500 nm (refer to Figure 16). In addition, the suitability 

of the approach for post crosslinking surface modification was 

demonstrated. 

TPA allows photo excitation in the visible light range in the absence of 

additives and without further modification of the light active moieties. 

However, an advanced experimental set up including a high intensity laser 

is required in order to perform TPA experiments. Furthermore, the rather 

long writing time limits the 3D microfabrications, as well as 3D optical data 

storage.230 In addition, the TPA approach is less suitable in the field of the 

biology, as the laser can defocus while passing through the living tissue. 

The resulting intensity decrease of the trigger wavelength negates the 

efficiency of the photo excitation. 
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2.3.3.4 Upconverting Nanoparticles (UCNPs) 

Lanthanide-doped UCNPs are one of the most recent examples of 

upconverting processes. First reported to assist photochemistry in 2009,249 

UCNP are an intriguing alternative to VLPC and TPA. The principle of UCNPs 

is based on the sequential multiphoton absorption by the long lived, 

metastable energy states of lanthanide species. Three different UC 

processes were reported: excited state absorption (ESA), energy transfer 

upconversion (ETU), and photon avalanche (PA).250 However, ETU is the 

most common upconversion strategy, as it provides two orders of 

magnitude higher efficiency than ESA251 and faster response to excitation 

than PA.252 The basic mechanism of ETU is depicted in Figure 17. Both, 

sensitizer and emitter, absorb photons in order to populate the excited 

state E1. A non-radiative energy transfer from the sensitizer to the emitter 

species allows the promotion to an upper emitting state E2. 

 

 

Figure 17 Left: basic mechanism of the energy transfer upconversion process. G and 

E1,2 are the ground state and the excited states respectively. Right: upconversion 

luminescence images of 1 wt % colloidal solutions of UCNPs excited with 973 nm light. a) 

Total upconversion luminescence of the NaYF4 : 20 % Yb3+, 2 % Er3+. b) Upconversion 

luminescence (a) with red light filter applied. c) Upconversion luminescence (a) with green 

light filter applied. d) Total upconversion luminescence of the Yb3+, Tm3+- doped 
UCNPs.252,253 Reproduced with permission of WILEY‐VCH Verlag. 
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Thus, the sensitizer species returns to the ground state G, while the emitter 

returns to the ground state by releasing the photon in a luminescence 

process. The upconversion process is not limited to sequential absorption 

of two photons. Multiple photon absorption such as three and four photon 

absorption are well established in the literature, allowing the generation of 

various emission wavelengths (refer to Figure 17). In order to achieve high 

upconversion efficiency, long lived and highly populated excited states are 

required. Furthermore, a ladder like positioning of the energy levels of the 

emitter, featuring similar energy gaps between each level should be 

assured. Thus, the energy gaps between the G and E states should be 

similar for the emitter and the sensitizer.252 By variating the structure and 

size of the nanoparticles, as well as the lanthanide applied, a range of 

emission and absorption wavelengths is accessible.252,254,255 

A major part of UCNPs applications is based on three types of photoinduced 

reactions: photolysis, isomerisation and photo induced polymerization 

(refer to Scheme 20). Photolysis of o-nitrobenzyl256-258 and coumarin259 

derivatives, as well as Ru complexes260,261 are among the established 

 

 

Scheme 20 Photoinduced reactions assisted by the UCNPs. (1) Photolysis. (2) 

Isomerisation. (3) Polymerization.262 
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methodologies. Since the UCNPs display low cytotoxicity,263-266 they are 

well suited for in vivo applications featuring NIR reaction triggering. Several 

reports on spatially controlled in vivo drug delivery by photo induced bond 

cleavage were published, including attachment of the drug species to the 

upconverting nanoparticles,258 as well as light triggered decomposition of 

drug loaded micelles.267 UCNPs assisted polymerization techniques are 

applied for curing dental resins. Due to the long wavelength used, an 

improved penetration of the trigger irradiation was ensured, allowing the 

fabrication of the filling in a one step process. In comparison, layer by layer 

techniques are employed for the conventional UV induced hardening, often 

leading to shrinkage and re-infection.262,268  

UCNPs operates at sufficiently lower intensities than TPA.269-272 However, 

the irradiation intensities used can cause photodamage, due to the heat 

production of the laser beam. Furthermore, a combination of the UCNP 

concept with photoinduced ‘click reactions’ is not known yet. An efficient 

conjugation method triggered by NIR would be a major contribution to the 

UCNPs toolbox, allowing e.g. in vivo labelling or in situ attachment of drugs 

via the formation of a covalent bond
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3 Design of Redox/Radical 

Sensing Molecules via 

NITEC 

3.1 Introduction 

Profluorescent Nitroxides (PFN) are an emerging class of molecular sensors 

for monitoring of redox and radical processes. However, the known 

synthetic pathways to yield PFNs are a major limiting factor for their future 

applications. Most strategies for the preparation of the PFNs are performed 

in the presence of a metal catalyst or include a hydrolytically sensitive 

linkage between the nitroxide and the fluorophore species. In addition, 

space resolved in situ preparation of PFNs, is vital in both the field of 

biology, as well as for preparation of patterned sensor surfaces, which to 

date, has not been possible. In the current chapter, the PFN concept has 

been combined with NITEC chemistry in order to introduce a novel, 

powerful approach for a catalyst free in situ preparation of profluorescent 

nitroxides (refer to Figure 18).273 A variety of novel nitroxide functionalized 

diaryl tetrazole species was designed and converted, together with known 

tetrazole and maleimide species in a NITEC reaction. Rapid conversion of 

the reagents, as well as efficient formation of the desired cycloadduct 

occurred. The resulting pyrazoline compounds were investigated with 

regard to their fluorescence `switch on/off´ performance, which was 

dependent on the distance and orientation between the single 

1 

                                           

Parts of the current chapter are reproduced from Lederhose, P.; Haworth, N. L.; Thomas, 

K.; Bottle, S. E.; Coote, M. L.; Barner-Kowollik, C.; Blinco, J. P. The Journal of Organic 

Chemistry 2015, 80, 8009. Published by American Chemical Society 2015. 
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Figure 18 NITEC approach for the formation of profluorescent nitroxides. 

 

electron of the nitroxide moity and the fluorophore. In addition, the sensor 

ability of selected pyrazoline cycloadducts towards redox and radical 

processes was demonstrated in model experiments. 
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3.2 Results and Discussion 

Two major factors need to be considered when choosing the reagents for 

the preparation of PFN via NITEC reaction. The first point to be addressed 

is the distance between the nitroxide and the diaryl tetrazole. Electronical 

transitions to excited states are involved in the process of photo induced 

nitrile imine formation from the tetrazole species. As nitroxide species are 

well known to be excited state quenchers,274-276 the efficiency of the nitrile 

imine formation was suggested to decrease, if the nitroxide moiety is placed 

in too close proximity to the tetrazole. The second point is the distance 

between fluorophore formed via NITEC and the nitroxide. The fluorescence 

quenching performance can potentially increase, if the distance between 

the free radical of the nitroxide and the fluorophore decreases.118 

Therefore, the position of the nitroxide in the initial diaryl tetrazole and the 

formed fluorescent cycloadduct plays a key role for both the NITEC reaction 

and the PFN sensor performance. 

For the first generation of the pyrazoline containing PFNs, direct linkage 

between the nitroxide species and the tetrazole species was avoided in 

order to minimize the intramolecular quenching effects and to ensure 

efficient photoinduced formation of the nitrile imine. Equimolar amounts of 

diaryl tetrazole 1 and nitroxide functional maleimide 2 were dissolved in 

MeCN and irradiated at 254 nm (emission maximum of the lamp) for 15 

min. Full conversion of both reagents and the formation of the desired 

radical-containing pyrazoline 3 was observed via thin-layer 

chromatography (TLC) as a compound with higher retention (refer to 

Scheme 21). The crude product mixture was purified via column 

chromatography and analysed by high-performance liquid chromatography 

(HPLC), high-resolution mass spectrometry (HRMS) and electron 

paramagnetic resonance spectroscopy (EPR). The HPLC elugrams of 3 are 

displayed in Figure 19. They indicate, that exclusive cycloadduct formation 

is observed with absence of any side products. Both emission and  
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Figure 19 HPLC chromatogram of nitroxide pyrazoline 3 measured in THF / H2O 

mixture (55:45, v / v); top: 430 nm emission detection by 350 nm excitation; bottom: 

254 nm absorbance detection. Adapted with permission from [273]. Copyright 2016 
American Chemical Society. 

 

Figure 20 EPR spectrum of nitroxide pyrazoline 3 in THF. Adapted with permission from 
[273]. Copyright 2016 American Chemical Society. 
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Scheme 21 NITEC of diaryl tetrazole 1 and maleimide 2 to form nitroxide pyrazoline 3. 

Conversion of formed radical pyrazoline 3 to methoxyamine derivative 4. Adapted with 

permission from [273]. Copyright 2016 American Chemical Society. 

 

absorbance spectroscopy were employed, as the analysed pyrazoline 

derivative was expected to have potent fluorescence. Consequently, an 

absorption and emission signal appearing at identical retention times can 

be attributed to that of the cycloadduct. Although HPLC is a powerful 

method for quantification of the compound purity, it provides very little 

information about molecular structure of the analyte. Therefore, species 3 

was analysed by EPR, confirming the presence of the single electron of the 

nitroxide by the three-line electron paramagnetic resonance (refer to Figure 

20). HRMS provided an additional validification of the structure. Due to the 

paramagnetic properties of the nitroxide functional cycloadduct 3, broad 

and featureless resonances in the NMR spectrum were observed. Thus, 

pyrazoline 3 was converted to a corresponding diamagnetic methoxyamine 

derivative 4 using Fenton chemistry (refer to Scheme 21).277 

The photophysical properties of the paramagnetic nitroxide-containing 

pyrazoline 3 and its diamagnetic non-radical derivative 4 were compared 

in order to estimate the quenching efficiency of 3 as a PFN and subsequent 

fluorescence return after a radical-scavenging process. This was achieved 

using fluorescence spectroscopy. To ensure that equivalent concentrations 

of compounds were compared, the assumption was made that the nitroxide 

moiety has little influence on the molar absorptivity of the fluorophore and 

the UV-vis absorbance spectra of 3 and 4 were optically matched. The 
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quenching performance of the nitroxide species is demonstrated by 

comparison of fluorescence spectra 3 and 4 (refer to Figure 22). The peak 

intensity of radical containing species 3 is 32 % lower compared to its non-

radical analogue 4. Although the fluorescence quenching of compound 3 is 

substantial, it is much less pronounced than for other reported 

profluorescent species.118 Poor orientation and relatively long distance 

between the free electron from the nitroxide and the pyrazoline containing 

fluorophore species are assumed to cause the poor quenching performance. 

The theory is supported by the theoretical calculations on the geometry of 

the formed cycloadducts (refer to Figure 21). Poor overlap between the ϖ-

system of the fluorophore and the radical centre is expected due to the 

relatively long distance of 9.3 Å and 58° tilting of the 2p orbital of the 

radical with respect to the fluorophore. 

An improved quenching performance was aimed for the second generation 

of nitroxides. To afford this, a direct linkage of the diaryl tetrazole to the 

 

 

Figure 21 Optimized structures of compounds 3, 8, 16, and 21 showing the distance 

of the fluorophore from the formal radical centre and its distortion from planarity, 

measured as the dihedral angle between the plane of the fluorophore and a plane 

perpendicular to the 2p orbital of the nitroxide. Adapted with permission from [273]. 
Copyright 2016 American Chemical Society. 
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nitroxide via formation of a new covalent bond was undertaken via an 

esterification reaction. TEMPO 5 and diaryl tetrazole 1 were coupled in 

presence of DCC and DMAP in THF to yield the nitroxide functional diaryl 

tetrazole 6 (refer to Scheme 22). The formed tetrazole species 6 was 

converted in presence of maleimide 7 to the cycloadduct 8 via NITEC 

reaction. Importantly, the nitroxide species covalently attached to the core 

structure of the tetrazole did not interfere with the process of the nitrile 

imine formation. Full conversion of both reagents applied in 1:1 ratio was 

observed after irradiation at 254 nm in MeCN for 15 min. The resulting 

reaction mixture was purified by column chromatography and analysed by 

HPLC, HRMS and EPR, confirming rapid and efficient formation of the target 

cycloadduct 8 (refer to Section 8.1.3, Figure 49 and Figure 50). 

The quenching performance of the nitroxide is demonstrated by 

fluorescence spectra comparison of radical species 8 and the corresponding 

non-radical methoxyamine derivative 9 (refer to Figure 22). An improved 

fluorescence quenching for cycloadduct 8 was detected (ca. 3-fold  

 

 

Scheme 22 Esterification of diaryl tetrazole 1 and hydroxyl functionalized nitroxide 5 to 

obtain radical diaryl tetrazole 6. NITEC of the radical diaryl tetrazole 6 and maleimide 7 

to form radical pyrazoline 8. Conversion of the radical pyrazoline 8 to methoxyamine 9. 

Adapted with permission from [273]. Copyright 2016 American Chemical Society. 
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fluorescence decrease with respect to the corresponding diamagnetic 

species 9). The enhanced fluorescence quenching is associated with the 

shorter distance between the free electron spin and the pyrazoline 

containing fluorophore (9.3 Å for the first generation versus 5.5 Å for the 

second generation, refer to Figure 21). In addition, conjugative interaction 

between the free electron and the fluorophore potentially occurs, improving 

the fluorescence quenching in a through-bound process. 

Although the quenching performance could be improved for the second 

generation, it was still below the state-of-art PFN sensor species providing 

up to 300-fold quenching.145 Furthermore, employing an ester moiety as a 

linker between the nitroxide and the fluorophore leaves the pyrazoline 

containing PFN unstable towards hydrolysis. As the covalent attachment of 

the nitroxide to the diaryl tetrazole had little effect on the performance of 

the NITEC reaction, a direct carbon-carbon coupling between the nitroxide 

and the diaryl tetrazole was performed by fusing the nitroxide moiety into 

the core structure of the diaryl tetrazole. Consequently, an improved 

‘switch on/off’ behaviour of the PFN was expected, due to the extreme close 

proximity between the single electron of the nitroxide and the pyrazoline  

 

 

Scheme 23 Synthesis of nitroxide diaryl tetrazole 14. Phenylsulfonylhydrazone 11 was 

formed from nitroxide 10 and benzenesulfonohydrazide. Arenediazonium salt 12 was 

formed from aniline. The methoxyamine 13 was oxidized to yield the radical diaryl 

tetrazole 14 using mCPBA. Adapted with permission from [273]. Copyright 2016 American 
Chemical Society. 
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containing fluorophore and their potential ability to interact through the 

conjugated bond system. In addition, the direct carbon-carbon linkage is 

less sensitive to hydrolysis, which is highly demanded for sensor application 

in the field of biology. Formyl functional nitroxide 10 and 

benzenesulfonohydrazide were reacted to yield intermediate 11 (refer to 

Scheme 23). Diazonium salt 12, formed from aniline, was reacted with the 

in situ formed intermediate 11 to obtain methoxyamine 13. The formed 

non-radical diaryl tetrazole 13 was deprotected by employing mCPBA as an 

oxidant. The synthetic route towards compound 14 from the aldehyde 

functional nitroxide did not succeed due to the potential reduction of the 

nitroxide moiety by the benzenesulfonohydrazide as a significant side 

reaction yielding a hydroxylamine species and then further intractable by-

products. HRMS, HPLC and EPR were applied to confirm the structure and 

the purity of the compound 14. Compound 13 was analysed by NMR and 

HRMS. Species 13 and 14 were then irradiated in the presence of 

maleimide 7 to conduct a NITEC reaction affording pyrazoline derivatives 

15 and 16 (refer to Scheme 24). The ability of the diaryl tetrazoles to 

undergo a NITEC reaction, if an electron deficient alkene such as maleimide 

derivative is provided, is well known in the literature. Therefore, the 

observed efficient formation of the cycloadduct 15 after 15 min at 254 nm,  

 

 

Scheme 24 NITEC of radical diaryl tetrazole 14 or methoxyamine 13 and maleimide 7 

to form the radical pyrazoline 16 or methoxyamine 15, respectively. Adapted with 
permission from [273]. Copyright 2016 American Chemical Society. 
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starting from the non-radical tetrazole 13 and maleimide 7 was expected. 

Interestingly, by applying identical reaction conditions to the nitroxide 

containing tetrazole 14, full conversion of the reagents and the efficient 

formation of the desired cycloadduct was observed. Considering the fact 

that a variety of excited states are involved in the process of a nitrile imine 

formation from the tetrazole, the ability of nitroxide species to quench 

excited states should negate the photoreaction. In particular, if the 

nitroxide moiety is fused to the core structure of the diaryl tetrazole. 

However, no effect of the nitroxide on the NITEC reaction could be detected. 

The quenching performance of the nitroxide is demonstrated by 

fluorescence emission spectra comparison of the radical containing 16 to 

the corresponding non-radical methoxyamine derivative 15 (refer to Figure 

22). A significantly improved fluorescence quenching was observed in 

comparison to the first- and second-generation compounds (ca. 31-fold 

fluorescence decrease with respect to the corresponding diamagnetic 

species 15). The strong increase in the quenching efficiency arises due to 

the extremely close proximity of the single electron and the pyrazoline 

containing fluorophore compared to first- and second-generation species 3 

and 8 (3.5 Å versus 9.3 and 5.5 Å for 3 and 8, respectively) (refer to  

 

 

Scheme 25 Synthesis of radical diaryl tetrazole 17. Phenylsulfonylhydrazone 11 was 

formed from methoxyamine 10 and benzenesulfonohydrazide. Arenediazonium salt 17 

was formed from aniline. The methoxyamine 18 was oxidized to radical diaryl tetrazole 

19. Adapted with permission from [273]. Copyright 2016 American Chemical Society. 
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Figure 21). In addition better overlap of the 2p orbital of the nitroxide and 

the ϖ-system of the fluorophore is assumed as both are located in the same 

plane (refer to Figure 21). The resulting fluorescence quenching 

performance of the compound 16 is similar to the performance of current 

employed PFNs.118  

Although the third-generation of pyrazoline containing PFNs provides 

efficient ‘switch on/off’ behaviour, the corresponding diaryl tetrazole is 

lacking functional groups suitable for further modification such as 

attachment to biologically relevant species or surfaces. The possibility of 

simple and efficient functionalization with nitroxide capped diaryl tetrazole 

is a key factor for the most potential applications, especially in the field of 

the biology. Therefore, a tert-butyl ester functional diaryl tetrazole 18 was 

synthesized from the 1,1,3,3-tetramethylisoindoline-2-oxyl 10 and tert-

butyl ester functionalized arenediazonium salt 17 (refer to Scheme 25). 

Again, the formed non-radical diaryl tetrazole 18 was deprotected 

employing mCPBA to yield corresponding free radical species 19. The tert-

butyl ester moieties of the species 18 and 19 is suitable for further 

modification of the tetrazole derivative. By a hydrolysis or a reduction of 

the ester moiety, an acid or an alcohol group can be introduced. Both  

 

 

Scheme 26 NITEC of radical diaryl tetrazole 19 or methoxyamine 18 and maleimide 7 

to form radical pyrazoline 21 or methoxyamine 20, respectively. Adapted with permission 
from [273]. Copyright 2016 American Chemical Society. 
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functionalities enable a variety of ligation approaches. Diaryl tetrazoles 18 

and 19 were both converted to cycloadducts 20 and 21, respectively by 

exposing them to 254 nm irradiation for 15 min in presence of maleimide 

7 (refer to Scheme 26). Again, no effect of the nitroxide on the NITEC 

reaction of the diaryl tetrazole 20 was observed. Interestingly, the 

introduction of the ester moiety to the N2 phenyl ring had no significant 

effect on the cycloaddition reaction rate. Full conversion of the reagents 

and formation of the desired product was observed by employing similar 

reaction conditions as for PFN generations 1-3.  

The quenching performance of the nitroxide is demonstrated by 

fluorescence spectra comparison of radical species 21 and the 

corresponding non-radical methoxyamine derivative 20 (refer to Figure 

22). As the distance and the orientation between the fluorophore and the 

nitroxide are similar for the third and fourth generation of PFN, similar 

photophysical properties can be expected. The ‘switch on/off’ performance 

of 21 is comparable to the PFN of the third generation (21-fold fluorescence 

decrease for paramagnetic species 21 with respect to the corresponding 

diamagnetic species 20). Red-shift of the emission spectra of 20 and 21 

was the only photophysical change observed with respect to the third 

generation of the PFNs. 

Quantum yields and corresponding extinction coefficients of the formed 

cycloadducts (refer to Figure 22) were determined in order to quantify the 

visual fluorescence quenching (refer to Table 1). As discussed above, short 

distance between the fluorophore and the nitroxide, as well as increased 

conjugation between both species enhances the quenching performance. 

The “switch on/off” performance of the first generation is rather poor, since 

the distance between the single electron of the nitroxide and the fluorescent 

pyrazoline is relatively long. Additionally, the non-conjugated character of 

linkage between the nitroxide and the pyrazoline decreases the quenching  
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Figure 22 Normalized fluorescence emission spectra of radical pyrazolines 3, 8, 16, 

and 21 and corresponding methoxyamines 4, 9, 15, and 20 in MeCN, λex = 377 nm 

(spectra of the radical pyrazoline and the corresponding methoxyamine were optically 

matched based on their UV absorbance at the excitation wavelength). Spectral lines have 

been color-coded with the structure numbers above for facile identification. Adapted with 

permission from [273]. Copyright 2016 American Chemical Society. 
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Table 1 Extinction coefficients and quantum yields of fluorescence for radical 
pyrazoline derivatives 3, 8, 16, and 21 and corresponding methoxyamine analogues in 

MeCN (λex = 365 nm). Adapted with permission from [273]. Copyright 2016 American 
Chemical Society. 

 

efficiency due to the loss of the aromatic character of the tetrazole species 

at the joint position between the nitrile imine and the maleimide. An 

improved quenching performance was observed for the second generation 

of PFNs (3–fold) due to the shorter distance between the single electron of 

the nitroxide and the fluorescent pyrazoline moiety. Furthermore, the ester 

group, applied as a linker between the nitroxide and the pyrazole, can 

enhance the quenching due to improved conjugation between single 

electron of the nitroxide and the pyrazoline. For the third and fourth 

generation of the PFNs, almost complete fluorescence quenching was 

detected (31- and 21-fold quenching respectively). Such behaviour can be 

addressed to the extremely close proximity of the fluorophore and the 

nitroxide, as the nitroxide species was fused into the core structure of the 

tetrazole. The extinction coefficients, for the formed cycloadducts, range 

between 16000 and 25000 M–1·cm–1, with the difference being attributed 

to the experimental error introduced by the small amounts of pyrazoline 

compound applied (< 1 mg). Moreover, subtle differences in the structures 

of the cycloadducts could also affect these values. 

cycloadduct extinction coefficient / M-1·cm-1 quantum yield (ΦF) 

3 14598 0.369 

4 18144 0.436 

8 17940 0.18 

9 14884 0.58 

15 12610 0.50 

16 23791 0.016 

20 25133 0.77 

21 15936 0.036 
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The comparison between the photo physical properties of the nitroxide 

containing pyrazoline and the corresponding non-radical pyrazoline 

simulates the ‘ideal’ quenching process. However, the ‘switch on/off´ 

performance of the formed PFNs was suggested to decrease for model 

sensing experiments. Full conversion of the nitroxide species to the 

corresponding non-radical derivative is challenging. Furthermore, side 

reactions affecting the fluorescence behaviour of the PFN can occur. Apart 

from the sensitivity and stability of the PFN, the time needed for the full 

switch on of the fluorescence under given conditions is vital. Only if the 

fluorescence peak intensity can be reached rapidly, the respective sensing 

data are reliable. In order to address the noted requirements, the ability of 

the profluorescent pyrazolines to perform as sensors for redox or radical 

systems was estimated by exposing the PFNs to a model redox processes 

or by placing them into a reactive radical containing environment. The 

redox conditions were simulated by dissolving the free radical containing 

pyrazolines 3, 8, 16 and sodium ascorbate (NaAsc) (ratio 20:1) in 

methanol. The resulting solution was monitored by fluorescence 

spectroscopy at 373 nm every 2 minutes for a period of 40 min (refer to 

Figure 23). NaAsc is an established nitroxide reducing agent, allowing mild 

reduction of the free radical containing species to the corresponding 

hydroxylamine occurs (refer to Scheme 27). In addition, the sodium 

ascorbate is suitable for in vivo applications, as it is soluble in water and 

non-toxic. Alternative reduction agents such as hydrazine derivatives are 

less suitable for the reduction experiments, as the species is often highly 

toxic and less selective. In presence of oxygen, the hydroxylamine 

formation is reversible, and a reoxidation of the hydroxylamine back to the  

 

 

Scheme 27 General mechanism of the reduction of a nitroxide species in presence of 
NaAsc (left), radical scavenging reaction of a nitroxide species in presence of AIBN (right). 
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nitroxide can occur. As the model experiment was performed under 

atmospheric conditions, an excess of NaAsc was employed to suppress the 

reoxidation process and ensure the efficient formation of the fluorescent 

non-radical species. While no fluorescence increase was observed for 

compound 3, a slight increase in the fluorescence intensity was detected 

for compound 8 (ca. 15 %) (refer to Figure 23). Cycloadduct 16 displayed 

the strongest fluorescence increase (ca. 7-fold) (refer to Figure 23), 

whereby a dramatic, exponential increase of the fluorescence intensity was 

observed over the first 35 min, indicating efficient formation of the 

fluorescent hydroxylamine. No induction period was detected. In the time 

period between 35 and 45 min, the fluorescence intensity reached a plateau 

due to the establishment of the equilibrium between the nitroxide and the 

hydroxylamine species. The redox sensitivity of the nitroxide functionalized  

 

 

Figure 23 Evolution of the fluorescence emission intensity at 273 nm of the pyrazolines 
3 (▲), 8 (●), 16 (♦) with time in the presence of sodium ascorbate (NaAsc) in methanol 

(cpyrazoline = 1.68·10-5 mol·L-1, ratio pyrazoline / NaAsc: 1 / 20). Adapted with permission 
from [273]. Copyright 2016 American Chemical Society. 
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pyrazoline (cpyrazoline = 17 μmol·L–1, cNaAsc = 340 μmol·L–1, tmax fluorescence = 

35 min) toward sodium ascorbate is comparable to the literature known 

aromatic nitroxides (cpyrazoline = 3 μmol·L–1, cNaAsc = 5000 μmol·L–1, 

tmax fluorescence = 60 min).123 

A reactive radical containing environment was simulated by placing 

nitroxide 16 in MeCN in presence of AIBN (ratio 16 / AIBN: 1:5). After 

purging with Ar for 30 min, the resulting mixture was heated to 60 °C. 

Fluorescence spectroscopy was applied for monitoring the PFNs ‘switch on’ 

performance at (λex = 373 nm) every 2 minutes for a period of 70 min 

(refer to Figure 24). AIBN is a thermo-responsive initiator. Exposed to 

elevated temperatures, it decomposes and carbon centered radicals are 

released. The resulting isobutyronitrile radicals are available for a  

 

 

Figure 24 Evolution of the fluorescence emission peak intensity of the radical diaryl 

tetrazole 16 with time in the presence of AIBN in MeCN (c16 = 1.68·10-5 mol·L-1, 

ratio 16 / AIBN: 1 / 5). The results for sensitivity of nitroxide containing pyrazolines 

towards radicals are in good agreement with the literature.278 The developed system allows 
detection of carbon centered radicals at μM concentrations. Adapted with permission from 

[273]. Copyright 2016 American Chemical Society. 
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recombination reaction with the free single electron of the nitroxide moiety, 

leading to a ‘switch on’ of the fluorescence of the PFN (refer to Scheme 27). 

After a short induction time, a dramatic increase in the fluorescence of the 

monitored reaction mixture was observed. 70 min were needed to reach 

the peak fluorescence intensity. The emission of the PFN was observed to 

decrease after 70 min, indicating a radical driven formation of non-

fluorescent side products or decomposition of the pyrazoline species. 

Compared to the reduction experiments, extended reaction times were 

needed to reach the maximum fluorescent intensity, which can be 

attributed to a smaller excess of AIBN applied. Also, competing termination 

reaction between isobutyronitrile radicals and incomplete decomposition of 

the AIBN after 70 min reduce the effective concentration of the radicals. 

However, PFN 16 displays excellent sensitivity towards carbon centered 

radicals, allowing detection of radicals at μM concentrations. 
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3.3 Conclusion 

In summary, NITEC chemistry was employed to introduce a novel approach 

towards profluorescent nitroxides. A variety of nitroxide functionalized 

diaryl tetrazole species was designed and employed along known 

dipolarophile functional nitroxides, tetrazoles and maleimide derivatives for 

in situ formation of PFNs. Thus, different strategies for the covalent bond 

coupling between the fluorophore and the nitroxide were employed 

including linkage via NITEC reaction, or the direct attachment of the 

nitroxide moiety to the diaryl tetrazole. It was noted, that the presence of 

the nitroxide species had no influence on the process of the photoinduced 

cycloaddition. Efficient, rapid and clean formation of the desired 

cycloadduct under mild conditions was observed for all performed 

cycloadditions. Furthermore, the photo physical properties of the free 

radical containing cycloadducts and the respective non-radical 

hydroxylamine derivatives were compared, in order to estimate the 

quenching performance of the obtained PFNs. The quenching performance 

was demonstrated to be dependent on the distance and orientation 

between the unpaired spin of the nitroxide and the fluorophore. Shorter 

distances and planar orientation allowed for the best fluorescence 

quenching, while longer distances led to a poor ‘switch on/off´ 

performance. To provide an attachment point for ligation reactions with the 

nitroxide functional tetrazoles a labile ester moiety was introduced. In 

addition, selected pyrazoline functional PFNs were investigated for their 

ability to detect redox/radical processes. Rapid ‘switch on’ times, good 

sensitivity and stability of the tested cycloadducts were confirmed in all 

examples.  

 

Interestingly, the presence of the nitroxide in close proximity to the 

tetrazole species had no effect on the performance of the NITEC reaction 

when attached to the phenyl ring of the tetrazole in the C5 position. 
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However, the introduction of the ester moiety to the phenyl ring in the N2 

position led to a shift of the fluorescence spectra to lower wavelengths for 

the corresponding pyrazoline derivative, while no effect on the fluorescence 

was detected for the attachment of the ester moiety to the phenyl ring in 

the C5 position. The observation of such a dependency suggests that the 

position for the introduction of the substituents potentially plays a key role 

in modification of the photophysical properties of the diaryl tetrazole and 

the corresponding pyrazoline (e.g. for bathochromic shift of the NITEC 

trigger-wavelength).
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4 Catalyst Free, Visible Light 

Induced Polymer Ligation 

4.1 Introduction 

In research to date, catalyst free, single electron induced coupling reactions 

have required almost exclusively the use of high energy UV light as a 

trigger. However, employing UV irradiation is a major limitation for the 

application of photo driven ligation methods for the design of 

(macro)molecules and their usage in the fields of biology or material 

science. This is due to a large majority of the organic, inorganic and 

biologically relevant moieties being UV sensitive. Therefore, exposure of 

those species to UV irradiation can facilitate unwanted side reactions or 

cause the formation of decomposition products. There are only limited 

examples of photo active compounds able to perform covalent linkage 

reactions induced by lower energy visible light. However, all known visible 

light coupling strategies are still in their infancy due to factors such as 

complex pathways for the synthesis of the photo active reagents and their 

lack of functionality, required for the further attachment to e.g. polymers 

or biologically relevant species. Herein, a novel visible light triggered, 

catalyst free ligation method via NITEC is introduced.279 The presented 

approach enables efficient and exclusive linkage via formation of a new 

covalent bonds between a reactive nitrile imine, generated from a tetrazole, 

and an electron deficient double bond moiety under mild conditions. In  

2 

                                           

Parts of the current chapter are reproduced from Lederhose, P.; Wust, K. N. R.; Barner-

Kowollik, C.; Blinco, J. P. Chemical Communications 2016, 52, 5928. Reproduced with 

permission of The Royal Society of Chemistry. 
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addition, it was possible to functionalize the tetrazole with a hydroxyl 

moiety, allowing for the simple attachment of the photo active group to 

other compounds via esterification. The methodology was applied for small 

molecule ligation, polymer end group modification and the design of block 

copolymers. A variety of dipolarophiles and polymer species were 

investigated, displaying the versatility and robustness of the presented 

strategy. In addition, the orthogonality of the coupling technique to a 

trithiocarbonate moiety, often used as a RAFT agent, was achieved, 

allowing the combination of the presented technique with RAFT process. 

Importantly, all of the synthesized cycloadducts are fluorescent in the NIR 

range, which can be a major feature for future bio-labelling applications. 
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4.2 Results and Discussion 

Efficient formation of the nitrile imine in the visible light regime followed by 

a rapid and selective conversion of the in situ formed intermediate in a 1,3 

dipolar cycloaddition are two key features that need to be fulfilled in a 

NITEC reaction. Both requirements were addressed through the 

introduction of functionalities to the core structure of the diaryl tetrazole, 

whereby modified synthetic paths from Chapter 3 were applied. 

Importantly, the photophysical properties of the chromophore employed, 

as well as its position in the tetrazole structure are crucial for a successful 

bathochromic shift of the NITEC reaction. In order to push the trigger 

wavelength of nitrile imine generation into the visible light region, the 

phenyl ring in the N5 position of the tetrazole was extended from a phenyl 

to a pyrenyl ring system (refer to Scheme 28). This polycyclic aromatic 

species is known to absorb above 390 nm, if featured with appropriate 

substituents. Furthermore, the rather low fluorescence quantum yields of 

the pyrene moiety combined with good photosensitizing ability were 

expected to contribute to efficient photo-triggering of the tetrazole, in order 

to form the nitrile imine.280 In contrast, chromophore species with high 

fluorescence yields and low photosensitizing performance were considered 

to be less suitable for the photo-triggering of a chemical reaction. The 

reason being that, due to the strong emission, the major part of the 

absorbed photo energy was suggested to be not available for chemical 

transformation of the molecule structure. The choice of the N2 position as 

the attachment point for the pyrene moiety was driven by the results from 

the previous chapter, as well as careful studies of the tetrazole structures 

presented in the literature. As described in the Section 3.2 the fusing of the 

nitroxide species to the phenyl ring of the tetrazole core structure in the C5 

position had no influence on the photo-physical properties of the resulting 

tetrazole. Therefore, the introduction of the pyrene in the N2 position was 

aimed. The selected design was supported by the literature, whereby 
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successful 

 

 

Scheme 28 Synthetic path for the visible light triggered formation of small molecule 

cycloadduct 23, PCL formation A1 (ratio PAT 22: ε-caprolactone 1:24, 3 h, rt) and A2 

(ratio PAT 22: ε-caprolactone 1:34, 7 h, rt) polymer end group modification and polymer-

polymer ligation. For clarity only one regioisomere of 23, B3,4 and C2-4 is displayed. Top 

left: NIR fluorescence of the cycloadduct 23. Refer to Table 2 for reaction details of 

cycloadditions involving macromolecular species.279 Reproduced with permission of The 

Royal Society of Chemistry. 
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Table 2 Reaction details for formation of macromolecular cycloadducts B1-4 and     

C1-5 (refer to Section 8.2.3 the structure of the employed dipolarophiles).279 Reproduced 
with permission of The Royal Society of Chemistry. 

Cyclo 

adduct 

PAT end 

capped PCL 

cPCL 

/ mmol·L-1 

cdipolarophile 

/ mmol·L-1 
solvent Ð[a]

 Mn
[a]

 / kDa 

B1
 A1 0.18 2.7 MeCN 1.12 2.2 

B2
 A1 0.18 2.7 MeCN 1.11 2.1 

B3
 A1 0.18 2.7 THF 1.13 2.1 

B4
 A1 0.18 2.7 THF 1.14 2.1 

C1
 A2 0.12 0.18 MeCN 1.12 8.0 

C2
 A2 0.12 0.18 MeCN 1.15 8.4 

C3
 A2 0.12 0.18 THF 1.14 8.5 

C4
 A2 0.12 0.18 THF 1.15 8.7 

C5
 A2 0.12 0.14 MeCN 1.24 8.8 

aMn and Ð of cycloadducts were determined by GPC using PMMA calibration standards. 

 

bathochromic shift of the trigger wavelength for the NITEC reaction was 

reported, if expanded aromatic systems were introduced in the N2 

position.205,207,242 To assure rapid and selective conversion of the nitrile 

imine formed, an ester moiety was attached to the phenyl ring of the 

tetrazole in the C5 position (refer to Scheme 28). The introduction of an 

electron withdrawing group in the activated position allows more efficient 

cycloadduct formation with electron deficient dipolarophiles.14 In contrast, 

diaryl tetrazole derivatives featuring electron donating moieties in the 

activated position of the C5 phenyl ring are less selective and are reported 

to undergo rapid cycloaddition reactions without respect to electronical 

structure of the dipolarophile189 as well as react with water or form dimers 

of nitrile imine species.187 In addition, the diole extended ester group of 

PAT tetrazole provides an attachment point for further linkage reactions, 

making the PAT 22 suitable as a coupling reagent for biological applications, 

as well as for the design of macromolecular architectures. The PAT 22 was 
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prepared in a two-step synthesis affording 30 % overall yield. The analysis 

of the photophysical properties of the tetrazole species revealed an 

absorbance maximum at 345 nm with a tail reaching beyond 400 nm, 

allowing potential triggering of the NITEC reaction in visible light mode. 

Furthermore, fluorescence maximum at 598 nm with a quantum yield of 

0.27 was observed, indicating that a major part of the absorbed light 

energy is converted in non-radiative processes, presumably involving ISC. 

To verify the ability of the PAT to participate in a visible light induced 

generation of the nitrile imine species, as well as to prove the formed 

intermediate to undergo a cycloaddition reaction, a small molecule study 

was performed. The tetrazole species 22 (1 eq.) and the maleimide 7 

(1.2 eq.) were both dissolved in MeCN and irradiated at 410 -420 nm at 

ambient temperature (refer to Scheme 28). Full conversion of the tetrazole 

species and formation of the target compound 23 was detected after 

60 min. It should be noted that longer reaction times were needed if higher 

concentrations of the reagents were applied. The obtained reaction mixture 

were purified by column chromatography and characterized by NMR, ESI-

MS, fluorescence spectroscopy, as well as UV-Vis spectroscopy. In addition, 

a control experiment employing the ‘UV-active tetrazole’ 4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoic acid was performed under 

identical conditions as applied for the PAT conversion. No conversion of the 

tetrazole species was detected, varying the PAT tetrazole to be the only 

known functionalized coupling species with a trigger wavelength of > 400 

nm. The 1H NMR data of the tetrazole 22 and the corresponding cycloadduct 

23 are shown in Figure 25. A comparison of both spectra reveals several 

changes in the chemical structure of the tetrazole after the ligation trial has 

occurred. The new appearing multiplet (h) at 3.6 ppm can be assigned to 

the methylene moieties of the maleimide 7, incorporated in the structure 

of the cycloadduct. The resonances (g) at 4.7 and (f) at 5.4 ppm can be 

assigned to the adjacent protons of the newly formed 5-membered ring.  
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Figure 25 1H NMR spectra before and after the NITEC ligation with a small molecule 

maleimide. Refer to Scheme 28 for reaction conditions. (1) pyrene functional aryl tetrazole 

22 before irradiation; (2) reaction mixture after irradiation (410 - 420 nm) and purification 

via column chromatography.279 Reproduced with permission of The Royal Society of 

Chemistry. 

 

The aromatic resonances of the PAT, located between 7.9 and 8.3 ppm 

change their position after the ligation reaction to become a broader 

multiplet with a new pattern between 7.8 and 8.4 ppm. As expected the 

positions of the signals (c), (d) and (b) remained unchanged. 

The photophysical properties of the compounds applied for the small 

molecule study were investigated by fluorescence spectroscopy and UV-Vis 

spectroscopy in order to gain further knowledge about the reaction process 

of visible light NITEC (refer to Figure 26). By comparison of the UV-Vis 

absorbance spectra of tetrazole 22 and pyrazoline 23, a strong overlap in 

the range 410 – 420 nm, employed for triggering of the NITEC reaction, 

was observed. As the absorbance of the 23 is significantly higher, 

compared to the absorbance of the PAT 22, increasing inhibition of the  
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Figure 26 Absorption spectrum of the PAT 22 (blue line), cycloadduct 23 (pink line) 

and the emission spectrum of PAT 22 (black line, λex = 365 nm), cycloadduct 23 (red line, 

λex = 400 nm). All spectra were detected in MeCN.279 Reproduced with permission of The 
Royal Society of Chemistry. 

 

photoreaction with increasing cycloadduct formation can be assumed. The 

major part of the applied irradiation energy could potentially be converted 

by the 23, leaving only a minor component of the photons available for the 

NITEC reaction. However, by applying a strong irradiation source and highly 

diluted reaction mixtures, the reaction was driven to quantitative 

conversion in only 60 min. The examination of the fluorescence spectra of 

the compounds 22 (λfl, max = 441 nm) and 23 (λfl, max = 441 nm) revealed 

a significant shift to higher wavelengths of the emission after the NITEC 

reaction. The detected fluorescence tail of the pyrazoline species 23, 

reaching into NIR region, could potentially be applied in the future for in 

vivo labelling and tracking. The employment of near infrared regime 

provides a distinct advantage compared to visible light, as the emission of 



 

Results and Discussion 

85 

the pyrazoline 23 does not overlap with the autofluorescence of the living 

tissue.281-283 

After the visible light NITEC reaction was utilised successfully for the small 

molecule ligation, the extension of the concept as a tool for macromolecular 

design was attempted. The hydroxyl functional PAT was employed as an 

initiator in a ring opening polymerization (ROP) of ε-caprolactone in the 

presence of triazabicyclodecene in DCM, in order to form tetrazole end 

capped poly-ε-caprolactone (PLC). Two sizes of PCL (A1,2) were obtained 

via variation of the initiator to monomer ratio and the application of 

different reaction times (refer to Scheme 28). Both polymers revealed 

excellent fidelity of the PAT end group and narrow polydispersity (refer to 

Section 8.2.3). 

To verify that the visible light NITEC is suitable for design of 

macromolecular architectures, end group modification of the PAT end 

capped PCL A1 (Mn = 2.0 kDa (SEC), Ð = 1.10) was performed. A variety 

of electron deficient alkene derivatives such as maleimide 7, diethyl 

fumarate, MMA and MA were applied as dipolarophile, in order to 

demonstrate the versatility of the novel, visible light induced NITEC 

reaction. After dissolving the polymer species (1 eq.) in the presence of the 

corresponding dipolarophile (1.5 eq.) in an appropriate solvent, the 

resulting reaction mixture was irradiated at 410 - 420 nm for 30 min at 

ambient temperature (refer to Scheme 28). Full conversion of the tetrazole 

moiety and exclusive formation of the target cycloadducts B1-4 were 

observed for all performed reactions. The choice of solvent was driven by 

the reactivity of the dipolarophile. MeCN was applied as the solvent for the 

cycloadditions with maleimide 7 and diethyl fumarate, as both are very 

electron deficient alkene species, and MeCN would allow their rapid reaction 

with the nitrile imine intermediate. However, the MeCN was replaced with 

THF for the coupling reactions with MMA and MA dipolarophile, as both 

alkenes display a higher electron density of the double bond, which  
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Figure 27 ESI-MS spectra of coupling reaction of PAT end capped PCL A1 and the 

corresponding dipolarophiles to form cycloadducts B1-4. (Refer to Scheme 28 for structures 

of formed cycloadducts B1-4 and the reaction conditions); (Refer to Section 8.2.3, Table 6 

for the exact masses and experimental values of the depicted polymer species A1 and B1-

4); location of the A1 signal is illustrated by a dotted line; rearomatisation of B4 was 

detected (Refer to Section 8.2.3 for further details).279 Reproduced with permission of The 
Royal Society of Chemistry. 

 

 

 

Table 3 Sum formula, the exact masses for experimental results, theoretical values 

and the deviation of both for PAT end capped PCL A1 and cycloadducts B1-4.279 Reproduced 
with permission of The Royal Society of Chemistry. 

 

 

Label Sum formula m / zexp m / ztheo Δ m / z 

A1 [C83H116N4NaO19]+ 1495.815 1495.813 0.002 

B1 [C83H113N3NaO20]+ 1494.787 1494.782 0.005 

B2 [C83H114N2NaO21]+ 1525.818 1525.812 0.006 

B3 [C82H114N2NaO19]+ 1567.862 1567.859 0.003 

B4 [C87H122N2NaO21]+ 1553.831 1553.844 0.013 
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decreases the efficiency of their addition reaction with the nitrile imine 

species. If performed in MeCN, the nitrile imine acts also as a dipolarophile 

and can be partially converted in a cycloaddition with the C-N triple bond 

of the acetonitrile.  

The short length of the PCL, and the low molecular weight of the 

dipolarophiles employed allows for the simplified purification and 

characterization of the cycloadducts. The ESI-MS spectra of PAT end capped 

A1 as well as the cycloadducts B1-4 is depicted in Figure 27. The 

corresponding theoretical and experimental m / z values are presented in 

Table 3. Full conversion of polymer A1 and almost exclusive formation of 

the target compounds B1-4 were detected. Good agreement between the 

predicted m / z values and the experimental results were observed for 

species B1-3. In the mass spectrum of B4 a second product distribution with 

a shift of 2 Da compared to the distribution of the desired compound is 

present. This arises due to the rearomatisation reaction of B4. The protons 

of the newly formed pyrazoline ring are less sterically hindered compared 

to the corresponding protons of species B1-3. Therefore the 

thermodynamically favorited rearomatisation product is more likely to 

occur (refer to Scheme 29). A larger difference between the calculated 

m / z values and the experimental can be addressed to the overlap of the 

signals of B4 and B4b, resulting in intensity changes in the isotopic pattern 

of the respective signals. It should be noted that minor amounts of 

undefined side products were also observed. However, the spectra of B1-4  

 

 

Scheme 29 Rearomatisation of the macromolecular species B4 under ESI-MS conditions. 
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Figure 28 1H NMR spectra before and after photoinduced coupling of A1 with small 

molecule maleimide 7. Refer to Scheme 28 for the reaction conditions. (1) PAT functional 

PCL A1 before irradiation; (2) reaction mixture after irradiation with visible light 
(410 – 420 nm) (B1).279 Reproduced with permission of The Royal Society of Chemistry. 

 

are remarkably clean considering the fact that the ESI-MS data was 

collected without further purification after the NITEC reaction. In addition, 

the rather poor ionisation properties of the pyrazoline compounds formed 

make the slight signals of impurities appear more distinct than in other 

characterization techniques (i.e. NMR). As such, the apparent yield is most 

likely underestimated by ESI-MS. 

In order to provide a quantitative proof for the efficiency of the visible light 

induced end group modification via NITEC, 1H NMR characterization of the 

cycloadducts B1-4 were performed. A comparison of the spectra of A1 and 

B1 was selected as a representative example of all end group conversions 

(refer to Figure 28). Full conversion and exclusive formation of the targeted 

cycloadduct was observed. No side products are visible, which is indicative 

for an efficient and clean end group modification. Compared to the  
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Figure 29 Normalized SEC traces of PAT functional PCL A2 (green line), corresponding 

dipolarophile functional PEG or PNIPAM (red line) and via NITEC formed block copolymers 

C1-5 (black line) respectively. Mn and Ð were determined by GPC using PMMA calibration 
standards.279 Reproduced with permission of The Royal Society of Chemistry. 

 

spectrum of A1, the NMR spectrum of B1 reveals several changes. A new 

resonance (h) between 3.6 and 3.7 ppm appears, which is assigned to the 

methylene protons of the introduced maleimide. Furthermore, the new 

signals (g) and (f) at 5.0 and 5.6 ppm respectively, were assigned to the 

adjacent protons of the newly formed 5-membered ring. The pattern of the 

resonances in the aromatic region (a) also changed the structure and 

appeared relocated at lower fields (e). As expected, the backbone 

resonances remained unchanged, and were not affected by the coupling 

reaction. Importantly, all synthesized pyrazoline containing cycloadducts 

show significant fluorescence in the NIR region. 

After the visible light NITEC was verified to be an efficient methodology for 

polymer end group conversion, the concept was applied for the formation 

of block copolymers. PCL A2 (Mn = 5.8 kDa (SEC), Đ = 1.15) was coupled 

with a range of dipolar functional PEG species. In addition, PNIPAM 
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prepared under RAFT conditions was coupled with PCL A2, in order to 

demonstrate the orthogonality of the NITEC approach with RAFT agents. 

The PAT containing PCL (1 eq.) and corresponding dipolarophile (1.5 eq.) 

were dissolved in MeCN or THF and exposed to blue light (410 - 420 nm) 

for 30 min at ambient temperature (refer to Scheme 28). The water soluble 

polymer block (PEG or NIPAM) was applied in excess, as the unreacted 

residual can easily be removed by an aqueous work up. The resulting block 

copolymers were analysed via SEC (refer to Figure 29). For all cycloaddition 

reactions a new, monomodal molecular weight distribution at lower 

retention times was observed, while the traces of the starting polymers 

vanished. In addition, the Ð values of the cycloadducts C1-4 decreased, 

underpinning the success of the ligation (refer to Table 2). The small, low 

molecular shoulder observed for species C5 can be assigned as the residual 

PNIPAM D2, as the compound was used in excess. The structures of all 

cycloadducts were confirmed by 1H NMR (refer to Section 8.2.3). As with 

all pyrazolines arising from previous coupling reactions via the visible light 

NITEC, all the cycloadducts emit fluorescence in the NIR region. 
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4.3 Conclusion 

The current chapter presents a novel approach for efficient, visible light 

induced, catalyst free, coupling chemistry. The design and application of a 

novel pyrene functional tetrazole species, able to participate in visible light 

induced NITEC reaction at 410 – 420 nm, is described. Rapid, clean and 

efficient formation of the target coupling products was observed for all 

performed cycloadditions. The concept was proven via ligation of low 

molecular weight dipolarophiles, whereby NMR, ESI-MS, fluorescence 

spectroscopy and UV-Vis spectroscopy were performed in order to optimize 

the reaction conditions and gain further knowledge of the reaction process. 

In addition, PAT end capped PCL was synthesized and employed for end 

group modification and block copolymer formation, demonstrating the 

potential of the novel introduced methodology as a tool for the synthesis of 

macromolecular architectures. A variety of dipolarophile species such as 

fumarate, maleimide and (meth)acrylates were utilised as dipolarophiles, 

in order to demonstrate the versatility of the coupling technique. 

Furthermore, the orthogonality of the NITEC reaction to trithiocarbonates 

was shown by coupling the PAT functional PCL with PNIPAM prepared under 

RAFT conditions. Importantly, all synthesized cycloadducts have significant 

emission in the NIR region. A significant bathochromic shift of the trigger 

wavelength for the NITEC reaction was achieved compared to the previous 

systems. However, tetrazole activation in the NIR region remains an 

intriguing challenge, as it would allow conjugation reactions in deep tissue. 
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5 Near Infrared Photoinduced 

Coupling Reactions Assisted 

by Upconversion 

Nanoparticles 

5.1 Introduction 

As described in the previous chapter, the trigger wavelength of a 

photoreaction can be shifted into the visible light region by merging an 

appropriate chromophore into the structure of the photo-active species. 

Although the achieved bathochromic shift enables the photo activation via 

blue light, coupling reactions induced by even lower energy, such as the 

near infrared light are highly sought. In the current chapter, a novel 

methodology for the formation of a covalent linkage via upconversion 

assisted, nitrile imine-mediated, tetrazole-ene cycloaddition (NITEC) 

triggered by NIR light, is introduced.284 Herein, upconversion nanoparticles 

were excited at 974 nm. Through a photon upconversion process, an 

emission in the UV region was generated, suitable to trigger the 

photoreaction (refer to Figure 30). A tissue was optionally placed between 

the irradiation source and the reaction vessel, demonstrating the 

penetration ability of the NIR light. The strategy was applied for small 

molecule ligation, polymer end group modification and the coupling of 

polymer blocks in order to generate block copolymers. Rapid and exclusive 

formation of the desired product under full conversion of the 

3 

                                           

Lederhose, P.; Chen, Z.; Müller, R.; Blinco, J. P.; Wu, S.; Barner-Kowollik, C. Angewandte 

Chemie International Edition 2016, DOI: 10.1002/anie.201606425. Reproduced with 

permission of WILEY‐VCH Verlag. 



Near Infrared Photoinduced Coupling Reactions Assisted by Upconversion 

Nanoparticles 

94 

 

Figure 30 Schematic illustration of near infrared photoinduced coupling reactions 

assisted by upconversion nanoparticles. A tissue is optionally placed between the beam 

and the reaction vessel to demonstrate the penetration capability of the near infrared 

light.284 Reproduced with permission of WILEY‐VCH Verlag. 

 

photo-active species was observed. The cycloaddition can be performed 

with low energy light and is insensitive to oxygen and moisture. 

Furthermore, upconversion nanoparticles (UCNPs) assisted photoinduced 

coupling chemistry was employed for polymer-polymer linkage in the 

presence of the bioactive and photosensitive species biotin, revealing the 

suitability of the strategy for biological applications. Interestingly, all 

formed cycloadducts emit in the NIR region. Therefore, in vivo tracking and 

labeling by NIR light is feasible, if the UCNPs are located in close proximity 

to the fluorescent cycloadduct. 
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5.2 Results and Discussion 

To ensure an efficient formation of the nitrile imine intermediate, the 

excitation of the appropriate electronic transition of the tetrazole species 

by the UCNPs generated irradiation is highly important. Therefore, PAT 22 

was applied as the photo-active species, as the fluorescence spectrum of 

the tetrazole overlaps significantly with the emission spectrum of the UCNPs 

in the wavelength region between 330 – 370 nm (Refer to Figure 31). 

Although the PAT was employed for blue light induced cycloadditions 

previously, the compound is also capable to participate in a NITEC reaction 

in the UV region. However, it should be mentioned, that the visible overlap 

of the emission spectrum of the irradiation source with the absorption 

spectrum of the light-sensitive compound is not always sufficient to trigger 

a photoreaction. Typically, an absorption spectrum represents a variety of 

possible electronic transitions of the photo-active molecule, whereby only 

selected transitions lead to the desired photoreaction. Importantly, no 

prediction about the effective excitation wavelength can not be made based 

on the absorption coefficients. High absorption intensity of a photo active 

species in a certain wavelength region does not necessarily imply a high 

photo-reactivity.208 

The upconversion photoinduced coupling chemistry concept was first 

applied for small molecule ligation, in order to confirm the cycloadduct 

formation, optimize the reaction conditions, as well as to determine the 

efficiency of the ligation method compared to the established NITEC 

strategies. The use of small molecules has a distinct advantages compared 

to macromolecules such as polymers. A variety of analytical methods are 

available for monitoring the reaction process, as well as characterization of 

the final compound, e.g. NMR, ESI-MS, UV-Vis and fluorescence 

spectroscopy. Furthermore, purification methods such as column 

chromatography and recrystallization can be employed. For the 

upconversion photoinduced coupling experiments, a simple maleimide was  
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Figure 31 Magnification of the 300 - 420 nm region of the emission spectrum of UCNP 

(black line) and the absorption spectrum of PAT 22 (red line).284 Reproduced with 
permission of WILEY‐VCH Verlag. 

 

applied as the dipolarophile, since it undergoes a rapid reaction with the 

in situ formed nitrile imine species, as alluded in the last chapter. PAT 22 

(1.0 eq.) and hydroxy functional maleimide 7 (1.1 eq.) were both dissolved 

in acetonitrile. After addition of UCNPs, the resulting reaction mixture was 

exposed to NIR irradiation at 974 nm for 30 min at ambient temperature 

(refer to Scheme 30). As both, the PAT molecule and the pyrazoline 

containing cycloadduct are fluorescent, the kinetics of the NITEC reaction 

were monitored by measuring the emission spectrum of 22 (λem = 441 nm) 

and the product compound 23 (λem = 561 nm) (refer to Section 8.3.4). Full 

conversion of the tetrazole species after 30 min and formation of the 

respective cycloadduct were detected. HPLC was applied for analysis of the 

obtained reaction mixture as this characterization method is highly 

sensitive, quantitative and allows for the detection of minimal amounts of 

the product compound or any side products formed. In addition, control 

experiments in the absence of UCNPs were undertaken to ensure the photo  
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Scheme 30 Synthetic pathways for near infrared photoinduced coupling reactions to 

form the small molecule cycloadduct 23, the end group modified PCL F1 (no tissue 

used) / F2 (tissue used), the block copolymers G1 (no tissue used) / G2 (tissue used) and 

the biotin functional block copolymer PCL-b-PEG H. Refer to Section 8.3.3 reaction 
details.284 Reproduced with permission of WILEY‐VCH Verlag. 

 

activation via upconversion as the only pathway for the cycloadduct 

formation. Since no chemical information is given by the HPLC, a reference 

sample synthesized via blue light induced NITEC (refer to Section 8.2.3) 

was provided to ensure the formation of the cycloadduct 23. The 

corresponding HPLC traces are depicted in the Figure 32. Full conversion of  
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Figure 32 Normalized HPLC traces of PAT 22 (1), crude reaction mixture of PAT 22, 

hydroxy functionalized maleimide 7 and UCNPs, irradiated at 974 nm in MeCN for 30 min 

(2) and reference sample of cycloadduct 23 synthesized according to literature in the 

absence of UCNPs (3), control experiment carried out in the absence of UCNPs under 

otherwise identical conditions as in the case of the small molecule ligation of PAT 22 and 

hydroxy functionalized maleimide 7 (refer to Scheme 30 for the reaction details); 

THF / MeCN / H2O + 0.1 % trifluoroacetic acid was used as eluent and a 220 nm UV 

detector was employed.284 Reproduced with permission of WILEY‐VCH Verlag. 

 

the tetrazole species and nearly exclusive formation of the desired 

cycloadduct were observed. Only minor amounts of side products were 

detected. Trace (1) represents the signal of the tetrazole before the 

irradiation eluting at 9.2 min. A shift to shorter retention time of 8.2 min 

was observed after the irradiation of the reaction mixture (analysed without 

further purification) (2). The signals of the reference sample (3) and the 

reaction mixture (2) correlate well, indicating the formation of an identical 

cycloadduct as in the case of the blue light induced NITEC reaction (refer 

to Chapter 2.3.3). Furthermore, no conversion was observed for the control 

experiment without UCNPs present (4), excluding alternative reaction 

pathways for the generation of the nitrile imine, such as thermal 
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decomposition of the tetrazole species. The structure of the formed 

pyrazoline 23 was confirmed by ESI-MS (refer to Section 8.3.3), providing 

additional evidence for the cycloadduct formed by the upconversion 

photoinduced coupling chemistry. 

As the NIR triggered NITEC reaction was shown to be a powerful tool for 

the ligation of small molecules, the extension of the concept as a tool for 

macromolecular design was attempted. In comparison to the small 

molecule coupling, the modification or ligation of the polymer species is 

more demanding. Prolonged reaction times are required and a potential 

interference of the coupling reaction with the functional groups present in 

the polymer backbone or other end groups such as RAFT agents or ATRP 

initiators is possible. Furthermore, the analytical tools for the 

characterization of polymer species are limited, due to the large size and 

inhomogeneity of the molecules. Thus, rather low molecular weight 

polymers were employed to facilitate the characterization of the resulting 

macromolecular cycloadducts. In the first experimental sequence, the end 

group modification of a short, PAT functional poly(ε-caprolactone) PCL 

(Mn = 2.0 kDa (GPC), Ð = 1.10) polymer was targeted (refer to Section 

8.2.3 for synthesis and characterization). The tetrazole functional polymer 

A1 (1.0 eq.) and maleimide species 7 (1.5 eq.) were dissolved in MeCN. 

After addition of UCNPs to the solution, the resulting mixture was exposed 

to NIR light at 974 nm for 40 min at ambient temperature (refer to Scheme 

30). Reactions, both with direct irradiation, F1, and with tissue-shielded 

irradiation source, F2, were performed, in order to estimate the penetration 

capability of the NIR light. The resulting product streams were analysed by 

ESI-MS (refer to Figure 33). Due to the short length and the ester moieties 

incorporated into the polymer backbone, the chosen PCL provides excellent 

ionisation properties in the ESI-MS. Full conversion of the polymer species 

A1 and formation of the desired cycloadducts F1,2 were detected. An 

extended reaction time (60 min) was required for the tissue-shielded  
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Figure 33 Magnified view in the region of 1000 - 1750 m / z of the high resolution ESI-

MS spectrum of PAT end-capped poly(ε-caprolactone) (PCL) A1 and the cycloadducts F1 

(no tissue used) and F2 (tissue used). Inset: magnified view of the isotopic patterns for 

A1 and F1,2 . Refer to Scheme 30 for the structures of formed cycloadducts F1,2 and the 

reaction conditions. Refer to Table 6 for the exact theoretical and experimental masses of 

the depicted polymer species A1 and F1,2. Note that only a shift of approx. 1 Da results.284 
Reproduced with permission of WILEY‐VCH Verlag. 

 

experiment F2, as the irradiation intensity was reduced by the tissue 

absorbance. However, no effect on the overall conversion or the products 

formed was observed by the presence of the tissue. For shorter polymers, 

the end group can potentially have a greater influence on the ionisation 

properties. Therefore, no quantitative statement can be made regarding 

the product distribution by ESI-MS, although the corresponding results 

suggest a high efficiency of the photoinduced coupling chemistry for end 

group modification. Quantitative analysis of the modified polymers F1,2 

were achieved by 1H NMR. As no visual difference was noted between the 

spectra of F1 and F2, only data of F1 is discussed (refer to Figure 34). Full 

conversion and exclusive formation of the cycloadduct were observed. No 

additional species are visible, indicating efficient and clean end group 

modification. Compared to the spectrum of A1, the NMR spectrum of F1 

reveals several changes. A new resonance (h) between 3.6 and 3.7 ppm 
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appears, which is assigned to the methylene moieties of the introduced 

maleimide. Furthermore, the new signals (g) and (f) at 5.0 and 5.6 ppm 

respectively, were assigned to the adjacent protons of the newly formed 5-

membered ring. The pattern of the resonances in the aromatic region (a) 

also changed the structure and shifted to lower fields (e). As expected, the 

backbone resonances remained unaffected by the coupling reaction. 

Interestingly, the fluorescence of the pyrazoline functional PCL, synthesized 

via NITEC, can potentially be triggered by NIR irradiation as long as the 

UCNPs are in close proximity. By combining the fluorescence properties of 

the pyrazoline revealing a tail into the NIR region with UCNPs, fluorophore 

excitation and the detection of the resulting fluorescence in NIR regime is 

possible. 

In the second experimental sequence, a photoinduced block copolymer  

 

 

Figure 34 1H NMR spectra before and after the upconversion photoinduced coupling of 

A1 with small molecule maleimide 7. Refer to Scheme 30 for the reaction conditions. (1) 

PAT functional PCL A1 before irradiation; (2) reaction mixture after irradiation with NIR in 

presence of UCNPs (F1).284 Reproduced with permission of WILEY‐VCH Verlag. 
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formation via UCNPs assisted NITEC was attempted. PCL and polyethylene 

glycol (PEG) blocks were employed for the linkage reactions as both species 

are suitable for biological applications due to their biocompatibility and non-

toxicity.285 The tetrazole functional polymer A2 (1.0 eq.) and the maleimide 

end capped PEG E1 (1.5 eq.) were dissolved in MeCN. After addition of 

UCNPs to the solution, the resulting mixture was exposed to NIR light at 

974 nm for 60 min (refer to Scheme 30). An excess of the PEG polymer 

was employed to ensure full conversion of the tetrazole moiety. The 

residual maleimide functional PEG was removed by aqueous work up of the 

reaction mixture affording the desired block copolymer only. Again, both 

direct irradiation, G1, and tissue-shielded irradiation, G2, were carried out 

to simulate the differences between in vitro and in vivo environments. To 

quantify the efficiency of the coupling reaction, the resulting block 

copolymers were analysed by SEC (Figure 35). Similar to the end group  

 

 

Figure 35 Normalized SEC traces of PAT functional PCL A2 (green line), maleimide 

functional PEG E1 (blue line) and block copolymers G1 (no tissue used, black line) and G2 

(tissue used, red line) formed by upconversion photoinduced coupling reactions, 

respectively. Mn and Ð were determined by SEC in THF using poly(styrene) calibration 

standards.284 Reproduced with permission of WILEY‐VCH Verlag. 
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modification experiments, full conversion of the PAT species and exclusive 

formation of the desired pyrazoline containing adduct was observed. Apart 

from the prolonged reactions time for G2, no significant differences were 

noticed between the ‘tissue free’ and ‘tissue-shielded’ experiments. The 

SEC traces of G1 (black line) and G2 (red line) are both monomodal and 

reveal a significant shift to lower retention times compared to the tetrazole 

functional species A2 (green line). No residual reagent polymers are visible. 

In addition, the Ð values of the cycloadducts decreased after the coupling 

reaction, underpinning the efficiency of the ligation method. As the GPC 

provides no chemical information, the structures of G1,2 were verified by 1H 

NMR (refer to Section 8.3.3, Figure 136, Figure 138). 

In order to demonstrate the versatility of the upconversion photoinduced 

coupling chemistry for biological applications, a block copolymer carrying a 

photosensitive, bioactive biotin moiety was synthesized. The tetrazole 

functional polymer A2 (1.0 eq.) and the maleimide end capped PEG J  

 

 

Figure 36 Normalized fluorescence spectra of PCL A1, PCL-b-PEG-biotin H and 
pyrazoline 23.284 Reproduced with permission of WILEY‐VCH Verlag. 
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(1.5 eq.) were placed into a reaction vessel in the presence of MeCN. After 

(adding the UCNPs to the solution, the resulting mixture was irradiated with 

NIR light at 974 nm for 60 min (refer to Scheme 30) to afford block 

copolymer H. A tissue was placed between the irradiation source and the 

reaction vessel to imitate in vivo environment conditions. After removing 

the UCNPs, the crude reaction mixture was analyzed by fluorescence 

spectroscopy, whereby full conversion of the tetrazole containing PCL A2 

and formation of the bioactive PEG-b-PCL block copolymer was detected 

(refer to Figure 36). The fluorescence band of the starting material (black 

line, λem = 441 nm) vanishes, while a new, red shifted fluorescence band 

of the cycloadduct H arises (blue line, λem = 561 nm). The bioactivity of 

biotin functional species H was subsequently estimated by employing a 

biotin quantification kit. Thus, H was added to an aqueous solution of HABA 

(4’-hydroxyazobenzene-2- carboxylic acid) non-covalently attached  

 

 

Figure 37 Absorption spectra of HABA / avidin mixtures before and after addition of a 

biotin containing solution H in the concentration range 0 – 9 µM. The arrow illustrates the 

absorption band used for the biotin activity calculations (refer to Section 8.3.4 for further 
details).284 Reproduced with permission of WILEY‐VCH Verlag. 
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to the avidin protein and displaying a strong absorption at 500 nm. As biotin 

has a high binding affinity towards avidin, it replaces HABA, whereby the 

absorption at 500 nm decreased proportionally. The formation of the new 

non-covalent complex of H and avidin was monitored by UV / Vis 

spectroscopy for a range of biotin concentrations (refer to Figure 37). 88 % 

of the species H was found to be bioactive by comparing the observed 

absorption decrease to a reference sample (refer to Section 8.3.4). 
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5.3 Conclusion 

By combining the concepts of UCNPs with NITEC chemistry, a novel, 

powerful strategy for light induced photoligations is introduced. For the first 

time, the trigger wavelength of a photo-linkage reaction was extended into 

the near infrared region. The coupling methodology was applied for small 

molecule ligations as well as macromolecular design such as end group 

modification or the formation of block copolymers. Rapid formation of the 

desired cycloadduct under mild conditions at 974 nm was observed for all 

linkage reactions. No side product formation was detected. The structures 

of the target compounds were confirmed by HPLC, 1H NMR, ESI-MS and 

SEC. The great potential of the upconversion assisted NITEC for in vivo 

applications was verified by ‘through tissue’ triggered coupling reactions in 

the presence of bioactive biotin. Importantly, the NIR induced linkage 

reaction had no influence on the bioactivity performance of the biotin 

species. All synthesized cycloadducts are fluorescent in the NIR region. 

Therefore, in vivo labelling and tracking via near infrared light only is a 

potential feature to be investigated further.  
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6 λ-Orthogonal 

Photoligations, Novel 
Avenue for Advanced 

Surface Patterning 

6.1 Introduction 

Control over the physical and chemical properties of a surface plays a key 

role for the advanced technological applications such as microfluidic lab-

on-a-chip devices, sensors, antifouling coatings and platforms for 

biomolecule immobilization. Therefore new methodologies for easy and 

efficient functionalization of surfaces through formation of new covalent 

bonds are current research goals in many fields. Light induced reactions for 

tuning surface characteristics is one promising strategy due to the 

advantages of photo induced processes such as high reaction rates, high 

efficiency, orthogonality, mild reaction conditions and compatibility with the 

manufacturing environment. Furthermore, spatial and temporal control can 

be achieved, which allows the formation of patterned or gradient surfaces. 

In the current chapter, a combination of UV triggered NITEC and visible 

light triggered NITEC is presented as a novel λ-orthogonal ligation 

methodology in solution and on a surface. A strategy for λ-orthogonal 

photo-ligations in solution has been reported previously by the Barner-

Kowollik team.9 However, the current approach is the only example where 

two photo active compounds can be triggered, kinetically independent of 

one another, in solution or on a surface. This was achieved through careful 

choice of wavelength for the activation light source. The concept was first 

applied to small molecules in solution. In this case, a rapid, efficient and 

irradiation wavelength dependent formation of the desired cycloadduct was 
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observed. Subsequently, the λ-orthogonal photo-ligation concept was 

applied for spatially resolved and sequence controlled surface modification. 

A photo-active, wavelength selective pattern was introduced to the surface 

via λ-orthogonal photo-ligation. The space resolved structures were then 

modified using a grafting-from approach. This was achieved employing the 

visible light triggered NITEC and the UV triggered NITEC reacting 

independently of one another. The λ-orthogonal photo-ligation is first 

example of a fast, simple and efficient synthetic path for advance surface 

patterning without the use of elaborate mask. 
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6.2 Results and Discussion 

For two photo ligations to operate λ-orthogonaly with one another, one 

reaction channel must be first triggered with a specific activation 

wavelength, while a different irradiation wavelength is necessary for the 

triggering of the second reaction channel. In the case of the pyrene aryl 

tetrazole (PAT) 22 and the “UV-tetrazole” moiety of species 30, the 

absorption spectra of both photo-active groups were compared and the 

appropriate irradiation lamps were chosen to ensure the λ-orthogonality 

(refer to Figure 38). Although the PAT and ‘UV-tetrazole’ absorbance 

spectrum overlay partially, the PAT can be excited in visible light mode at 

410 – 420 nm as reported previously, while the ‘UV-tetrazole’ was 

observed to be optically transparent in the region > 345 nm. Therefore a 

LED (410 – 420 nm, 9 W) was applied first to trigger the PAT followed by  

 

 

Figure 38 Normalized absorption spectra of UV-tetrazole derivative 30 (blue) and PAT 

22 (black). Normalized emission spectra of visible light source (red) and UV irradiation 
source (pink). 
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the use of a UV lamp, with a broader irradiation spectra (λem, max = 320 nm, 

36 W), to activate the “UV-tetrazole” in the second step. However full 

conversion of the PAT species via NITEC is required, as any unreacted, 

visible light sensitive PAT will also be triggered by the UV light source 

applied. 

In order to demonstrate the λ-orthogonality of visible light triggered NITEC 

and UV triggered NITEC, a small molecule ligation study was undertaken. 

A solution of PAT 22 (1.0 eq.) and monoethyl fumarate functional diearyl 

tetrazole 30 (1.0 eq.) in acetonitrile (MeCN) was irradiated at 

410 – 420 nm for one hour at ambient temperature (refer to Scheme 31). 

The reaction mixture was monitored by TLC. While full conversion was 

observed for PAT 22 and the fumarate moiety of 30, the UV tetrazole 

functionality remained unreacted. The formed cycloadduct 31 was purified 

by column chromatography and irradiated at 320 nm in MeCN for one hour 

(refer to Scheme 31). A magnification of the 1H spectra between 4.5 and 

9.0 ppm of the PAT 22 (1) the fumaryl functional UV tetrazole 30 (2) and 

the cycloadduct 31 (3) formed via visible light conjugation of 22 and 30 

are shown in the Scheme 31. Full conversion of both reagents 22 and 30 

as well as exclusive formation of the desired cycloadduct 31 were observed. 

Evidence to support this transformation was given by the observed shift for 

the aromatic protons of the pyrene moiety of 22 (located between 8.0 and 

8.4 ppm, protons labelled (a)), when PAT was converted to cycloadduct 31 

in presence of 30 via visible light NITEC reaction (protons labelled (d)). In 

addition, the two resonances (e) at 4.5 and 5.6 ppm can be assigned to the 

adjacent protons of newly formed 5 membered pyrazoline ring. Aromatic 

resonances (c) of 30 located at 7 ppm and between 8.0 and 8.3 ppm do 

not change their position in the spectra of 31. This indicates the visible light 

stability of the diaryl tetrazole moiety. The resonances of monoethyl 

fumarate alkene moiety of 30 appearing at 7.2 ppm is not present in the 

spectrum of 31 due to its conversion in the visible light triggered NITEC  
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Scheme 31 λ-Orthogonal, photo-induced ligations, proof of concept in solution. Left 

side: photo-triggered ligation of PAT 22 with fumarate functional species 30 to form 

cycloadduct 31 bearing a “UV-tetrazole” (410-420 nm, 1 h, rt); photo-triggered 

conversion of “UV-tetrazole” containing species 31 in presence of maleimide 32 to form 

cycloadduct 33 (320 nm, 1 h, rt); for clarity only one regioisomere of 31, 33 is displayed 

(refer to SI for further reactions details). Right side: 1H NMR spectra of tetrazole species 

22 (1), 30 (2) and formed cycloadducts 31 (3), 33 (4); Dotted lines illustrate the location 

of aromatic resonances from the monoethyl fumarate functional “UV-tetrazole” 31, also 
observed in the spectra of cycloadduct 31. 
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reaction. After irradiation of 31 (3) in presence of bromide end capped 

maleimide 32 at 320 nm, the desired cycloadduct 33 (4) was formed (refer 

to Scheme 31). Resonances (c), located in the aromatic region of 32 at 

7 ppm and between 8.0 and 8.3 ppm, are replaced in the spectra of 33 by 

new multiplet between 6.7 and 8.4 ppm. In addition, two new resonances 

(g) at 4.6 and 5.1 ppm can be assigned to the adjacent protons of second 

formed 5 membered pyrazoline ring, partially overlaying with the 

resonances (e). Interestingly the length of the spacer, linking the 

monoethyl fumarate and the diaryl tetrazole species of 30, has a significant 

influence on the visible light induced ligation reaction of PAT 22 and 30. 

Reducing the alkyl spacer from eleven methylene units to two decreases 

the conversion of the monoethyl fumarate to < 5 % under identical reaction 

conditions, leading to a different reaction pathway, where unknown 

photodegradation of the PAT 22 molecule occurred. The observed decrease 

in the NITEC efficiency for molecules containing a shorter spacer unit was 

attributed to an increase in steric hindrance which makes the cycloaddition 

of the monoethyl fumarate and the nitrile imine difficult. Also an interaction 

between both tetrazole species can lead to the formation of side products 

or alternative quenching processes of the excited tetrazole species. 

In addition to the wavelength selective triggering of NITEC reaction in 

solution, the utilization of the λ-orthogonal photo-ligations concept on 

surface was undertaken. Prior to this work there are no examples of λ-

orthogonal surface photo-ligation in the literature. However, the extension 

of the λ-orthogonal photo-ligations concept as a tool for preparation of 

pattern surfaces is a demanding task and requires careful planning. The 

first challenge to be considered is the surface attachment of the photo 

active PAT molecule. To achieve this, PAT 22 was converted to an acid 

functional pyrene tetrazole 34, which was subsequently amidated with 3-

aminopropyltriethoxysilane (APTS) to yield compound 35 (refer to  
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Scheme 32 Conversion of hydroxyl functional PAT 22 to an acid functional PAT 34 in 

presence of N N′-dicyclohexylcarbodiimide (DCC) and succinic anhydride. Amidation of 
acid functional PAT 34 in presence of 1,1'-carbonyldiimidazole (CDI) and APTS. 

 

Scheme 32). Notably, the direct amidation of the aromatic acid of the 

tetrazole species could not be achieved under various 

conditions, including dicyclohexylcarbodiimide (DCC) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) couplings, as well as the acid 

activation using SOCl2. The modest yield of 39 % is most likely due to the 

polymerization of the silane functional compound 35 onto the silica gel 

employed during the purification process via column chromatography. In 

addition, the compound was found to be unstable at elevated temperatures 

and spontaneously polymerized in the presence of moisture. Therefore, 

anhydrous solvents were required for preparing 35. Additionally, ambient 

light needed to be avoided as the target compound absorbs in the visible 

light range. Due to the rather poor stability of the compound 35, only an 

1H NMR spectrum was obtained for the verification of the purity and 

structure of the synthesized compound (refer to Figure 39). Several 

changes in the spectrum of 35 were observed compared to the spectrum 

of starting precursor 34. While the signals (a), (b) and (c) remain 

unaffected by the transformation, the resonance (d) at 3.7 ppm shifts to 

lower fields at 4.1 ppm (g). The two new doublets, observed at 2.5 (k) and 

2.7 (j) ppm, were assigned to the methylene moieties of the succinic 

anhydride incorporated in to the structure of PAT reaction.The multiplet (f)  

 



        
λ-Orthogonal Photoligations, Novel Avenue for Advanced Surface Patterning 

114 

 

Figure 39 1H NMR spectra of PAT 22 (1), silane functional tetrazole species 35 formed 

starting from hydroxyl functional PAT 22 in a ring opening reaction with succinic anhydride 

and subsequent amidation of the formed intermediate 34 with APTES. 

 

via ring opening between 3.2 and 3.3 ppm was assigned to the amide 

proton formed in the amidation reaction of species 34 with APTS. The 

resonances (m) and (n) at 1.8 and 0.7 ppm were assigned respectively to 

the methylene groups in the beta and alpha positions to the Si-heteroatom 

of the APTS. The multiplets (l) and (h), were attributed to the ethoxy 

moieties of the silane. The corresponding resonances at 3.9 and 1.2 ppm 

displayed the highest intensity in the spectrum as APTS contains three of 

ethoxy functional groups. In summary the 1H NMR of 35 confirmed a clean 

and selective formation of the silane functional visible light active tetrazole 

derivative. 13C NMR characterization of the species was attempted, but due 

to the prolonged experimental times required, the samples were observed 

to degrade/polymerise while the measurement was in progress (the silane 

functional tetrazole 35 was observed to self-polymerise in the NMR tube 

after ca 20 min). As self-polymerization was suggested under the analytical 
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conditions applied for ESI-MS measurements, no mass spectrometry of the 

target compound was performed.  

The obtained PAT functional silane 35 was employed along with the 

fumarate functional ‘UV-tetrazole’ 30, the halogenated maleimide 32 and 

36 in a λ-orthogonal photo-ligation approach onto a silicon surface (refer 

to Figure 40). In the first step PAT functionalized silicon wafer I was 

prepared by covalent attachment of the silane containing species 34 to the 

surface. Tethering of the light sensitive species to the surface directly gives 

the maximum lateral resolution, since diffusion of the photo activated 

species can be avoided. The resulting wafer was characterised via ToF-

SIMS, as the method is suitable for the investigation of patterned surfaces 

at higher resolutions. Importantly, in order for ToF-SIMS to be a viable 

characterization tool a unique fragment of the species attached must be 

identified, in order to confirm the structure of the compound on the surface. 

In the case of the PAT, the pyrene containing fragment [C16H9O]+ was 

employed to verify high density PAT functionalisation of the surface (refer 

to Figure 40, PAT species was visualized by blue colour). The fragment 

being detected for the validation of the presence of PAT is found only when 

the tetrazole moiety is contained within the structure. When the nitrile 

imine intermediate or subsequent pyrazoline ring is formed, this fragment 

is no longer observed. Consequently, it confirms the successful patterning 

of PAT, as well as photo-reaction of tetrazole species in a NITEC reaction. 

Since physio-adsorbed tetrazole can negate the spatial-resolution of the 

patterned surfaces, it is crucial for the λ-orthogonal methodology that only 

covalently tethered PAT is present on the wafer surface. Therefore control 

experiments were undertaken to exclude the possibility of non-covalent 

attached PAT (refer to Figure 41). PAT tetrazole 22 was reacted under 

identical conditions to those of silane 34. After the work-up of the wafer, 

the absence of PAT on the surface was confirmed by ToF-SIMS. This 

confirmed, that the coating and purification methods applied led to no  
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Figure 40 Overview over λ-orthogonal surface photo-patterning approach. Top: 

reagents and set ups employed for the formation of patterned surfaces II - IV. Centre: 

View of the surfaces I - IV from the top and from the side. Bottom: Space resolved ToF-

SIMS images of surfaces I - IV recorded in positive and negative mode. Table: structures 

of reagents and cycloadducts; fragments used for ToF-SIMS imaging were highlighted in 
the structures using colours for the corresponding pattern. 
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Figure 41 ToF SIMS image of the control experiment for preparation of the wafer I, 

PAT 22 was applied instead of silane 34. Yellow colour illustrates the presence of the 
fragment [C16H9O]+. 

 

physio-adsorbed PAT being retained and reinforced the efficiency of the 

silanization approach. 

After successful anchoring of the PAT to the silicon surface, patterning with 

the ene-containing ‘UV-tetrazole’ 30 was attempted. Wafer I was covered 

by a shadow mask and placed into argon purged solution of 30 in MeCN. 

The masked wafer was then irradiated at 410 – 420 nm under ambient 

conditions for 3 h, which yielded wafer II. This wafer had unreacted PAT 

located in the areas covered by the shadow mask, and UV tetrazole in the 

areas that underwent exposure to visible light (refer to Figure 40). The 

characterization of wafer II was undertaken via ToF-SIMS analysis, 

revealing the formation of a patterned surface in a λ-orthogonal approach. 

The red circles indicate the surface regions covered by the ‘UV-tetrazole’ 

where [C7H7NO]+ fragment was employed, verifying the presence of the 

photo active species. Similar to PAT, the [C7H7NO]+ fragment is only visible 

as long the tetrazole is intact and provides a negative control in case of an 

successful NITEC reaction. Furthermore, no residual PAT was found in the 

regions exposed to the light. This allowed wavelength selective modification 

of the prepared wafer. In the blue area, the [C16H9O]+ fragment of the PAT 

is observed as the visible light tetrazole remained 
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Figure 42 ToF SIMS image of the control experiment for photo triggered modification 

of the wafer I, in order to obtain pattern wafer II, functionalized with λ-orthogonal, photo 

active species PAT and ‘UV-tetrazole’. Identical conditions were applied except keeping the 

reaction set up in the dark for the period of the experiment. Left: [C7H7NO]+ fragment of 

the ‘UV-tetrazole’. Right: [C16H9O]+ fragment of the PAT. Yellow colour illustrates the 
presence of the respective fragment.  

 

unreacted under the shadow mask. Since the resolution and contrast of the 

patterned surface can be negatively affected by the physio adsorbed ‘UV-

tetrazole’, the covalent attachment of the ‘UV-tetrazole’ species is a key 

factor for the further success of the designed approach. Consequently, 

covalent linkage of the fumarate functional tetrazole derivative to the PAT 

species via NITEC was confirmed by a control experiment, in which no 

irradiation source was employed under identical conditions, as applied for 

preparation of wafer II. The corresponding sample was analysed via ToF-

SIMS (refer to Figure 42). No absorption onto the silica surface was 

detected as the signal of the [C7H7NO]+ fragment displayed poor intensity, 

while the [C16H9O]+ fragment is still visible. The applied methodology 

provides a major advantage compared to the alternative strategy of 

sequential silanization of half a wafer with ‘UV-tetrazole’ silane and half a 

wafer with PAT silane. The photo patterning methodology allows simple 

preparation of high resolution patterns with great control of the borders of 

the λ-orthogonal regions. As stated in the Chapter 4, the PAT and the 

corresponding pyrazoline cycloadducts absorb in the visible light region. 

Therefore inhibition of the NITEC reaction by the formed cycloadduct takes 

place in solution as the absorbance of the pyrazoline is significantly higher 
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than the absorbance of the PAT. However due to the immobilisation of the 

visible light sensitive PAT on the surface, the absorption of the pyrazoline 

does not interfere with the absorption of the PAT, allowing more efficient 

NITEC reaction than in solution. 

In the third step the wafer II, patterned with PAT and ‘UV-tetrazole’, was 

employed in a λ-orthogonal, visible NITEC reaction. Wafer II was placed 

into an argon purged solution of 32 in MeCN. A bromide end capped 

maleimide 32 was chosen as the dipolarophile for the NITEC reaction due 

to the sensitivity of the ToF-SIMS method towards halogenated species. 

The resulting reaction mixture was irradiated globally at 410 – 420 nm for 

3 h, at ambient temperature. The obtained wafer III was found to have 

had the PAT converted to a bromide functional pyrazoline pattern, while 

‘UV tetrazole’ located inside the circular pattern remained unreacted 

according to ToF-SIMS analysis (refer to Figure 40). Full conversion of the 

PAT molecule and efficient formation of the desired bromide end capped 

pyrazoline species was observed. The yellow coloured circle indicates the 

presence of the [C7H7NO]+ fragment and the ‘UV tetrazole’ moiety 

respectively. [Br]- fragment was only detected surrounding the circular 

pattern, indicating the conversion of the PAT species in the visible light 

induced NITEC reaction. No [Br]- fragment was observed inside the circles. 

Therefore the physio absorbance of the bromine functional maleimide on 

the surface is rather unlikely. This result also confirmed the full conversion 

of the PAT species in the previous step of the surface modification 

sequence, as any residual PAT derivative remaining at this stage of the 

modification would have given bromide functional pyrazoline derivatives 

with the pattern and decrease the contrast in the ToF-SIMS measurement.  

Finally, the ‘UV-tetrazole’ derivative was utilised in a UV light induced NITEC 

reaction. The wafer III was placed into argon purged solution of 36 

dissolved in DCM. Fluoride end capped maleimide 36 was chosen as the 

dipolarophile for the NITEC reaction due to the sensitivity of ToF-SIMS 

method towards halogenated species. Additionally, the introduction of a 
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fluorinated species provides an excellent contrast to the bromide functional 

areas on the surface. The reaction mixture was then irradiated globally at 

320 nm for 1 h, at ambient temperature. DCM was employed as the solvent 

as the CF3 group functional maleimide was found to have poor solubility in 

MeCN. The obtained wafer IV was then analysed via ToF SIMS (refer to 

Figure 40). Full conversion of the ‘UV-tetrazole’ and the formation of the 

desired fluoride containing pyrazoline cycloadduct was observed. While the 

[Br]- fragment of the pyrazoline, formed in a visible light NITEC of PAT and 

32, is still present (visualized by the green colour), a novel [F]- fragment 

(visualized by the red colour) appeared. The presence of the [F]- fragment 

confirms the success of the NITEC reaction. The excellent contrast of the 

ToF-SIMS images of wafer IV visualised the high efficiency of this 

approach. As further confirmation, a control experiment was undertaken to 

ensure only covalent attachment of maleimide 36 under applied reaction 

conditions. The corresponding sample was analysed via ToF SIMS (refer to 

Figure 43). No irradiation source was employed in the control experiment. 

However, all other variables remained constant as applied for preparation 

of wafer IV. No physio adsorption of the species 36 was observed while 

the ‘UV-tetrazole’ moiety remained intact. In Figure 43 image (a) displays 

the [C7H7NO]+ fragment of the ‘UV-tetrazole. The circular pattern is fully 

functionalized with the UV-active tetrazole species. Image (b) shows the 

full reaction of the PAT, as the monitored [C16H9O]+ fragment of the visible 

light tetrazole is negligible. Image (c) confirmed the presence of the [Br]- 

fragment on the surface surrounding the circular pattern, while image (d) 

provides negative control of the presence of a fluorinated species. 

Initially, a chloride functional maleimide was employed to visualise the 

success of the UV triggered NITEC reaction via ToF-SIMS instead of species 

36. However the corresponding [Cl]- was distributed equally over the 

surface after the UV irradiation, with no pattern observed. The experimental 

result explained by a potential UV induced, radical cleavage of the 

halogenated species from the structures grafted to the surface or present 
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in the solution. The obtained radical species (surface based and in solution) 

can then undergo diffusion controlled recombination reaction, leading to a 

scrambling of the alkyl halides and loss of the spatial control of the reaction. 

Consequently, the UV stability of the species applied for the λ-orthogonal 

surface modification plays a major role for the success of the approach.  

 

 

Figure 43 ToF SIMS image of the control experiment for photo triggered modification 

of the wafer III, in oder to obtain patterned wafer IV, functionalized with halogenated 

cycloadducts of PAT and ‘UV-tetrazole’. Identical conditions were applied, except keeping 

the reaction set up in the dark for the period of the experiment. (a) [C7H7NO]+ fragment 

of the ‘UV-tetrazole’. (b) [C16H9O]+ fragment of the PAT. (c) [Br]- fragment of bromide 

functional maleimide 32 grafted to the surface via NITEC. (d) [F]- fragment of fluoride 

functional maleimide 36 grafted to the surface via NITEC. Yellow colour illustrates the 
presence of the respective fragment. 
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6.3 Conclusion 

In summary, a novel λ-orthogonal coupling approach is presented. NITEC 

reaction of UV light photo active tetrazole and the visible light active PAT 

were performed in different wavelength regimes allowing selective 

cycloadduct formation. The strategy features rapid, clean and equimolar 

conversion of the tetrazole moieties to the desired pyrazoline cycloadducts. 

The methodology was applied for small molecule ligation in solution, 

allowing for fast and simple λ-orthogonal coupling. The λ-orthogonality of 

the photo induced cycloadditions were confirmed via NMR studies. In 

addition, the approach was utilised for the preparation of tailored surface 

patterns. This was demonstrated using a silane functional PAT derivative 

grafted onto a silicon surface. The resulting photo active wafer was modified 

in three consecutive photo triggered reactions. In the first step a fumarate 

functional ‘UV-tetrazole’ was grafted to the surface via visible light induced 

NITEC in presence of a shadow mask. Importantly in this step, the UV active 

tetrazole moiety remained unaffected by the visible light irradiation. The 

resulting patterned wafer was subsequently employed for λ-orthogonal 

modification at 320 or 410 – 420 nm in the presence of halogenated 

maleimides. The corresponding wafers were analysed by ToF-SIMS. 

Excellent contrasts of the ToF-SIMS images for all performed photo 

triggered modifications of the wafers were observed, indicating full 

conversion of the tetrazole species and the efficient formation of the desired 

cycloadduct in each modification step. Furthermore, control experiments 

confirmed the absence of physically adsorbed species on the surface. The 

presented λ-orthogonal coupling concept is a powerful tool for the simple 

preparation of advanced structures in solution or on surfaces. 
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7 Summary and Outlook 
Contemporary scientific research often requires methods for rapid and 

efficient molecular coupling methods via the formation of new chemical 

bonds. The concept of ‘click chemistry’ as a conjugation strategy was first 

introduced by Sharpless in 2001.286 Since then, a range of novel 

techniques - some of them adhering to the strict requirements of the ‘click 

chemistry’ approach were established. Among others, light driven reactions 

are promising candidates for rapid, clean and efficient conjugation. In 

contrast to the classical thermal driven approaches, photoinduced reactions 

provide two distinctive advantages, namely: spatial and temporal control 

over the reaction process. Breakthrough advances have been made in the 

field of photochemistry, such as introduction of two photon absorption, 

upconversion and photoinduced redox catalysis concepts for assisting of 

chemical reactions. Furthermore, a wide range of photo active species for 

efficient linkage reactions, triggered by single photon absorption, in the 

absence of additives, have been established. However, the field of 

photochemistry is still full of challenges which need to be addressed, with 

perhaps the most highly sought after being the bathochromic shift of the 

trigger wavelength for photochemical reactions. The presented thesis 

demonstrates the benefits of the NITEC reaction as a conjugation method. 

During the course of this work the NITEC linkage technique was proven to 

be exceptionally robust, efficient and rapid under various reaction 

conditions. In the third chapter, the NITEC and PFN concepts were 

combined, allowing for the light triggered formation of profluorescent, 

pyrazoline containing nitroxides derivatives for sensing of redox/radical 

processes. It was found that the distance between the fluorescent 

pyrazoline and the nitroxide moiety is decisive for the sensor functionality. 
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Close proximity of both functionalities provides best sensor performance. 

The high sensitivity of the PFNs formed via NITEC towards carbon centered 

radicals and reductants was confirmed by fluorescence spectroscopy. 

Importantly, the nitroxide moiety, known to be an excited state quencher, 

had no effect on the photoinduced NITEC reaction, potentially involving 

photo-excited states. The synthetic tools established for the synthesis of 

various nitroxide functionalized tetrazoles are developed in chapter four. A 

bathochromic shift of the trigger wavelength for the NITEC reaction was 

achieved by extending the aromatic system of the tetrazole species. The 

resulting pyrene functional tetrazole was employed for additive free small 

molecule ligation, as well as macromolecular design via visible light trigger. 

Efficient and rapid formation of the desired cycloadduct was observed for 

all reactions. Interestingly, the pyrazoline species formed during the NITEC 

reaction, displayed NIR fluorescence, suitable for in vivo labelling and 

tracking. Although a significant bathochromic shift of the trigger 

wavelength could be achieved in chapter four, the application of visible light 

is still a limiting factor for biological approaches. Deep tissue, in situ 

triggering of conjugation reactions is only possible by NIR irradiation, due 

to its better penetration ability compared to the visible light. In order to 

induce the NITEC reaction by NIR, UCNPs were applied as an additive for 

the conjugation reaction of the pyrene functional tetrazole with maleimide 

species (chapter five). The combination of the UCNP and NITEC concepts 

allowed rapid and efficient conjugation of small molecules and polymers 

triggered by NIR light. In chapter six, the ability of the pyrene functional 

tetrazole to perform in a λ-orthogonal surface modification was 

demonstrated. Thus the selective triggering of NITEC reaction of the pyrene 

functional tetrazole in presence of a ‘conventional’ UV-sensitive tetrazole 

was performed. Subsequently, the UV-sensitive tetrazole was converted in 

the NITEC reaction. The performance of the two step ligation strategy was 

validated in solution, revealing the rapid and efficient formation of the 

desired cycloadduct. Furthermore, the technique was employed for the 

modification of surfaces. Thus, the ability of the light driven NITEC reaction 
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was utilized for simple, efficient, catalyst free formation of patterns under 

mild conditions. The excellent pattern contrast of the ToF-SIMS images of 

the modified structures underpins the significant potential of the presented 

approach. 

Although the current thesis presents significant contributions to the 

‘toolbox’ of light induced reactions, the challenges of photochemistry are 

still far from being complete. In particular, the presented projects provide 

several opportunities for further investigation. After the PFN formation was 

successfully established in solution, the application of the approach for 

creation of redox/radical sensitive surfaces such as cellulose is possible. 

Here, a combination of the profluorescent pyrazolines with the λ-orthogonal 

approach presented in chapter six is an intriguing challenge. By applying 

the pH-sensors to the maleimide segment, microstructured, multifunctional 

sensor materials for the determination of pH values, as well as detection of 

radical and redox species could be prepared. Furthermore, formation of 

PFNs via NITEC reaction in the visible light regime can be accomplished via 

the extension of the aromatic system of the nitroxide functional diaryl 

tetrazole derivative. The resulting photo active species is a promising 

candidate for in vivo labelling and tracking. Especially as the formed 

pyrazoline emits in the NIR range, facilitating the fluorescence detection. 

Apart from the combination with PFNs, the pyrene functional tetrazole can 

be applied in polymer chemistry. Here, preparation and application of a 

RAFT agent featuring the visible light active tetrazole species would be a 

key goal. In addition, the reactivity of the tetrazole species towards thiols 

and acids should be investigated. The UCNP assisted NITEC reaction is the 

first example of conjugation reaction triggered by NIR light. Although 

successful macromolecular design and conjugation of the biological relevant 

biotin moiety was demonstrated, the concept needs further exploration. In 

vivo labelling and tracking, as well as drug delivery applications are 

conceivable. Finally the λ-orthogonal surface modification approach 

provides a significant potential for the fabrication of lab on chip devices. 
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The potential differences in the reactivity of the pyrene functional tetrazole 

towards acids, thiols and maleimide moieties should be considered as a 

possible avenue for one pot coupling approaches. In addition, a 

combination of UV active tetrazole, photoenol and pyrene tetrazole could 

provide a ‘three component’ approach for λ-orthogonal surface pattering. 

Furthermore, the λ-orthogonal surface pattering approach could be 

accomplished using NIR light if combined with the UCNPs and TPA 

techniques. 
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8 Experimental Section 

8.1 Design of Redox/Radical Sensing Molecules 

via NITEC 

8.1.1 Materials 

4-(2-Phenyl-2H-tetrazol-5- yl)benzoic acid 1 was synthesized according to 

the literature.181 5-Formyl-1,3-dihydro-1,1,3,3-tetramethyl-2H-isoindol-2-

yloxy was synthesized.287 All other reagents were purchased from 

commercial suppliers and used without further purification.  

 

8.1.2 Methods and Analytical Instrumentation 

Air-sensitive reactions were carried out under an atmosphere of ultrahigh 

purity argon. 

1H and 13C NMR spectra were recorded on a 400 MHz spectrometer and 

referenced to the relevant solvent peak stated in the spectrum caption. The 

4 methyl groups α to the protected nitroxide species from the 

methoxyamine derivatives are not visible in 13C NMR.  

ESI high-resolution mass spectra were obtained using a QTOF LC mass 

spectrometer which utilised ESI (recorded in the positive mode) with a 

methanol mobile phase.  

Melting points were measured on a variable-temperature apparatus by the 

capillary method and are uncorrected.  

Analytical HPLC was carried out on a HPLC system using a Prep-C18 scalar 

column (4.6 × 150 mm, 10 μm) with a flow rate of 1 mL / min.  



      
Experimental Section 

128 

All photoreactions were carried out in a photoreactor with 254 nm lamps 

(16 x 8 W). 

General Procedure for Time-Resolved Fluorescence Measurements: 

Reduction with NaAsc: 500 μL stock solution of the desired pyrazoline in 

MeOH was added to 2.5 mL MeOH, and the fluorescence spectrum was 

recorded. After adding a stock solution of NaAsc in MeOH (ca. 30 μL) 

fluorescence measurements were taken every 2 min for 40 min in total. 

Radical scavenging: 500 μL stock solution of pyrazoline 16 in acetonitrile 

was added to 2.5 mL acetonitrile. The solution was purged with argon for 

30 min, heated to 60 °C and the fluorescence spectrum was recorded. After 

adding argon purged stock solution of AIBN in acetonitrile (ca. 30 μL), 

fluorescence measurements were taken every 2 min for 70 min in total.  

Computational Procedures: Geometries of all species were fully optimized 

using M06L/6-31 + G(d), a modern DFT functional chosen for its implicit 

consideration of dispersion.288 Calculations were performed in the presence 

of acetonitrile solvent using the SMD solvent model. All conformations were 

fully searched at this level of theory to ensure global rather than merely 

local minima were found, and frequency calculations were performed to 

confirm the nature of all stationary points. All calculations were performed 

using the Gaussian 09 software suite.289 
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8.1.3 Synthesis 

5-Maleimido-1,1,3,3-tetramethylisoindolin-2-yloxyl (2)  

 

Maleic anhydride (48 mg, 0.49 mmol) was dissolved in 2 mL anhydrous 

Et2O and added to a solution of 5-amino-1,1,3,3-tetramethylisoindolin-2-

yloxyl (100 mg, 0.488 mmol) in 1 mL DCM. The reaction mixture was stirred 

for 3 h and the resulting yellow precipitate was recovered by filtration and 

washed with Et2O. The isolated solid (116 mg, 0.38 mmol was then 

dissolved in 2.5 mL acetic anhydride to which sodium acetate (48 mg, 

0.59 mmol) was added. The reaction mixture was stirred for 18 h. After 

removing the solvent under reduced pressure the crude product was 

purified via column chromatography on silica gel using hexane / ethyl 

acetate (3:2, v / v Rf 048.) as the eluent. After drying under high vacuum 

the title compound was obtained as yellow powder (67 mg, 71 %): HRMS 

(EI) m / z: calcd. for [M + Na]+ C16H17N2NaO3 308.1137 found 308.1138; 

EPR (THF) g 1.9944, aN 1.4028. 
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Figure 44 HPLC chromatogram of 5-maleimido-1,1,3,3-tetramethylisoindolin-2-

yloxyl 2 measured in THF / H2O mixture (35:65, v / v) and detected at 254 nm 

(absorbance). 

 

Figure 45 EPR spectrum of 5-maleimido-1,1,3,3-tetramethylisoindolin-2-yloxyl 2 in 

THF.  
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General Procedure for Synthesis of Cycloadducts 

Diaryl tetrazole derivative was dissolved in acetonitrile. Maleimide 

derivative was added (Refer to Table 4 for further details). After irradiation 

with UV (254 nm) at ambient temperature for 15 min, solvent was removed 

under reduced pressure. The crude product was purified via column 

chromatography on silica gel using hexane / ethyl acetate as the eluent. 1H 

NMR (400 MHz, CDCl3): 15 δ = 7.92 (m, 1 H), 7.85 - 7.75 (m, 1 H), 7.63 

- 7.51 (m, 2 H), 7.43 - 7.31 (m, 2 H), 7.22 - 7.10 (m, 1 H), 7.05 - 6.95 

(m, 1 H), 5.20 (d, J = 11.0 Hz, 1 H), 4.93 (d, J = 10.9 Hz, 1 H), 3.80 (s, 3 

H), 3.84 - 3.72 (m, 4 H), 2.03 - 1.91 (m, 1 H), 1.67 - 1.26 (m, 12 H); 20 

δ = 8.02 - 7.91 (m, 3 H), 7.81 - 7.72 (m, 1 H), 7.59 - 7.50 (m, 2 H), 7.21 

- 7.15 (m, 1 H), 5.32 - 5.27 (m, 1 H), 4.98 (d, J = 10.8 Hz, 1 H), 3.79 (s, 

3 H), 3.85 - 3.73 (m, 4 H), 1.59 - 1.41 (m, 21 H); 13C NMR (100 MHz, 

CDCl3) 15 δ = 173.3, 172.3, 147.1, 145.8, 144.6, 142.9, 129.4, 129.2, 

126.6, 121.7, 121.5, 120.2, 114.4, 67.1, 65.5, 65.5, 60.0, 53.6, 42.3; 20 

δ = 172.7, 171.9, 165.8, 147.5, 147.1, 145.9, 144.2, 131.0, 129.0, 126.8, 

124.4, 121.8, 120.4, 113.3, 80.5, 67.1, 65.5, 64.5, 59.7, 53.6, 42.3, 28.3. 

HRMS (EI) m / z: 3 calcd. for [M + Na]+ C30H27N4NaO5 546.1879 found 

546.1867; 8 calcd. for [M + 2H]+ C29H35N4O6 535.2557 found 535.2528; 

15 calcd. for [M + H]+ C26H31N4O4 463.2345 found 463.2315; 16 calcd. for 

[M +Na]+ C25H27N4NaO4 470.1930 found 470.1930; 20 calcd. for [M + H]+ 

C31H39N4O6 563.2870 found 563.2828; 21 calcd. for [M + Na]+ 

C30H35N4NaO6 570.2454 found 570.2373; EPR (THF) 3 g 1.9932, aN 1.4394; 

8 g 1.9918, aN 1.5308; 16 g 1.9918, aN 1.4061; 21 g 1.9920, aN 1.4000. 

 

 

 

 

 



      
Experimental Section 

132 

Table 4 Overview over reaction conditions for the formation of the cycloadducts. 

Cyclo 

adduct 

Diaryl 

tetrazole 

cdiaryl tetrazole 

/ mmol·L-1 

Malei

mide 

cmaleimide 

/ mmol·L-1 

Vtotal 

/ mL 
Eluent Rf 

Yield

/ % 

3 1 5.8 2 5.8 6[a] 
EE / H / AE, 

1:1:0.02 
0.60 65 

8 6 6.2 7 9.3 6[b] EE / H, 1:1 0.28 87 

15 13 7.2 7 7.2 12[b] EE / H, 1:2 0.32 74 

16 14 7.2 7 7.2 12[b] EE / H, 1:2 0.21 79 

20 18 4.5 7 4.5 10[b] EE / H, 1:1 0.34 84 

21 19 5.4 7 5.4 15[b] EE / H, 1:3 0.31 71 

[a] MeCN / DMSO was used (100:1, v / v), [b] MeCN was used as solvent 

 

 

4-(5-(2-Oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-1-

phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-

yl)benzoic acid (3)* 
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Figure 46 HPLC chromatogram of 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-

4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 3 

measured in THF / H2O mixture (55:45, v / v); top: 430 nm emission detection at 350 nm 
excitation; bottom: 254 nm absorbance detection. 

 

Figure 47 EPR spectrum of 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-
dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 3 in THF. 
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Figure 48 UV/VIS absorption spectra of 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-

yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 
3 in ACN. 

 

*Compound degrades on the column and in sunlight and shows sensitivity 

to air. None of the degradation products show significant influence at the 

profluorescent behavior of the cycloadduct 3.  
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1-Oxyl-2,2,6,6-tetramethylpiperidin-4-yl 4-(5-(2-hydroxyethyl)-

4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyra-

zol-3-yl)benzoate (8) 

 

 

Figure 49 HPLC chromatogram of 1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl 4-(5-(2-

hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-

yl)benzoate 8 measured in THF / H2O mixture (35:65, v / v) and detected at 254 nm 
(absorbance). 
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Figure 50 EPR spectrum of 1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl 4-(5-(2-

hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-
yl)benzoate 8 in THF. 

 

Figure 51 UV/VIS absorption spectrum of 1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl 4-

(5-(2-hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-
3-yl)benzoate 8 in MeCN. 
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5-(2-Hydroxyethyl)-3-(2-methoxy-1,1,3,3-tetramethylisoindolin-

5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-c]pyrazole-4,6(3aH,5H)-

dione (15) 
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Figure 52 1H NMR (400 MHz, CDCl3) spectrum of 5-(2-hydroxyethyl)-3-(2-methoxy-

1,1,3,3-tetramethylisoindolin-5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-c]pyrazole-

4,6(3aH,5H)-dione 15. 
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Figure 53 13C NMR (100 MHz, CDCl3) spectrum of 5-(2-hydroxyethyl)-3-(2-methoxy-

1,1,3,3-tetramethylisoindolin-5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-c]pyrazole-
4,6(3aH,5H)-dione 15. 

 

Figure 54 UV/VIS absorption spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-
tetrazol-5-yl)isoindoline 15 in MeCN.  
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5-(2-Hydroxyethyl)-3-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-

1-phenyl-1,6a-dihydropyrrolo[3,4-c]pyrazole-4,6(3aH,5H)-dione 

(16) 

 

 

Figure 55 HPLC chromatogram of 5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-c]pyrazole-4,6(3aH,5H)-

dione 16 measured in THF / H2O mixture (35:65, v / v) and detected at 254 nm 

(absorbance). 
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Figure 56 EPR spectrum of 5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-c]pyrazole-4,6(3aH,5H)-
dione 16 in THF. 

 

Figure 57 UV/VIS absorption spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-

tetrazol-5-yl)isoindoline 16 in MeCN 
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tert-Butyl-4-(5-(2-hydroxyethyl)-3-(2-methoxy-1,1,3,3-tetra-

methylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo[3,4-

c]pyrazol-1(3aH)-yl)benzoate (20) 
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Figure 58 1H NMR (400 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-hydroxyethyl)-3-

(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo-
[3,4-c]pyrazol-1(3aH)-yl)benzoate 20. 
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Figure 59 13C NMR (100 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-hydroxyethyl)-3-

(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo-
[3,4-c]pyrazol-1(3aH)-yl)benzoate 20. 

 

Figure 60 UV/VIS absorption spectrum tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-

methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo[3,4-
c]pyrazol-1(3aH)-yl)benzoate 20 in MeCN.  
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tert-Butyl-4-(5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-tetramethyl-

isoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo[3,4-c]pyra-

zol-1(3aH)-yl)benzoate (21) 

 

 

Figure 61 HPLC chromatogram of tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo[3,4-c]pyrazol-1(3aH)-

yl)benzoate 21 measured in MeOH / H2O mixture (70:35, v / v) and detected at 254 nm 

(absorbance). 
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Figure 62 EPR spectrum of tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo[3,4-c]pyrazol-1(3aH)-
yl)benzoate 21 in THF. 

 

Figure 63 UV/VIS absorption spectrum of tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-oxyl-

1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-tetrahydropyrrolo[3,4-c]pyrazol-
1(3aH)-yl)benzoate 21 in MeCN. 
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4-(5-(2-Methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-1-

phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-

yl)benzoic acid (4)* 

 

4-(5-(2-Oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 3 

(20.1 mg, 0.04 mmol) and FeSO4·7H2O (27.8 mg, 0.1 mmol) was dissolved 

0.5 mL DMSO. H2O2 (16 μL, 0.14 mmol) was added slowly at 0 °C. Reaction 

mixture was stirred for 45 min. 30 mL 2 M HCl was added. The aqueous 

phase was extracted with Et2O (4×10 mL). The organic layer was dried over 

Na2SO4 and DCM removed under reduced pressure. The crude product was 

purified via column chromatography on silica gel using hexane / ethyl 

acetate / acetic acid (2:1:0.01, v / v / v Rf 0.65) as the eluent. After drying 

under high vacuum the title compound was obtained as yellow oil (15.2 mg, 

73 %) 1H NMR (400 MHz, CDCl3): δ = 8.21 - 8.15 (m, 4 H), 7.68 - 7.66 

(m, 2 H), 7.41 - 7.37 (m, 2 H), 7.17 - 7.09 (m, 2 H), 7.04 - 6.96 (m, 2 H), 

5.41 - 5.36 (d, J=11.05 Hz, 1 H), 5.10 - 5.05 (d, J=11.06 Hz, 1 H), 1.47 - 

1.35 (m, 12 H); 13C NMR (100 MHz, CDCl3) δ = 173.03,172.21, 167.42, 

146.03, 145.74, 144.44, 143.40, 135.09, 131.55, 131.21, 129.58, 129.88, 

127.38, 126.82, 122.78, 121.53, 120.97, 114.52, 67.10, 66.34, 65.52, 

54.24; HRMS (EI) m / z: calcd. for [M + H]+ C31H31N4O5 539.2294 found 

539.2306. 
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Figure 64 1H NMR (400 MHz, CDCl3) spectrum of 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-

c]pyrazol-3-yl)benzoic acid 4. 
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Figure 65 13C NMR (100 MHz, CDCl3) spectrum of 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-
c]pyrazol-3-yl)benzoic acid 4. 

 

Figure 66 UV/Vis spectrum of 4-(5-(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-

4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 4 in 
MeCN. 
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*Compound degrades on the column and shows degradation on air / in 

sunlight. 
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1-Oxly-2,2,6,6-tetramethylpiperidin-4-yl 4-(2-phenyl-2H-tetrazol-

5-yl)benzoate (6) 

 

The hydroxyl functional TEMPO 5 (125.6 mg, 0.73 mmol), DMAP (10.0 mg, 

0.08 mmol) and diaryl tetrazole 1 (200 mg, 0.76 mmol) were dissolved in 

5 mL THF. After the solution was cooled to 0 °C, DCC (181.6 mg, 

0.88 mmol) was added. The reaction mixture was stirred at ambient 

temperature for 16 h. After THF was removed in vacuum the obtained solid 

was dissolved in Et2O extracted with 1 M hydrochloric acid (2 × 50 mL) and 

washed with a saturated NaHCO3 solution (50 mL). The organic layer was 

dried over Na2SO4 and Et2O removed under reduced pressure. The crude 

product was purified via recrystallization in EtOH (2 × 8 mL). The title 

compound was obtained as pink powder (101 mg, 33 %): HRMS (EI) m / z: 

calcd. for [M + Na]+ C23H26N5NaO3 443.1933 found 443.1925; EPR (THF) g 

1.9914, aN 1.5248. 
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Figure 67 HPLC chromatogram of 1-oxly-2,2,6,6-tetramethylpiperidin-4-yl 4-(2-

phenyl-2H-tetrazol-5-yl)benzoate 6 measured in THF / H2O mixture (55:45, v / v) and 
detected at 254 nm (absorbance). 

 

Figure 68 EPR spectrum of 1-oxly-2,2,6,6-tetramethylpiperidin-4-yl 4-(2-phenyl-2H-

tetrazol-5-yl)benzoate 6 measured in THF. 
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Figure 69 UV/VIS absorption spectrum of 1-oxly-2,2,6,6-tetramethylpiperidin-4-yl 4-

(2-phenyl-2H-tetrazol-5-yl)benzoate 6 in MeCN. 
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1-Methoxy-2,2,6,6-tetramethylpiperidin-4-yl-4-(5-(2-hydroxy-

ethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-

c]pyrazol-3-yl)benzoate (9) 

 

1-Oxyl-2,2,6,6-tetramethylpiperidin-4-yl-4-(5-(2-hydroxyethyl)-4,6-di-

oxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzo-

ate 8 (7.0 mg, 0.01) and FeSO4·7H2O (9.3 mg, 0.03 mmol) was dissolved 

0.17 mL DMSO. H2O2 (8.6 μL, 0.08 mmol) was added slowly at 0 °C. 

Reaction mixture was stirred for 45 min. 30 mL 2 M HCl was added. The 

aqueous phase was extracted with Et2O (4 × 10 mL). The organic layer was 

dried over Na2SO4 and DCM removed under reduced pressure. The crude 

product was purified via column chromatography on silica gel using 

hexane / ethyl acetate (3:2, v / v Rf 0.28) as the eluent. After drying under 

high vacuum the title compound was obtained as yellow oil (5.1 mg, 70 %). 

1H NMR (400 MHz, CDCl3) δ = 8.14 - 8.02 (m, 4 H), 7.64 - 7.51 (m, 2 H), 

7.43 - 7.30 (m, 2 H), 7.08 - 6.97 (m, 1 H), 5.33 - 5.21 (m, 3 H), 4.94 (d, 

J = 11.1 Hz, 1 H), 3.84 - 3.72 (m, 5 H), 3.64 (s, 3 H), 2.10 - 1.64 (m, 5 

H), 1.32 - 1.20 (m, 12 H); 13C NMR (100 MHz, CDCl3) δ = 172.8, 172.0, 

165.6, 143.8, 141.4, 134.4, 130.8, 129.7, 129.3, 126.7, 122.0, 114.5, 

67.6, 65.5, 60.0, 59.8, 53.3, 44.1, 42.4, 33.0, 20.8; HRMS (EI) m / z: 

calcd. for [M + H]+ C3oH37N4O6 549.2713 found 549.2706. 
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Figure 70 1H NMR (400 MHz, CDCl3) spectrum of 1-methoxy-2,2,6,6-

tetramethylpiperidin-4-yl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexa-
hydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 9. 
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Figure 71 13C NMR (100 MHz, CDCl3) spectrum of 1-methoxy-2,2,6,6-

tetramethylpiperidin-4-yl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexa-
hydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 9. 
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Figure 72 UV/VIS absorption spectrum of -methoxy-2,2,6,6-tetramethylpiperidin-4-yl 

4-(5-(2-hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyra-

zol-3-yl)benzoate 9. 
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2-Methoxy-1,1,3,3-tetramethyl-5-(2-phenyl-2H-tetrazol-5-

yl)isoindoline (13) 

 

A mixture of 2-methoxy-1,1,3,3-tetramethylisoindoline-5-carbaldehyde 10 

(114.0 mg, 0.49 mmol) and benzenesulfonohydrazide (84.3 mg 

0.49 mmol) in 6.5 mL EtOH was stirred at ambient temperature for 1.5 h. 

A white precipitate formed after addition of 13 mL water was collected in a 

funnel. The solid was dissolved in 1.5 mL pyridine (solvent A). In parallel 

NOBF4 (127.6 mg, 1.09 mmol) was dissolved in 1 mL ACN (dry) under 

argon. A solution of aniline (100 mg 1.07 mmol) in 3 mL ACN (dry) was 

added.at -30 °C. The reaction mixture was stirred for 20 min at -30 °C and 

additional 20 min at room temperature. A white precipitate formed after 

addition of 15 ml of cold Et2O (dry) was collected in a funnel. The 

Arenediazonium salt (81 mg, 0.69 mmol) was dissolved in 1 ml ACN and 

added to solvent A at 0 °C. The reaction mixture was stirred for 3 h at room 

temperature, diluted in 30 mL ethyl acetate and extracted with 2 M 

hydrochloric acid (2 × 100 mL). Ethyl acetate was removed under reduced 

pressure. The crude product was purified via column chromatography on 

silica gel using hexane / Et2O (5:1, v / v Rf 0.51) as the eluent. After drying 

under high vacuum the title compound 13 was obtained as yellowish oil 

(60.0 mg, 35 %). 1H NMR (400MHz, CDCl3) δ = 8.24 - 8.12 (m, 3 H), 

8.05 - 7.97 (m, 1 H), 7.61 - 7.55 (m, 2 H), 7.53 - 7.47 (m, 1 H), 

7.32 - 7.22 (m, 1 H), 3.81 (s, 3 H), 1.65 - 1.32 (m, 12 H); 13C NMR 

(100 MHz, CDCl3) δ = 165.3, 147.9, 146.1, 136.9, 129.6, 126.3, 126.2, 

122.1, 120.3, 119.8, 67.1, 65.5; HRMS (EI) m / z: calcd. for 

[M + H]+ C20H24N5O 350.1981 found 350.1944. 
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Figure 73 1H NMR (400 MHz, CDCl3) spectrum of 2-methoxy-1,1,3,3-tetramethyl-5-

(2-phenyl-2H-tetrazol-5-yl)isoindoline 13. 
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Figure 74 13C NMR (100 MHz, CDCl3) spectrum of 2-methoxy-1,1,3,3-tetramethyl-5-

(2-phenyl-2H-tetrazol-5-yl)isoindoline 13. 
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Figure 75 UV/VIS absorption spectrum of 2-methoxy-1,1,3,3-tetramethyl-5-(2-
phenyl-2H-tetrazol-5-yl)isoindoline 13 in MeCN. 
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2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-tetrazol-5-yl)isoindo-

line (14)  

 

2-Methoxy-1,1,3,3-tetramethyl-5-(2-phenyl-2H-tetrazol-5-yl)isoindoline 

13 (20 mg, 0.06) was dissolved in 1 mL DCM. mCPBA (33.7 mg, 

0.15 mmol) was added at 0 °C. Reaction mixture was stirred for 3 h at 

room temperature. Reaction mixture was diluted with DCM and 2 M NaOH 

(2 × 50 mL). The organic layer was dried over Na2SO4 and DCM removed 

under reduced pressure. The crude product was purified via column 

chromatography on silica gel using hexane / ethyl acetate (4:1, v / v 

Rf 0.59) as the eluent. After drying under high vacuum the title compound 

was obtained as orange oil (15.8 mg, 82 %). HRMS (EI) m / z: calcd. for 

[M + Na]+ C19H20N5NaO 357.1566 found 357.1527; EPR (THF) g 1.9924, aN 

1.375. 

 

Figure 76 HPLC chromatogram of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-

tetrazol-5-yl)isoindoline 14 measured in THF / H2O mixture (55:45, v / v) and detected at 
254 nm (absorbance). 
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Figure 77 EPR spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-tetrazol-5-

yl)isoindoline 14 measured in THF. 

 

Figure 78 UV/VIS absorption spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-
tetrazol-5-yl)isoindoline 14 in MeCN.  
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tert-Butyl-4-(5-(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-

2H-tetrazol-2-yl)benzoate (18) 

 

A mixture of 2-methoxy-1,1,3,3-tetramethylisoindoline-5-carbaldehyde 10 

(1500.0 mg, 6.44 mmol) and benzenesulfonohydrazide (1120.0 mg 

6.44 mmol) in 90 mL EtOH was stirred at ambient temperature for 1.5 h. 

A white precipitate formed after addition of 180 mL water was collected in 

a funnel. The solid was dissolved in 20 mL pyridine (solvent A). In parallel 

NOBF4 (1810.0 mg, 15.47 mmol) was dissolved in 14 mL ACN (dry) under 

argon. A solution of tert-butyl 4-aminobenzoate (2900.0 mg 15.03 mmol) 

in 10 mL ACN (dry) was added.at -30 °C. The reaction mixture was stirred 

for 10 min at -30 °C and additional 10 min at room temperature. A white 

precipitate formed after addition of 50 ml of cold Et2O (dry) was collected 

in a funnel (diazonium salt). The diazonium salt (1530.0 mg, 5.24 mmol) 

was dissolved in 5 ml ACN and added to solvent A at 0 °C. The reaction 

mixture was stirred for 3 h at room temperature, diluted in 100 mL ethyl 

acetate and extracted with 2 M hydrochloric acid (2 × 400 mL). Ethyl 

acetate was removed under reduced pressure. The crude product was 

purified via column chromatography on silica gel using hexane / ethyl 

acetate (9:1, v / v Rf 0.52) as the eluent. After drying under high vacuum 

the title compound was obtained as orange oil (630.0 mg, 22 %). 1H NMR 

(400 MHz, CDCl3) δ = 8.30 - 8.24 (m, 2 H), 8.22 - 8.12 (m, 3 H), 8.06 - 

7.93 (m, 1 H), 7.27 - 7.14 (m, 1 H), 3.88 - 3.76 (m, 3 H), 1.87 - 1.26 (m, 

21 H); 13C NMR (100 MHz, CDCl3) δ = 165.6, 164.5, 148.2, 146.2, 139.4, 

132.9, 131.0, 126.4, 125.9, 122.2, 120.4, 119.4, 81.9, 67.2, 65.5, 28.2; 

HRMS (EI) m / z: calcd. for [M + H]+ C25H32N5O3 450.2505 found 450.2483. 
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Figure 79 1H NMR (400 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 18. 
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Figure 80 13C NMR (100 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 18. 
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Figure 81 UV/Vis spectrum of tert-butyl 4-(5-(2-methoxy-1,1,3,3-
tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 18 in MeCN. 
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tert-Butyl-4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-2H-

tetrazol-2-yl)benzoate (19) 

 

tert-Butyl-4-(5-(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-2H-

tetrazol-2-yl)benzoate 18 (380 mg, 0.84 mmol) was dissolved in 5 mL 

DCM. mCPBA (398.1 mg, 2.31 mmol) was added at 0 °C. Reaction mixture 

was stirred for 3 h at room temperature. Reaction mixture was diluted with 

DCM and 2 M NaOH (2 × 100 mL). The organic layer was dried over Na2SO4 

and DCM removed under reduced pressure. The crude product was purified 

via column chromatography on silica gel using hexane / ethyl acetate 

(9:1, v / v Rf 0.34) as the eluent. After drying under high vacuum the title 

compound was obtained as orange oil (350.2 mg, 96 %). HRMS (EI) 

m / z: calcd. for [M + Na]+ C24H28N5NaO3 457.2090 found 457.2080; EPR 

(THF) g 1.9920, aN 1.4058. 

 

Figure 82 HPLC chromatogram of tert-butyl 4-(5-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 19 measured in THF / H2O mixture 

(55:45, v / v) and detected at 254 nm (absorbance). 
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Figure 83 EPR spectrum of tert-butyl 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-
yl)-2H-tetrazol-2-yl)benzoate 19 in THF. 

 

Figure 84 UV/Vis spectrum of tert-butyl 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-

yl)-2H-tetrazol-2-yl)benzoate 19 in MeCN. 
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8.2 Catalyst Free, Visible Light Induced Polymer 

Ligation 

8.2.1 Materials 

1-(2-Hydroxyethyl)-1H-pyrrole 2,5-dione 7 was synthesized according to 

the literature.290 2-(1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

epoxyisoindol-2yl)ethyl 2-(((dodecylthio)carbonothioyl)thio)-2-methyl 

propanoate 28 was synthesized according to the literature.291 All other 

reagents including dipolarophile functional PEGs E1-4 were purchased from 

commercial suppliers and used without further purification. 

8.2.2 Methods and Analytical Instrumentation 

Air-sensitive reactions were carried out under an atmosphere of ultrahigh 

purity argon. 

1H and 13C NMR spectra were recorded on a 400 MHz spectrometer and 

referenced to the relevant solvent peak stated in the spectrum caption.  

High-resolution mass spectra (HRMS) were obtained using a Q Exactive 

(Orbitrap) mass spectrometer (Thermo Fisher Scientific, San Jose, CA, 

USA) equipped with a HESI II probe. The instrument calibration was carried 

out in the m / z range 74 - 1822 using calibration solutions from Thermo 

Scientific. A constant spray voltage of 4.7 kV and a dimensionless sheath 

gas of 5 were applied. The capillary temperature and the S-lens RF level 

were set to 320 °C and 62.0, respectively. The samples were dissolved in 

a THF / MeOH mixture (3 / 2, v / v) containing 100 µmol of sodium triflate 

and injected with a flow of 5 µL·min-1.  

Molecular weight determination was performed on a GPC system (PL-GPC 

50 Plus, Polymer Laboratories) consisting of an auto injector, a guard 

column (PL gel Mixed C, 50 × 7.5 mm), three linear columns (PL gel Mixed 

C, 300 × 7.5 mm, 5 µm bead-size) and a differential refractive index 

detector using THF as the eluent at 35 °C and a flow rate of 1 mL∙min-1. 
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The system was calibrated using narrow PMMA standards (Polymer 

Standard Service) ranging from 160 to 6 × 106 g∙mol-1. Samples were 

injected from solutions in THF (2 mg∙mL-1). 

Absorption spectra were recorded using a 300 UV / Vis Spectrometer 

(Varian Cary) in MeCN (ctarget compound = 20 μmol∙L-1).  

Fluorescence spectra were recorded using a Fluorescence Spectrometer 

(Carry Eclipse) in MeCN (ctarget compound = 20 μmol∙L-1).  

Fluorescence quantum yields were recorded using Hamamatsu Quantaurus 

QY in MeCN (c = 2.5 μM, λex = 365 nm, emission range: 400-800 nm). 

 

Irradiation 

All samples were irradiated in a 250 mL round bottom flask with three blue 

light diodes (Avonec, 410 - 420 nm, 3 W, actinic blue with an emission 

angle of 120° grafted on cooling elements (Fischer, 

SK577 - 25SA - 50 mm × 25 mm)) set up triangularly on top of a magnetic 

stirrer. 

 

Figure 85 Set up for the photoinduced coupling reactions. A paper box covered with 
aluminum foil inside was used as reactor. 
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Figure 86 Emission spectrum of Avonec LED, 410 - 420 nm, 3 W, actinic blue. 
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8.2.3 Synthesis 

11-Hydroxyundecyl 4-formylbenzoate (24) 

 

4-formylbenzoic acid (414 mg, 2.76 mmol) and 11-bromoundecan-1-ol 

(800 mg, 3.20 mmol) were dissolved in 5 mL dry DMF under argon and 

NaHCO3 (463 mg, 5.51 mmol) was added. The reaction mixture was stirred 

for 1 h at 125 °C. After cooling down to room temperature the reaction 

mixture was diluted with 100 mL ethyl acetate washed with 1 M HCl 

(3 x 100 mL) and dried over NaSO4. Ethyl acetate was removed under 

reduced pressure. The crude product was purified via column 

chromatography on silica gel using cyclohexane / ethyl acetate (1:1, v / v 

Rf 0.62) as the eluent. After drying under high vacuum the title compound 

24 was obtained as white solid (781 mg, 88 %). 1H NMR (400 MHz, CDCl3) 

 = 10.11 (s, 1 H), 8.23 - 8.18 (m, 2 H), 7.98 - 7.93 (m, 2 H), 4.38 - 4.33 

(m, 2 H), 3.66 - 3.63 (m, 2 H), 1.84 - 1.80 (m, 2 H), 1.59 - 1.54 (m, 2 H), 

1.40 -1.25 (m, 14 H); 13C NMR (100 MHz, CDCl3)  = 191.7, 165.7, 139.1, 

135.5, 130.2, 129.5, 65.8, 63.1, 32.8, 29.6, 29.5, 29.4, 29.2, 28.6, 26.0, 

25.7; HRMS [M + Na]+ m / z: calcd. for C19H28NaO4 343.1885, found 

343.1828. 
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Figure 87 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-formylbenzoate 
24. 
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Figure 88 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-
formylbenzoate 24.  
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11-Hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 

(PAT) (22) 

 

A mixture of 11-hydroxyundecyl 4-formylbenzoate 22 (472.6 mg, 

1.48 mmol) and benzenesulfonohydrazide (254.0 mg, 1.48 mmol) in 

15 mL EtOH was stirred at ambient temperature for 3 h. The solvent was 

removed under reduced pressure. The obtained solid was dissolved in 8 mL 

pyridine (solvent A). In parallel 1-aminopyrene (258.0 mg, 1.19 mmol) was 

dissolved in 30 mL THF under argon and cooled to -21 °C. A solution of 

NaBF4 (1050 mg, 9.55 mmol) in 10.5 mL HBF4 (50%) and 4.5 mL H2O was 

added. The reaction mixture was stirred for 20 min at -21 °C. NaNO2 

(94.2 mg, 1.37 mmol) in 2 mL H2O was added. An orange precipitate was 

formed after stirring at -21 °C for additional 20 min. The solid was collected 

and added to solution A at 0 °C. The reaction mixture was stirred for 1 h at 

room temperature, diluted in 80 mL ethyl acetate, extracted with 1 M 

hydrochloric acid (2 × 100 mL) and dried over NaSO4. Ethyl acetate was 

removed under reduced pressure. The crude product was purified via 

recrystallization in EtOH (3 × 30 mL). After drying under high vacuum the 

title compound was obtained as pink solid (181 mg, 32 %). 1H NMR (400 

MHz, CDCl3)  = 8.40 - 8.06 (m, 13 H), 4.43 - 4.35 (m, 2 H), 3.70 - 3.63 

(m, 2 H), 1.79 - 1.70 (m, 2 H), 1.55 - 1.22 (m, 16 H); 13C NMR (100 MHz, 

CDCl3)  = 166.1, 164.6, 132.8, 132.3, 131.2, 131.1, 130.5, 130.3, 130.1, 

129.4, 127.1, 127.0, 126.9, 126.7, 126.3, 125.1, 125.0, 124.8, 124.1, 

122.7, 121.4, 65.5, 63.1, 32.8, 29.6, 29.5, 29.4, 29.3, 28.7, 26.1, 25.8; 

HRMS [M + Na]+ m / z: calcd for C35H36N4NaO3 583.2685 found 583.2685. 
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Figure 89 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(2-(pyren-1-
yl)-2H-tetrazol-5-yl)benzoate 22. 
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Figure 90 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-
formylbenzoate 11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 22.  
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PAT end capped PCL (A1) 

 

11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 22 (98.0 

mg, 0.18 mmol) and triazabicyclodecene (TBD) (24.4 mg, 0.18 mmol) were 

dissolved in 10 mL dry DCM under argon. ε-Caprolacton (500.0 mg, 4.38 

mmol) was added. The reaction mixture was stirred at room temperature 

for 3 h. Benzoic acid (50.0 mg, 0.41 mmol) was added. The solvent was 

removed under reduced pressure. The crude product was dissolved in ethyl 

acetate (100 mL) and washed with 1 M HCl (3 × 100 mL) and saturated 

NaHCO3 (3 × 100 mL). Solvent was removed under reduced pressure and 

the crude product was precipitated in ice cold cyclohexane. 1H NMR 

(400 MHz, CDCl3)  = 8.47-8.12 (m, 13 H), 4.41 - 4.37 (m, 2 H), 4.09 - 

4.04 (m, polymer backbone), 3.67 - 3.63 (m, 2 H), 2.33 - 2.28 (m, polymer 

backbone), 1.86 - 1.79 (m, 2 H), 1.70 - 1.25 (m, 16 H + polymer 

backbone); Mn = 1.4 kDa (1H NMR), Mn = 2.0 kDa (GPC), Ð = 1.10. 
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Figure 91 1H NMR (400 MHz, CDCl3) spectrum of PAT end capped PCL A1 synthesized 

via ROP of hydroxyl functional PAT 22. 

 

Figure 92 GPC trace of PAT end capped PCL A1 obtained in a ROP polymerization 
employing PAT 22 (Mn = 1.4 kDa (1H NMR), Mn = 2.0 kDa (GPC), Ð = 1.10). 
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Figure 93 Magnified view into the region of 1100 - 1800 m / z of a ESI-MS spectrum 

of PAT end capped PCL A1 obtained in ROP polymerization employing PAT 22. Signals 

repeat in intervals of 114.14 Dalton. Sodium adduct of PAT end-capped PCL, 
[(A1)(7) + Na]+. 

  



     
Experimental Section 

175 

PAT end capped PCL (A2) 

 

11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 22 

(98.0 mg, 0.18 mmol) and triazabicyclodecene (TBD) (24.4 mg, 

0.18 mmol) were dissolved in 10 mL dry DCM under argon. ε-Caprolacton 

(700.0 mg, 4.38 mmol) was added. The reaction mixture was stirred at 

room temperature for 3 h. Benzoic acid (50.0 mg, 0.61 mmol) was added. 

The solvent was removed under reduced pressure. The crude product was 

precipitated in cold cyclohexane / EtO2 mixture (1:1, v / v). 1H NMR 

(400MHz, CDCl3)  = 8.47 - 8.12 (m, 13 H), 4.41 - 4.37 (m, 2 H), 4.09 - 

4.04 (m, polymer backbone), 3.67 - 3.63 (m, 2 H), 2.33 – 2.28 (m, polymer 

backbone), 1.86 - 1.79 (m, 2 H), 1.70 - 1.25 (m, 16 H + polymer 

backbone); Mn = 4.2 kDa (1H NMR), Mn = 5.8 kDa (GPC), Ð = 1.15. 
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Figure 94 1H NMR (400 MHz, CDCl3) spectrum of PAT end capped PCL A2 synthesized 
via ROP of hydroxyl functional PAT 22. 
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Figure 95 GPC trace of PAT end capped PCL A2 obtained in ROP polymerization 
employing PAT 22 (Mn = 4.2 kDa (1H NMR), Mn = 5.8 kDa (GPC), Ð = 1.15). 
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11-Hydroxyundecyl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-(pyren-1-

yl)-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 

(23) 

 

11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 22 

(10.0 mg, 0.018 mmol) and 1-(2-hydroxyethyl)-1H-pyrrole-2,5-dione 7 

(5.0 mg, 0.022 mmol) were dissolved in 40 mL MeCN. The reaction mixture 

was irradiated at room temperature, at 400 nm for 1 h. The solvent was 

removed under reduced pressure. The crude product was purified via 

column chromatography on silica gel using hexane / ethyl acetate (2:1, v / 

v Rf 0.26) as the eluent. After drying under high vacuum the title compound 

23 was obtained as yellow solid (8.0 mg, 71 %). 1H NMR (400MHz, CDCl3) 

 = 8.47 - 7.84 (m, 13 H), 5.50 - 5.29 (m, 1H), 4.88 - 4.68 (m, 1 H), 4.29 

- 4.16 (m, 2 H), 3.74 - 3.61 (m, 4 H), 3.57 - 3.52 (m, 2 H), 1.80 - 1.68 

(m, 2 H), 1.67 -1.21 (m, 16 H); 13C NMR (100 MHz, CDCl3)  = 172.6, 

172.4, 166.2, 143.1, 137.6, 134.5, 131.4, 131.0, 130.7, 129.7, 129.5, 

127.6, 127.2, 127.1, 126.7, 126.3, 125.8, 125.3, 125.2, 125.0, 124.7, 

123.0, 120.2, 67.7, , 65.3, 63.0, 59.6, 53.2, 42.1, 32.7, 29.5, 29.4, 29.1, 

28.6, 26.0, 25.7; HRMS [M + Na]+ m / z: calcd. for C41H43N3NaO6 696.3050 

found 696.3056. 
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Figure 96 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(5-(2-

hydroxyethyl)-4,6-dioxo-1-(pyren-1-yl)-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-

3-yl)benzoate 23. 
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Figure 97 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-

formylbenzoate 11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 23.  
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General Procedure for Synthesis of Macromolecular Cycloadducts 

 

 

Figure 98 Overview over cycloadducts B1-4 and C1-5 formed via NITEC reaction of 

dipolarophile functional species 2, 25, 26, 27, E1-4, D2 and PAT end capped PCL A1 or A2. 
For clarity only one of two possible regioisomers for B3,4 and C2-4 is shown.  

 

PAT end capped PCL and the ene functional species were dissolved in 40 

mL solvent. The reaction mixture was irradiated at room temperature, at 

410 - 420 nm for 30 min. The solvent was removed under reduced 

pressure. Refer to Table 1 for further details. 1H NMR (400MHz, CDCl3): B1 

 = 8.55 - 7.95 (m, 13 H), 5.70 - 5.59 (m, 1 H), 5.12 - 5.04 (m, 1 H), 4.30 

- 4.25 (m, 2 H), 4.12 - 4.04 (m, polymer backbone), 3.88 - 3.64 (m, 6 H), 
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2.37 - 2.31 (m, polymer backbone), 1.86 - 1.21 (m, 18 H + polymer 

backbone); B2  = 8.57 - 7.94 (m, 13 H), 5.66 - 5.62 (m, 1 H), 4.88 - 4.84 

(m, 1 H), 4.43 - 4.21 (m, 4 H), 4.10 - 4.03 (m, polymer backbone), 3.92 - 

3.82 (m, 2 H), 3.68 - 3.62 (m, 2 H), 2.35 - 2.27 (m, polymer backbone), 

1.91 - 1.25 (m 24 H + polymer backbone); B3  = 8.59 - 7.75 (m, 13 H), 

4.40 - 4.32 (m, 2 H), 4.12 - 4.00 (m, 4 H + polymer backbone), 3.81 - 

3.57 (m, 5 H), 3.42 - 3.36 (m, 1 H), 2.36 - 2.25 (m, polymer back bone), 

1.94 - 1.08 (m, 18 H + polymer backbone); B4  = 8.73 - 7.42 (m, 13 H), 

6.99 (s, BHT), 5.67 - 5.14 (m, 1 H), 5.02 (s, BHT), 4.35 - 4.31 (m, 2 H), 

4.12 - 4.00 (m, 1 H + polymer backbone), 3.68 - 3.63 (m, 5 H), 3.47 (s, 1 

H), 2.41 - 2.24 (m, polymer backbone+ BHT), 1.92 - 1.15 (m, 18 H + 

polymer backbone + BHT); C1  = 8.69 - 7.90 (m, 13 H), 5.94 - 5.90 (m, 

1 H), 5.34 - 5.29 (m, 1 H), 4.41 - 4.22 (m, 4 H), 4.05 - 3.85 (m, polymer 

backbone(PCL)), 3.52 - 3.45 (m, 2 H + polymer backbone(PEG)), 3.23 (s, 

3 H), 3.12 - 3.05 (m, 2 H), 2.34 - 2.19 (m, polymer backbone(PCL)), 1.82 

- 0.95 (m, 18 H + polymer backbone(PCL)); C2  = 8.58 - 7.73 (m, 13 H), 

5.74 - 5.47 (m, 1 H), 4.85 - 4.82 (m, 1 H), 4.41 - 4.17 (m, 4 H), 4.08 - 

3.89 (2 H + m, polymer backbone(PCL)), 3.65 - 3.44 (m, 2 H + polymer 

backbone(PEG), 3.31 (s, 3 H), 2.30 - 2.11 (m, polymer backbone(PCL)), 

1.80 - 1.13 (m, 24 H + polymer backbone(PCL)); C3  = 8.70 - 7.84 (m, 

13 H), 6.99 (s, BHT), 4.12 - 4.00 (1 H + m, polymer backbone (PCL)), 3.73 

- 3.54 (m, 2 H + polymer backbone(PEG)), 3.55 - 3.43 (m, 3), 3.31 (s, 3 

H), 2.40 - 2.16 (m, polymer backbone(PCL + BHT), 1.78 - 1.17 (m, 18 H 

+ polymer backbone(PCL) + BHT); C4  = 8.54 - 7.54 (m, 13 H), 4.38 - 

4.31 (m, 2 H), 4.21 - 3.85 (polymer backbone(PCL)), 3.79 - 3.45 (m, 2 H 

+ polymer backbone(PEG)), 3.39 (s, 3 H), 2.35 - 2.29 (m, polymer 

backbone(PCL)), 1.88 - 1.14 (m, 18 H + polymer backbone(PCL)); C5 refer 

to Figure 120. 
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Table 5 Reaction details for the formation of the macromolecular cycloadducts B1-4 
and     C1-5. 

Cyclo 

adduct 

PAT end 

capped 

PCL 

cPCL 

/ mmol·L-1 

cdipolarophile 

/ mmol·L-1 

Dipolarophile 

functional 

species 

solvent Ð[d]
 Mn

[d]
 / kDa 

B1
[a] A1 0.18 2.7 7 MeCN 1.12 2.2 

B2
[a] A1 0.18 2.7 25 MeCN 1.11 2.1 

B3
[a] A1 0.18 2.7 26 THF[c] 1.13 2.1 

B4
[a] A1 0.18 2.7 27 THF[c] 1.14 2.1 

C1
[b] A2 0.12 0.18 E1 MeCN 1.12 8.0 

C2
[b] A2 0.12 0.18 E2 MeCN 1.15 8.4 

C3
[b] A2 0.12 0.18 E3 THF[c] 1.14 8.5 

C4
[b] A2 0.12 0.18 E4 THF[c] 1.15 8.7 

C5
[b*] A2 0.12 0.14 PNIPAM MeCN 1.24 8.8 

[a] Cycloadduct was analysed without any further purification. [b] The crude product was 

dissolved in ethyl acetate (50 mL) extracted with 1 M hydrochloric acid (4 × 100 mL) and 

dried over NaSO4. Ethyl acetate was removed under reduced pressure. The residual solid 

was dissolved in DCM and precipitated in cold hexane / diethyl mixture (1:1). [b*] The crude 

product was dissolved in ethyl acetate (50 mL) extracted with 1 M hydrochloric acid 

(1 × 100 mL) and dried over NaSO4. Ethyl acetate was removed under reduced pressure. 

[c] BHT stabilized THF was used to avoid side products possible formed in radical involving 

processes (Refer to characterization section of B4 for more details). [d] Mn and Ð of 
cycloadducts were determined by GPC using PMMA calibration standards. 

 

Table 6 Sum formula, the exact masses for experimental results, theoretical values 
and the deviation of both for PAT end capped PCL A1 and cycloadducts B1-4. 

 

  

Label Sum formula m / zexp m / ztheo Δ m / z 

A1 [C83H116N4NaO19]+ 1495.815 1495.813 0.002 

B1 [C83H113N3NaO20]+ 1494.787 1494.782 0.005 

B2 [C83H114N2NaO21]+ 1525.818 1525.812 0.006 

B3 [C82H114N2NaO19]+ 1567.862 1567.859 0.003 

B4 [C87H122N2NaO21]+ 1553.831 1553.844 0.013 
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Macromolecular Cycloadduct (B1) 
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Figure 99 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular cycloadduct B1 

 

Figure 100 GPC trace of the macromolecular cycloadduct B1 in THF. 
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Figure 101 Magnified view into the region of 1260 - 1750 m / z of a ESI-MS spectrum 

of macromolecular cycloadduct B1. Signals repeat in intervals of 114.14 Dalton. Sodium 
adduct of PAT end capped PCL, [(B1)(n) + Na]+.  
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Macromolecular Cycloadduct (B2) 
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Figure 102 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct B2. 

 

Figure 103 GPC trace of the macromolecular cycloadduct B2 in THF. 
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Figure 104 Magnified view into the region of 1000 - 1900 m / z of ESI-MS spectrum of 

macromolecular cycloadduct B2. Signals repeat in in tervals of 114.14 Dalton. Sodium 
adduct of PAT end capped PCL, [(B2)(7) + Na]+. 
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Macromolecular Cycloadduct (B3) 

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

74.7313.580.694.7213.691.880.6313.09

8
.4

3
8
.4

1 8
.2

1 8
.1

9 8
.0

9 8
.0

7
7
.8

8 7
.8

5
7
.8

3

6
.5

7

5
.5

7
5
.5

4

5
.3

5

4
.3

5

4
.0

7

3
.6

7
3
.6

5
3
.6

1

3
.4

1
3
.3

7

2
.3

1

1
.8

6 1
.8

2
1
.7

8
1
.6

6
1
.6

5
1
.4

4

1
.2

5

 

Figure 105 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular cycloadduct B3. 

Residual BHT can be observed, used as a radical scavenger during the formation of the B3 
to avoid side reactions involving radical species. 
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Figure 106 GPC trace of the macromolecular cycloadduct B3 in THF. 

 

Figure 107 Magnified view into the region of 960 - 1700 m / z of ESI-MS spectrum of 

macromolecular cycloadduct B3. Signals repeat in intervals of 114.14 Dalton. Sodium 
adduct of PAT end capped PCL, [(B3)(3) + Na]+ and [(B3)(11) + 2Na]2+.  
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Macromolecular Cycloadduct (B4) 
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Figure 108 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct B4. 

Residual BHT can be observed, used as a radical scavenger during the formation of the B4 

to avoid side reactions involving radical species. 

 

Figure 109 GPC trace of the macromolecular cycloadduct B4 in THF. 
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Figure 110 Magnified view into the region of 960 - 1700 m / z of ESI-MS spectrum of 

macromolecular cycloadduct B4. Signals repeat in intervals of 114.14 Dalton. Sodium 

adduct of PAT end capped PCL, [(B4)(6) + Na]+ and [(B4b)(6) + Na]+. Side product B4b 

assumed to be formed in a radical elimination reaction of B4. Refer to Figure 111 for the 
structure of B4b. 

 

 

 

Figure 111 Structure of B4b is assumed to be a radical elimination reaction product of 

the macromolecular cycloadduct B4. For clarity only one of two possible regioisomer of B4b 
is shown. 
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Macromolecular Cycloadduct (C1) 
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Figure 112 1H NMR (400 MHz, DMSO) spectrum of the macromolecular cycloadduct C1. 

Full spectrum of the PCL-b-PEG block copolymer (above), magnification of the 8.7 - 2.9 
ppm region (below). 
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Figure 113 GPC trace of the macromolecular cycloadduct C1 in THF. 
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Macromolecular Cycloadduct (C2) 
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Figure 114 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular cycloadduct C2. 

Full spectrum of the PCL-b-PEG block copolymer (above), magnification of the 8.7 - 2.9 
ppm region (below). 
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Figure 115 GPC trace of the macromolecular cycloadduct C2 in THF. 
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Macromolecular Cycloadduct (C3) 
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Figure 116 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct C3. Full 

spectrum of the PCL-b-PEG block copolymer (above), magnification of the 8.6 - 3.0 ppm 

region (below). BHT can be observed, used as a radical scavenger during the formation of 

C3 to avoid side reactions involving radical species. 
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Figure 117 GPC trace of the macromolecular cycloadduct C3 in THF. 
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Macromolecular Cycloadduct (C4) 
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Figure 118 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular cycloadduct C4. 

Full spectrum of the PCL-b-PEG block copolymer (above), magnification of the 8.6 - 3.4 

ppm region (below). 
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Figure 119 GPC trace of the macromolecular cycloadduct C4 in THF. 
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Macromolecular Cycloadduct (C5) 
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Figure 120 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct C5. 
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Synthesis of Maleimide End Capped PNIPAM (D2) 

 

Scheme 33 Synthetic path for the formation of the maleimide functional PNIPAM D2. 
Refer to the corresponding synthetic procedures of D1 and D2 for reaction details. 

 

 

PNIPAM (D1) 

1.00 g NIPAM, 28 and AIBN (molar ratio: 1000:10:1) were dissolved in 

5 mL DMF (monomer concentration = 1.77 mol⋅L-1) and degassed via three 

consecutive freeze-pump-thaw cycles. Subsequently, the polymerization 

mixture was stirred at 60 °C for 8 h. The polymerization was quenched by 

cooling with liquid nitrogen and exposing the mixture to oxygen. The 

polymerization mixture was precipitated twice in diethyl ether. The 

obtained polymer was dried under reduced pressure to obtain a yellowish 

solid. 1H NMR (400 MHz, CDCl3): δ = 7.00 - 5.81 (bs, polymer backbone+ 

2 H), 5.25 (s, 2 H), 3.99 (s, polymer backbone + 4 H), 3.76 (s, 2 H), 3.34 

(s, 2 H), 2.90 (s, 2 H), 2.49 (s, polymer backbone), 2.34 - 0.93 (m, polymer 

backbone + 24 H), 0.89 – 0.84 (m, 3 H); Mn = 4.7 kDa (1H NMR), Mn = 5.8 

kDa (GPC), Ð = 1.20.* 

*GPC was measured in DMAC. 
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Figure 121 1H NMR (400 MHz, CDCl3) spectrum of PNIPAM D1. 

 

Figure 122 GPC trace of PNIPAM D1 in DMAC. 
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PNIPAM (D2) 

The PNIPAM D1 was placed in a round bottom flask and heated in bulk 

under reduced pressure at 95 °C for 10 h. 1H NMR (400 MHz, CDCl3): δ = 

7.00 – 5.70 (bs, polymer backbone + 2 H), 3.99 (s, polymer backbone + 4 

H), 3.80 (s, 2 H), 3.33 (s, 2 H), 2.51 (s, polymer backbone), 2.34 - 0.93 

(m, polymer backbone + 24 H), 0.89 - 0.85 (m 3 H) Mn = 4.7 kDa (1H 

NMR), Mn = 2.9 kDa (GPC), Ð = 1.08. 
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Figure 123 1H NMR (400 MHz, CDCl3) spectrum of PNIPAM D2. 
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Figure 124 GPC trace of PNIPAM D2 in THF. 
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8.2.4 Spectroscopic Data 

 

Figure 125 Normalized absorption spectrum of PAT 22 (blue), pyrazoline 23 (black), 

PAT end capped PCL A1 (pink), pyrazoline containing PEG-b-PCL block copolymer C1 (red) 

in MeCN. 

 

Figure 126 Normalized fluorescence spectrum of PAT 22 (blue), pyrazoline 23 (black), 

PAT end-capped PCL A1 (pink), pyrazoline containing PEG-b-PCL block copolymer C1 (red) 

in MeCN. 
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Figure 127 Fluorescence behaviour of PAT 22 (left) and pyrazoline 23 (right) irradiated 
with a UV hand lamp at 365 nm. 
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8.3 Near Infrared Photoinduced Coupling 

Reactions Assisted by Upconversion Nanoparticles 

8.3.1 Materials 

1-(2-Hydroxyethyl)-1H-pyrrole-2,5-dione 7 was synthesized according to 

the literature.290 11-Hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-

yl)benzoate (PAT) 22 and PAT end capped PCL A1,2 were synthesized 

according to the literature.279 Maleimide end capped PEG was purchased 

from Creative PEGWorks. β-Phase NaYF4:TmYb@NaYF4 UCNPs (core = 

NaYF4 : 0.5 mol % Tm3+ : 30 mol % Yb3+; shell = NaYF4) were prepared 

and fully characterized by TEM, XRD, DLS, and UV-vis as stated in the 

supporting information of our previous work.292 The maleimide-PEG-biotin 

HABA avidin kit was purchased from Thermo Fisher Scientific. All other 

reagents including the 1 mm thick pork tissue were purchased from 

commercial suppliers and used without further purification.  

 

  

https://www.thermofisher.com/de/de/home.html


      
Experimental Section 

206 

8.3.2 Methods and Analytical Instrumentation 

1H and 13C NMR spectra were recorded on a 400 MHz spectrometer and 

referenced to the relevant solvent peak. The employed solvent is listed in 

the spectrum descriptions. 

High-resolution mass spectra (HRMS) were obtained using a Q Exactive 

(Orbitrap) mass spectrometer (Thermo Fisher Scientific, San Jose, CA, 

USA) equipped with a HESI II probe. The instrument calibration was carried 

out in the m / z range 74 - 1822 using calibration solutions from Thermo 

Scientific. A constant spray voltage of 4.7 kV and a dimensionless sheath 

gas of 5 were applied. The capillary temperature and the S-lens RF level 

were set to 320 °C and 62.0, respectively. The samples were dissolved in 

a THF:MeOH mixture (volume ratio 3:2) containing 100 µmol of sodium 

triflate and injected with a flow of 5 µL·min-1. 

Molecular weight determination was performed on a GPC system (PL-GPC 

50 Plus, Polymer Laboratories) consisting of an auto injector, a guard 

column (PLgel Mixed C, 50 × 7.5 mm), three linear columns (PLgel Mixed 

C, 300 × 7.5 mm, 5 µm bead-size) and a differential refractive index 

detector using THF as the eluent at 35 °C and a flow rate of 1 mL∙min-1. 

The system was calibrated using narrow PS standards (Polymer Standard 

Service) ranging from 160 to 6 × 106 g∙mol-1. Samples were injected from 

solutions in THF (2 mg∙mL-1). 

Absorption spectra were recorded using a 300 UV / Vis Spectrometer 

(Varian Cary) in MeCN (ctarget compound = 20 μmol∙L-1). 

Fluorescence spectra were recorded using a Carry Eclipse fluorescence 

spectrometer in MeC (ctarget compound = 20 μmol∙L-1). 

 

HPLCs were recorded using set-up consisting of a Rheodyne injection valve 

7725i with 20 µL loop, an Agilent Technologies Series 1200 degasser, a 

quarternary gradient pump, a column oven, a photodiode array-detector 
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(Varian ELSD-Detector 385-LC), a Macherey-Nagel Polactec column 

(length: 125 mm, diameter: 4 mm, particle size: 5 µm, flow rate: 1 mL·min-

1, temperature: 20 °C). Gradient: starting with 

THF / acetonitrile / H2O + 0.1 % trifluoroacetic acid 10 / 10 / 95 vol. % 

ramping within 10 min up to 80 / 20 / 20 vol. %. 

 

Irradiation 

The irradiation source was a diode laser with 974 nm emission (device type 

P976MF, Photon Tec Berlin GmbH). For all irradiation experiments, the 

employed setup is illustrated in Figure 128. For the tissue shielded 

irradiation, a piece of tissue was placed between the laser and sample 

solution. To minimize overheating of the tissue, pulsed mode of the laser 

was used (‘switch on’ time = 5 s, ‘switch off’ time = 3 s). 

Details of the laser source: The diode laser was equipped with an adjustable 

fiber collimator (Changchun New Industries Optoelectronics Technology). 

The output power of the diode laser for inducing the photoreactions was 

fixed at 14 W, which was controlled by a tabletop laser driver (device type 

ds11-la12v08-pa08v16-t9519-254-282, OsTech GmbH i.G.). The output 

power of the diode laser was measured using an optical power meter 

(model 407A, Spectra-Physics Corp.). 
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Figure 128 Experimental set up for the upconversion photoinduced coupling chemistry. 
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8.3.3 Synthesis 

11-Hydroxyundecyl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-(pyren-1-

yl)-1,3a,4,5,6,6a-hexahydropyrrolo [3,4-c]pyrazol-3-yl)benzoate 

(23) 

 

The PAT molecule 22 (0.35 mM, 1 eq.) and hydroxyl funtionalized 

maleimide 7 (0.38 mM, 1.1 eq.) were mixed in MeCN (3 mL) containing 3.3 

mg·mL-1 UCNPs. The mixture was magnetically stirred during irradiation by 

the NIR laser. HRMS [M + Na]+ m / z: calcd for C41H43N3NaO6 696.3050, 

found 696.3058. 
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Polymer End Group Modification and Formation of Block 

Copolymers 

 

Figure 129 Overview over the structures of cycloadducts F1,2 and G1,2. Refer to 
Section 8.3.4) for synthesis of H. 

 

The PAT functional PCL was mixed with hydroxyl functionalized maleimide 

in MeCN (3 mL) containing UCNPs (without tissue, 33 mg·mL-1; with tissue, 

50 mg mL-1). Subsequently, the mixture was magnetically stirred during 

NIR irradiation. For the irradiation experiment with tissue, a pork tissue (1 

mm thickness) was placed between the NIR laser and the sample. To avoid 

overheating, pulsed irradiation was used (5 seconds irradiation time and 

3 seconds dark time). For the polymer-polymer coupling experiment, the 

same procedure was used. 1H NMR (CDCl3) F1  = 8.54 - 7.96 (m, 13 H), 

5.68 - 5.61 (m, 1 H), 5.12 - 5.05 (m, 1 H), 4.40 - 4.30 (m, 2 H), 4.12 - 

4.04 (m, polymer backbone), 3.85 - 3.60 (m, 6 H), 2.37 - 2.25 (m, polymer 

backbone), 1.86 - 1.21 (m, 18 H + polymer backbone); F2  = 8.53 - 7.94 

(m, 13 H), 5.70 - 5.60 (m, 1 H), 5.14 - 5.05 (m, 1 H), 4.40 - 4.30 (m, 2 

H), 4.12 - 4.04 (m, polymer backbone), 3.84 - 3.62 (m, 6 H), 2.39 - 2.25 
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(m, polymer backbone), 1.86 - 1.19 (m, 18 H + polymer backbone); G1  

= 8.59 - 7.97 (m, 13 H), 5.74 - 5.67 (m, 1 H), 5.15 - 5.09 (m, 1 H), 4.41 

- 4.22 (m, 2 H), 4.05 - 3.85 (m, polymer back bone (PCL)), 3.72 - 3.50 

(m, 6 H + polymer back bone (PEG)), 3.47 - 3.43 (m, 2 H), 3.39 - 3.31 

(m, 5 H), 2.38 - 2.24 (m, polymer backbone (PCL)), 1.92 - 1.20 (m, 18 H 

+ polymer back bone (PCL)); G2  = 8.60 - 7.95 (m, 13 H), 5.74 - 5.65 

(m, 1 H), 5.14 - 5.09 (m, 1 H), 4.41 - 4.21 (m, 2 H), 4.04 - 3.85 (m, 

polymer backbone (PCL)), 3.74 - 3.50 (m, 6 H + polymer backbone (PEG)), 

3.45 - 3.43 (m, 2 H), 3.39 - 3.30 (m, 5 H), 2.38 - 2.21 (m, polymer 

backbone (PCL)), 1.92 - 1.21 (m, 18 H + polymer backbone (PCL)). 

 

 

Table 7 Mn and Đ of PAT capped PCL A1,2 before and after coupling with maleimide 7 

or maleimide end capped PEG to form F1,2 or G1,2. All reactions were carried out in MeCN. 

Lable 

PAT end 

capped 

PCL 

cPCL 

/ mmol·L-1 

cene 

/ mmol·L-1 

Ene 

capped 

polymer 

Ð ene 
Mn

[c]
 ene 

/ kDa 

Ðcyclo 

adduct 

Mn
[c]

cyclo 

adduct 

/ kDa 

F1
[a] A1 0.5 0.75 - - - 1.09 2.2 

F2
[a] A1 0.5 0.75 - - - 1.09 2.2 

G1
[b] A2 2.4 3.6 PEG E1 1.o3 3.3 1.09 7.9 

G2
[b] A2 2.4 3.6 PEG E1 1.03 3.3 1.09 8.0 

[a] The cycloadduct was analyzed without any further purification. [b] The crude product was 

dissolved in ethyl acetate (50 mL) extracted with 1 M hydrochloric acid (4 × 100 mL) and dried over 

NaSO4. Ethyl acetate was removed under reduced pressure. The residual solid was dissolved in 

50 mL DCM and extracted with 1 M hydrochloric acid (1 × 100 mL). [c] Mn was determined by GPC 

using PS calibration standards. 

 

 

Table 8 Sum formula, the exact masses of the experimentally obtained data, 

theoretical m / z values and the deviation of both for PAT end capped PCL A1 and 
cycloadducts F1,2. 

Label Sum formula m / zexp m / ztheo Δ m / z 

A1 [C83H116N4NaO19]+ 1495.815 1495.813 0.002 

B1 [C83H113N3NaO20]+ 1494.787 1494.789 0.002 

B2 [C83 H113N3NaO20]+ 1494.787 1494.781 0.006 
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Macromolecular Cycloadduct (F1) 
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Figure 130 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct F1. 
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Figure 131 Magnified view into the region of 950 - 1800 m / z of the ESI-MS spectrum 

of cycloadduct F1. Signals repeat in intervals of 114.14 Dalton. Sodium adduct of PAT end-

capped PCL, [(F1)(6) + Na]+. 

 

Figure 132 GPC trace of the cycloadduct F1 in THF (Refer to Table 7 for corresponding 
Mn and Ð). 
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Macromolecular Cycloadduct (F2) 
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Figure 133 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct F2. 

 

 

Figure 134 Magnified view into the region of 950 - 1900 m / z of the ESI-MS spectrum 

of cycloadduct F2. Signals repeat in intervals of 114.14 Dalton. Sodium adduct of PAT end-

capped PCL, [(F2)(6) + Na]+. 
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Figure 135 GPC trace of the cycloadduct F2 in THF (Refer to Table 7 for corresponding 
Mn and Ð).  
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Macromolecular Cycloadduct (G1) 
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Figure 136 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct G1. Full spectrum of 

the PCL-b-PEG block copolymer (top) and magnification of the 8.7 - 2.9 ppm region 
(bottom). 
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Figure 137 GPC of the cycloadduct G1 in THF (Refer to Table 7 for corresponding Mn and 
Ð). 
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Macromolecular Cycloadduct (G2) 
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Figure 138 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct G2. Full spectrum of 

the PCL-b-PEG block copolymer (top) and magnification of the 8.7 - 2.9 ppm region 
(bottom). 
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Figure 139 GPC of the cycloadduct G2 in THF (see Table 7 for the corresponding Mn and 
Ð). 
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8.3.4 Spectroscopic Data 

Kinetic Studies on Formation of Cycloadduct (23) 

 

Figure 140 Fluorescence trace of the upconversion assisted coupling reaction of PAT 22 

and hydroxy functionalized maleimide 7 (c PAT = 0.35 mM, PAT:HFM = 1:1.1, MeCN, 

c(UCNPs) = 3.3 mg mL-1, λex = 365 nm). 
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Spectroscopic Data of Tetrazole (22), Pyrazoline (23) and 

Macromolecular Cycloadducts (F1,2) and (G1,2). 

 

Figure 141 Normalized absorption spectra of PAT 22 (blue), pyrazoline 23 (black), PAT 
end-capped PCL A2 (pink) and pyrazoline containing PCL F1 (red) in MeCN. 

 
Figure 142 Normalized fluorescence spectra of PAT 22 (blue), pyrazoline 23 (black), 

PAT end-capped PCL A2 (pink), pyrazoline containing PCL G1 (red) in MeCN. λex = 365 nm 
for 22 and 23, λex = 400 nm for A2 and G1.  
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Figure 143 Fluorescence behaviour of PAT 22 (left) and pyrazoline 23 (right) irradiated 
with a UV hand lamp at 365 nm. 
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Biotin Related Studies 

Preparation of the Biotin End Capped PEG-b-PCL Block F 

PAT functional PCL A2 (1 mM) was mixed with maleimide end capped, biotin 

functional PEG (1.5 mM) in MeCN (3 mL) containing UCNPs (50 mg·mL-1). 

The mixture was magnetically stirred during irradiation with NIR light. A 1 

mm thick pork tissue was placed between the NIR source and the sample 

solution. NIR irradiation was pulsed (with 5 seconds on and 3 seconds off).  

 

Measurement of Biotin Activity 

The bio-activity of biotin was measured according to the instructions of the 

producer (Instructions, Pierce Biotin Quantification Kit, Thermo 

Scientific).[3] the HABA / Avidin premix was equilibrated at ambient 

temperature. 100 μL of ultrapure water was added to one microtube 

(standard kit from Thermo Fisher, catalogue No. 28005) of the 

HABA / Avidin Premix. 20 μL of the HABA / Avidin Premix solution was 

added to the PBS (pH = 7.2, V = 2 mL) in a well. The well was placed on 

an orbital shaker. The absorbance of the solution in the well was detected. 

30 μL of biotin end capped PEG J or biotin end capped PEG-b-PCL block H 

(0.2 mM) were added to the well containing the HABA / avidin reaction 

mixture. The absorbance of the solution was detected again. The procedure 

was repeated for 0, 6 and 9 µM solutions of biotin containing compound. 

 

Biotin and avidin (or streptavidin) bind non-covalently with a higher binding 

affinity than most antigen-antibody interactions. HABA / avidin (4’-

hydroxyazobenzene-2- carboxylic acid) complexes show strong absorption 

at 500 nm. If biotin containing species are added to the HABA / avidin 

complex, HABA is replaced by biotin, since biotin features a much higher 

binding affinity towards avidin. Therefore, the HABA absorption efficiency 

will decrease due to its poor solubility in aqueous solution. Quantification 



      
Experimental Section 

224 

of the biotin content can be achieved by recording the absorption spectrum 

change before and after addition of biotin. 

 

Calculation of the number of biotin moiety (activity) after the reaction 

 

Biotin activity = ΔA500 (H) / ΔA500 (J) · 100 % = 0.08 / 0.09 · 100 % = 

88 % 

 

ΔA500 (J) = Absorption value (500 nm) of HABA / avidin after addition of H 

- Absorption value (500 nm) of HABA / avidin  

 

ΔA500 (F) = Absorption value (500 nm) of HABA / avidin after addition of F 

- Absorption value (500 nm) of HABA / avidin 
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Figure 341 Absorption spectra of HABA / avidin mixtures before and after adding of 

biotin containing solutions J and H in concentration range 0 – 9 µM. The arrow illustrates 

the absorption band used for the biotin activity calculations. 
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8.4 λ-Orthogonal Photoligations, Novel Avenue for 

Advanced Surface Patterning 

8.4.1 Materials 

1-(2-Hydroxyethyl)-1H-pyrrole-2,5-dione was synthesized according to the 

literature290 11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzo-

ate PAT 22 was synthesized according to the procedure in the Section 

8.2.3. 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 2-bromo-2-methyl-

propanoate 32 was synthesized according to the literature. All other 

reagents were purchased from commercial suppliers and used without 

further purification.  
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8.4.2 Methods and Analytical Results 

1H and 13C NMR spectra were recorded on a 400 MHz spectrometer and 

referenced to the relevant solvent peak. The employed solvent is listed in 

the spectrum descriptions. 

High-resolution mass spectra (HRMS) were obtained using a Q Exactive 

(Orbitrap) mass spectrometer (Thermo Fisher Scientific, San Jose, CA, 

USA) equipped with a HESI II probe. The instrument calibration was carried 

out in the m / z range 74 - 1822 using calibration solutions from Thermo 

Scientific. A constant spray voltage of 4.7 kV and a dimensionless sheath 

gas of 5 were applied. The capillary temperature and the S-lens RF level 

were set to 320 °C and 62.0, respectively. The samples were dissolved in 

a THF:MeOH mixture (volume ratio 3:2) containing 100 µmol of sodium 

triflate and injected with a flow of 5 µL·min-1. 

Absorption spectra were recorded using a 300 UV / Vis Spectrometer 

(Varian Cary) in MeCN (ctarget compound = 20 μmol ∙ L-1). 

ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry) was 

performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Münster, 

Germany). This spectrometer is equipped with a bismuth cluster primary 

ion source and a reflectron type time-of-flight analyzer. UHV base pressure 

was < 5 × 10-9 mbar. For high mass resolution the Bi source was operated 

in the “high current bunched” mode providing short Bi3+ primary ion pulses 

at 25 keV energy and a lateral resolution of approx. 4 μm. The short pulse 

length of 1.3 ns allowed for high mass resolution. For imaging large fields 

of view the sample stage and the primary beam were scanned. Usually for 

5 × 4 mm fields of view 500 × 400 individual data points were recorded 

with 30 scans and 4 adjacent points were binned to increase the dynamic 

range. Primary ion doses were kept below 1011 ions / cm2 (static SIMS 

limit) for all measurements. Spectra were calibrated on the omnipresent C-

, CH-, CH2
-, C2

-, C3
-; or on the C+, CH+, CH2

+, CH3
+, and Si+ peaks. Based 

on these datasets the chemical assignments for characteristic fragments 
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were determined. For the depth profiling of patterned samples a dual beam 

analysis was performed: The primary ion source was again operated in 

“burst alignment” mode with a scanned area of 50 × 50 µm2 (256 × 256 

data points) and a sputter gun (operated with Cs ions, 500 eV, scanned 

over a concentric field of 500 × 500 µm2) was applied to erode the sample. 

The obtained image stack was split in two separate fields of interest, the 

first comprising the HDT SAM areas of the sample, the second comprising 

the MUD areas. From both parts the Au- signals versus sputter time were 

extracted. Images larger than the maximum deflection range of the primary 

ion gun of 500 × 500 μm2 were obtained using the manipulator stage scan 

mode.  
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Irradiation 

NITEC reactions at 410-420 nm 

NITEC reactions in solution at 410 – 420 nm were performed using the set 

up described in the Section 8.2.3. 

Surface based NITEC reactions at 410 – 420 nm were performed using 

following set up: 

 

 

Figure 144 Set up for the surface based NITEC reaction at 410 – 420 nm. The mask 

holder inclusive the mask was placed into the reaction vessel in the presence of the 
appropriate dipolarophile containing solvent. 
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NITEC reactions at 320 nm 

NITEC reactions in solution at 320 nm were performed using following set 

up: 

 

Figure 145 Set up for the solution based NITEC reaction at 320 nm. 
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NITEC reactions on the surface at 320 nm were performed using following 

set up: 

 

Figure 146 Set up for the surface based NITEC reaction at 320 nm. The mask holder 

inclusive the mask was placed into the reaction vessel in presence of the appropriate 

dipolarophile containing solvent. 
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8.4.3 Synthesis in Solution 

11-Hydroxyundecyl 4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)-

benzoate (37) 

 

A mixture of 11-hydroxyundecyl 4-formylbenzoate 24 (1725.0 mg, 5.39 

mmol) and 4-methylbenzenesulfonohydrazide (1004.2 mg, 5.39 mmol) in 

50 mL EtOH were stirred at ambient temperature for 5 h. The solvent was 

removed under reduced pressure. The obtained solid was dissolved in 30 

mL pyridine (solvent A). In parallel p-anisidine (350.0 mg, 2.85 mmol) was 

dissolved in 14 mL of solvent mixture (HCl / H2O / EtOH in ratio 1:3:3) 

under Ar and cooled to 0 °C. A solution of NaNO2 (0.2 mg, 2.85 mmol) in 

2 mL H2O was added. The reaction mixture was stirred for 10 min at 0°C 

(solvent B). The solvent B was added to solution A at room temperature. 

The reaction mixture was stirred for 1 h and added to 300 mL 1M HCl. The 

resulting precipitate was collected washed with cold EtOH and purified via 

recrystallization in EtOH (80 mL). After drying under high vacuum the title 

compound was obtained as white solid (611 mg, 1.33 mmol, 46 %). 1H 

NMR (400MHz ,CDCl3)  = 8.57 - 6.89 (m, 8 H), 4.40 - 4.32 (m, 2 H), 3.91 

(s, 3 H), 3.68 - 3.63 (m, 2 H), 1.93 - 1.75 (m, 2 H), 1.67 - 1.53 (m, 2 H), 

1.52 - 1.26 (m, 14 H); 13C NMR (100 MHz ,CDCl3)  = 166.1, 164.2, 160.7, 

132.1, 131.3, 130.3, 130.1, 126.9, 121.5, 114.7, 65.4, 63.1, 55.7, 32.8, 

29.6, 29.5, 29.4, 29.2, 28.7, 26.0, 25.7; HRMS [M + Na]+ m / z: calcd for 

C26H34N4NaO4 489.2478, found 489.2479. 
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Figure 147 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(2-(4-
methoxyphenyl)-2H-tetrazol-5-yl)benzoate 37. 
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Figure 148 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoate 37.  
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Ethyl (11-((4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)-

oxy)undecyl) fumarate (30) 

 

11-Hydroxyundecyl 4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzoate 

37 (200 mg, 0.43 mmol), Et3N (86.7 mg, 0.86 mmol) were dissolved in 5 

ml dry DCM und Ar. Ethyl (E)-4-chloro-4-oxobut-2-enoate (151,07 mg, 

0.93 mmol) dissolved in 2 mL dry DCM was added at 0 °C. The reaction 

mixture was stirred at room temperature for 30 min. After removing the 

solvent under reduced pressure the crude product was recrystallized in 20 

mL EtOH. After drying under high vacuum the title compound was obtained 

as off white solid (211 mg, 0.36 mmol, 83 %). 1H NMR (400MHz ,CDCl3) 

= 8.47 - 6.97 (m, 8 H), 4.47 - 4.15 (m, 6 H), 3.91 (s, 3 H), 1.90 - 1.74 

(m, 2 H), 1.73 - 1.21 (m, 19 H); 13C NMR (100 MHz ,CDCl3) = 166.1, 

165.1, 164.2, 160.7, 133.7, 133.6, 132.1, 131.3, 130.3, 130.1, 126.9, 

121.5, 114.7, 65.5, 65.4, 61.3, 55.7, 29.5, 29.3, 29.2, 28.7, 28.5, 26.0, 

25.9, 14.1; HRMS [M + Na]+ m / z: calcd for C32H40N4NaO7 615.2795, found 

615.2805.
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Figure 149 1H NMR (400 MHz, CDCl3) spectrum of ethyl (11-((4-(2-(4-methoxyphenyl)-

2H-tetrazol-5-yl)benzoyl)oxy)undecyl) fumarate 30. 
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Figure 150 13C NMR (100 MHz, CDCl3) spectrum of ethyl (11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) fumarate 30.  
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4-Oxo-4-((11-((4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoyl)-

oxy)undecyl)oxy)butanoic acid (34) 

 

11-Hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 22 (190 

mg, 0.33 mmol), succinic anhydride (188 mg, 1.88 mmol), DMAP (128 mg, 

1.05 mmol), Et3N (365 mg, 3.61 mmol) were dissolved in dry 1,4-dioxane 

under Ar atmosphere. The reaction mixture was stirred for 4 d at 50°C. 

After removing the solvent under reduced pressure the crude product was 

recrystallized in EtOH (2 х 40 mL). After drying under high vacuum, the 

title compound was obtained as a dark red solid (138 mg, 0.21 mmol, 63 

%). 1H NMR (400MHz, CDCl3) = 8.55 - 8.04 (m, 13 H), 4.42 - 4.35 (m, 2 

H), 4.14 - 4.06 (m, 2 H), 2.75 - 2.60 (m, 4 H), 1.88 - 1.77 (m, 2 H), 1.69 

- 1.56 (m, 2 H), 1.54 - 1.27 (m, 14 H); 13C NMR (100 MHz ,CDCl3) = 

176.5, 172.6, 166.1, 164.5, 132.8, 132.3, 131.2, 131.1, 130.5, 130.2, 

130.1, 130.0, 129.4, 127.0, 126.9, 126.7, 126.3, 125.1, 125.0, 124.8, 

124.1, 122.7, 121.4, 77.3, 65.5, 64.8, 39.6, 29.7, 29.5, 29.4, 29.2, 29.2, 

28.7, 28.5, 26.0, 25.9; HRMS [M + Na]+ m / z: calcd for C39H40N4NaO6 

683.2846, found 683.2840. 
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Figure 151 1H NMR (400 MHz, CDCl3) spectrum of 4-oxo-4-((11-((4-(2-(pyren-1-yl)-
2H-tetrazol-5-yl)benzoyl)oxy)undecyl)oxy)butanoic acid 34. 
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Figure 152 13C NMR (100 MHz, CDCl3) spectrum of 4-oxo-4-((11-((4-(2-(pyren-1-yl)-

2H-tetrazol-5-yl)benzoyl)oxy)undecyl)oxy)butanoic acid 34. 
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4,4-Diethoxy-9,12-dioxo-3,13-dioxa-8-aza-4-silatetracosan-24-yl 

4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate(35)* 

 

4-Oxo-4-((11-((4-(2-(pyren-1-yl)-2H-tetrazol-5-

yl)benzoyl)oxy)undecyl)oxy)butanoic acid 34 (500 mg, 0.77 mmol) was 

dissolved in 10 mL dry THF under Ar and 1,1′-carbonyldiimidazole (CDI) 

(128 mg, 0.79 mmol) was added. The reaction mixture was stirred over 

night at room temperature. APTS (87 mg, 0.79 mmol) was added to the 

solution. The reaction mixture was stirred for additional 4 h and the solvent 

was removed under reduced pressure. The crude product was dissolved in 

small amount of dry DCM an purified via column chromatography on silica 

gel using cyclohexane / ethyl acetate (1:1, v / v Rf 0.48) as eluent. After 

drying under high vacuum the title compound was obtained as green solid 

(260 mg, 0.30 mmol, 39 %). 1H NMR (400MHz ,CDCl3)  = 8.56 - 8.07 (m, 

13 H), 4.45 - 4.32 (m, 2 H), 4.08 (t, J = 6.8 Hz, 2 H), 3.89 - 3.67 (m, 6 

H), 3.28-3.24 (m, 2 H), 2.71 - 2.59 (m, 2 H), 2.52 - 2.41 (m, 2 H), 1.88 - 

1.74 (m, 2 H), 1.73 - 1.14 (m, 29 H), 0.70 - 0.56 (m, 2 H). 
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Figure 153 1H NMR (400 MHz, CDCl3) spectrum of 4,4-diethoxy-9,12-dioxo-3,13-dioxa-

8-aza-4-silatetracosan-24-yl 4-(2-(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 35. 

 

*All used glassware were heated out to avoid H2O contamination. No 13C 

NMR or ESI-MS data could be collected, due to high sensitivity of the title 

compound towards sun light, heat and H2O. 
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2-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 4,4,4-trifluorobu-

tanoate (36) 

 

1-(2-Hydroxyethyl)-1H-pyrrole-2,5-dione (100.0 mg, 0.71 mmol) 7, 4,4,4-

trifluorobutanoic acid (184.6 mg, 1.31 mmol), dicyclohexylcarbodiimide 

(DCC) (190.2 mg, 0.92 mmol), and DMAP (17.3 mg, 0.14 mmol) were 

dissolved in 5 mL THF and stirred over night at room temperature. The 

solvent was removed under reduced pressure. The crude product was 

purified via column chromatography on silica gel using cyclohexane / ethyl 

acetate (1:1, v / v Rf 0.26) as the eluent. After drying under high vacuum 

the title compound was obtained as a white solid (89 mg, 0.34 mmol, 47 

%). 1H NMR (400MHz ,CDCl3)  = 6.74 (s, 2 H), 4.33 - 4.23 (m, 2 H), 3.87 

- 3.76 (m, 2 H), 2.61 - 2.36 (m, 4 H); 13C NMR (100 MHz ,CDCl3)  = 

170.7, 170.4, 134.3, 62.2, 36.8, 29.3 (m), 27.0 (m); HRMS [M + Na]+ m 

/ z: calcd for C10H10F3NNaO4 288.0460, found 289.0493. 
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Figure 154 1H NMR (400 MHz, CDCl3) spectrum of 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-

1-yl)ethyl 4,4,4-trifluorobutanoate 36. 
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Figure 155 13C NMR (100 MHz, CDCl3) spectrum of 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-

1-yl)ethyl 4,4,4-trifluorobutanoate 37.  
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5-Ethyl 4-(11-((4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzo-

yl)oxy)undecyl) 3-(4-(((11-hydroxyundecyl)oxy)car bonyl)phe-

nyl)-1-(pyren-1-yl)-4,5-dihydro-1H-pyrazole-4,5-dicarboxylate 

(31) 

 

PAT 22 (10 mg, 17.9 μmol) and ethyl (11-((4-(2-(4-methoxyphenyl)-2H-

tetrazol-5-yl)benzoyl)oxy)undecyl) fumarate 30 (10.6 mg, 17.9 μmol) 

were dissolved in MeCN and irradiated for 1 h at 410-420 nm, room 

temperature. The solvent was removed under reduced pressure. The crude 

product was purified via column chromatography on silica gel using 

cyclohexane / ethyl acetate (1:1, v / v Rf 0.46) as the eluent. After drying 

under high vacuum the title compound was obtained as yellow solid (13.0 

mg, 10.3 μmol, 73%). 1H NMR (400MHz ,CDCl3)  = 8.51 - 7.83 (m, 21 H), 

5.69 – 5.65 (m, 1 H), 4.90 – 4.85 (m, 1 H), 4.36 - 4.11 (m, 6 H), 3.86 - 

3.63 (m, 5 H), 3.69 – 3.60 (m, 2 H), 1.79 - 1.63 (m, 4 H), 1.61 - 1.09 (m, 

35 H); 13C NMR (100 MHz ,CDCl3)  = 169.0, 166.3, 164.1, 160.7, 145.2, 

138.4, 135.5, 132.1, 131.4, 131.3, 131.1, 130.4, 130.3, 130.1, 129.7, 

129.5, 129.3, 127.5, 127.2, 126.9, 126.8, 126.3, 126.1, 125.5, 125.1, 

125.1, 124.9, 124.8, 122.9, 121.7, 121.5, 71.0, 66.6, 65.9, 65.4, 65.3, 

63.0, 62.4, 61.7, 55.7, 55.4, 55.3, 32.8, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 

29.0, 28.8, 28.7, 28.5, 28.0, 26.0, 25.8, 25.7, 25.3, 14.1, 13.5;HRMS [M 

+ Na]+ m / z: calcd for C67H74N6NaO10 1145.5364, found 1145.5392.* 

*A rearomatisation product of the title compound was detected via ESI-MS 

exclusively (Refer to the Figure 156).  
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Figure 156 Rearomatisation product of 31. 
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Figure 157 1H NMR (400 MHz, CDCl3) spectrum of 5-ethyl 4-(11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) 3-(4-(((11-hydroxyundecyl)oxy)-
carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-1H-pyrazole-4,5-dicarboxylate 31. 
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Figure 158 13C NMR (100 MHz, CDCl3) spectrum of 5-ethyl 4-(11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) 3-(4-(((11-hydroxyundecyl)-
oxy)carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-1H-pyrazole-4,5-dicarboxylate 31. 
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4-(11-((4-(5-(2-((2-Bromo-2-methylpropanoyl)oxy)ethyl)-1-(4-

methoxyphenyl)-4,6-dioxo-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-

c]pyrazol-3-yl)benzoyl)oxy)undecyl) 5-ethyl 3-(4-(((11-hydroxy-

undecyl)oxy)carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-1H-

pyrazole-4,5-dicarboxylate (33) 

 

5-Ethyl 4-(11-((4-(2-(4-methoxyphenyl)-2H-tetrazol-5-

yl)benzoyl)oxy)undecyl) 3-(4-(((11-

hydroxyundecyl)oxy)carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-1H-

pyrazole-4,5-dicarboxylate 31 (10.0 mg, 8.9 μmol) and 2-(2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-yl)ethyl 2-bromo-2-methylpropanoate 32 (2.6 mg, 

8.9 μmol) were dissolved in MeCN and irradiated for 1 h at 320 nm, room 

temperature. The solvent was removed under reduced pressure. The crude 

product was purified via column chromatography on silica gel using 

cyclohexane / ethyl acetate (1:1, v / v Rf 0.38) as the eluent. After drying 

under high vacuum the title compound was obtained as yellow solid (7.0 

mg, 5.1 μmol, 57 %). 1H NMR (400MHz ,CDCl3)  = 8.58 - 7.88 (m, 17 H), 

7.55 - 7.47 (m, 2 H), 6.97 - 6.88 (m, 2 H), 5.71 - 5.63 (m, 1 H), 5.19 - 

5.08 (m, 1 H), 4.93 - 4.80 (m, 2 H), 4.44 - 3.70 (m, 16 H), 3.68 - 3.58 

(m, 2 H), 1.84 - 1.71 (m, 10 H), 1.67 - 1.51 (m, 2 H), 1.50 - 1.17 (m, 35 

H); HRMS [M + Na]+ m / z: calcd for C77H86BrN5NaO14 1406.5252, found 

1406.5138. 

 

*A rearomatisation product of the title compound was detected via ESI-MS 

(refer to the Figure 159). 
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Figure 159 Rearomatisation product of 33. 
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Figure 160 1H NMR (400 MHz, CDCl3) spectrum of 4-(11-((4-(5-(2-((2-bromo-2-

methylpropanoyl)oxy)ethyl)-1-(4-methoxyphenyl)-4,6-dioxo-1,3a,4,5,6,6a-hexahydro-

pyrrolo[3,4-c]pyrazol-3-yl)benzoyl)oxy)undecyl) 5-ethyl 3-(4-(((11-hydroxyundecyl)-

oxy)carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-1H-pyrazole-4,5-dicarboxylate 33. 
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8.4.4 Surface Modifications  

General remarks: 

All processes on the surface were performed in silica and grease free fume 

hood in a “red light” lab.  

Ultrapure Ar was used. 

Ceramic tweezers were used for all processes involving piranha solution. 

HPLC grade solvents were used for all rinsing steps. 

Dry solvents and Ar atmosphere were applied for all photo-induced 

reactions. 

 

 

Silicon wafer activation 

The silicon wafer was placed in freshly prepared piranha solution (conc. 

H2SO4/H2O2, ratio 2:1) in a vial. The sample was heated in a shaker at 

80 ºC for 1 h. The silica wafer was taken out of the piranha solution and 

rinsed with Milli-Q water dried under Ar flow and used for the silanization 

immediately. 

 

 

Silanization of the silicon wafer with PAT (I) 

The activated silicon wafer was placed into a vial. 4,4-Diethoxy-9,12-dioxo-

3,13-dioxa-8-aza-4-silatetracosan-24-yl 4-(2-(pyren-1-yl)-2H-tetrazol-5-

yl)benzoate (2 mg, 2.3 µmol) was dissolved in 2 mL dry toluene and added 

to the vial. The vial was placed in an oven at 50 ºC for 5 h and overnight 

at room temperature. The silicon wafer was taken out of the solution and 

rinsed with dichloromethane and dried under Ar flow. 
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Grafting of ethyl (11-((4-(2-(4-methoxyphenyl)-2H-tetrazol-5-

yl)benzoyl)oxy)undecyl) fumarate onto the silicon wafer via NITEC 

at 410 – 420 nm (II) 

The silicon wafer I was placed into a mask holder with a shadow mask. The 

resulting set up was placed into a vial. 4 mL of MeCN containing ethyl-(11-

((4-(2-(4-methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) 

fumarate 31 (5.8 mg, 9.8 µmol) were purged with Ar for 5 min and added 

to the vial. The set up was irradiated at 410 – 420 nm for 3 h. The silicon 

wafer was taken out of the mask holder, rinsed with dichloromethane and 

dried under Ar flow.  

 

 

Figure 161 ToF-SIMS image of surface II (positive mode). 
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Blank experiment: The silicon wafer I was placed into a mask holder with 

a shadow mask. The resulting set up was placed into a vial. 4 mL MeCN 

containing ethyl (11-((4-(2-(4-methoxyphenyl)-2H-tetrazol-5-

yl)benzoyl)oxy)undecyl) fumarate 31 (5.8 mg, 9.8 µmol) were purged with 

Ar and added to the vial. The set up was placed in the dark for 3 h. The 

silicon wafer was taken out of the mask holder, rinsed with dichloromethane 

and dried under Ar flow.  

 

Figure 162 ToF-SIMS image of blank sample of surface II (positive mode). 
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Grafting of 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 2-

bromo-2-methylpropanoate onto the silicon wafer via NITEC at 410 

-420 nm (III) 

The silicon wafer II was placed into a mask holder without a shadow mask. 

The resulting set up was placed into a vial. 4.5 mL of MeCN containing 2-

(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 2-bromo-2-methylpropanoate 

32 (3.6 mg, 12.5 µmol) were purged with Ar for 5 min and added to the 

vial. The set up was irradiated at 410 – 420 nm for 3 h. The silicon wafer 

was taken out of the mask holder, rinsed with dichloromethane and dried 

under Ar flow. 

 

Figure 163 ToF-SIMS image of surface III (positive mode). 
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Figure 164 ToF-SIMS image of surface III (negative mode). 

 

 

Grafting of 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 4,4,4-

trifluorobutanoate onto the silicon wafer via NITEC at 320 nm (IV) 

 

The silicon wafer III was placed into a mask holder without a shadow mask. 

The resulting set up was placed into a vial. 4.2 mL of dichloromethane 

containing 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 4,4,4-

trifluorobutanoate 36 (2.9 mg, 11.0 µmol) were purged with Ar for 5 min 

and added to the vial. The set up was irradiated at 320 nm for 1 h. The 

silicon wafer was taken out of the mask holder, rinsed with dichloromethane 

and dried under Ar flow. 
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Figure 165 ToF-SIMS image of surface IV (negative mode). 
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Blank experiment: The silicon wafer III was placed into a mask holder 

without a shadow mask. The resulting set up was placed into a vial. 4.2 mL 

dichloromethane containing 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 

4,4,4-trifluorobutanoate 36 (2.9 mg, 11.0 µmol) were purged with Ar for 5 

min and added to the vial. The set up was placed in the dark for 1 h. The 

silicon wafer was taken out of the mask holder, rinsed with dichloromethane 

and dried under Ar flow. 

 

 

Figure 166 ToF-SIMS image of blank sample of surface IV (positive mode). 
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Figure 167 ToF-SIMS image of blank sample of surface IV (negative mode). 

 



  

255 



  

256 

List of Figures and Schemes 
 

Figures 

Figure 1 Overview over projects described in the current thesis. ................. 4 

Figure 2 Activation rate coefficients in M-1 · s-1 for a range of N-ligands 

employed in a polymerization under ATRP conditions (initiator: ethyl-

2-bromoisobutyrate, catalyst: CuIBr, solvent MeCN).74 ................ 14 

Figure 3 Schematic illustration of coupling of the nitroxide species (TEMPO) 

with a fluorophore, resulting in fluorescence quenching and the 

subsequent conversion of the nitroxide in a radical recombination or 

reduction reaction leading to recreation of the fluorescence (top). 

Jablonski diagram of photoinduced electronic transitions resulting in 

fluorescence or phosphorescence (bottom).118 Reproduced from 

Blinco et al. (2011), with permission from CSIRO Publishing. ....... 21 

Figure 4 The mechanism of the electron exchange between Dn and D1 and 

between D1 and D0.118 ............................................................. 22 

Figure 5 Two-photon fluorescence microscopy images from femtosecond 

excitation at 900 nm of Chinese hamster ovary CHO cells incubated 

with 4 and H2O2 of (a) differential interference contrast (DIC), (b) 

one 2PFM XY optical slice, (c) 2PFM 3D reconstructed image, and 

incubated with 7 and H2O2: (d) DIC, (e) one 2PFM XY optical slice, (f 

and g) 2PFM 3D reconstructed image.150 This is an unofficial 

adaptation of an article that appeared in an ACS publication. ACS has 

not endorsed the content of this adaptation or the context of its use.

 ........................................................................................... 26 

Figure 6 Poison oak leaves (a), fluorescense image of the same leaves after 

exposure to an acetone mixture of TEMPO functional PFN and B-n-

butylboronic acid (λex = 365 nm) (b). Reprinted with permission from 

[157]. Copyright 2016 American Chemical Society. ...................... 27 

Figure 7 Schematic illustration of the Beer-Lambert Law. A is the absorbance; 

I0 and I are the light intensities before and after the absorption; ε 



     
List of Figures and Schemes 

257 

and c are the molar extinction coefficient and the concentration of 

the given species, respectively; l is the length of the absorption path.

 ........................................................................................... 30 

Figure 8 Illustration of the Frank-Condon principle. The arrow visualizes the 

transition from the ground state to an excited state, whereby the 

vibration sublevels with the corresponding wave functions are 

depicted in the potential curves. The resulting absorbance is 

illustrated in blue.165 Reused with the permission by IOP. ............ 32 

Figure 9 Radiative deactivation of an excited state illustrated by a Jablonski 

diagram. S0, S1 and T1 represent the singlet ground state, excited 

singlet state and the triplet state respectively. ........................... 33 

Figure 10 Schematic illustration of the deactivation processes of an excited 

molecule.10 Reproduced with permission of WILEY‐VCH Verlag. .... 34 

Figure 11 Energy levels of the molecular orbitals of nitrile imine and the olefine 

and their HOMO-LUMO interaction in a 1,3-dipolar cycloaddition, 

resulting in stabilization energies ∆ E1 and ∆ E2.188 ..................... 39 

Figure 12 Plot of wavelengths matching the bond energies for various single 

bonds and O-O double bond. The arrow illustrates the increasing bond 

energies.209 ........................................................................... 45 

Figure 13 Structures, absorption maxima (λabs max) and excitation wavelength of 

the NITEC reaction (λex) of the tetrazole species 8 – 11. 

Bathochromic shift is illustrated by the arrow.182,204-206,210 ............ 46 

Figure 14 Schematic representation of orbital energy levels and photoinduced 

activation of [RuII(bpy)3]2+. S0,S1 and T1 are the ground singlet state, 

the excited singlet state and the excited triplet state respectively. 

Reduction: high energy electron available for a reduction reaction. 

Oxidation: vacant electron position in the t2g(M) orbital available for a 

oxidation reaction. ................................................................. 49 

Figure 15 Left: Schematic illustration of the one photon absorption (OPA) and 

simultaneous two photon absorption (TPA). Right: TPA and OPA 

induced fluorescence of fluorescein solution (irradiation via laser).229 

Reprinted with permission from Nature Publishing Group. ........... 51 

Figure 16 Scanning electron microscope (SEM) images of the woodpile photonic 

crystal. a) magnification of whereas b) image of the entire structure 



   
List of Figures and Schemes 

258 

fabricated c) interior of the woodpile visualised via SEM after focused 

ion beam milling. Scale bares are 1 μm (a), 2 μm (b) and 200 nm 

(c)).12 Reproduced with permission of WILEY‐VCH Verlag. ........... 52 

Figure 17 Left: basic mechanism of the energy transfer upconversion process. 

G and E1,2 are the ground state and the excited states respectively. 

Right: upconversion luminescence images of 1 wt % colloidal 

solutions of UCNPs excited with 973 nm light. a) Total upconversion 

luminescence of the NaYF4 : 20 % Yb3+, 2 % Er3+. b) Upconversion 

luminescence (a) with red light filter applied. c) Upconversion 

luminescence (a) with green light filter applied. d) Total upconversion 

luminescence of the Yb3+, Tm3+- doped UCNPs.252,253 Reproduced with 

permission of WILEY‐VCH Verlag. ............................................. 53 

Figure 18 NITEC approach for the formation of profluorescent nitroxides. .... 58 

Figure 19 HPLC chromatogram of nitroxide pyrazoline 3 measured in THF / H2O 

mixture (55:45, v / v); top: 430 nm emission detection by 350 nm 

excitation; bottom: 254 nm absorbance detection. Adapted with 

permission from [273]. Copyright 2016 American Chemical Society.

 ........................................................................................... 60 

Figure 20 EPR spectrum of nitroxide pyrazoline 3 in THF. Adapted with 

permission from [273]. Copyright 2016 American Chemical Society.

 ........................................................................................... 60 

Figure 21 Optimized structures of compounds 3, 8, 16, and 21 showing the 

distance of the fluorophore from the formal radical centre and its 

distortion from planarity, measured as the dihedral angle between 

the plane of the fluorophore and a plane perpendicular to the 2p 

orbital of the nitroxide. Adapted with permission from [273]. 

Copyright 2016 American Chemical Society. .............................. 62 

Figure 22 Normalized fluorescence emission spectra of radical pyrazolines 

3, 8, 16, and 21 and corresponding methoxyamines 4, 9, 15, and 

20 in MeCN, λex = 377 nm (spectra of the radical pyrazoline and the 

corresponding methoxyamine were optically matched based on their 

UV absorbance at the excitation wavelength). Spectral lines have 

been color-coded with the structure numbers above for facile 



     
List of Figures and Schemes 

259 

identification. Adapted with permission from [273]. Copyright 2016 

American Chemical Society. .................................................... 69 

Figure 23 Evolution of the fluorescence emission intensity at 273 nm of the 

pyrazolines 3 (▲), 8 (●), 16 (♦) with time in the presence of sodium 

ascorbate (NaAsc) in methanol (cpyrazoline = 1.68·10-5 mol·L-1, ratio 

pyrazoline / NaAsc: 1 / 20). Adapted with permission from [273]. 

Copyright 2016 American Chemical Society. .............................. 72 

Figure 24 Evolution of the fluorescence emission peak intensity of the radical 

diaryl tetrazole 16 with time in the presence of AIBN in MeCN (c16 = 

1.68·10-5 mol·L-1, ratio 16 / AIBN: 1 / 5). The results for sensitivity 

of nitroxide containing pyrazolines towards radicals are in good 

agreement with the literature.278 The developed system allows 

detection of carbon centered radicals at μM concentrations. Adapted 

with permission from [273]. Copyright 2016 American Chemical 

Society. ................................................................................ 73 

Figure 25 1H NMR spectra before and after the NITEC ligation with a small 

molecule maleimide. Refer to Scheme 28 for reaction conditions. (1) 

pyrene functional aryl tetrazole 22 before irradiation; (2) reaction 

mixture after irradiation (410 - 420 nm) and purification via column 

chromatography.279 Reproduced with permission of The Royal Society 

of Chemistry. ......................................................................... 83 

Figure 26 Absorption spectrum of the PAT 22 (blue line), cycloadduct 23 (pink 

line) and the emission spectrum of PAT 22 (black line, λex = 365 nm), 

cycloadduct 23 (red line, λex = 400 nm). All spectra were detected in 

MeCN.279 Reproduced with permission of The Royal Society of 

Chemistry. ............................................................................ 84 

Figure 27 ESI-MS spectra of coupling reaction of PAT end capped PCL A1 and 

the corresponding dipolarophiles to form cycloadducts B1-4. (Refer to 

Scheme 28 for structures of formed cycloadducts B1-4 and the 

reaction conditions); (Refer to Section 8.2.3, Table 6 for the exact 

masses and experimental values of the depicted polymer species A1 

and B1-4); location of the A1 signal is illustrated by a dotted line; 

rearomatisation of B4 was detected (Refer to Section 8.2.3 for further 



   
List of Figures and Schemes 

260 

details).279 Reproduced with permission of The Royal Society of 

Chemistry. ............................................................................ 86 

Figure 28 1H NMR spectra before and after photoinduced coupling of A1 with 

small molecule maleimide 7. Refer to Scheme 28 for the reaction 

conditions. (1) PAT functional PCL A1 before irradiation; (2) reaction 

mixture after irradiation with visible light (410 – 420 nm) (B1).279 

Reproduced with permission of The Royal Society of Chemistry. ... 88 

Figure 29 Normalized SEC traces of PAT functional PCL A2 (green line), 

corresponding dipolarophile functional PEG or PNIPAM (red line) and 

via NITEC formed block copolymers C1-5 (black line) respectively. Mn 

and Ð were determined by GPC using PMMA calibration standards.279 

Reproduced with permission of The Royal Society of Chemistry. ... 89 

Figure 30 Schematic illustration of near infrared photoinduced coupling 

reactions assisted by upconversion nanoparticles. A tissue is 

optionally placed between the beam and the reaction vessel to 

demonstrate the penetration capability of the near infrared light.284 

Reproduced with permission of WILEY‐VCH Verlag. ..................... 94 

Figure 31 Magnification of the 300 - 420 nm region of the emission spectrum 

of UCNP (black line) and the absorption spectrum of PAT 22 (red 

line).284 Reproduced with permission of WILEY‐VCH Verlag. ......... 96 

Figure 32 Normalized HPLC traces of PAT 22 (1), crude reaction mixture of PAT 

22, hydroxy functionalized maleimide 7 and UCNPs, irradiated at 974 

nm in MeCN for 30 min (2) and reference sample of cycloadduct 23 

synthesized according to literature in the absence of UCNPs (3), 

control experiment carried out in the absence of UCNPs under 

otherwise identical conditions as in the case of the small molecule 

ligation of PAT 22 and hydroxy functionalized maleimide 7 (refer to 

Scheme 30 for the reaction details); THF / MeCN / H2O + 0.1 % 

trifluoroacetic acid was used as eluent and a 220 nm UV detector was 

employed.284 Reproduced with permission of WILEY‐VCH Verlag. .. 98 

Figure 33 Magnified view in the region of 1000 - 1750 m / z of the high 

resolution ESI-MS spectrum of PAT end-capped poly(ε-caprolactone) 

(PCL) A1 and the cycloadducts F1 (no tissue used) and F2 (tissue 

used). Inset: magnified view of the isotopic patterns for A1 and F1,2 . 



     
List of Figures and Schemes 

261 

Refer to Scheme 30 for the structures of formed cycloadducts F1,2 

and the reaction conditions. Refer to Table 6 for the exact theoretical 

and experimental masses of the depicted polymer species A1 and 

F1,2. Note that only a shift of approx. 1 Da results.284 Reproduced with 

permission of WILEY‐VCH Verlag. ........................................... 100 

Figure 34 1H NMR spectra before and after the upconversion photoinduced 

coupling of A1 with small molecule maleimide 7. Refer to Scheme 30 

for the reaction conditions. (1) PAT functional PCL A1 before 

irradiation; (2) reaction mixture after irradiation with NIR in presence 

of UCNPs (F1).284 Reproduced with permission of WILEY‐VCH Verlag.

 ......................................................................................... 101 

Figure 35 Normalized SEC traces of PAT functional PCL A2 (green line), 

maleimide functional PEG E1 (blue line) and block copolymers G1 (no 

tissue used, black line) and G2 (tissue used, red line) formed by 

upconversion photoinduced coupling reactions, respectively. Mn and 

Ð were determined by SEC in THF using poly(styrene) calibration 

standards.284 Reproduced with permission of WILEY‐VCH Verlag. 102 

Figure 36 Normalized fluorescence spectra of PCL A1, PCL-b-PEG-biotin H and 

pyrazoline 23.284 Reproduced with permission of WILEY‐VCH Verlag.

 ......................................................................................... 103 

Figure 37 Absorption spectra of HABA / avidin mixtures before and after 

addition of a biotin containing solution H in the concentration range 

0 – 9 µM. The arrow illustrates the absorption band used for the biotin 

activity calculations (refer to Section 8.3.4 for further details).284 

Reproduced with permission of WILEY‐VCH Verlag. ................... 104 

Figure 38 Normalized absorption spectra of UV-tetrazole derivative 30 (blue) 

and PAT 22 (black). Normalized emission spectra of visible light 

source (red) and UV irradiation source (pink). ......................... 109 

Figure 39 1H NMR spectra of PAT 22 (1), silane functional tetrazole species 35 

formed starting from hydroxyl functional PAT 22 in a ring opening 

reaction with succinic anhydride and subsequent amidation of the 

formed intermediate 34 with APTES. ...................................... 114 

Figure 40 Overview over λ-orthogonal surface photo-patterning approach. Top: 

reagents and set ups employed for the formation of patterned 



   
List of Figures and Schemes 

262 

surfaces II - IV. Centre: View of the surfaces I - IV from the top 

and from the side. Bottom: Space resolved ToF-SIMS images of 

surfaces I - IV recorded in positive and negative mode. Table: 

structures of reagents and cycloadducts; fragments used for ToF-

SIMS imaging were highlighted in the structures using colours for the 

corresponding pattern. ......................................................... 116 

Figure 41 ToF SIMS image of the control experiment for preparation of the 

wafer I, PAT 22 was applied instead of silane 34. Yellow colour 

illustrates the presence of the fragment [C16H9O]+. .................. 117 

Figure 42 ToF SIMS image of the control experiment for photo triggered 

modification of the wafer I, in order to obtain pattern wafer II, 

functionalized with λ-orthogonal, photo active species PAT and ‘UV-

tetrazole’. Identical conditions were applied except keeping the 

reaction set up in the dark for the period of the experiment. Left: 

[C7H7NO]+ fragment of the ‘UV-tetrazole’. Right: [C16H9O]+ fragment 

of the PAT. Yellow colour illustrates the presence of the respective 

fragment. ............................................................................ 118 

Figure 43 ToF SIMS image of the control experiment for photo triggered 

modification of the wafer III, in oder to obtain patterned wafer IV, 

functionalized with halogenated cycloadducts of PAT and ‘UV-

tetrazole’. Identical conditions were applied, except keeping the 

reaction set up in the dark for the period of the experiment. (a) 

[C7H7NO]+ fragment of the ‘UV-tetrazole’. (b) [C16H9O]+ fragment of 

the PAT. (c) [Br]- fragment of bromide functional maleimide 32 

grafted to the surface via NITEC. (d) [F]- fragment of fluoride 

functional maleimide 36 grafted to the surface via NITEC. Yellow 

colour illustrates the presence of the respective fragment. ........ 121 

Figure 44 HPLC chromatogram of 5-maleimido-1,1,3,3-tetramethylisoindolin-

2-yloxyl 2 measured in THF / H2O mixture (35:65, v / v) and 

detected at 254 nm (absorbance). ......................................... 130 

Figure 45 EPR spectrum of 5-maleimido-1,1,3,3-tetramethylisoindolin-2-yloxyl 

2 in THF. ............................................................................. 130 

Figure 46 HPLC chromatogram of 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-

5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-



     
List of Figures and Schemes 

263 

c]pyrazol-3-yl)benzoic acid 3 measured in THF / H2O mixture (55:45, 

v / v); top: 430 nm emission detection at 350 nm excitation; bottom: 

254 nm absorbance detection. ............................................... 133 

Figure 47 EPR spectrum of 4-(5-(2-oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-

4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrazol-

3-yl)benzoic acid 3 in THF. .................................................... 133 

Figure 48 UV/VIS absorption spectra of 4-(5-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 3 in ACN. ..... 134 

Figure 49 HPLC chromatogram of 1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl 4-

(5-(2-hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 8 measured in THF / 

H2O mixture (35:65, v / v) and detected at 254 nm (absorbance).

 ......................................................................................... 135 

Figure 50 EPR spectrum of 1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl 4-(5-(2-

hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 8 in THF. .......... 136 

Figure 51 UV/VIS absorption spectrum of 1-oxyl-2,2,6,6-tetramethylpiperidin-

4-yl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 8 in MeCN. ........ 136 

Figure 52 1H NMR (400 MHz, CDCl3) spectrum of 5-(2-hydroxyethyl)-3-(2-

methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-1-phenyl-1,6a-

dihydropyrrolo[3,4-c]pyrazole-4,6(3aH,5H)-dione 15. .............. 137 

Figure 53 13C NMR (100 MHz, CDCl3) spectrum of 5-(2-hydroxyethyl)-3-(2-

methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-1-phenyl-1,6a-

dihydropyrrolo[3,4-c]pyrazole-4,6(3aH,5H)-dione 15. .............. 138 

Figure 54 UV/VIS absorption spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-

phenyl-2H-tetrazol-5-yl)isoindoline 15 in MeCN. ...................... 138 

Figure 55 HPLC chromatogram of 5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-

c]pyrazole-4,6(3aH,5H)-dione 16 measured in THF / H2O mixture 

(35:65, v / v) and detected at 254 nm (absorbance). ............... 139 



   
List of Figures and Schemes 

264 

Figure 56 EPR spectrum of 5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-1-phenyl-1,6a-dihydropyrrolo[3,4-

c]pyrazole-4,6(3aH,5H)-dione 16 in THF. ................................ 140 

Figure 57 UV/VIS absorption spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-

phenyl-2H-tetrazol-5-yl)isoindoline 16 in MeCN ....................... 140 

Figure 58 1H NMR (400 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-

hydroxyethyl)-3-(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-

4,6-dioxo-4,5,6,6a-tetrahydropyrrolo-[3,4-c]pyrazol-1(3aH)-

yl)benzoate 20. ................................................................... 141 

Figure 59 13C NMR (100 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-

hydroxyethyl)-3-(2-methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-

4,6-dioxo-4,5,6,6a-tetrahydropyrrolo-[3,4-c]pyrazol-1(3aH)-

yl)benzoate 20. ................................................................... 142 

Figure 60 UV/VIS absorption spectrum tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-

methoxy-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-

tetrahydropyrrolo[3,4-c]pyrazol-1(3aH)-yl)benzoate 20 in MeCN.

 ......................................................................................... 142 

Figure 61 HPLC chromatogram of tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-oxyl-

1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-

tetrahydropyrrolo[3,4-c]pyrazol-1(3aH)-yl)benzoate 21 measured in 

MeOH / H2O mixture (70:35, v / v) and detected at 254 nm 

(absorbance). ...................................................................... 143 

Figure 62 EPR spectrum of tert-butyl 4-(5-(2-hydroxyethyl)-3-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-

tetrahydropyrrolo[3,4-c]pyrazol-1(3aH)-yl)benzoate 21 in THF. 144 

Figure 63 UV/VIS absorption spectrum of tert-butyl 4-(5-(2-hydroxyethyl)-3-

(2-oxyl-1,1,3,3-tetramethylisoindolin-5-yl)-4,6-dioxo-4,5,6,6a-

tetrahydropyrrolo[3,4-c]pyrazol-1(3aH)-yl)benzoate 21 in MeCN.

 ......................................................................................... 144 

Figure 64 1H NMR (400 MHz, CDCl3) spectrum of 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 4. ................ 146 



     
List of Figures and Schemes 

265 

Figure 65 13C NMR (100 MHz, CDCl3) spectrum of 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoic acid 4. ................ 147 

Figure 66 UV/Vis spectrum of 4-(5-(2-methoxy-1,1,3,3-tetramethylisoindolin-

5-yl)-4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-

c]pyrazol-3-yl)benzoic acid 4 in MeCN. ................................... 147 

Figure 67 HPLC chromatogram of 1-oxly-2,2,6,6-tetramethylpiperidin-4-yl 4-

(2-phenyl-2H-tetrazol-5-yl)benzoate 6 measured in THF / H2O 

mixture (55:45, v / v) and detected at 254 nm (absorbance). ... 150 

Figure 68 EPR spectrum of 1-oxly-2,2,6,6-tetramethylpiperidin-4-yl 4-(2-

phenyl-2H-tetrazol-5-yl)benzoate 6 measured in THF. .............. 150 

Figure 69 UV/VIS absorption spectrum of 1-oxly-2,2,6,6-tetramethylpiperidin-

4-yl 4-(2-phenyl-2H-tetrazol-5-yl)benzoate 6 in MeCN. ............ 151 

Figure 70 1H NMR (400 MHz, CDCl3) spectrum of 1-methoxy-2,2,6,6-

tetramethylpiperidin-4-yl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-

phenyl-1,3a,4,5,6,6a-hexa-hydropyrrolo[3,4-c]pyrazol-3-

yl)benzoate 9. ..................................................................... 153 

Figure 71 13C NMR (100 MHz, CDCl3) spectrum of 1-methoxy-2,2,6,6-

tetramethylpiperidin-4-yl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-

phenyl-1,3a,4,5,6,6a-hexa-hydropyrrolo[3,4-c]pyrazol-3-

yl)benzoate 9. ..................................................................... 153 

Figure 72 UV/VIS absorption spectrum of -methoxy-2,2,6,6-

tetramethylpiperidin-4-yl 4-(5-(2-hydroxyethyl)-4,6-dioxo-1-

phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyra-zol-3-

yl)benzoate 9. ..................................................................... 154 

Figure 73 1H NMR (400 MHz, CDCl3) spectrum of 2-methoxy-1,1,3,3-

tetramethyl-5-(2-phenyl-2H-tetrazol-5-yl)isoindoline 13. .......... 156 

Figure 74 13C NMR (100 MHz, CDCl3) spectrum of 2-methoxy-1,1,3,3-

tetramethyl-5-(2-phenyl-2H-tetrazol-5-yl)isoindoline 13. .......... 156 

Figure 75 UV/VIS absorption spectrum of 2-methoxy-1,1,3,3-tetramethyl-5-

(2-phenyl-2H-tetrazol-5-yl)isoindoline 13 in MeCN. .................. 157 

Figure 76 HPLC chromatogram of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-

tetrazol-5-yl)isoindoline 14 measured in THF / H2O mixture (55:45, 

v / v) and detected at 254 nm (absorbance). ........................... 158 



   
List of Figures and Schemes 

266 

Figure 77 EPR spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-phenyl-2H-

tetrazol-5-yl)isoindoline 14 measured in THF........................... 159 

Figure 78 UV/VIS absorption spectrum of 2-oxyl-1,1,3,3-tetramethyl-5-(2-

phenyl-2H-tetrazol-5-yl)isoindoline 14 in MeCN. ...................... 159 

Figure 79 1H NMR (400 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-methoxy-

1,1,3,3-tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 18.

 ......................................................................................... 161 

Figure 80 13C NMR (100 MHz, CDCl3) spectrum of tert-butyl 4-(5-(2-methoxy-

1,1,3,3-tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 18.

 ......................................................................................... 161 

Figure 81 UV/Vis spectrum of tert-butyl 4-(5-(2-methoxy-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 18 in MeCN. .. 

  ..................................................................................... 162 

Figure 82 HPLC chromatogram of tert-butyl 4-(5-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 19 measured 

in THF / H2O mixture (55:45, v / v) and detected at 254 nm 

(absorbance). ...................................................................... 163 

Figure 83 EPR spectrum of tert-butyl 4-(5-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 19 in THF.

 ......................................................................................... 164 

Figure 84 UV/Vis spectrum of tert-butyl 4-(5-(2-oxyl-1,1,3,3-

tetramethylisoindolin-5-yl)-2H-tetrazol-2-yl)benzoate 19 in MeCN. .. 

  .................................................................................... 164 

Figure 85 Set up for the photoinduced coupling reactions. A paper box covered 

with aluminum foil inside was used as reactor. ........................ 166 

Figure 86 Emission spectrum of Avonec LED, 410 - 420 nm, 3 W, actinic blue.

 ......................................................................................... 167 

Figure 87 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-

formylbenzoate 24. .............................................................. 169 

Figure 88 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-

formylbenzoate 24. .............................................................. 169 

Figure 89 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(2-

(pyren-1-yl)-2H-tetrazol-5-yl)benzoate 22. ............................. 171 



     
List of Figures and Schemes 

267 

Figure 90 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-

formylbenzoate 11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-

yl)benzoate 22. ................................................................... 171 

Figure 91 1H NMR (400 MHz, CDCl3) spectrum of PAT end capped PCL A1 

synthesized via ROP of hydroxyl functional PAT 22. .................. 173 

Figure 92 GPC trace of PAT end capped PCL A1 obtained in a ROP polymerization 

employing PAT 22 (Mn = 1.4 kDa (1H NMR), Mn = 2.0 kDa (GPC), Ð 

= 1.10). .............................................................................. 173 

Figure 93 Magnified view into the region of 1100 - 1800 m / z of a ESI-MS 

spectrum of PAT end capped PCL A1 obtained in ROP polymerization 

employing PAT 22. Signals repeat in intervals of 114.14 Dalton. 

Sodium adduct of PAT end-capped PCL, [(A1)(7) + Na]+. ........... 174 

Figure 94 1H NMR (400 MHz, CDCl3) spectrum of PAT end capped PCL A2 

synthesized via ROP of hydroxyl functional PAT 22. .................. 175 

Figure 95 GPC trace of PAT end capped PCL A2 obtained in ROP polymerization 

employing PAT 22 (Mn = 4.2 kDa (1H NMR), Mn = 5.8 kDa (GPC), Ð 

= 1.15). .............................................................................. 176 

Figure 96 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(5-(2-

hydroxyethyl)-4,6-dioxo-1-(pyren-1-yl)-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrazol-3-yl)benzoate 23. .................. 178 

Figure 97 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-

formylbenzoate 11-hydroxyundecyl 4-(2-(pyren-1-yl)-2H-tetrazol-5-

yl)benzoate 23. ................................................................... 178 

Figure 98 Overview over cycloadducts B1-4 and C1-5 formed via NITEC reaction 

of dipolarophile functional species 2, 25, 26, 27, E1-4, D2 and PAT 

end capped PCL A1 or A2. For clarity only one of two possible 

regioisomers for B3,4 and C2-4 is shown. .................................. 179 

Figure 99 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular 

cycloadduct B1 ..................................................................... 182 

Figure 100 GPC trace of the macromolecular cycloadduct B1 in THF. ........... 182 

Figure 101 Magnified view into the region of 1260 - 1750 m / z of a ESI-MS 

spectrum of macromolecular cycloadduct B1. Signals repeat in 

intervals of 114.14 Dalton. Sodium adduct of PAT end capped PCL, 

[(B1)(n) + Na]+. .................................................................... 183 



   
List of Figures and Schemes 

268 

Figure 102 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct 

B2. ..................................................................................... 184 

Figure 103 GPC trace of the macromolecular cycloadduct B2 in THF. ........... 184 

Figure 104 Magnified view into the region of 1000 - 1900 m / z of ESI-MS 

spectrum of macromolecular cycloadduct B2. Signals repeat in in 

tervals of 114.14 Dalton. Sodium adduct of PAT end capped PCL, 

[(B2)(7) + Na]+. .................................................................... 185 

Figure 105 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular 

cycloadduct B3. Residual BHT can be observed, used as a radical 

scavenger during the formation of the B3 to avoid side reactions 

involving radical species. ....................................................... 186 

Figure 106 GPC trace of the macromolecular cycloadduct B3 in THF. ........... 187 

Figure 107 Magnified view into the region of 960 - 1700 m / z of ESI-MS 

spectrum of macromolecular cycloadduct B3. Signals repeat in 

intervals of 114.14 Dalton. Sodium adduct of PAT end capped PCL, 

[(B3)(3) + Na]+ and [(B3)(11) + 2Na]2+. .................................... 187 

Figure 108 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct 

B4. Residual BHT can be observed, used as a radical scavenger during 

the formation of the B4 to avoid side reactions involving radical 

species. .............................................................................. 188 

Figure 109 GPC trace of the macromolecular cycloadduct B4 in THF. ........... 188 

Figure 110 Magnified view into the region of 960 - 1700 m / z of ESI-MS 

spectrum of macromolecular cycloadduct B4. Signals repeat in 

intervals of 114.14 Dalton. Sodium adduct of PAT end capped PCL, 

[(B4)(6) + Na]+ and [(B4b)(6) + Na]+. Side product B4b assumed to be 

formed in a radical elimination reaction of B4. Refer to Figure 111 for 

the structure of B4b. ............................................................. 189 

Figure 111 Structure of B4b is assumed to be a radical elimination reaction 

product of the macromolecular cycloadduct B4. For clarity only one of 

two possible regioisomer of B4b is shown. ............................... 189 

Figure 112 1H NMR (400 MHz, DMSO) spectrum of the macromolecular 

cycloadduct C1. Full spectrum of the PCL-b-PEG block copolymer 

(above), magnification of the 8.7 - 2.9 ppm region (below). ...... 190 

Figure 113 GPC trace of the macromolecular cycloadduct C1 in THF. ........... 191 



     
List of Figures and Schemes 

269 

Figure 114 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular 

cycloadduct C2. Full spectrum of the PCL-b-PEG block copolymer 

(above), magnification of the 8.7 - 2.9 ppm region (below). ...... 192 

Figure 115 GPC trace of the macromolecular cycloadduct C2 in THF. ........... 193 

Figure 116 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct 

C3. Full spectrum of the PCL-b-PEG block copolymer (above), 

magnification of the 8.6 - 3.0 ppm region (below). BHT can be 

observed, used as a radical scavenger during the formation of C3 to 

avoid side reactions involving radical species. .......................... 194 

Figure 117 GPC trace of the macromolecular cycloadduct C3 in THF. ........... 195 

Figure 118 1H NMR (400 MHz, CDCl3) spectrum of the macromolecular 

cycloadduct C4. Full spectrum of the PCL-b-PEG block copolymer 

(above), magnification of the 8.6 - 3.4 ppm region (below). ...... 196 

Figure 119 GPC trace of the macromolecular cycloadduct C4 in THF. ........... 197 

Figure 120 1H NMR (400 MHz, CDCl3) spectrum of macromolecular cycloadduct 

C5. ..................................................................................... 198 

Figure 121 1H NMR (400 MHz, CDCl3) spectrum of PNIPAM D1. .................. 200 

Figure 122 GPC trace of PNIPAM D1 in DMAC. .......................................... 200 

Figure 123 1H NMR (400 MHz, CDCl3) spectrum of PNIPAM D2. .................. 201 

Figure 124 GPC trace of PNIPAM D2 in THF. ............................................. 202 

Figure 125 Normalized absorption spectrum of PAT 22 (blue), pyrazoline 23 

(black), PAT end capped PCL A1 (pink), pyrazoline containing PEG-b-

PCL block copolymer C1 (red) in MeCN. ................................... 203 

Figure 126 Normalized fluorescence spectrum of PAT 22 (blue), pyrazoline 23 

(black), PAT end-capped PCL A1 (pink), pyrazoline containing PEG-b-

PCL block copolymer C1 (red) in MeCN. ................................... 203 

Figure 127 Fluorescence behaviour of PAT 22 (left) and pyrazoline 23 (right) 

irradiated with a UV hand lamp at 365 nm. ............................. 204 

Figure 128 Experimental set up for the upconversion photoinduced coupling 

chemistry. ........................................................................... 208 

Figure 129 Overview over the structures of cycloadducts F1,2 and G1,2. Refer to 

Section 8.3.4) for synthesis of H. ........................................... 210 

Figure 130 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct F1. ........ 212 



   
List of Figures and Schemes 

270 

Figure 131 Magnified view into the region of 950 - 1800 m / z of the ESI-MS 

spectrum of cycloadduct F1. Signals repeat in intervals of 

114.14 Dalton. Sodium adduct of PAT end-capped PCL, 

[(F1)(6) + Na]+. .................................................................... 213 

Figure 132 GPC trace of the cycloadduct F1 in THF (Refer to Table 7 for 

corresponding Mn and Ð). ...................................................... 213 

Figure 133 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct F2. ........ 214 

Figure 134 Magnified view into the region of 950 - 1900 m / z of the ESI-MS 

spectrum of cycloadduct F2. Signals repeat in intervals of 

114.14 Dalton. Sodium adduct of PAT end-capped PCL, 

[(F2)(6) + Na]+. .................................................................... 214 

Figure 135 GPC trace of the cycloadduct F2 in THF (Refer to Table 7 for 

corresponding Mn and Ð). ...................................................... 215 

Figure 136 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct G1. Full 

spectrum of the PCL-b-PEG block copolymer (top) and magnification 

of the 8.7 - 2.9 ppm region (bottom). ..................................... 216 

Figure 137 GPC of the cycloadduct G1 in THF (Refer to Table 7 for corresponding 

Mn and Ð). .......................................................................... 217 

Figure 138 1H NMR (400 MHz, CDCl3) spectrum of the cycloadduct G2. Full 

spectrum of the PCL-b-PEG block copolymer (top) and magnification 

of the 8.7 - 2.9 ppm region (bottom). ..................................... 218 

Figure 139 GPC of the cycloadduct G2 in THF (see Table 7 for the corresponding 

Mn and Ð). .......................................................................... 219 

Figure 140 Fluorescence trace of the upconversion assisted coupling reaction of 

PAT 22 and hydroxy functionalized maleimide 7 (c PAT = 0.35 mM, 

PAT:HFM = 1:1.1, MeCN, c(UCNPs) = 3.3 mg mL-1, λex = 365 nm). 220 

Figure 141 Normalized absorption spectra of PAT 22 (blue), pyrazoline 23 

(black), PAT end-capped PCL A2 (pink) and pyrazoline containing PCL 

F1 (red) in MeCN. ................................................................. 221 

Figure 142 Normalized fluorescence spectra of PAT 22 (blue), pyrazoline 23 

(black), PAT end-capped PCL A2 (pink), pyrazoline containing PCL G1 

(red) in MeCN. λex = 365 nm for 22 and 23, λex = 400 nm for A2 and 

G1. ..................................................................................... 221 



     
List of Figures and Schemes 

271 

Figure 143 Fluorescence behaviour of PAT 22 (left) and pyrazoline 23 (right) 

irradiated with a UV hand lamp at 365 nm. ............................. 222 

Figure 144 Set up for the surface based NITEC reaction at 410 – 420 nm. The 

mask holder inclusive the mask was placed into the reaction vessel 

in the presence of the appropriate dipolarophile containing solvent.

 ......................................................................................... 229 

Figure 145 Set up for the solution based NITEC reaction at 320 nm............ 230 

Figure 146 Set up for the surface based NITEC reaction at 320 nm. The mask 

holder inclusive the mask was placed into the reaction vessel in 

presence of the appropriate dipolarophile containing solvent. .... 231 

Figure 147 1H NMR (400 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoate 37. ....................... 233 

Figure 148 13C NMR (100 MHz, CDCl3) spectrum of 11-hydroxyundecyl 4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoate 37. ....................... 233 

Figure 149 1H NMR (400 MHz, CDCl3) spectrum of ethyl (11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) fumarate 

30. .................................................................................... 235 

Figure 150 13C NMR (100 MHz, CDCl3) spectrum of ethyl (11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) fumarate 

30. .................................................................................... 235 

Figure 151 1H NMR (400 MHz, CDCl3) spectrum of 4-oxo-4-((11-((4-(2-(pyren-

1-yl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl)oxy)butanoic acid 34.

 ......................................................................................... 237 

Figure 152 13C NMR (100 MHz, CDCl3) spectrum of 4-oxo-4-((11-((4-(2-(pyren-

1-yl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl)oxy)butanoic acid 34.

 ......................................................................................... 237 

Figure 153 1H NMR (400 MHz, CDCl3) spectrum of 4,4-diethoxy-9,12-dioxo-3,13-

dioxa-8-aza-4-silatetracosan-24-yl 4-(2-(pyren-1-yl)-2H-tetrazol-5-

yl)benzoate 35. ................................................................... 239 

Figure 154 1H NMR (400 MHz, CDCl3) spectrum of 2-(2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl)ethyl 4,4,4-trifluorobutanoate 36. .......................... 241 

Figure 155 13C NMR (100 MHz, CDCl3) spectrum of 2-(2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl)ethyl 4,4,4-trifluorobutanoate 37. .......................... 241 

Figure 156 Rearomatisation product of 31. ............................................. 243 



   
List of Figures and Schemes 

272 

Figure 157 1H NMR (400 MHz, CDCl3) spectrum of 5-ethyl 4-(11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) 3-(4-(((11-

hydroxyundecyl)oxy)-carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-

1H-pyrazole-4,5-dicarboxylate 31. ......................................... 243 

Figure 158 13C NMR (100 MHz, CDCl3) spectrum of 5-ethyl 4-(11-((4-(2-(4-

methoxyphenyl)-2H-tetrazol-5-yl)benzoyl)oxy)undecyl) 3-(4-(((11-

hydroxyundecyl)-oxy)carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-

1H-pyrazole-4,5-dicarboxylate 31. ......................................... 244 

Figure 159 Rearomatisation product of 33. ............................................. 246 

Figure 160 1H NMR (400 MHz, CDCl3) spectrum of 4-(11-((4-(5-(2-((2-bromo-2-

methylpropanoyl)oxy)ethyl)-1-(4-methoxyphenyl)-4,6-dioxo-

1,3a,4,5,6,6a-hexahydro-pyrrolo[3,4-c]pyrazol-3-

yl)benzoyl)oxy)undecyl) 5-ethyl 3-(4-(((11-hydroxyundecyl)-

oxy)carbonyl)phenyl)-1-(pyren-1-yl)-4,5-dihydro-1H-pyrazole-4,5-

dicarboxylate 33. ................................................................. 246 

Figure 161 ToF-SIMS image of surface II (positive mode). ........................ 248 

Figure 162 ToF-SIMS image of blank sample of surface II (positive mode). 249 

Figure 163 ToF-SIMS image of surface III (positive mode). ...................... 250 

Figure 164 ToF-SIMS image of surface III (negative mode). ..................... 251 

Figure 165 ToF-SIMS image of surface IV (negative mode). ...................... 252 

Figure 166 ToF-SIMS image of blank sample of surface IV (positive mode). 253 

Figure 167 ToF-SIMS image of blank sample of surface IV (negative mode).

 ......................................................................................... 254 

 

 

Schemes 

Scheme 1 Basic mechanisms of ring opening polymerization (ROP) ............... 7 

Scheme 2 Basic mechanism of the RAFT process, with RAFT agent a 

intermediates b, d, and macro-RAFT species c.35 ....................... 10 

Scheme 3 Strategies for post polymer modification of a RAFT end group.49 .. 11 

Scheme 4 Basic mechanism of ATRP. Redox equilibrium of the halogenated alkyl 

species (Pn-X) and reduced transition metal (Mtn / L) vs. propagating 

chain Pn
● and oxidized transition metal (Mtn X / L). Keq, kact, kdeact are 



     
List of Figures and Schemes 

273 

the equilibrium constant, activation rate coefficient and the 

deactivation rate coefficient respectively. kp is the propagating rate 

coefficient.77 .......................................................................... 13 

Scheme 5 Basic mechanism of the NMP. Light or heat induced homolysis of the 

alkoxyamine, in order to form a nitroxide and a carbon centered 

radical (R●). Polymerization process induced by the carbon centered 

radical (R●) with nitroxide as the mediating species. Keq, kc, kd are the 

equilibrium constant, association rate coefficient and the dissociating 

rate coefficient respectively. kp is the propagating rate coefficient. 16 

Scheme 6 Structures of DEPN, TIPNO and TEMPO-TMS. ............................. 17 

Scheme 7 Delocalization of the single electron of the nitroxide. .................. 18 

Scheme 8 Side reactions of the nitroxide species. (1) Recombination of nitroxide 

derivative featuring a phenyl ring in α-position. (2) Hydrogen 

abstraction reaction of nitroxide derivative featuring a hydrogen atom 

in β-position. ......................................................................... 19 

Scheme 9 Structures of TEMPO, PROXYL and TMIO. Photoinduced cleavage of 

the C-N bond and recyclisation of TMIO. ................................... 20 

Scheme 10 Structures of hydrolysis sensitive PFNs 1-3, synthesized via 

esterification (1), amidation (2), and sulfonamidation (3). Structures 

of robust PFNs 4-6 featuring carbon linkage between the nitroxide 

and the fluorophore.118 ........................................................... 24 

Scheme 11 Basic mechanism of the photoinduced formation of the photoenol (o-

quinodimethanes) and the subsequent conversion of the formed 

intermediate in a Diels-Alder reaction.167 ................................... 35 

Scheme 12 Basic mechanism of the reaction channel control.176 ................... 36 

Scheme 13 Basic mechanism of the nitrile imine-mediated tetrazole-ene 

cycloaddition.187 ..................................................................... 38 

Scheme 14 Reaction pathways of nitrile imine, formed through a light induced 

decomposition of a diaryl tetrazole. .......................................... 40 

Scheme 15 λ-Orthogonal approach for macromolecular design.9 ................... 41 

Scheme 16 1,3-Dipolar cycloaddition of an nitrile ylide, formed in a photoinduced 

ring opening reaction of a 2H-azirine species. ............................ 42 

Scheme 17 Polymer-protein conjugation via light induced 1,3-dipolar 

cycloaddition of 2H-azirine.202 .................................................. 43 



   
List of Figures and Schemes 

274 

Scheme 18 Visible light induced 1,3-dipolar cycloaddition of a pyrene 

functionalized 2H-azirine.204 .................................................... 47 

Scheme 19 Redox cycles of RuII(bpy)3
2+. Reduction and oxidation agents are 

illustrated as (R) and (O) respectively.218 .................................. 49 

Scheme 20 Photoinduced reactions assisted by the UCNPs. (1) Photolysis. (2) 

Isomerisation. (3) Polymerization.262 ........................................ 54 

Scheme 21 NITEC of diaryl tetrazole 1 and maleimide 2 to form 

nitroxide pyrazoline 3. Conversion of formed radical pyrazoline 3 to 

methoxyamine derivative 4. Adapted with permission from [273]. 

Copyright 2016 American Chemical Society. .............................. 61 

Scheme 22 Esterification of diaryl tetrazole 1 and hydroxyl functionalized 

nitroxide 5 to obtain radical diaryl tetrazole 6. NITEC of 

radical diaryl tetrazole 6 and maleimide 7 to form radical pyrazoline 

8. Conversion of the radical pyrazoline 8 to methoxyamine 9. 

Adapted with permission from [273]. Copyright 2016 American 

Chemical Society. ................................................................... 63 

Scheme 23 Synthesis of nitroxide diaryl tetrazole 14. Phenylsulfonylhydrazone 

11 was formed from nitroxide 10 and benzenesulfonohydrazide. 

Arenediazonium salt 12 was formed from aniline. The methoxyamine 

13 was oxidized to yield the radical diaryl tetrazole 14 using mCPBA. 

Adapted with permission from [273]. Copyright 2016 American 

Chemical Society. ................................................................... 64 

Scheme 24 NITEC of radical diaryl tetrazole 14 or methoxyamine 13 and 

maleimide 7 to form the radical pyrazoline 16 or methoxyamine 15, 

respectively. Adapted with permission from [273]. Copyright 2016 

American Chemical Society. .................................................... 65 

Scheme 25 Synthesis of radical diaryl tetrazole 17. Phenylsulfonylhydrazone 11 

was formed from methoxyamine 10 and benzenesulfonohydrazide. 

Arenediazonium salt 17 was formed from aniline. The methoxyamine 

18 was oxidized to radical diaryl tetrazole 19. Adapted with 

permission from [273]. Copyright 2016 American Chemical Society.

 ........................................................................................... 66 

Scheme 26 NITEC of radical diaryl tetrazole 19 or methoxyamine 18 and 

maleimide 7 to form radical pyrazoline 21 or methoxyamine 20, 



     
List of Figures and Schemes 

275 

respectively. Adapted with permission from [273]. Copyright 2016 

American Chemical Society. .................................................... 67 

Scheme 27 General mechanism of the reduction of a nitroxide species in 

presence of NaAsc (left), radical scavenging reaction of a nitroxide 

species in presence of AIBN (right). .......................................... 71 

Scheme 28 Synthetic path for the visible light triggered formation of small 

molecule cycloadduct 23, PCL formation A1 (ratio PAT 22: ε-

caprolactone 1:24, 3 h, rt) and A2 (ratio PAT 22: ε-caprolactone 

1:34, 7 h, rt) polymer end group modification and polymer-polymer 

ligation. For clarity only one regioisomere of 23, B3,4 and C2-4 is 

displayed. Top left: NIR fluorescence of the cycloadduct 23. Refer to 

Table 2 for reaction details of cycloadditions involving 

macromolecular species.279 Reproduced with permission of The Royal 

Society of Chemistry. ............................................................. 80 

Scheme 29 Rearomatisation of the macromolecular species B4 under ESI-MS 

conditions. ............................................................................ 87 

Scheme 30 Synthetic pathways for near infrared photoinduced coupling reactions 

to form the small molecule cycloadduct 23, the end group modified 

PCL F1 (no tissue used) / F2 (tissue used), the block copolymers G1 

(no tissue used) / G2 (tissue used) and the biotin functional block 

copolymer PCL-b-PEG H. Refer to Section 8.3.3 reaction details.284 

Reproduced with permission of WILEY‐VCH Verlag. ..................... 97 

Scheme 31 λ-Orthogonal, photo-induced ligations, proof of concept in solution. 

Left side: photo-triggered ligation of PAT 22 with fumarate functional 

species 30 to form cycloadduct 31 bearing a “UV-tetrazole” (410-

420 nm, 1 h, rt); photo-triggered conversion of “UV-tetrazole” 

containing species 31 in presence of maleimide 32 to form 

cycloadduct 33 (320 nm, 1 h, rt); for clarity only one regioisomere 

of 31, 33 is displayed (refer to SI for further reactions details). Right 

side: 1H NMR spectra of tetrazole species 22 (1), 30 (2) and formed 

cycloadducts 31 (3), 33 (4); Dotted lines illustrate the location of 

aromatic resonances from the monoethyl fumarate functional “UV-

tetrazole” 31, also observed in the spectra of cycloadduct 31. ... 111 



   
List of Figures and Schemes 

276 

Scheme 32 Conversion of hydroxyl functional PAT 22 to an acid functional PAT 

34 in presence of N N′-dicyclohexylcarbodiimide (DCC) and succinic 

anhydride. Amidation of acid functional PAT 34 in presence of 1,1'-

carbonyldiimidazole (CDI) and APTS. ...................................... 113 

Scheme 33 Synthetic path for the formation of the maleimide functional 

PNIPAM D2. Refer to the corresponding synthetic procedures of D1 

and D2 for reaction details. .................................................... 199 

 

 

Tables 

Table 1 Extinction coefficients and quantum yields of fluorescence for radical 

pyrazoline derivatives 3, 8, 16, and 21 and corresponding 

methoxyamine analogues in MeCN (λex = 365 nm). Adapted with 

permission from [273]. Copyright 2016 American Chemical Society.

 ........................................................................................... 70 

Table 2 Reaction details for formation of macromolecular cycloadducts B1-4 

and     C1-5 (refer to Section 8.2.3 the structure of the employed 

dipolarophiles).279 Reproduced with permission of The Royal Society 

of Chemistry. ......................................................................... 81 

Table 3 Sum formula, the exact masses for experimental results, theoretical 

values and the deviation of both for PAT end capped PCL A1 and 

cycloadducts B1-4.279 Reproduced with permission of The Royal 

Society of Chemistry. ............................................................. 86 

Table 4 Overview over reaction conditions for the formation of the 

cycloadducts. ....................................................................... 132 

Table 5 Reaction details for the formation of the macromolecular 

cycloadducts B1-4 and     C1-5. ................................................ 181 

Table 6 Sum formula, the exact masses for experimental results, theoretical 

values and the deviation of both for PAT end capped PCL A1 and 

cycloadducts B1-4. ................................................................ 181 

Table 7 Mn and Đ of PAT capped PCL A1,2 before and after coupling with 

maleimide 7 or maleimide end capped PEG to form F1,2 or G1,2. All 

reactions were carried out in MeCN. ....................................... 211 



     
List of Figures and Schemes 

277 

Table 8 Sum formula, the exact masses of the experimentally obtained data, 

theoretical m / z values and the deviation of both for PAT end capped 

PCL A1 and cycloadducts F1,2. ................................................ 211 

 

 

 

 



  

278 

Abbreviations 
3D   Three dimensional 

A   Absorbance 

APTS   3-Aminopropyltriethoxysilan 

AIBN   Azobisisobutyronitrile  

Ar   Argon 

c   Concentration 

CDI   1,1'-Carbonyldiimidazole 

CHO   Chinese hamster ovary 

cm   centimetre  

Da   Dolten 

D0,1,n   Doublet states 

DCC   N N′-Dicyclohexylcarbodiimide 

∆E   Stabilization Energy 

eq.   equivalent(s) 

ESA   Excited state absorption 

ESI-MS  Electrospray ionization mass spectrometry 

ETU   Energy transfer upconversion 

EPR   Electron paramagnetic resonance 

FRP   Free radical polymerization 

g   Gram 

GPC   Gel permeation chromatography 

h   Hour 

h   Planck's constant 

HABA   4’-Hydroxyazobenzene-2- carboxylic acid 

HOMO   Highest occupied molecular orbital 

HPLC   High performance liquid chromatography 

HRMS   High-Resolution-Mass Spectrometry 

I   Light intensity 

ISC   Intersystem crossing 
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J   Joule 

L   Litre  

l   Length of the absorption path 

LED   Light-emitting diode 

MeCN   Acetonitrile 

MA   Methyl acrylate 

MMA   Methyl methacrylate 

mol   Mole 

LUMO   Lowest occupied molecular orbital 

NaAsc   Sodium ascorbate 

NIR   Near infrared 

NITEC   Nitrile imine-mediated tetrazole-ene cycloaddition 

nm   Nanometre 

NMR   Nuclear magnetic resonance spectroscopy 

O   Oxidation agent 

PA   Photon avalanche 

PAT   Pyrene aryl tetrazole 

PCL   Poly-ε-caprolactone 

PEG   Polyethylene glycol 

PFN   Profluorescent nitroxide 

PMMA   Polymethylmethacrylate 

PNIPAM  Poly(N-isopropylacrylamide) 

ppm   Parts per million 

PS   Polystyrene 

PROXYL  2,2,5,5-Tetramethylpyrrolidine-1-yloxyl 

RDRP   Reversible deactivation radical polymerization  

R   Reduction agent 

Rf   Retarding-front 

ROS   Reactive oxygen species  

rt   Room temperature 

S0   Single ground state 

S1   Lowest excited state 
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SEM   Scanning electron microscope 

SOMO   Singly occupied molecular orbital 

t   time 

T1   Triplet state 

TEMPO  2,2,6,6-Tetramethylpiperidin-1-yloxyl 

TMIO   1,1,3,3-Tetramethylisoindoline-2-yloxyl 

TLC   Thin layer chromatography 

ToF-SIMS  Time-of-Flight Secondary Ion Mass Spectrometry 

TPA   Two photon absorption  

UCNP   Upconversion nanoparticle 

W   Watt 

UV-Vis  Ultraviolet–visible spectroscopy 

V   Volume 

VLPC   Visible light photoredox catalysis 

ε   molar extinction coefficient 

v   Frequency 

λ   Wavelength 

Å   Angstrom 

Ð   Polydispersity 

Φ   Quantum yield 
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