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Abstract 

A series of cyanines possessing varied terminal groups and substitutions were selected for 

the investigations into the relation between structural pattern of cyanines and their 

performance on initiation of free radical and/or cationic photopolymerization induced by 

near-infrared light, where cyanines served as photosensitizers and iodonium salts as co-

initiators. The LEDs emitting between 750 nm-1000 nm exhibiting a high-power intensity of 

≥ 1.0 W/cm2 were introduced for the excitation according to the absorption spectra of the 

absorbers. This technology of prototypes brings new impetus into the world of 

photochemistry under the photoinduced electron transfer (PET) reaction where these 

cyanines served as light sensitizers. The terminal patterns showed unexpectedly stronger 

impact than the substitutions at the main chain of the cyanines at specific positions 

regarding radiative deactivation by fluorescence emission and non-radiative deactivation 

upon exposure. A longer methine chain of the cyanine facilitates photobleaching in 

combination with iodonium salt. The open unbridged connecting methine chain shows 

higher reactivity regarding chemistry than bridged connecting chain. The terminal groups 

as presented by indolium, benzo[e]- and benzo[g]indolium resulted in photochemical 

reactions following a high efficiency to initiate photopolymerization, while benzo[c,d]-

indolium-substitution of the terminal group favors the systems rather non-radiative 

deactivation facilitating to initiate thermally activated processes. 


The initiator system consisting of cyanine and iodonium salt could efficiently initiate free 

radical photopolymerization in the monomer of UDMA, TPGDA and TMPTA. Surprisingly, 

the combination of this initiator system could also sufficiently initiate the polymerization of 

4-hydroxybutyl vinyl ether. Some cyanines based on heptamethine and nonamethine 

succeeded in the initiation of cationic photopolymerization using epoxides and oxetanes as 

monomers. In particular, a remarkably efficient initiation of cationic polymerization in hybrid 

photopolymerization systems based on radical and cationic photopolymerization took 

place, which was confirmed by the final conversions of the monomers obtained by FTIR 

measurement and the mechanical properties of the polymer films characterised by DMA 

analysis. 


Furthermore, the heptamethine cyanine initiator system based on the selection, together 

with iodonium salt, also successfully initiated the sol-gel coatings comprising nanoparticles 

obtained by silanization. This led to the fact that the coated films showed a higher glass 

transition temperature compared to the system which were processed by UV irradiation. 
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In addition, the heat generated upon excitation from water soluble heptamethine cyanine 

carrying benzo[g]indolium as terminal group in coatings functioned as a novel tool for 

physical photonic drying, which appears much more energy efficient, can be considered as 

a replacement of oven-based technology. This opens a new window with highly 

environmentally friendly technology for the applications in coating industry. These findings 

also show promising potentials to design tailor-made materials/absorbers for ON/OFF 

process on demand.  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Kurzfassung 

Eine Reihe von Cyaninen mit unterschiedlichen Endgruppen sowie Substitutionen wurde 

ausgewählt, um die Beziehung zwischen dem Strukturmuster von Cyaninen und ihrer 

Effektivität hinsichtlich der Initiierung von radikalischer und/oder kationischer 

Photopolymerisation, die durch Nahinfrarotlicht induziert wird, unter Verwendung von 

Cyaninen als Sensibilisatoren und Iodoniumsalzen als Coinitiatoren zu untersuchen. 

LEDs, die zwischen 750 nm–1000 nm mit einer hohen Intensität von ≥ 1,0 W/cm2 

emittieren, wurden entsprechend der Absorptionsspektren zur Anregung der Absorber 

eingesetzt. Diese Prototyptechnologie brachte neue Impulse in die Welt der Photochemie 

im Zusammenhang mit dem photoinduzierten Elektronentransfer(PET), bei welchem die 

ausgewählten Cyanine als Sensibilisatoren dienten. Die Endgruppe zeigte einen 

unerwartet stärkeren Einfluss als die Substitution am Cyanin an bestimmten Positionen 

hinsichtlich der Deaktiviering mittels Fluoreszenz im Nahinfrarot und nichtstrahlender 

Desaktivierung bei Bestrahlung. Eine längere verbindende Methinkette des Cyanins 

erleichtert das Ausbleichen in Kombination mit Iodoniumsalz. Eine offene unverbrückte 

Methinkette zeigt eine höhere chemische Reaktivität als die überbrückte Methinkette. Die 

Endgruppen Indolium, Benzo[e]- und Benzo[g]indolium führen zu photochemischen 

Reaktionen mit hoher Effizienz zur Initiierung der Photopolymerisation, während die 

Benzo[c,d]indolium-Substitution der Endgruppe des Systems eher eine strahlungslose 

Deaktivierung favorisiert, welches zum Überwinden von thermisch aktivierten Prozessen 

erforderlich ist. 


Die Kombination dieses Initiatorsystems konnte die radikalische Photopolymerisation im 

Monomer wie UDMA, TPGDA und TMPTA initiieren. Überraschenderweise konnte auch 

die Polymerisation von 4-hydroxybutyl vinyl ether mit einem Initiatorsystem bestehend 

aus Cyanine und Iodoniumsalz ausreichend initiieren. Einige Cyanine auf Basis von 

Heptamethinen und Nonamethinen konnten erfolgreichen, die kationische 

Photopolymerisation von Epoxiden und Oxetanen initiieren. Insbesondere erfolgte eine 

überraschend effiziente Initiierung der kationischen Polymerisation in den hybriden 

Photopolymerisationssystemen basierend auf einer radikalischen und kationischen 

Photopolymerisation, was durch die durch FTIR-Messung erhaltenen Endumsätze der 

Monomere und die durch DMA-Analyse charakterisierten mechanischen Eigenschaften 

der Polymerfilme bestätigt wurde. 


Darüber hinaus initiierte das ausgewählte Heptamethin-Cyanin-Initiatorsystem zusammen 

mit Iodoniumsalz Sol-Gel-Beschichtungen auch erfolgreich, die Nanopartikel enthielten, 
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welche durch Silanisierung erhalten wurden. Das führte dazu, dass die beschichteten 

Filme eine höhere Glasübergangstemperatur Tg im Vergleich zu Systemen zeigten, die 

mittels UV-Bestrahlung prozessiert wurden. 


Darüber hinaus fungierte die in Beschichtungen bei Anregung durch wasserlösliches 

Heptamethin mit Benzo[g]indolium-Substitution erzeugte Wärme als neuartiges 

physikalisches Trocknungswerkzeug, was als energieeffizienterer Ersatz in 

ofenbasierenden Trocknungstechnologien betrachtet werden kann. Damit öffnet sich ein 

neues Fenster hoch umweltfreundlicher Technologien für Anwendungen in der 

Lackindustrie. Diese Ergebnisse zeigen vielversprechende Potenziale, um  

maßgeschneiderte Materialien/Absorber zu entwerfen und für Prozesse bereitzustellen, 

die auf Anforderung EIN- bzw. AUS-schalten. 
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1. Introduction and Motivation 

1.1 General Aspects 

Natural macromolecular materials such as silk, wood and rubbers have been widely used  

in many aspects of applications for many years although the concept of polymers were 

later introduced by Staudinger in the early 1920s[1-3]. In the next 100 years, these 

materials started to dominate in this field and have played a very important role in natural 

sciences bringing the benefits based on their properties into different fields such as 

material sciences, chemistry, physics, biology and engineering as well as numerous 

technical applications[4-11]. Chemists have been putting their effort on the development 

and optimization of the synthetic conditions and procedures for macromolecular materials 

since these materials can be used in different circumstances due to their distinct chemical 

composition, physical and chemical properties, rheological behaviour and mechanical 

properties as well as their numerous possible architectural structures[12-17]. In the past 

decades, the development in this field has achieved of course big progress and success 

based on extensive research and exploration. During this time, photopolymerization was 

introduced as a new efficient technology to convert monomers into polymer materials[9, 

18-21]. The first patent related to radical photopolymerization came up in 1948[22]. 


In the following decades, the technology of photopolymerization was introduced to 

synthesis respective polymer materials by using unsaturated electron deficient monomers 

where light-sensitive initiators generated radicals resulting in initiation of polymerization for 

polymers synthesis in the presence of light exposure[9, 19, 20, 23, 24]. This process 

represents an alternative synthetic strategy which is mostly operated at ambient 

conditions. Such circumstance brings the benefits of high efficiency in light-mediated 

technologies resulting in energy saving since the procedures are driven and controlled by 

light[8, 10, 25-27]. Thus, the course of the reaction can be easily controlled and stopped/

terminated just by switching ON/OFF the light sources on demand[9, 28-30]. Furthermore, 

this technology also shows environmentally friendly aspects because it keeps the release 

of volatile organic compounds (VOCs) down to a negligible level during the polymerization 

process. This follows the worldwide goal to decrease the emission of VOCs as low as 

possible[31]. Photopolymerization, therefore, has been playing the most important role 

among the photo-mediated research in polymer sciences. Consequently, this process has 

been widely explored and applied in great quantities of fields such as the coating 

industry[10, 11, 32], dental repair and filling[33-36], holography[4, 37, 38], 2D[39, 40], 

3D[7, 26, 30, 41-43] and 4D[44-47] printing including the development of the respective 
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inks[48-52], adhesives[53-56], photoresists[39, 40, 57, 58] and electronics[59] just to name 

a few examples. Recently, the combination of photonic physical drying and chemical 

crosslinking of aqueous dispersions in the presence of light sources was also introduced 

into the coating industry[8, 29, 60, 61]. As well-known, the introduction of light during 

photopolymerization also initiates the discussion about the utilization of heat generated in 

systems requesting light for processing[8-11, 20, 62, 63]. 


Photochemical reactions can be initiated and driven by an absorber that absorbs the 

excitation of light energy. The latter is generally classified based on the emitting 

wavelength into ultraviolet (UV) light, visible light and near infrared (NIR) light[64-67]. It 

also requires a certain output of energy by the light sources applied to excite the light 

sensitive materials to initiate photopolymerization process. The photochemical reactions 

start from the first excited singlet or triplet state of the initiator molecules. The latter can 

only convert this part of radiation released by the excitation source overlapping with its 

absorption spectrum. This part of radiation absorbed contributes to generate reactive 

species for the initiation of light-mediated polymerizations, which can be proceeded by 

radical[18, 19], cationic[68-72] and a mechanism requesting a base[73-76]. In the past 30 

years, UV-induced photopolymerization systems have been dominated technologies in 

numerous branches due to its fast development[56, 77-79]. There are a series of well-

operated equipments such as mercury lamps[80, 81] and LEDs[79, 80] fitting well with UV 

lights and those have been widely used in both industry and academic laboratories. 


Meanwhile, there also exist the most well developed compounds available such as photo-

initiators initiating directly photopolymerization by generating a reactive species such as 

free radicals, conjugate acid or base. This often requires to cleave a bond, which can 

proceed up to 400-500 nm depending on the respective bond dissociation energy[82-84]. 

In parallel, light sensitive systems based on the combination of sensitizers absorbing the 

light energy with initiators were introduced into the field[85-87]. Here, photoinduced 

electron transfer (PET) results in generation of initiating radicals and in case of an 

oxidative mechanism conjugate acid[6, 88, 89]. This works well up to 900 nm, which was 

developed partly in this thesis[90, 91]. This example demonstrates that the system can be 

divided into two systems Type I and Type II initiating systems[13]. 


However, UV-induced systems also demonstrate several shortcomings due to the 

utilization of those light sources emitting UV light. Firstly, the disadvantages of mercury 

lamps should not be ignored because of the issues to release ozone into the ambience in 

such systems, because it becomes more and more urgent for the society to protect the 
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environment[92]. Additional problem exists in their short life cycle of some thousand 

operational hours requesting a special handling of the mercury waste[93]. Moreover, a 

large amount of radiation generated by mercury lamp is not absorbed by the sensitizers or 

initiators resulting in energy wasting due to its broad emission spectra. These facts 

initiated in the EU commission to prohibit the use of mercury-comprising devices[94]. 

Fortunately, there have been existing several alternatives. LEDs exhibiting an emission 

spectrum with peak maximum in UV and blue range facilitate to enable this technology 

with higher efficiency to save energy and to reduce the aforementioned environmental 

issues[95, 96]. In addition, the higher effect of scattering coefficient of UV light disables 

deep penetration of the light exposure into the samples, thus, the UV-mediated system 

fails to form polymer materials with large curing thickness[97]. This can be improved by 

shifting the absorption wavelength of the absorbers/sensitizers into visible (Vis) or near 

infrared (NIR) range[11, 20, 98, 99]. Here, only Type II systems are disclosed. The energy 

absorbed in the NIR is not sufficient for direct bond cleavage. Absorbers can be seen as 

the compounds that absorbs energy between 300-1700 nm. Sensitizers connects to the 

functionality in a sensitizing mechanism proceeding in a similar wavelength region. 

Sometimes compounds absorbing over 400 nm were named as dyes[100]. This is 

supposed to relate specially to the visible range between 400-700 nm[100]. 


In the past decades, the development of a photopolymerization system excited by visible 

light (400-700 nm) has achieved significant progress due to its capability of deeper 

penetration with longer emission wavelength[58, 99, 101, 102]. These systems also 

exhibited sufficient sensitivity but their use often requested to operate under red light 

condition to prevent pre-exposure during sample preparation[103]. This can lead in daily 

handling to depression of the user with such systems. Here, NIR-sensitive systems have 

received increasing attention[104-106] because their tolerance to visible light in 

combination with special light sources releasing only a small fraction of NIR has brought 

such systems into the printing market in the late 1990s[39, 107, 108]. Furthermore, light-

mediated photopolymerization facilitates processing of larger curing thickness because the 

scattering coefficient decreases with increasing wavelength[97, 105]. Nevertheless, this 

technology did not gain big success compared to other systems since the lower photon 

energy of NIR light (> 800 nm) as well as insufficient efficiency for photopolymerization 

sensitization limit its development in several practical applications[109, 110]. It started to 

grow up in the technologies in the graphic industry from the 1990s since it was introduced 

for digital imaging to pattern lithographic plates[39, 40, 57, 58]. Such system has received 
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increasing attention and significant development especially in the production of Computer 

to Plate (CtP) systems using lasers as excitation source[39, 40, 57, 58]. 


Recently, research about photopolymerization in the presence of cyanines as light 

absorbers/sensitizers applying high-power NIR-LEDs (> 750 nm) as light source for the 

excitation has brought new impetus into this field[102, 111-113]. These procedures can be 

achieved with a two components initiator system namely a Type II initiator where excitation 

of the sensitizers results in population of its first excited singlet state after absorption of 

NIR light. Thus, the excited absorbers are able to sensitize the co-initiators added to 

generate species such as radicals and conjugated acid for efficient initiation of both free 

radical and cationic photopolymerization reactions following the mechanism of PET 

process[19, 114, 115]. During this procedure, a large amount of heat needed to overcome 

an internal activation barrier can be also generated via non-radiative deactivation[90, 

116-118]. It is a very efficient way to generate heat on demand[11, 90, 119]. Thus, the heat 

formed in these systems can be seen of great interest and has been widely used in some 

new applications such as drying of printing inks[48, 50], NIR laser welding[120], and 

thermally triggered chemical reactions[121-124]. 


Such NIR absorber-comprising systems also show huge potential to generate heat for the 

application of physical drying of coatings or waterborne dispersions under respective light 

exposure[60, 61]. Furthermore, those NIR-sensitizers combined with co-initiators 

especially diaryliodonium salts appear increasingly interesting to initiate the photocuring/

solidification of the systems comprising inorganic components such as sol-gels[125, 126], 

which still remains undisclosed based on our best knowledge. Nevertheless, partial studies 

based on heptamethine cyanines were recently investigated regarding the initiation 

reactivity of both free radical and cationic photopolymerization in such systems applying 

high-power NIR-LEDs emitting at either 805 nm, 820 nm or 860 nm[27, 91, 118]. However, 

there still exists open questions related to their behaviour in activated PET process of 

these NIR-light sensitive compounds[20, 88, 90, 118]. There is no clear understanding and 

comprehensive disclosure regarding the relation between the structural patterns and their 

performance in both photochemical and photophysical point of view. Surprisingly, such 

systems exhibit completely different efficiency and reactivity although they share the 

similar photophysical properties demonstrating similar oxidation (Eox) and reduction (Ered) 

potentials values[90]. Therefore, such NIR sensitised photopolymerization systems can be 

seen still in its infancy[11, 20]. 
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In a matter of fact, the terminal group of cyanines varies typically among benzo[e]-, 

benzo[g]-, benzo[c,d]- and indolium and the length of polymethine chain connecting the 

terminal structures differs from tri- to sometimes nonamethine while the substitution at 

other positions on the molecular skeleton offers much more possibilities to change the 

structural pattern[90, 91]. Furthermore, there still exists a lack of optimal structural 

selection of the cyanines regarding both radiative deactivation and non-radiative 

deactivation. Some of them work well in an activated PET protocol while some others 

result in insufficient reactivity confirmed by kinetics measurement and evaluation[9, 14, 20, 

115, 118, 127]. The NIR absorbing cyanines exhibit significantly distinguished efficiency for 

the participation of photochemical reactions and heat generation[90, 91]. The 

characterization of photophysical properties (fluorescence emission maximum 𝛌fmax, 

quantum yield 𝛷f and decay time 𝛕f) of those cyanines provides a deeper insight into the 

impact of the structural patterns[88, 90]. This also helps to target the compounds whether 

it mainly contributes to radiative deactivation and activated PET chemistry or non-radiative 

deactivation processes resulting in release of heat into the surrounding matrix[20]. This 

also addresses the challenge to design tailor-made cyanines from a synthetic point of 

view[128]. These synthetic works also lead to produce NIR-absorbing materials exhibiting 

acceptable shelf-life in practical photopolymer systems applied in industry[39, 40]. 


Previous studies reported the success of such systems for the initiation of cationic 

photopolymerization using oxiranes, and oxetanes as reactive monomers[27, 126, 129]. 

These investigations did not put the focus on the economically easier available anion 

[(CF3SO2)2N]- ([NTf2]-), which shows excellent solubility in numerous monomers[130]. A 

big advantage can be seen in the easier availability due to its use in battery systems and 

features of no issues to release HF under certain circumstances[131, 132]. In addition, 

these NIR absorber-comprising systems provide a novel strategy to generate heat while 

the redox potentials facilitate PET by the heat released by the absorbers. This only 

efficiently works in combination with high-power NIR-LEDs controlling ON/OFF by a click 

without a warm up of the systems as requested in oven driven process. It addresses the 

advantages of high efficiency and energy saving compared to conventional methods such 

as oven-based technologies[29, 133]. This heat released by the NIR absorbers can be 

seen as great potential for applications relating to efficient thermal triggers or drying on 

demand. 




6

1.2 Motivation of the Thesis 

Photoinduced polymerization processes have been leading as strategy widely used in 

plenty of fields in chemical industry[5, 7]. Many applications used in different fields would 

not exist without the use of photopolymerization. In recent decades, NIR-sensitized 

systems were already introduced into both scientific research and industrial applications in 

the graphic industry with the focus on CtP technology[39, 40]. However, there still lacks 

fundamental knowledge about NIR-sensitized polymerization. This thesis contributes to 

bring more light into this field[90, 91]. Furthermore, the longer wavelength of NIR light 

facilitates deeper penetration due to less scattering[97] into the samples resulting in the 

feasibility to prepare materials with larger curing thickness. This can be seen as a big 

benefit compared to UV-based systems because it also enables to embed UV and blue 

absorbing additives[102]. 


Photopolymerization as light-operating technique switches the process ON/OFF on 

demand which can be seen as a huge economic benefit in industrial manufacturing[102, 

134]. Its optical aspects appear more friendly to the users[99]. Furthermore, the necessity 

to take energy consumption into consideration in industrial processes appears more and 

more urgent due to the current situation in the whole world. Therefore, it is essential to find 

alternatives which represent energy saving and environmentally friendly techniques on the 

one hand while sustainability additionally possesses a crucial role to replace  traditional 

high energy consuming technologies and equipments such as ovens or environmentally 

issue causing mercury lamps[94]. 


Interestingly, NIR light-mediated photopolymerization still focuses on continues wave (cw) 

lasers demonstrating big progress of successful applications regarding development of 

digital imaging technologies such as CtP systems in the past years[40, 58]. Here, the 

exposure of a pixel exhibiting a size of 20×20 µm requests an exposure time in the µs-

timeframe[40, 57]. This can be seen as a big effort but this technology possesses much 

more potential. Thus, the NIR-induced polymerization process was also successfully 

applied to the solidification of powder coatings which appears potential to replace huge 

energy consuming oven technology[8]. This is a big breakthrough to introduce energy 

saving technologies in high-energy consuming manufacturing processes. 


This requires to deliver effective operating NIR-absorbers. Here, the NIR-induced photo-

polymerization comprising heptamethine-based cyanines as light absorbers has brought 

‘fresh blood’ into this field[20, 60, 61, 118, 126]. These cyanines operate as sensitizers and 

their combination with diaryliodonium salts serving as initiators following a mechanism of 
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activated PET, which has brought application potential and room for new scientific 

discussions of PET after the Nobel Prize to R. Marcus in 1992[135]. Nevertheless, the 

fundamental knowledge of such systems has not been well understood and investigated 

compared to UV-induced systems. The large availability of distinct structural patterns of 

cyanine sensitizers distributes sometimes no clear understanding and disclosure regarding 

the relation between the structures of cyanines and their performances as well as the 

selection on demand[20, 90]. Although some reactivity studies of heptamethine-based 

cyanines serving as sensitizers focused to initiate photo-polymerization, results obtained 

demonstrate different efficiency from distinguished structures of cyanines[88, 105, 111, 

118, 136]. There were no clear structural concepts regarding the design of cyanines for 

NIR-sensitized photopolymerization. This thesis brings more insight into the field of NIR-

sensitized photopolymerization regarding the selection of the structures[27, 90, 91]. 


Furthermore, it is well known that the conversion of the excited state of cyanines into its 

respective ground state connects to an excessive release of heat into the environment 

cased by internal conversion[118, 137, 138]. This proceeds on demand by turning on this 

light source. It may be seen as beneficial thermal energy source for systems requesting 

both thermal triggering of chemical and physical reactions. The latter may relate to 

physical processes such as removal of solvent by evaporation[29]. This can be physical 

drying of dispersions[60, 61]. Nevertheless, the impact of the distinguished structural 

patterns of cyanine sensitizers on their efficiency of heat generation and initiation of 

photopolymerization has not been well understood[20, 90]. Additionally, the function of the 

heat formed in such systems combined with high-power NIR-LEDs may be also seen as 

efficient source for industrial applications such as physical drying of coating systems as 

replacement of conventional oven technology, which deserves more detailed exploration. 


Furthermore, the iodonium salt coupling with the anion [NTf2]- exhibiting no issues to 

release HF[132] shows excellent solubility in different monomers. These features have 

enforced to explore and develop novel systems comprising components which shows 

more environmentally friendly and easier access by synthesis although it resulted in 

insufficient reactivity to initiate cationic photopolymerization in the previous report[91]. The 

[NTf2]- anion may also not fit into the PFAS issue introduced by the EU to prohibit the use 

of material exhibiting a CF3-C pattern[139]. Here, fluorinated aluminates such as the 

[Al(O-t-C4F9)4]- anion would match in this definition. This anion was evaluated to exhibit 

the best performance in both radical and cationic NIR-sensitized photopolymerization[27]. 

Consequently, there exists a certain demand to develop alternatives for which the [NTf2]- 



8

anion addressed some challenges. This thesis showed feasible routes to incorporate this 

anion even in cationic polymerization although first studies failed. 


Further motivation of this thesis focused to explore the relation between structural patterns 

of the cyanines and their photophysical properties as well as photochemical performance 

enabling activated PET for the initiation of photopolymerization. Therefore, this thesis 

investigates how the structural patterns of cyanines affect the efficiency to generate 

initiating moieties such as radicals and conjugate acid upon exposure in the NIR range 

between 750 nm and 1000 nm with respect to the optical absorption of the compounds to 

initiate free radical and cationic photopolymerization, respectively, where the cyanines 

operated as photosensitizers and iodonium salts functioned as co-initiator. Thus, the 

selection of these sensitizers enables sufficient overlap of wavelength from their 

absorption and the emission of the available LED sources in the NIR range to incorporate 

the functional monomers absorbing in both UV and visible range. The NIR-sensitized 

systems comprising heptamethine cyanines were already introduced into the industrial 

application such as lithographic printing plates following a radical photopolymerization 

process[39, 40, 57, 58]. Nevertheless, their use in coating applications can be still seen in 

its infancy. This thesis brings more insight regarding the selection of structural pattern of 

the cyanine and its contribution in the activated PET protocol[11, 20, 29, 66, 118, 127]. 


Thus, the aim of this thesis is to comprehensively disclose and understand the impact of 

the structure of cyanines functioning as sensitizers in combination with co-initiators. The 

cyanine sensitizers exhibited distinct terminal moieties, namely indolium, benzo[e]-, 

benzo[g]- and benzo[c,d]-indolium. A further structural feature is the meso-position carrying 

different substitutions such barbiturate, chlorine, phenyl, diphenyl(amino), phenyl-

(mercapto)triazole. They had a different impact on the activated PET[11, 20, 29, 66, 118, 

127]. Moreover, a distinguished length of polymethine chain including tri-, penta-, hepta- 

and nonamethine between the terminal groups were introduced for the investigation. This 

bridge can be either open or connect by methylene groups to restrict rotations. In this 

thesis, the properties regarding fluorescence emission (𝛌fmax, Φf, 𝛕f) of the sensitizers were 

investigated to provide a deeper insight into the contribution of the radiative and non-

radiative deactivation from a photophysical point of view, which could hopefully bring a 

more clear understanding into this field as well as the rational selection for initiators based 

on the structures of cyanines[90]. Moreover, electrochemical studies complement the 

pattern regarding the level of the HOMO and LOMO of the cyanines derived from the 

oxidation and reduction potential, respectively. 
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The efficiency of such combinations of photoreactive compounds to generate radicals and 

conjugate acid was also evaluated via exposure. Results obtained demonstrated an 

efficient initiating system for both free radical and cationic photopolymerization under 

exposure by NIR-LEDs. The photopolymerization reactivity and mechanical properties of 

the polymer films obtained by NIR irradiation were compared to that in UV-initiated 

systems[27, 66]. This comparison brought a clearer pattern into this field particularly to 

compare this new technique with traditional UV-curing. Nowadays, there has existed 

nearly no fundamental knowledge regarding the photochemistry in PET systems using the 

cyanines explored in this thesis. This work builds some bridges to reduce the uncertainties 

in this field. 


Furthermore, the heat generated upon excitation from water soluble heptamethine based 

cyanine in coatings functioned as a novel tool for physical drying considered as a 

replacement of oven technologies[10, 29, 60, 61, 119]. This opens new doors in high-

energy consuming technologies to establish environmentally friendly technologies for 

applications in coating industry. These findings show the potential to design on demand 

tailor-made materials/absorbers. There exist widespread ideas about the generation of 

heat in such NIR absorbing systems. The selection of structural patterns chosen helps to 

find some answers. 


In addition, the introduction of functional nanoparticles into the neat systems resulting in 

sol-gels can be expected to improve the mechanical properties of the polymer 

materials[125, 140] obtained via photopolymerization on the one hand. Nanoparticles or 

other fillers can cause scattering of excitation light during exposure one the other 

hand[137]. Other inorganic materials can also exhibit an intrinsic absorption and would 

operate as internal filter materials. In this case, the NIR-sensitized system appears 

beneficial to decrease the scattering due to the less scattering coefficient at longer 

wavelength compared UV systems[97, 105, 111]. This thesis showed opportunities to 

enable NIR-sensitized radical and cationic photopolymerization in such sol-gel systems, 

which has not been disclosed yet. 


The results aforementioned demonstrate parts of this thesis while most of those were 

already reported in the following publications and patents. Results were also represented 

at national and international conferences with peer review system. 
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2. State of Art in the Field of NIR-Sensitized 
Photopolymerization 

The technology of photopolymerization has obtained significant attentions and has been 

widely introduced into both academic research and practical processes in industry in the 

past decades based on its beneficial features[141-145]. It is distinctly noted that the 

essential aspects of light sources and photoinitiating systems could be very well 

incorporated for the applications[65, 115, 124]. The species for the initiation of 

photopolymerization are generated of the initiators via photochemical decomposition often 

following a Norrish I cleavage[82, 83] after absorbing energy upon light. Therefore, many 

efforts and improvements focused on the design and development of photoinitiator 

compounds exhibiting higher efficiency with large selections for distinct systems and 

applications. Meanwhile there are also novel light sources based on LEDs and 

semiconductor lasers with emission in the NIR opening more and more feasibilities such 

as multi-wavelength availability for excitation with higher and adjustable output intensity, 

portability for specific occasions and improved safety for the users and environment as 

demonstrated for up-conversion nanoparticles[146-148]. Furthermore, the investigations 

on photochemical processes and initiating mechanism also provide deeper insight into 

such systems. This chapter summaries the state of the art about the fundamentals of NIR-

sensitized photopolymerization. 


2.1 Requirements for Light Sources Needed for Photopolymerization 
from UV to Near-Infrared Range 

As aforementioned noticed, the choice of the appropriate light sources are significantly 

vital for the application of photopolymerization. Thus, they are supposed to show sufficient 

overlap on the emission wavelength with the absorption wavelength of the initiator or 

sensitizer as well as to provide efficient energy to excite the initiator molecules and 

penetrate into the sample systems for the further trigger of photochemical reactions[65, 

149, 150]. As depicted in Figure 1, the electromagnetic radiation regarding the light 

sources for irradiation locates in the wavelength from 100 nm to 1200 nm, although the 

term ‘optical radiation’ refers to 100 nm to 1 mm[151]. Conventionally, the electromagnetic 

radiation is classified based on the wavelength into ultraviolet (UV) light including UV-C 

(100-280 nm), UV-B (280-315 nm) and UV-A (315-400 nm), visible light (400-700 nm) and 

near infrared light (700-2000 nm)[151, 152]. The term ‘visible light’ refers to the perception 

of the light to the human eyes and how the eyes feels about it. Thus, the physical range of 

NIR typically starts at 700 nm while the human eyes still feel to see red light. This explains 
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why some references define the range of red light up to 780 nm. Therefore, literature often 

does not strongly distinguish between physical range and physiological feeling by the 

human eye[153]. Furthermore, the infrared light shares a broader wavelength range 

between 700 nm to 1 mm[151]. 


 

Figure 1. Summary of the absorption for materials covering from UV to NIR range, modified from[151, 154]. 


The light sources emitting UV, visible and NIR light are widely used for the photochemical 

systems such as photopolymerization, photocatalytical reactions and phototherapeutic 

applications in medicine[155-158]. According to the Equation (1) and Figure 2, the light of 

longer wavelength exhibits lower photonic energy and less scattering coefficient. Thus, the 

radiation energy could be more deeply penetrated into the samples when exposed by the 

light sources emitting longer wavelength. 


                                                                                                                           (1)


Therefore, this outstanding feature of NIR light shows the potential to fabricate polymer 

materials with a larger photocuring thickness among the photopolymerization systems 

applying distinct light sources, followed by visible and UV light, respectively[97, 99, 105]. 

As a result, there are more and more research interests moving the focus onto the 

systems of longer wavelength considering both chemical and electronic aspects[99, 159, 

160]. Particularly, the NIR-sensitized photopolymerization systems have obtained 

increasing attention in fundamental investigations such as design and development of 

novel respective initiator systems[104, 118, 136, 161] and practical applications such as in 

coating industry[29, 48, 101]. 
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Figure 2. Emission wavelength dependence of the scattering coefficient, modified from[97, 105]. 


2.1.1 Mercury Lamps for Photopolymerization 


The occurrence of mercury lamp has showed its great contribution for the development of 

photochemical sciences and technologies particularly photopolymerization[162] Mercury 

lamps exhibit excellent brightness compared to conventional incandescent lamps. They 

can provide the intense illumination over selected wavelength throughout visible spectra 

region combined with appropriate filters[163]. As depicted in Scheme 1, the mercury 

lamps mostly cover a broad and strong spectral region in UV which appears at 254 nm in 

UV-C, 313 nm, 365 nm as well as availability at 300 nm and 334 nm, and additionally in 

visible light wavelength at 405 nm and 436 nm, which is essential for the photochemical 

and photopolymerization systems. Higher wavelengths available in the visible region did 

not play a major role in photopolymer systems. Nevertheless, mercury lamp has 

dominated in these fields for many applications as conventional light source for a long time 

with these significant features of multiple emission wavelength feasibility[164]. 
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Scheme 1. Emission spectra of high pressure mercury lamp, cited from[163]. 


Mercury lamps are classified into high, medium and low pressure mercury lamps, 

respectively[164]. In particular, the medium-pressure mercury lamp presents the 

wavelength from 200 to 600 nm, which provides the feasibility of utilization in efficient 

systems comprising multi-components initiators or absorbers[81]. Therefore, they were 

widely used in industries and selected for the applications of photopolymerization to 

fabricate the photopolymer materials exhibiting a of thick layer[80], or optical fibre via 

photografting[165]. 


However, there are also some ‘hard to neglect’ disadvantages associated with mercury 

lamps despite their high efficiency and great contributions. For instance, the devices 

performed numerous loss of intensity up to more than 50% in a working period of 

approximately only 1000-2000 hours and significant limitation of spatial variation and 

temporal stability as shown in Figure 3 below[163]. This addressed the necessity to 

design photosensitive systems tolerating these changes within the life cycle of a mercury 

lamp. 
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Figure 3. Image of the alignment of mercury conveyor from Heraeus with integrated microwave lamp. 


Furthermore, such equipments also bring huge concerns to the society regarding health of 

users and environmental issues particularly the release of hazardous substances such as 

ozone and the fact that they comprise mercury[92, 166]. In addition, the committees in the 

department of energy in the USA and the European commission have already published 

their decision to prohibit the utilization of mercury-comprising devices with the intention to 

protect the users’ health and environment[92, 167]. Therefore, there exists urgent need to 

develop replacement of novel devices with the features of high working efficiency, easy 

operation procedures, low maintenance costs and of course easier feasibility to distinct 

working circumstances. Fortunately, we move into the period switching from mercury 

lamps to LEDs in recent years. 


2.1.2 LEDs for Photoinitiating Polymerization between 250-1100 nm 


The development of light-emitting diodes (LEDs) can be seen as a big jump of progress to 

use such light sources in practical applications since their first production in 1960s. Such 

devices are nowadays available as ultraviolet (UV), visible and near-infrared (NIR) 

LEDs[168]. The remarkable advantage of LEDs is the capability to obtain the light sources 

with tailor-made emitting wavelength from deep UV to visible range based on distinct 

combination and doping of the crystal and electrical materials[169]. Their use requires  

efficient absorption of the light sensitive compounds used in the photochemical processes 

while the emission often appears in a limited fraction of the wavelength range. As a result, 

there exists a huge availability of respective efficient absorbers and light sensitive 

substances fitting in this range[66, 90, 170-172]. Therefore this feature of the LED devices 
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appears as an excellent alternative. Meanwhile, the significant higher average lifetime 

(≈50000 hours) and output stability of the LEDs also show as significantly beneficial 

compared to mercury lamp[169]. 


Particularly, the instant ON/OFF working mode without any necessary warming up process 

has brought LEDs into the industrial fields such as inkjet printing, adhesives, printed circuit 

boards (PCB) and photoresists[7, 40]. Recent investigations found that the radiation using 

UV-LED with high intensity enables the fabrication of photopolymer materials with deep 

curing depth via achieved deep penetration[79]. In general, the development of LEDs 

demands adjustable intensity and feasibility of flexibility for working with spatial variation. 

On the other hand, the capability of deeper penetration of visible light brings it into the 

applications such as dental curing and photodynamic therapy[147, 173]. Moreover, the 

design and development of novel NIR-LEDs have also received increasing interests and 

attention as shown in Scheme 2, although they are still not widely distributed compared to 

UV and visible LEDs. Therefore, it still appears a lack of development of efficient initiator 

systems which are suitable in NIR range. 


 

Scheme 2. Emission spectra of the NIR light sources, cited from[9]. 


Recently, it obtained big success to develop high-power NIR-LEDs, which received a lot of 

attention[118]. Such devices exhibit the capability to operate at longer wavelength enabling 

deeper penetration of excitation light into the sample during exposure. An additional 

benefit can be seen in the much higher intensity that promotes to overcome internal 

activation barriers in PET protocols[127]. Furthermore, the photothermal dual working 

function of these systems enables more probability for applications in the future[174]. As 

shown in Scheme 3, the emission band of NIR-LEDs appears narrow, this indicates a 

system of higher efficiency of photonic energy absorption by the samples[20, 118]. The 

This chapter gives an overview of feasible opportunities for the use of NIR
photopolymerization. It also provides an overview of possible reaction
schemes occurring in the excited state to understand photoinduced electron
transfer in such systems. Cyanines were found in many applications as
sensitizers.1–3,5,6,16–20,22,26 while rylenes,27 whose absorption also covers
the NIR region, has not reached the NIR photopolymerization area yet.
Alternatively, upconverting nanoparticles absorb NIR radiation with the
capability of converting it into UV radiation.28–32 This has initiated several
UV initiator systems based on radical and cationic polymerization.

14.2 Light Sources for NIR Exposure
The near-infrared region (700–3000 nm) of the electromagnetic spectrum
has often been disclosed as heat radiation because its interaction with
matter results in high yield of thermal energy. For this reason, NIR light
sources in technical applications have been mostly used as heat sources.
Nevertheless, the light of the IR-A region (700–1400 nm) does not signifi-
cantly interfere with monomers or other components of either photoresists
or coatings. Hence, NIR photopolymerization fulfills the requirements as
an alternative for the many applications for which UV initiators are not
capable. The typical practice applies light from IR radiators with an
emission in the far region of IR, while shortwave IR emitters, which exhibit
high radiation intensities, also partly cover the visible light (Figure 14.1).
The latter source can be employed for NIR photopolymerization fitting
the absorption of NIR initiator systems between 700 nm and 1000 nm.3

Nevertheless, the absorber used absorbs only a small fraction of the
emitted radiation. The residual part does not initiate photopolymerization
and therefore reduces the efficiency of the technical process as long as the
thermal effect of IR radiation would not be required. Other black body
emitters in the NIR range are halogen bulbs. They typically possess a lower

Figure 14.1 Emission of NIR light sources, (- - -) shortwave IR radiator, (! ! !) halogen
bulb, (—) LEDs with variable emission maxima (e.g. 750 nm, 790 nm,
830 nm, 850 nm, 870 nm, and 940 nm).

NIR Light for Initiation of Photopolymerization 433
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lower scattering coefficient from longer wavelength shows better compatibility with other 

components such as fillers and additives[97]. In addition, the utilization of NIR light in 

combination with specific absorbers and sensitizers exhibits great potential for 

phototherapeutic applications and photopolymerization combined with respective co-

initiators[147, 155, 175, 176]. 


 

Scheme 3. Profiles (left) of high-power NIR-LED emitting at 805 nm and the temperature surrounding the 
working circumstance of it (right), cited from[118, 154]. 


2.1.3 Lasers for Photopolymerization Based on the Excitation in NIR Range 


Lasers have received as a type of light source increased interest in technical applications. 

These devices presenting the distinct features of a radiation source of spatial coherence of 

emitted light are typically available with continuous-wave (cw) mode while application of 

pulsed lasers is rather rare in technological applications requesting a high throughout. 

Here, lasers with line-shaped focus have obtained attention after their first introduction for 

laser drying of offset printing inks in the graphic industry[177]. The biggest challenge to 

create such devices was to convert gaussian intensity distribution of a laser spot into a line 

with almost similar intensity as shown in Scheme 4. This line can have width of several 

dozens of centimeters[178]. These devices emit light through a process of optical 

amplification based on the stimulated emission of electromagnetic radiation. It facilitates 

the light to directly expose to a focused spot or spatially modulated line[178]. Thus, lasers 

were introduced to the applications of laser cutting, lithography and pattern the transparent 

conducting oxide (TCO)[179]. This enables a strong output radiation intensity on the 

working spots, which also requires a necessary security protection for the users during the 

operation. As a result, the lasers are expected to be applied into 2.5D surface shaping, thin 

film patterning, hole drilling and engraving[179] as well as welding and marking[57, 120], 

photocuring and physical drying of coating systems as a replacement of conventional oven 
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technology[10, 29]. Nowadays, these lasers with line-shaped focus preferentially emit in 

the NIR depending on the specific design between 930-1050 nm. In contrast to LEDs or 

mercury lamps, the emission monochromatically proceeds at one wavelength. 


 

Scheme 4. Line-shape focused laser with emission at 808 nm and 980 nm (left) with the respective intensity 
profile (right) visualized by up-converting phosphorescent material, cited from[154]. 


Therefore, the emitted wavelength and of lasers can be adjusted or modified via doping 

and a combination of specific crystal materials resulting in different output energy and 

wavelength[177, 180]. On the other hand, pulsed-mode lasers provide significant higher 

output in the pulses generated in a distinct interval. This would certainly bring benefits 

particularly to applications where high energy delivery for excitation is needed. This also 

requests specific alignment in daily handling which can often be operated by well trained 

personal. Therefore, they show limited application in some production although they are 

able to bring higher output of energy[180]. On the other hand, cw-lasers appear with the 

advantages to make the exposure and energy distribution more uniform as a competitive 

alternative[124, 181, 182]. They also facilitate easier handling connected with less 

maintenance costs. As aforementioned, the line-shape focused lasers (see Scheme 4) 

show up with a narrow emission band as it was literally described. This technology 

possesses the probability to adjust emission wavelength by keeping a uniform distribution 

of the photonic energy on the exposure target. Therefore, it is already introduced into 

many practical applications such as physical drying and photocuring of coatings, lithograph 

as well as laser-mediated polymerization in the presence of up-conversion nanoparticles 

(UCNPs) in the near-infrared range[10, 89, 124, 148, 182]. Particularly, the UCNPs have 

received attention for exposure of objects with large thickness up to 13 cm[181] or for 3D 

printing of functional materials[183]. 
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The development of novel light sources greatly contributed to the field of photochemistry 

and photopolymerization for both academic research and practical applications. 

Particularly, the occurrence of recent high-power NIR LEDs inspires the population to 

explore more into this field. 


2.1.4 Sunlight as An Alternative Green Source Makes Dream Reality 


Sunlight can be seen as an eternal and clean source of energy in human life on our planet, 

which makes all life to exist on earth. Its importance has been sometimes underestimated 

because the fast industrialization focused more on the development of technologies based 

on fossil sources. It has been mainly collected for heating purpose and to generate 

electricity for human’s daily life[184, 185]. As shown in Figure 4, sunlight also exhibits 

huge potential from the point view of photochemistry, since its emission band appears from 

UV to NIR located between 300 nm to 1000 nm. There are already many investigations 

harvesting sunlight as the source for photocatalyst[186, 187]. 


 

Figure 4. Emission of sunlight. The optical spectra were taken at 14:35 on 19th, April 2023 in the city of 
Krefeld in Germany using the spectrometer described below, while the image was obtained at 14:30 on 26th, 
February 2023 in the city of Turku in Finland. 


However, applications using sunlight still face the challenges of the availability and stability 

of the sunlight shining. On the one hand, these challenges would cause low efficiency and 

perhaps non-repeatable results in the photochemical processes. On the other hand, the 

exceptional advantages of sunlight still inspire the population to develop environmental 

friendly and mild light-mediated systems. Recent studies reported the success of RAFT 

photopolymerization using methyl methacrylate (MMA) as reactive monomer initiated by 

sunlight[156, 188]. This application showed a big progress to design photochemical 
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particularly photopolymerization utilising sunlight as the natural and clean light source. 

Moreover, sunlight may be still seen as an alternative for the applications or programs ‘do 

it yourself’ due to its feature of safety to the operators. Here, first attempts demonstrated 

the use of an iron oxide catalyst covered with demethylated lignin to initiate 

photopolymerization while its proper work as photocatalyst to clean waste water with the 

photoreactive material using sunlight as source[189]. Of course, sunlight is not available in 

24/7 based production processes but appears huge potential as the first step. 


2.2 Key Points for Photopolymerization Systems in NIR 

Near-infrared (NIR) light-mediated photopolymerization systems have attracted numerous 

interests and attention since it was brought into the graphic industry in the early 1990s[25, 

109, 190, 191]. As aforementioned, NIR light provides significant benefits such as lower 

scattering coefficient at the respective wavelength compared to UV light[97]. This helps to 

enable the feasibility for applications and systems with deeper light penetration into the 

samples and materials. Nowadays, NIR-sensitized systems require deeper understanding 

and further investigations to explore more details. Nevertheless, it can be still seen in its 

infancy although this technology has been introduced to the 24/7 production lines in 

graphic industry[101, 104, 130]. Recently, it received increasing attraction with the focus to 

develop NIR-sensitized photopolymerization for further holographic patterning[58, 192]. 

This subchapter describes the state of art regarding the key points for photopolymerization 

systems used in NIR between 700-1100 nm. 


2.2.1 Fundamentals of Photochemical Process to Generate Initiating Species for 
Radical and Cationic Polymerization 


Photochemical reactions and processes are generally governed by two basic laws named 

as Grothus-Draper Law and Stark-Einstein Law of Photochemical Equivalence[83, 193]. 

The Grothus-Draper Law qualitatively demonstrates that only partial light is absorbed by 

the components and is capable for the effective production of reactions while the 

remaining light is transmitted and chemically inefficient[193]. The latter Law states that 

each reacting molecule absorbs one photon of radiation promoting the photoreaction and 

forming the products as illustrated in Scheme 5[194]. 
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Scheme 5. Illustration of Law of photochemical equivalence, cited from[195]. 


As well-known, except light sources aforementioned, the initiating species needed to 

initiate photopolymerization such as radicals, cations, radical cations, acids and/or bases 

generated by the photoinitiators (PIs) represent as extremely crucial elements in the 

photochemical reactions and processes[196, 197]. Moreover, the PIs are mainly grouped 

as type I and type II systems based on the proceeding photochemical reactions[18]. 

Formation of initiating species can be promoted via following pathways[196, 198, 199]: 


• Bond cleavage after photon absorption followed by either homolytic or heterolytic 

cleavage (Scheme 6 as an example), which assigns to Type I initiators[18, 81]; 


• Photoinduced electron transfer (PET) between sensitizers and co-initiators enables 

the group if Type II initiators follow the rules based on the electrochemical potentials, 

excitation energy and internal activation barrier[20, 118]; 


• Initiation of a chemical reaction need to start with thermal energy while heating of the 

surroundings is promoted by a process where a proceeded photochemical reaction is 

accompanied with huge release of heat caused by internal conversion (IC) between 

the excited state and ground state. 


Photoinitiators assigned to a process with homolytic bond cleavage have been extensively 

used as efficient compounds for the initiation of free radical photopolymerization, 

photocuring and crosslinking for over 50 years especially applied in industrial applications 

using UV and visible light sources for excitation[76, 200]. Moreover, the Norrish I cleavage 

has been one of the best understood photochemical reactions[194]. The type I initiators 

represent a lower value of bond dissociation energy than the excitation energy of the 

reactive excited state, which connects therefore to an improved thermal stability[196]. The 

initiators are promoted into their first singlet excited state after light absorption followed by 

triplet state formation by fast intersystem crossing (ISC) from which lifetime is typically 

1047PHOTOCHEMISTRY

LAWS OF PHOTOCHEMISTRY
There are two basic laws governing photochemical reactions :

(a) The Grothus-Draper law
(b) The Stark-Einstein law of Photochemical Equivalence

Grothus–Draper Law
When light falls on a cell containing a reaction mixture, some light is absorbed and the remaining

light is transmitted. Obviously, it is the absorbed component of light that is capable of producing the
reaction. The transmitted light is ineffective chemically. Early in the 19th century, Grothus and Draper
studied a number of photochemical reactions and enunciated a generalisation. This is known as
Grothus-Draper law and may be stated as follows : It is only the absorbed light radiations that are
effective in producing a chemical reaction. However, it does not mean that the absorption of radiation
must necessarily be followed by a chemical reaction. When the conditions are not favourable for the
molecules to react, the light energy remains unused. It may be re-emitted as heat or light.

The Grothus-Draper law is so simple and self-evident. But it is purely qualitative in nature. It
gives no idea of the relation between the absorbed radiation and the molecules undergoing change.

Stark-Einstein Law of Photochemical Equivalence
Stark and Einstein (1905) studied the quantitative aspect of photochemical reactions by application

of Quantum theory of light. They noted that each molecule taking part in the reaction absorbs only
a single quantum or photon of light. The molecule that gains one photon-equivalent energy is
activated and enters into reaction. Stark and Einstein thus proposed a basic law of photochemistry
which is named after them. The Stark-Einstein law of photochemical equivalence may be stated as :

A A B

Reactant
molecule

Excited
molecule

Product
molecule

One photon ( )hv

Illustration of Law of Photochemical equivalence;
absorption of one photon decomposes one molecule.

Figure 30.6

In a photochemical reaction, each molecule of the reacting substance absorbs a single photon
of radiation causing the reaction and is activated to form the products.

The law of photochemical equivalence is illustrated in Fig. 30.6 where a molecule ‘A’ absorbs a
photon of radiation and gets activated. The activated molecule (A*) then decomposes to yield B. We
could say the same thing in equational form as :

A A *hv� ��o

       A * B��o

overall A + Bhv ��o

In practice, we use molar quantities. That is, one mole of A absorbs one mole of photons or one
einstein of energy, E. The value of E can be calculated by using the expression given
below:
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larger than that of the excited singlet state. Reactions occurring from the excited state 

promote the generation of initiating species, which is sometimes accompanied by 

consecutive reactions in the dark[196]. 


 


Scheme 6. Activation energy for Norrish type I cleavage of basic aromatic ketones, modified from[194]. 


The selection and utilization of photoinitiators is of great importance with regard to the 

efficiency and applications. The PIs convert the light energy absorbed from the light 

irradiation into chemical energy resulting active intermediates such as radicals and cations 

for the subsequent initiation of both free radical and cationic photopolymerization of 

reactive monomers and oligomers[196]. For instance, free radical polymerization can be 

directly initiated by radicals formed via direct bond cleavage of a precursor[81]. The type I 

initiator proceeds a unimolecular reaction referring to a direct bond fragmentation of 

photoinitiators controlled by the dissociation energy. Furthermore, type II initiators undergo 

a bimolecular reaction, where other molecules refer to the co-initiators participate in the 

process to generate reactive initiating moieties (see Scheme 7). 


 


Scheme 7. Mechanism of generation of initiating species from type II initiators, modified from[196]. 


The type I initiators typically function as single component undergoing the cleavage 

photoreaction dominantly from the triplet state resulting in reactive intermediates for the 
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initiation of photopolymerization[201]. These initiator systems can be sometimes replaced 

by a sensitiser which gives access to higher excitation up to the NIR. Those systems, 

combined with co-initiators, react in the excited state resulting subsequently in generation 

of initiating species by PET, which is short-living radical[19]. These reactions can occur 

from the first excited state S1 or triplet state T1 formed by intersystem crossing[202, 203]. 

However, the intermediated triplet state can undergo the following processes[196]: 


• Reaction with oxygen resulting in generation of singlet oxygen; 


• Production of complex with the co-initiator followed by photolysis; 


• Quenching by the monomer/oligomer via energy or electron transfer resulting in no 

any chain extension; 


• Radiative or non radiative deactivation resulting in light emission or heat release to the 

matrix; 


Among them, the presence of oxygen always serves as inhibitor resulting in the quenching 

and reaction/combination with the reactive moieties such as radicals[157, 204]. Therefore, 

except the factor of light sources, the efficiency of the PIs in the photopolymerization 

systems generally depends on the reactivity of excited state and formation of initiating 

radicals. Nowadays, there are already numerous effective methods which could be applied 

for the measurement, evaluation and monitor of reactivity and kinetics regarding (in 

situ-)photopolymerization[205]. Primarily, the efficiency of the photoinitiating system is 

exclusively dominated by the overlap of optical spectra from the light emission and the 

absorption of the PIs, furthermore, the reactivity of the photopolymerization is related 

to[196, 206]: 


• Extinction coefficient (𝛆) of the photoinitiators at the respective wavelength range of 

the light sources; 


• Concentration of the PIs in the systems; 


• The presence of pigments and fillers operating sometimes as inner filter; 


• The presence of the oxygen; 


• The initiating efficiency of the formed radicals referring to the type of PI. 


Thus, the presence of oxygen initiates the problem of unreacted monomers resulting in 

sticky surface of the photopolymer materials obtained via photopolymerization as well as 

the disability of depth curing since UV and visible light-mediated systems are still 

dominating the industrial market[207]. To overcome these problems, there are studies and 



26

investigations putting their focus to design more efficient and adaptable initiators for 

extended applications, especially the development of type II initiators[208, 209]. 

Furthermore, the type II initiators exhibit the advantages of broad feasibility regarding 

structural patterns and absorption wavelength, since as aforementioned, the light 

absorption of the initiator systems can be achieved through either the initiator/sensitizers 

or the co-initiators or both molecules[198]. In addition, the photochemical reactions can be 

proceeded by electron transfer reactions[19], which enables higher excitation wavelengths 

that are beyond the dissociation energy of a single bond of the photoinitiator. 


2.2.2 Photoinduced Electron Transfer between the Initiators and Energetic Barriers 


The photosensitized formation of reactive intermediate species for initiation of 

polymerization such as radicals and conjugate acid follows the process of photoinduced 

electron transfer (PET) between the light absorber and respective co-initiators also by  

excitation with NIR light[20, 88]. Because the generation of radicals by homolytic bond 

cleavage here does not occur due to lower absorbed light energy compared to the C-C 

bond cleavage. This needs 349.8 kJ, which directs to 569 nm, while NIR ranges from 

700-1100 nm[210, 211]. Therefore, PET has been dominantly involved to generate these 

short-living moieties for photopolymerization in the case of NIR sensitive systems[19]. 

Surprisingly, recently released strong emitting LEDs facilitate PET reactions in the NIR 

while low intensity sources do not follow this[118]. This surprises because other Type II 

systems run well by UV excitation[212]. These experimental results support the opinion 

that an internal activation barrier exists in the system which indicates a certain energy 

threshold[20, 118, 213]. 


The principle of PET was developed based on the Marcus theory which was proposed in 

the 1950s as a model[135, 214]. While the experimental approval was brought out with the 

introduction of modern NMR techniques, where exposure in the NMR machine resulted in 

generation of a radical pair and the Chemically Induced Dynamic Nuclear Polarization 

(CIDNP) technique imaged the appearance of either a singlet or triplet radical pair by an 

enhanced absorption or emission in the NMR spectrum[215, 216], this phenomenon in the 

spectrum is described by the Kaptein rules[217]. 


PET as fundamental theory describes the contribution to an internal activation barrier by 

taking the thermodynamic properties into consideration, for instance, the oxidation 

potential Eox, the reduction potential Ered, the excitation energy E00 and the reorganisation 

energy λ. The coulomb term Ecoul is included in Equation (2) referring to the ionic species 

formed while it demonstrates less impact in organic medias. Equation (3)[135] depicts the 



27

influence of temperature (T) and the free enthalpy of electron transfer (ΔGet) on the rate 

constant of electron transfer ket. The reorganisation energy λ shows additional effect to ket 

where λ refers to the contribution by an inner sphere λi and outer sphere term λo, 

respectively (λ = λo + λi)[213, 218, 219]. 


                                                                             (2)


                                                                (3)


                                                                          (4)


                                                                                                  (5)


As shown in Equation (4), the outer sphere reorganisation energy λo in the electron 

transfer is related to the radii size of the reaction materials rA and rB, the distance between 

these substances d, refractive index nD as well as dielectric constant εs. Furthermore, the 

inner reorganisation energy λi is affected by the geometric changes which refers to the 

changes of the bond property. For instance, the typical chemical bond of carbon-carbon 

double bond (C=C) possesses the distance of 1.4 Å while it changes to around 1.5 Å as a 

singe bond (·C-C+) after the process of electron transfer[135, 220]. Equation (5) describes 

that the force constants of the reactants ƒiR (index R) and products ƒiP (index P) contribute 

to the inner reorganisation energy λi, respectively. The term Δqi represents the changes of 

geometry coordinates proceeding during PET reactions. Thus, the parameter λi needs 

additional attention when describing the operational function of the internal activation 

enthalpy ΔGet≠. 


Scheme 8 discloses the scenario showing the reactant materials crossing the potential 

energy curves where sensitizers acting as electron donor while the electron acceptor often 

relates to either electron-deficient compounds such as onium salts or triazines, see 

Scheme 9 for the structures[11, 118]. Scheme 8 shows that additional energy is 

necessary to be introduced to overcome this internal activation barrier also in the case 

where ΔGet < 0. Here, the situation where the systems demonstrate extremely large ΔGet is 

not taken into consideration since it also proceeds to large intrinsic free activation enthalpy 

ΔG≠et[20]. Scheme 8b relates to the condition where ΔG≠et ≈ 0. This would facilitate 

excitation under conditions using a low intensity light source[90]. Non-radiative 
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deactivation relates to formation of heat that contributes to overcome the internal activation 

barrier shown in Scheme 8c as discussed in detail vide infra in Section 2.2.3. 


 

Scheme 8. Energetic relations of photoinduced electron transfer depicting internal activation barrier resulting 
in threshold systems under a) endothermal condition, b) thermoneutral condition and c) exothermal 
conditions, cited from[154]. 


As aforementioned, the PET reaction connects to geometry changes as disclosed by Δqi. 

In case that the expected changes are not as large, ΔG≠et would decrease since Δqi shows 

a smaller value. However, there still lacks reliable experimental tools available providing 

the access to explore such occurring process[88]. The time resolved spectroscopy has 

been well developed for which the Nobel Prize in chemistry was awarded to A. Zewail in 

1999[221]. This gives nowadays time resolutions down into the femtosecond absorption 

time frame[222]. Other techniques, such as time correlated single photon counting 

providing information about the reactivity to release radiation where the development of 

red sensitive photomultipliers gives access to record emission kinetics also in the NIR until 

900 nm with time-dependent emission ports[90]. Nevertheless, many modern systems 

failed to disclose to image the geometry change related to Δqi on an appropriate time scale 

although first attempts were made with step-scan FTIR[223]. 


Many NIR sensitive systems exhibit an internal activation barrier although ΔGet < 0 

regardless using a positively charge iodonium compound A1 (Ered = -0.64 V[88]) or 

material exhibiting no charge such as the triazine A2 (Ered = -0.64 V[88]) as shown in 

Scheme 9. Both A1 and A2 depict similar reduction potential resulting in similar ΔGet. Thus, 

the positive charge of the iodonium salt might not be the reason because two molecules 

together exhibiting the same charge sign may repulse each other. The combination of 

LEDs with high power output intensity helps to overcome this internal activation barriers 
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facilitating remarkable reactivity to the photopolymerization initiation[118]. Here, the 

internal conversion (IC) from the lowest vibrational mode of the excited state into a higher 

vibrational mode of the ground state leads to a formation of very hot state, which stabilizes 

by transfer of its excessive vibrational energy by collision with matrix molecules resulting in 

a huge increase of temperature[90, 118]. This heat released consequently helps to 

overcome internal activation barriers. The higher intensity of the light exposure relates to 

higher temperature of the surrounding. Heptamethine-based cyanines comprising a 

barbiturate group in the meso-position exhibit the only group of NIR-sensitive material with 

low internal activation barrier[161], with which low output intensity light sources 

successfully worked to start PET protocol applying 805 nm for excitation[127]. 


 

Scheme 9. Chemical structures of the widely used electron acceptors iodonium salt A1 and triazines A2 as 
an example, cited from[20]. 


These systems worked well according to an oxidative mechanism comprising cyanines at 

the excited state as sensitizers regardless the existence of high or low internal activation 

energy[118]. The sensitizer at the excited state Sens* transfers an electron to the acceptor 

(A) resulting in the radical pair of Sens+･ and A-･ as depicted in Equation (6). This can be 

proceeded by the sensitizers comprising the general cyanine structural pattern shown vide 

infra in Scheme 14 from the first excited singlet state S1. Systems operating from the 

triplet state have not been disclosed for such patterns yet[20, 118]. 
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                                                                                                       (7)


                                                                              (8)


Consequently, the radical pair formed in the solvent cage appears as singlet pair. As a 

result, the electron back transfer can also occur based on the thermodynamic point of view 

with high efficiency, which is significantly higher than leaving the solvent case by diffusion. 

However, the rate of electron back transfer diminishes due to the unimolecular cleavage of 

A-･ into initiating radicals Ri•, which makes the system irreversible, see Equation (7). In 

I R’R N

N

N
CCl3Cl3C

R

A1 A2

Sens* + A → Sens+⋅ + A−⋅

A−⋅ → R⋅
i + Products

Sens+⋅ → Conjugate  acid + Products
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addition, Equation (8) also depicts the release of conjugate acid and formation of 

respective products by the formed cation radical Sens+• via stabilizing itself. Thus, it 

explains that the conjugate acid originates from the sensitizer instead of the acceptor 

although they are often called as initiator. This claims that the structures of sensitizers 

appearing low with nucleophilicity might achieve effective initiation of cationic photo-

polymerization, which was reported for the NIR-sensitized systems few years ago[224]. 


Thus, the combination of embedded cyanines in a coating and newly developed high 

output intensity NIR-LEDs results in high temperature in these materials which is inside the 

matrix. This working mode appeared much more efficient to generate energy by a light 

source on demand by turning a switch ON/OFF compared to external heat transfer into the 

sample. Herein, the heat generated in such systems can be seen as an internal furnace 

proceeding on the surface of the molecules being directly surrounded by the matrix 

materials[90]. These very hot molecules transfer the heat into the surroundings by collision 

with the matrix molecules resulting in a change of the Boltzmann-distribution and therefore 

acceleration of the reaction in Scheme 8. Nevertheless, the mechanism of heat release 

can be seen still poor disclosed in literature. This interpretation appears as a very rough 

model based on available data[90, 118, 127]. 


2.2.3 Heat as Additional Impact to Promote Systems with Dual Working Function 


Heat has been a tool of media exhibiting of great importance applied into a huge number 

of applications relating to both human’s daily life and industrial market[190, 225, 226]. As 

an important energy source, heat can be broadly generated by the conversion from other 

sources based on conventional pathways such as electrical, chemical energy resulting in 

arise of temperature of the objects[116, 227, 228]. Among those, the conventional oven 

technology using electricity has been dominantly applied to heat up the matrix in many 

fields, while it still exhibits drawbacks under the consideration of energy saving since it 

always needs time for warming up to the thermal condition on request while can not 

provide constant heat output power in the respective surrounding during ON/OFF 

processes[229]. Therefore, there are increasing investigation and exploration of methods 

or technologies regarding both formation and utilization of the energy source of heat 

relating to a chemical process. Operation with oven driven technologies also requires time 

to warm up the devices until constant temperature. This relates therefore to huge energy 

consumption which may be reduced by technologies generating heat on demand, for 

instance, laser drying introduced into coating science[29]. 
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Interestingly, the combination of a light source with a material that generates heat upon 

excitation has received increasing interest for thermal induced polymerization[117, 174, 

199, 230]. It has become attractive in the field of medical and pharmaceutics for 

treatments of photothermal therapy[228] or process of gene delivery[231]. These 

technologies are always developed by incorporation with other assisting mediators such as 

nanoparticles or other nanomaterials[155, 175]. This newly born technique has been 

focused to develop novel and efficient method for medical therapy targeted to kill cancer 

cells or tissues requesting accurate controlled heating and localization[175]. Therefore, 

this method based on a sufficient conversion process of Light-to-Heat exhibits huge 

potential for the practical applications. Moreover, the investigations on the kinetics of 

photocuring of dental composites also demonstrate that the heat released from 

surroundings with higher temperature promoted the photopolymerization process resulting 

in full final conversion of the monomers/oligomers and shorter time requested to reach the 

given level of conversion under the exposure of near infrared light[115, 190]. 


Furthermore, studies on the dual-cure polymerization following a photochemical and 

thermal mechanism using acrylates as reactive monomers has addressed the importance 

of heat during the photopolymerization systems by applying a low exposure intensity of 

light source[199]. The addition of photoinitiators greatly contributed to the solidification 

despite the self-initiation of the acrylates (see Scheme 10) compared to the neat thermal 

samples resulting in fully polymerized materials obtained with large depth[199]. This 

example depicts that acrylates itself can undergo side reactions in bulk which relates to 

either stepwise polymerization in the Diels-Alder protocol or formation of diradicals 

resulting in existence of initiating radicals. 
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Scheme 10. Self-initiation of ethyl acrylate and n-butyl acrylate following the Flory and Mayo mechanism, 
cited and redrawn from[232]. 


Moreover, the heat formed plays an important role with the heat and thermal diffusion in 

the frontal polymerization systems[62], therefore, such systems always exhibit the 

capability to fabricate photopolymer materials with sufficient curing depth in numerous 

fields varying from photolithography, dental materials, micro fluidic devices to coating 

applications[12, 77, 199, 233]. Here, it also contributes sometimes to the thermal 

decomposition of initiating components such as iodonium salts in combination with a 

sensitizer[88]. 


In addition, recent investigations on the role and effect of the heat released in the NIR-

sensitized photopolymerization systems in the presence of respective absorbers have 

obtained increasing attention[117, 118, 137]. The heat released by the internal conversion 

of the excited dye molecules after absorbing energy from the light radiation by applying 

NIR-LEDs with high-power of output intensity acts as the main thermal source to overcome 

the internal activation barrier, which contributes to facilitate PET reactions enabling the 

initiation of photopolymerization in the combination with co-initiators[19, 20, 90, 117, 127]. 

Herein, the heat formed in such systems appears of great potential can be considered as 

'internal source’ for physical drying and chemical crosslinking of solvent-comprising or 

often waterborne coating systems[60, 61]. While there still remains lack of deep 

understanding and applications with some open questions relating to the effects of the 

heat generated during the internal conversion process. 
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2.3 Sensitizers in NIR Light-Mediated Photopolymerization 

In recent decades, photopolymerization in NIR range has attracted great attention and 

interests thanks to its beneficial features and advantages of NIR light[101, 105, 130]. The 

capability of deep penetration of NIR light into the materials because of its lower scattering 

coefficient at higher wavelength[97, 105] in practical systems facilitates the applications for 

such as 3D or 4D printing[41, 234], photoswitching materials[235], photocuring of 

multicomponent composites and coatings[137, 236]. In particular, the development of 

novel NIR-LED devices enabling high-power output intensity has brought new impetus into 

this field[118]. NIR-sensitized polymerization was born in the graphic industry in the late 

1990s[39] while the first commercialised printing plate came to the market in 2000[40, 

108]. Moreover, there are several distinct types of compounds which function as respective 

sensitizers and absorbers[90, 91], this will be discussed more in details in the following 

subsections. 


2.3.1 Structural Patterns of Absorbers and Sensitizers in NIR Range 


The utilization of NIR light possessing its remarkable features of friendliness to users and 

broad working wavelength has obtained recognition in numerous different fields for both 

practical applications and academic research[27, 111, 113, 237]. Respectively, the design 

and development of those compounds acting as sensitizers or absorbers in this range 

have simultaneously achieved big progress including perylenes[238], rylenes[239], 

phthalocyanines[172], protein-based compounds[240], nanoparticles and other organic 

dyes such as cyanines[90, 237, 241], just name a few examples. 


Solar cells as a promising source based on the cleanest and renewable energy have been 

getting extremely focused attention in the over few decades[172]. These systems can also 

comprise light-sensitive materials in photoredox cycles as shown in Scheme 11[238]. 

Furthermore, the development of organic solar cells, in which functional dyes/sensitizers 

absorbing in NIR range has become an ideal alternatives due to its sufficient efficiency and 

cost-effectiveness compared to conventional silicon-based objects. Therefore, 

porphyrin[238] stands out for this application due to their flexibility to tune the optical band 

allowing the absorption towards wavelength of lower energy[172]. Furthermore, the 

porphyrin derivatives were also widely studied for medical applications such as 

phototherapy guided by fluorescence imaging[123] and embedded into nanomedicines for 

cancer treatment[242] based on their optical absorption in NIR region. In addition, there 

are numbers of studies on the NIR light absorbing compounds for biological and/or 
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medical using such as fluorescent probes for protein-labelling[243] and proteins-capped 

gold nanoclusters for photodynamic therapy[244]. 


 

Scheme 11. The chemical structures and absorption spectra of the perylene anhydride fused porphyrin 
compounds used as NIR sensitizers in solar cells, cited from[238]. 


Phthalocyanines as of great importance class of colorant, have been synthesised and 

modified into derivatives of numerous structures[245] (general structural pattern 

demonstrated in Scheme 12), which can be used as NIR sensitizers in systems including 

electrocatalysis[246], or inkjet printing and materials to generate charge in electron 

photography such as for laser printers[247]. The absorption of those materials can be 

extended from visible to NIR range up to 1000nm. Thus, they are introduced into different 

fields covering biological applications such as photodynamic therapy, optical data storage 

and so on bringing their diverse properties[247]. 


 

Scheme 12. Structural pattern of phthalocyanines with possible substitutes, cited from[246]. 
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ABSTRACT

Two perylene anhydride fused porphyrins 1 and 2 have been synthesized and employed successfully in dye-sensitized solar cells (DSCs). Both
compounds showed broad incident monochromatic photon-to-current conversion efficiency spectra covering the entire visible spectral region
and even extending into the near-infrared (NIR) region up to 1000 nm, which is impressive for ruthenium-free dyes in DSCs.

Recent developments in the field of organic solar cells
have boosted interest in development of novel functional
near-infrared (NIR) dyes,1 given that sunlight possesses
50% of its irradiation energy in the infrared spectral
region. Dye-sensitized solar cells (DSCs)2 stand out to

challenge the traditional silicon-based solar cells due to
the cost-effectiveness issue combined with their medium
efficiencies. A rising interest is to use ruthenium-free dyes
as sensitizers for DSCs,3,4 because such dyes hold many
advantages over ruthenium-based dyes such as lower cost,
higher absorption coefficient, and ease of tuning LUMO
andHOMOenergy levels.However, how toobtain a single
sensitizer that is capable of effectively capturing light over
the entire spectrum from 400 to 1000 nm and simulta-
neously fulfills all the requirements for an efficient device
remains a long-term challenge.5
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these devices, high-performance and low-cost electrocatalysts
are required.37,48 Stimulated by the rapid progress in the study
of atomic-site catalysts,49,50 Pc-based electrocatalysts—well-
known for their highly efficient single atom catalytic site-
s—have attracted renewed attention. The growing interest in
Pc-based electrocatalysts can be easily noticed by a quick search
in the ISI Web of Science database with ‘‘phthalocyanine’’ and
‘‘electrocatal*’’ as keywords. As shown in Fig. 1, the annual
number of publications on Pcs for electrocatalysis continues
to grow and is expected to exceed 200 in 2021. Moreover, the
ever-increasing number of citations undoubtedly signifies the
importance and attraction of Pcs in the field of electrocatalysis.
A comprehensive overview of recent advances in the use of
Pc-based materials in multiple electrocatalytic reactions is therefore
timely in order to stimulate future research and highlight possible
solutions to the problems currently restricting their actual practical
applications. In this review, we first present an overview of the
structure, composition, and synthesis of Pcs. General methods for
the preparation of Pc-based heterogeneous electrocatalysts are then
summarized. Subsequently, the use of Pc-based electrocatalysts in
several electrocatalytic processes (including ORR, CO2RR, OER, and
HER) and optimization strategies based on the different reaction
mechanisms involved are introduced. Finally, a discussion of the
remaining challenges and future outlook is provided.

2. Structure, composition, and
synthesis of phthalocyanine molecules
2.1 Monomolecular phthalocyanines

The basic Pc macrocycle is a rigid structure consisting of four
isoindole subunits attached via meso-positioned nitrogen
atoms, which allows diverse functionalities by variation of
the central ion, the ligands bound at the axial positions of
the metal center, and the substituents at the peripheral (b-positions)
and/or the non-peripheral positions (a-positions) of the Pc back-
bone (Fig. 2).51–54

Elements from almost all groups of the periodic table can
interact with the four nitrogen atoms of the Pc macrocycle,
leading to more than 70 types of metal or metalloid macrocycle

complexes (Fig. 3).51,55 The Pc macrocycle usually exists as a
dianion (Pc2!), although it can be oxidized or reduced to
different oxidation states.52 The choice of the central metal
cation strongly affects the physical properties of Pc molecules.
There are two hydrogen atoms at the center of metal-free
phthalocyanine (H2Pc), which can be replaced by metal and
metalloid cations (Fig. 4a).51 For metal cations that normally
have an oxidation state of +1, the central nitrogen atoms ligate
two ions. A typical example is dilithium phthalocyanine (Li2Pc),
in which it is believed that one Li+ ion lies above the plane of the
Pc macrocycle while the second lies directly below it (Fig. 4b).56,57

Many divalent metal cations can be accommodated in the centre
of the Pc macrocycle forming a planar tetracoordinate complex
with D4h symmetry, which does not cause a significant distortion
of the macrocycle. FePc, CoPc, NiPc, copper phthalocyanine
(CuPc), and zinc phthalocyanine (ZnPc) are representative
examples, and have been most widely studied as electrocatalysts
(Fig. 4c).3 However, some heavier divalent ions, such as Pb2+, are
too large to be accommodated completely in the cavity, and are
located out of the plane (Fig. 4d).58 In addition, some cations
(Lu3+, Eu3+, Ho3+) are able to coordinate to Pc macrocycles to form
sandwich type complexes in the presence of alkaline earth metals
(double decker or triple decker) (Fig. 4e and f).59–61 The presence
of axial ligands on the central metal ion in some of the above
MPcs offers the possibility of different geometrical structures and
coordination numbers, which results in different physiochemical
properties. The incorporation of one axial ligand results in a
square pyramidal structure with a coordination number of five
(e.g., chloroaluminum phthalocyanine, Cl-AlPc) (Fig. 4g),62 whilst
the incorporation of an additional ligand results in an octahedral
structure with a coordination number of six (e.g., dichlorosilicon
phthalocyanine, Cl2-SiPc) (Fig. 4h).63

Fig. 1 The annual collections of publications and citations concerning the
combined ‘‘phthalocyanine’’ and ‘‘electrocatal*’’ subjects during the past
two decades. Adapted from the ISI Web of Science, dated 8th September
2021.

Fig. 2 Molecular structure of Pc, showing possible substitutions at per-
ipheral (b), non-peripheral (a), and axial positions.
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Interestingly, up-conversion nanoparticles (UCNPs) present interesting materials where 

light absorption in the NIR range has attracted more and more attention resulting in 

excellent light stability demonstrating a large hypsochromic shift of the radiation released 

in the upconversion process particularly using lasers as excitation sources[248, 249]. 

Those materials can efficiently emit ultraviolet/visible light with a narrow wavelength band 

gap for following light-mediated reactions (illustrated in Scheme 13) such as initiation of 

photopolymerization by excitation of embedded UV-initiators[65, 147]. This typically 

proceeds with lasers at 980 nm[147, 241] converting the absorbed light into blue and UV-

light[89]. Recently, this UV-light was additional introduced into photo-ATRP reaction 

protocols to excite directly the copper complex[102]. Surprisingly, the addition of UV-

sensitizers enabled metal-free photo-ATRP[250]. 


 

Scheme 13. Energy level of respective transitions for excitation, energy transfer and emission of the up-
conversion nanoparticle (UCNP) of NaYF4:Yb3+/Tm3+@NaYF4 with high excitation intensity. cited from[148]. 


Thus, photophysics of such interesting materials are investigated in order to understand 

the mechanism[148, 241]. Many reports disclosed that UCNPs showed sufficient reactivity 

to generate reactive moieties for the initiation of both free radical and cationic 

photopolymerization with the assistance of co-initiators[89, 241] enabling chemical 

solidification of coating layers[251, 252]. Furthermore, UCNPs also surprisingly facilitate 

significantly deep photocuring of the systems using difunctional bisphenol A epoxy acrylate 
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3F2 á 3H4 ! 3H6 á 1D2 (5)

1G4 á 3H4 ! 3F4 á 1D2 (6)

1D2 ! 3P2 (7)

3P2 ! 3P1 ! 3P0 ! 1I6 (8)

Figure 2 also exhibits the emissions occurring in the UV
(345 nm and 362 nm) and blue part (450 nm and 476 nm). They
start from 1I6 and 1D2 to the 3F4 and 3H6, respectively, resulting
in emission located in the UV appearing at 345 nm [Eq. (9)].

1I6 ! 3F4 (9)

Figure 3 shows the kinetic profile for the process in Eq. 9. 1I6
decays 197 #s while a rise time of 186 #s indicates its formation
from another excited state decaying in this time frame.

Furthermore, Figures 4 and 5 depict similar kinetic profile
for the rise and the emission decay monitored at 362 nm
[Eq. (10)] and 450 nm [Eq. (11)]. The transitions occur both from
the 1D2 while it finishes either in 3H6 or 3F4, with similar rise time
(225 #s, 228 #s) demonstrating that they origin from the same
precursor state. Both decays observed 362 nm and 450 nm
occur with similar rates of 261 #s and 258 #s, respectively.

1D2 ! 3H6 (10)

1D2 ! 3F4 (11)

Figure 6 depicts the kinetic profile observed at 476 nm
according to Equation (12). It shows distinct rates for both the
decay and rise time compared to the kinetics in Figures 4 and 5
indicating that this process originates from another precursor.
Table 1 summarizes all rate constants for the profiles monitored

Figure 2. Energy levels of NaYF4:Yb3+/Tm3+@NaYF4 the respective transitions
for excitation, energy transfer and emission (redrawn from Ref. [6]). Further
information is provided in the text. This holds for high excitation intensity.

Figure 3. Kinetic profile of NaYF4:Yb3+/Tm3+@NaYF4 UCNP taken at 345 nm
in n-hexane. Excitation occurred at 980 nm.

Figure 4. Kinetic profile of NaYF4:Yb3+/Tm3+@NaYF4 UCNP taken at 362 nm
in n-hexane. Excitation occurred at 980 nm.

Figure 5. Kinetic profile of NaYF4:Yb3+/Tm3+@NaYF4 UCNP taken at 450 nm
in n-hexane. Excitation occurred at 980 nm.
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oligomer, which still holds the record with 13 cm[181]. In addition, UCNPs also show up in 

the application of biolabelling after specific and suitable chemical modification on the 

surface[253]. However, there still remain challenges regarding the applications particularly 

the lack of rare earth metal compounds and the limit of available scale-up considering the 

synthesis of UCNPs in a size of kilograms or even several grams[147, 254]. The latter can 

be still seen as a dream. 


In addition, cyanines, well-known as a subgroup of classified polymethine dyes comprising 

two terminal heterocyclic rings, each of which contains a nitrogen atom linking with the 

polymethine chain[255], have led to a diverse structure variations based on the structural 

pattern illustrated in Scheme 14. Thus, there arise numerous investigations based on 

those materials as absorbers and sensitizers exhibiting a broad variation of the absorption 

wavelength in NIR range from 700 to 1300 nm just with the change of the terminal 

indolium moiety by benzo[c,d]indolium on the one hand and extend the methine chain 

length from three to nine methine group[90]. These materials access the applications in 

broad fields[160, 256], pharmacology and medical treatment[257, 258]. 


 

Scheme 14. General structural pattern of cyanines with potential substitutions. n1, n2 = 0, 1, 2, etc. 


In general, the optical absorption of the cyanines may appear a bathochromic shift of 

approximately 100 nm with extension of an additional methine group[255]. Furthermore, 

the terminal patterns and distinct substitutions may also cause an impact on the physical 

properties, and optical absorption wavelength of cyanines. This helps to tailor on demand 

the absorption ranging from visible to NIR range[259]. Thus, the cyanine dyes with tri-, 

penta-, and heptamethine structures were widely studied and applied in diverse areas of 

science[161, 256, 260], engineering[127, 261] and biological applications[159] according 

to their respective excellent absorption properties[262]. Interestingly, in recent reports, 

heptamethine cyanines were also introduced into industrial technology such as solar cells 

due to their significant efficiency of Light-to-Electricity transfer[170]. Moreover, those 

materials could play an important role in the photopolymerization systems as sensitizers 

and initiators facilitating to generate a huge amount of heat to overcome the internal 
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activation barrier and initiate both free radical and cationic polymerization which would be 

discussed more in details in the following subsections vide infra[90, 118]. 


2.3.2 Cyanines as Sensitizers in Photopolymerization 


Cyanine dyes have been applied in different fields since its birth over 100 years ago[255, 

260, 263]. Those materials are widely introduced to the systems of photolithography, 3D 

printing, physical drying of coatings comprising water as dispersing solvent and 

photochemical crosslinking of coatings[160, 234]. Moreover, they have obtained great 

attention in recent decades in the procedures of polymer synthesis for the initiation of 

photopolymerization due to their outstanding photophysical and photochemical properties 

including high extinction coefficient and broad absorption variability in NIR range since this  

light is recognised as an economic, safe and friendly in the respective light sources 

devices[136]. Respectively, there exist a large group of well-established chain builders and 

scaffolds for the synthesis of cyanines. Figure 5 shows the examples of typical terminal 

patterns. Furthermore, the substitutions at the meso-position of the molecules and on the 

terminal moieties also open the possibility to change the counterion affecting the 

compatibility with the matrix. 


 

Figure 5. Structural patterns of cyanines with 1-substitution of trimethylindolium, benzo[g]indolium, 
benzo[e]indolium and benzo[c,d]indolium salts lead to the symmetric patterns a/a’, b/b’, c/c’ and d/d’ based 
on the terminal substituent A, modified from[20]. 
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The great effort devoted to synthesis leads to cyanines therefore with different structural 

patterns and substitutes exhibiting distinct optical and electrochemical properties[20, 90, 

264]. These aspects facilitate their performance acting as absorbers and sensitizers in the 

point view of photochemistry[20]. Upon the exposure by high-intensity NIR-LEDs, the 

excitation based on one-photon absorption results in formation of the S1 in a higher 

vibrational level followed by a fast process of relaxation in the lowest vibrational level at 

the S1, from where several competitive pathways of deactivation may occur[20, 265, 266]. 

These relate to photochemical reactions such as aforementioned PET which indicates to 

generate reactive intermediates such as radicals and conjugate acid for the initiation of 

free radical and cationic photopolymerization, respectively[115, 136] (Scheme 15 shows 

the mechanism as an example). Photophysical events simultaneously occur in the excited 

state including sometimes radiative deactivation resulting in observed emission of 

fluorescence. While non-radiative deactivation mostly contributes in cyanines absorbing in 

the NIR with an efficiency of greater than 75% depending on substitutions[20]. Here, 

several competitive processes resulting in generation of huge amount of heat from internal 

intramolecular vibrational relaxation (VR) and internal conversion (IC) were considered to 

contribute to heat generation[90]. Nevertheless, the most likely event contribution to heat 

release are caused by IC from the lowest vibrational level of the S1 to a higher vibrational 

mode of the S0. Therefore, the extremely hot state can only stabilize by collision with 

matrix molecules namely vibrational cooling (VC)[20, 90, 267]. Other mechanism as the 

vide supra discussed VR would lead to burn the molecules due to the excessive energy of 

the residence of heat within the lifetime of the higher vibronic state which remains in the 

picosecond range[20]. Thus, non-radiative deactivation could likely be achieved through 

the coupling of vibrations between the aforementioned vibrational states of the 

participating ground and excited states[267]. In addition, ISC resulting in the respective 

triplet in cyanines has not been reported yet based on our best knowledge. 


As discussed in Section 2.2.2, internal activation barrier exists between the cationic 

absorbers and the electron acceptors which is an iodonium salt in this study while the heat 

released in such systems promotes to overcome the internal barrier and facilitates PET[11, 

20, 118]. Generally, the heat generated is mainly considered from the contribution of 

vibrational cooling by the collision with matrix molecules[11, 20, 90, 268]. Therefore, the 

NIR-sensitized photopolymerization systems comprising cyanines and iodonium salts as 

initiators exhibit benefits compared to UV irradiation, since the heat generated in those 

systems enables the PET reactions with deep penetration and promotes to distribute into 

the whole systems resulting in homogeneous polymer networks. The cyanines also 
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showed sufficient reactivity combined with iodonium salts to generate conjugate acid for 

the initiation of cationic photopolymerization upon the exposure with the high-intensity NIR-

LEDs and further initiation of hybrid polymerization resulting in interpenetrating polymer 

networks (IPNs) exhibiting excellent mechanical properties[27]. Here, phase separation 

was not observed while the use of UV-initiation systems resulted in phase separation in 

the polymer networks[27]. 


 


Scheme 15. Photo cleavage of cyanine namely 33 comprising bridged chain in the meso-position at excited 
states reacting with cationic radical of iodonium salt resulting in the moieties of 33a-f, cited from[20]. 


Compatibility with the matrix and surroundings can be big challenges in the practice, the 

cyanines with distinct counterions such as [PF3(C2F5)3]-, [PF6]-, [(CF3SO2)2N]- ([NTf2]-), p-

CH3-Ph-SO3- and BF4- showed remarkable solubility in different reactive monomers for 

both free radical and cationic polymerization, for instance, multifunctional acrylates, 

epoxides and oxetanes and coating systems[60, 91, 126]. Particularly, a combination of 

the [NTf2]- anion with respective cation of sensitizer or iodonium salt resulted in sometimes 

significant increase of solubility. Here, it reached a 1:1 compatibility depending on the 

iodonium cation[130]. The [PF3(C2F5)3]- was introduced by Merck while their patent 

Beilstein J. Org. Chem. 2020, 16, 415–444.
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Scheme 6: Photoexcited absorber 33 results in reaction with an iodonium cation in the respective cation radical. Cleavage in the methine chain leads
to the reaction products 33a–f.

Only some of the absorbers showed chemical reactivity in the
case of a low intensity (<100 mW/cm2) NIR-LED resulting in
radicals and conjugate acid [5]. Most of them comprised a
barbiturate group. 26, 34, 47, and 48 depict some representa-
tive examples. On the other hand, positively charged sensitizers
showed no reactivity with such a low intensity LED [5].
Switching the LED source to a device providing significant
higher exposure intensity resulted in a remarkable reactivity of
even positively charged sensitizers [65]. This helped the system
to travel over the internal activation barrier and facilitated
access to photopolymerization reactions. Moreover, it also im-
proved handling of such NIR sensitive materials under ambient
room light conditions where the formulations appeared as
stable.

Future developments should also focus on systems resulting in
less yellowing upon exposure in the presence of an acceptor. As
aforementioned discussed, the brown color formed may be seen
as an issue. Particularly 48 showed remarkable polymerization
efficiency in combination with 88 [5,63]. Photoinduced elec-
tron transfer typically followed an exothermal reaction route re-
sulting in the formation of the cation radical of the sensitizer
and the iodyl radical (Ar2-I•) formed by reduction of the diaryl
iodonium salt, Scheme 6. This occurred from the singlet state
while no indication has been available regarding the involve-
ment of triplet states [89]. Sometimes singlet oxygen was
believed to play a major role to explain the bleaching of
cyanines [90,91]. This report does not consist with our findings
where no formation of singlet oxygen was confirmed [89].
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protected the use of this anion for almost all uses where it operated as counterion[269]. 

The previously assumed super-performance was ruled out by the [NTf2]- anion in 

2015[130] and later by the [Al(OC4H9)4]- anion[66]. 


In addition, there exists few examples to apply NIR-sensitized controlled polymerization for 

tailor-made polymer synthesis via a process of reversible addition-fragmentation chain 

transfer (RAFT)[15, 104]. Here, NIR also worked successfully to prepare self-healing 

hydrogels[113]. Furthermore, as shown in Scheme 16, a recent study reported the 

success of NIR sensitizer-mediated photoinduced atom transfer radical polymerization 

(photo-ATRP) resulting in tailor-made block polymer, where CuII/Ligand complex at a ppm 

scale and a heptamethine cyanine served as photocatalytic system following a process of 

PET reaction mechanism[102]. This strategy significantly reduces the amount of heavy 

metal in the polymerization systems into a very low level and therefore facilitates to 

develop systems with low concentration of metal catalyst by continuous regenerating Cu(I) 

using Cu(II) as starting materials[161, 224]. Therefore, these features of the cyanine 

compounds depict great interest and huge potential for the applications of 

photopolymerization and polymer materials synthesis[270, 271]. These controlled 

polymerization were mostly pursued in solution while the application to make network 

materials can be still seen in its infancy although a recent report showed the first 

breathtaking achievement[272]. 


 

Scheme 16. Photo-ATRP (Photo-induced Atom Transfer Radical Polymerization) mediated by dyes/
sensitizers under the participation of UV, visible and NIR light, cited from[20]. 


2.3.3 Selection of Cyanines on Demand Based on Their Structural Patterns 


The chemists have made huge efforts to the synthesis of those cyanine dyes and 

sensitizers for the applications such as coating and printing ink systems[50, 273]. The 

huge variation of the structural patterns regarding the terminal moiety, polymethine 

Beilstein J. Org. Chem. 2020, 16, 415–444.
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Scheme 9: Different modes of photoinitiated ATRP using UV, visible and NIR light.

radical polymerization either with or without heavy metal ions.
In this process, basically, in the presence of photoactive materi-
als (PAs) such as photoinitiators, photosensitizers or
photoredox catalysts, the photoexcitation of a photoredox
system results in formation of reactive radicals. Those reactive
radicals add monomer and the polymerization proceeds. Several
UV and visible light sensitive compounds in conjunction with
or without Cu(II) complexes were used to initiate and control
the photo-ATRP process (Scheme 9) [130-137]. In the absence
of these photoactive materials, the direct irradiation of Cu(II)
was presented for in situ generation of Cu(I) to initiate the poly-
merization with the alkyl bromide. In this system, the Cu(II)
complex was exposed to UV light to form Cu(I) which can react
with alkyl halide resulting in generation of reactive radicals and
Cu(II), Scheme 9. Those reactive radicals add monomer and
deactivated by reaction with Cu(II) resulting in formation of
dormant species and Cu(I). Altogether, these reactions must be
seen as equilibrium coexisting together.

Researchers also spent much time to develop photo-ATRP pro-
cedures working without any metal catalyst; that is the photoin-
duced metal-free ATRP strategy [132-137]. Latter reference
provided a comprehensive overview demonstrating the func-
tion of phenothiazine derivatives, perylene, diaryl dihy-
drophenazines, anthracene or pyrene. In addition, type II
photoinitiators including benzophenone, and thioxanthones
were shown to realize photoinitiated controlled/living radical
polymerization of various monomers in metal free conditions.
In the visible region, several dyes (fluorescein, eosin Y,
erythrosin B) worked well to mediate ATRP in the presence of
amines [72]. The reversibility of the electron transfer steps
provides the living nature of the process as well as control over
the control of functionality as confirmed by the spectroscopic
analyses, and chain extension and block copolymerization ex-
periments [138].

The same strategies were also performed in NIR region using
NIR sensitizers comprising cationic, zwitterionic and anionic
patterns shown in Scheme 10. The polymers obtained exhibited
quite high molecular weights (more than 2 × 105 g·mol−1) and
failed to exhibit living character [81]. However, this system
exhibited a successful route with Cu(II) catalysts at the ppm
scale [81]. Quite recently, NIR light-induced ATRP has been
performed at low catalyst concentrations using NIR sensitizers
(Sens) as photo-reducing agents with NIR LEDs [81]. Among
the NIR sensitizers investigated with cationic, zwitterionic, or
anionic structures, only the zwitterionic structure 43 com-
prising a barbiturate moiety exhibited the successful activity
under NIR light resulting in formation of polymers with con-
trolled molecular weight characteristics and functionalities.
Scheme 10 depicts the respective structural patterns.

UV–vis–NIR spectrum of the reaction components showed
strong absorption of Sens in the NIR as shown by the huge
extinction coefficients in Table 2 vide supra. Additionally, po-
lymerization was not successful in the absence of Sens showing
the necessity to polymerize NIR-absorber upon exposure with
NIR light. This system facilitated control over molecular weight
with low dispersity exhibition. Furthermore, chain extension
and block copolymerization experiments confirmed the chain
end fidelity and therefore the living character of polymerization
(Table 3, Figure 4). On/Off experiments demonstrated the light
dependency of polymerization [81].

The proposed mechanism (Figure 5) involves the excited state
of the sensitizer which directly reduces Cu(II) to Cu(I). The
combination of Cu(I) and R–X continues as usual in ATRP
generating reactive radicals and halide anion [81]. These radi-
cals add monomer resulting in formation of polymer radicals.
The electron transfer from the formed halide anion to the cation
radical Sens+• forms Sens back in the cycle. The system exhib-
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connecting chain and its substituents as well as counterions result in a large scale of 

existence of those materials[274, 275]. The positive charge of cyanines distributes over 

the entire conjugated pattern although the structures demonstrate only one valence 

scheme. And it appears easier feasibility to the bridged connecting moiety than the open 

middle chain with flexibility due to the availability at the point view of synthetic 

chemistry[276]. This works according to a library where huge variations would be possible 

while only a few would end up with a useful application. Here, first ideas about the 

combination between machine learning, synthesis and applications were introduced[11]. 


The different structures or structural patterns relate to distinct properties and performance 

of those materials. For instance, the sensitizers depict different efficiency regarding heat 

generation and reactivity for PET in the light-mediated systems. On the one hand, the 

cyanine dyes facilitate to generate heat upon exposure by just an ON/OFF click. Thus, 

these materials can be seen as ‘internal furnace’ exhibiting benefits for physical drying to 

get rid of water as solvent for coatings compared to conventional ovens which needs time 

and consume a huge amount of energy to heat up to required temperature[14]. One the 

other hand, the sensitizers carrying different structural patterns lead to distinct efficiency 

for PET process and significantly different efficiency and lifetime of fluorescence although 

they share the similar value of Eox and Ered at the point view of photophysics. As an 

example, the absorber comprising barbiturate group on the methine chain shows negligible 

internal barrier (net charge of the molecule equals zero) between the iodonium salts while 

those carrying other substitutions with net charge of the molecule equals one exhibit high 

internal barrier[118, 161]. Furthermore, the effort made to improve the solubility and 

compatibility in/with the matrix result in cyanines with more options of structural patterns, 

substituents and counterions[20, 130]. 


Therefore, the matter of fact is that there exist still a lack of deeper understanding and 

clear strategy for the selection of those compounds on demand relating their structures, 

performance in specific applications[111, 160, 256, 261]. As demonstrated in Scheme 17, 

the intelligent design-of experiment systems in a so-called Chemistry 4.0 circle may play 

an important role in the future for the selection and optimization, while this process still 

requires sufficient reliable data and results from experimental aspects. Moreover, one is 

also supposed to take sustainability and energy saving into consideration which would 

bring such systems to Chemistry 5.0 as the implementation of sustainable chemistry. 
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Scheme 17. Workflow to develop technology for the design and fabrication new materials in a setup based 
on an intelligent Design-of Experiment (DoE) with the combination of chemistry, engineering and informatics 
generating artificial intelligence, cited from[20]. 
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Scheme 13: Workflow to design and process new materials in a setup based on an intelligent DoE to develop technologies. Combination of chem-
istry (theoretical and synthetic chemistry), engineering and informatics creating artificial intelligence results in intelligent tools for development of new
materials. NIR technology may benefit from these developments.

atively short time frame where each experiment contributes to
the model resulting in improvement. A classical DoE ends at
this step resulting in information about the success of this ex-
periment. However, an intelligent DoE applies advanced algo-
rithms and improves by several iteration steps the model while
its uncertainty becomes smaller. Such routines can predict
results in smaller confidence intervals while the model im-
proves in each iteration step to give the definition of new
formulations. In other words, the program learns from failures
where artificial intelligence and big data sciences uptake a
major function. Such routines tolerate variations where robust
formulations were applied in production cycles [66].

NIR sensitizers can be also found in Industry 4.0 applications,
which relates to Chemistry 4.0 with focus on digitalization of
chemical processes. It was translated from the more general
term Industry 4.0. The objective is the acceleration and
automization of activities like research and development of new
materials, quality control, manufacturing processes, service for
the customer and so on by devices setting up communication
network called internet of things. Acquisition and sharing of
data in its digital form for the data analysis is the key task intro-
ducing Chemistry 4.0 concepts. Including the characteristics of
the materials such as photophysical and photochemical data of
the cyanine based NIR absorbers can be seen as one illustrative
example, which shows the benefits from the analysis of these
data explaining the influence of the large numbers of factors of
the absorber material on the processes being described in the
preceding chapters. This considers small changes on the
molecular pattern resulting in evidence alteration of material
characteristics like deactivation processes, solubility, electro-

chemical properties, etc. and parameters in the area of applica-
tion [67].

Digitalization, machine learning and
Industry 4.0
Data analysis is the key aspect in the digitalization in chemistry
since it derives models from the real existing chemical system.
If the data cloud cover the entire area of interest and all influ-
encing parameters, the model, also called digital twin, is
capable to predict characteristics of a material or a process
based on the experience from real experiments. The far field of
machine learning algorithm has already been expanded to appli-
cation areas like theoretical chemistry and organic synthesis to
train models on data sets derived from experimental data and
common rules in computational chemistry [149-151]. It has
been shown that these models can compete with calculations
from chemical laws and increment methods [151-153].

Further development of algorithms led to innovations, which
are useful for the design-of-experiment (DoE) [154] rather than
typically known factorial DoE. First reports claim a faster
converging of the prognosis quality due to an intelligent design
of experiments (iDoE) within the chosen boundaries even if a
high number of experimental factors are included [155].
Scheme 14 shows a schematic diagram of the iDoE planning
experiments as each adaption with a smaller number of experi-
ments proposed by the A.I. Usually the sampling of the experi-
ments in a DoE is done entirely before execution of the experi-
ments based on the chosen model and chemical system to be
analyzed. In contrast, the sampling of experiments during the
execution of experiments and training of the model in an adap-
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3. Materials and Methods 

This chapter describes the materials and light sources applied in the experiments of this 

thesis. All the reagents except some of the reactive monomers were used without any 

further purification as obtained from the suppliers. The monomers TPGDA, TMPTA, 

HBVE, oxetanes (OXT03 and OXT09) were run through the basic Al2O3 columns to 

remove the inhibitors before applied to polymerization. 


3.1 Chemicals for Photopolymerization 


3.1.1 NIR Sensitizers Derived from Cyanines of Different Structural Pattern 


In this thesis, a series of cyanines comprising variable structural pattern were selected to 

investigate the relation between the structure of the cyanines functioned as NIR range 

photoabsorbers and/or sensitizers particularly to optimize the regarding performance 

combined with iodonium salts. The structure of cyanines could vary from different aspects 

based on the symmetrical structural pattern as shown in Scheme 14 vide supra, which 

includes changes of the terminal groups (R1, R2), length of connecting chain (n1), 

substitutions at the meso-position (R3, n2) as well as on the terminal groups (R4). The 

length of connecting chain in the middle changes the distribution of π-electron on the 

conjugate cyanine molecule. Therefore, based on the structural pattern in Scheme 14, 

cyanines derived from tri-, penta-, hepta- and nonamethine structure carrying specific 

substitutions on the connecting chains were chosen. They also possess different terminal 

groups derived from either benzo[e], benzo[g] or benzo[c,d]-Indolium and carry different 

substitutions on the terminal groups. Moreover, cyanines with either an unbridged/open 

connecting chain or bridged connecting chain substituted with different indolium groups 

such as five or six-membered ring as well as other π-electron donating or accepting 

groups. In addition, the respective counter anions of the cyanines also differ in sizes. 


The previous work from our group disclosed that the heptamethine based cyanines could 

actively contribute during a PET process by reducing iodonium cation based on their redox 

properties [115, 118]. As a comparison, 2-isopropylthioxanthone (ITX) was used for the 

samples exposed with ultraviolet (UV) radiation. These NIR-sensitizers were obtained 

either from FEW Chemical GmbH in Germany or Spectrum Info Ltd in Ukraine. More 

details such as physical properties could be found in Table 3 while the distinct structures 

of these sensitizers is depicted in Chart 2. 
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3.1.2 Co-Initiators Combined with Sensitizers 


Based on the previous important findings, co-initiators operating as electron acceptors 

represent necessary prerequisites to initiate the generation of reactive species such as 

conjugate acid which is related to cationic photopolymerization and/or radicals to initiate 

free radical polymerization, respectively. This proceeds according to reactions in the 

Equation (6-8) disclosed in Section 2.2.1. Therefore, in this thesis, an iodonium salt (IS) 

coupling with the anion [NTf2]- was selected and combined with NIR-sensitizers to operate 

in the most of the experiments. The structures of the co-initiators IS and IS-PF6 used could 

be found in Table 1. IS comprises the [NTf2]- anion bringing advantages compared to the 

[PF6]- anion, which would release HF under some circumstances[132]. 


Table 1. Co-initiators used in this thesis. 


*: commercial names are from the suppliers. 


3.1.3 Monomers for Free Radical and Cationic Polymerization 


There are several kinds of typical monomers commonly applied in photopolymerization 

systems including (meth)acrylates relating to free radical polymerisation protocol while 

oxiranes (epoxides), oxetanes and vinyl ethers following a cationic polymerization process. 

In this work, three different (meth)acrylates comprising the -C=C- bond functional groups 

exhibiting different features were used to explore the efficiency of the NIR initiating system 

Commercial name* Structure Name in text

S2430 IS

Bis(4-tert-butylphenyl)iodo-
hexafluorophosphate IS-PF6

Isopropylthioxanthone ITX
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to initiate free radical photopolymerization. Here, the difunctional acrylates represent 

tripropylene glycol diacrylate (TPGDA, viscosity of 15 mPa⋅s) and di-2-methacryloxyethyl 

2,2,4-trimethylhexamethylenedicarbamate (UDMA, viscosity of 7493 mPa⋅s). In addition, a 

trifunctional acrylate trimethylolpropane triacrylate (TMPTA, viscosity of 41 mPa⋅s) 

functioned to generate highly crosslinked polymer networks. These monomers were all 

purchased from Sigma-Aldrich. TPGDA and TMPTA went through basic Al2O3 (from Carl 

Roth GmbH) columns to remove the inhibitors prior to use while UDMA was used without 

any purification due to the high viscosity. 


One the other hand, cationic photopolymerization was also explored based on the cationic 

monomers oxiranes, oxetanes and vinyl ethers. That is oxiranes such as bisphenol A 

diglycidyl ether, an oligomer (commercially named as Epikote 357, here available from 

Hexion) showing a viscosity of 636 mPa⋅s and butanediol diglycidyl ether (Epilox P 13-21) 

received from FEW Chemicals showing a viscosity of 16 mPa⋅s. The oxetanes were 

gratefully obtained from Gurun Technology in China namely 3,3’-(oxybis(methylene))bis(3-

ethyloxetane) (OXT03, viscosity of 11 mPa⋅s) and 3-Ethyl-3-(methacryloyloxy)-

methyloxetane (OXT09, viscosity of 4 mPa⋅s), respectively. Furthermore, 4-hydroxybutyl 

vinyl ether (HBVE) (purchased from Sigma-Aldrich) exhibiting a very low viscosity of 5 

mPa⋅s was also taken for cationic photopolymerization experiments. Among the cationic 

monomers, OXT03, OXT09 and HBVE ran through basic Al2O3 while Epilox P 13-21 and 

Epikote 357 were used as received. The viscosity of all the monomers above was 

obtained in the lab at 25 °. The structures of these monomers could be found in Chart 1. 
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Chart 1: Structures of monomers used for photopolymerization in this thesis. 


3.1.4 Materials to Quantify the Conjugate Acid 


As shown from the mechanism of traditional cationic polymerization, conjugate acid 

presents as a necessary mediated agent to initiate the polymerization. Herein, the ability of 

the initiator systems to generate conjugate acid was evaluated following an optical 

assessment. In this process, colourless Rhodamine B lactone (RhB-L) was used as 

reagent to react with the conjugate acid, which was generated during the PET protocol by 

light exposure resulting in a red coloured Rhodamine B (RhB-H) showing an absorption 

maximum at 550 nm[88]. 


3.1.5 Water-Based Polyurethane Dispersions 


Water-based polyurethane binder available as an aqueous dispersion was introduced to 

study the performance and efficiency of the NIR absorbers on photonic drying of coatings 

combined with the irradiation using high-power NIR-LEDs. Because based on the 

investigations of the cyanine materials, some candidates among these NIR absorbers 

showed big potential to generate heat which could be prospective for physical drying of 

coatings. Herein, polyurethane aqueous dispersions (waterborne polyurethane dispersions 

comprising UV-sensitive initiators as standard and without photoinitiator, respectively) 

gratefully received from Rhein-Chemotechnik GmbH (Breitscheid in Germany) were used 

as coating systems. The experiments were pursued on the surface of construction bricks. 
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The specific structure and component of these polyurethane solutions were not disclosed 

due to the commercial confidential reasons. To provide more information, as an example, 

Scheme 18 depicts the general procedure to synthesis polyurethanes based on the 

documents for the practical training of students in Hochschule Niederrhein. 


 

Scheme 18. Synthesis route for polyurethanes of general structure, which was used for practical training of 
students in the Department of Chemistry in Hochschule Niederrhein, cited from[277]. 


3.1.6 Nanoparticle Comprising Sol-Gels 


In addition, we have the intention to bring this novel initiating system together with high-

power light sources into practical application fields, therefore, the initiator system 

comprising NIR sensitizer and iodonium salt was taken to study the efficiency to initiate a 

sort of sol-gel coatings comprising nanoparticles generated based on the silanization of 

silanes possessing different functional groups. Scheme 19 depicts the general procedure 

of silanization to generate silica-based nanoparticles from silanes. 


 

Scheme 19. Process of silanization with general structural pattern. X/X’, Y/Y’ vary based on the reaction 
degree of silanization, drawn based on[278]. 


The functional groups (-R) could be transferred onto the silica nanoparticles after the 

silanization process. Thus, the prepared coatings could still carry the respective functional 

groups. In this section, three different kinds of sol-gels (SG1, SG2 and SG3) comprising 

different functional nanoparticles based on silanes carrying different groups were used as 

coating precursor. Table 2 lists the components in the sol-gels.  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Table 2. Components and viscosity of the sol-gels used in this thesis. 


*: structure not found from open access sources as obtained from FEW Chemicals GmbH. [a]: Viscosity of the 
monomer EP self-measured in the lab. 


Silanes Chemical Structure SG1 (wt%) SG2 (wt%) SG3 (wt%)

Fllk S10 (Flour) * 0.15 - -

Tetraethoxysilane 
(TEOS) 22 37 -

Epoxycyclohexy-TEOS 20 20 20

Glymo-tetrameth-
oxysilane (TMOS) 4.85 5 15

Methyl-TEOS 50 35 22

Octyl-TEOS 3 3 3

Vinyl-TEOS - - 20

3-Methacryloxypropyl-
trimethoxysilane 

(MEMO)
- - 20

Epilox p 13-21 (EP) 70 70 70

Viscosity (mPa⋅s) 16[a] 200 290 80.4
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3.1.7 Solvents 


The high purity solvent methanol (MeOH) was used to prepare the samples when 

measuring fluorescence while deuterated acetone was needed for the measurement of 

Nuclear Magnetic Resonance (NMR) spectroscopy. Furthermore, spectroscopic grade 

acetonitrile (ACN) was used for the experiments of photobleaching and UV-Vis-NIR 

Spectroscopy. Further details could be find in[90]. 


3.2 Light Sources 

There were several different types of light sources used in this thesis. The information of 

intensity of the LEDs used was provided by a fibre optic spectrometer (USB4000 from 

Ocean Optics) combined with the software Oceanview while the output power of the laser 

was determined by using the power intensity meter (model 407A from Spectral-Physics 

Corp.). 


3.2.1 NIR-LEDs 


High-Power NIR-LEDs 


A high-power NIR-LED prototype emitting at 820 nm exhibiting a size of 8 cm × 13 cm × 3 

cm (left picture in Figure 6) was gratefully obtained from Phoseon Ltd.. It originally 

reached the intensity of 2.5 W/cm2. Nevertheless, the output power mostly applied here 

was 1.0 W/cm2 covering a directly exposed area of an approximative rectangle of 14 cm2 

with the corresponding distance. 


Due to the difference of the maximum absorption of the NIR sensitizers, an alternative  

high-power NIR-LED emitting at 860 nm equipped with two alignments of LEDs of 13.5 cm 

× 4 cm was received from EASYTEC GmbH (Figure 6). As an experimental comparison, 

the output power intensity of 1.0 W/cm2 was also reached by adjusting the distance 

between samples and light sources. In addition, the direct exposed area was available with 

36 cm2 (12 cm × 3 cm). Furthermore, a portable LED (in Figure 6) emitting at 860 nm 

purchased from EASYTEC GmbH with the exposure density of 1.0 W/cm2 was taken to 

carry out the investigations of kinetics of photopolymerization by real time FTIR 

spectroscopy. 
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Figure 6. Emission spectrum and profiles of the NIR-LEDs used in this thesis. 


NIR-LED with low intensity 


A NIR-LED emitting at 770 nm available from Roithner Lasertechnik GmbH was used to 

study the system comprising S7a and IS in TPGDA for the photo-DSC setup. The output 

intensity of this NIR-LED in the experiment was measured with 45 mW/cm2. 


3.2.2 UV-LED at 395 nm 


As shown in Figure 7, a UV-LED prototype emitting at 395 (right picture) nm exhibiting the 

similar size to the aforementioned high-power NIR-LED at 860 nm, was used for irradiation 

of UV active systems, The intensity of this device could be also adjusted to 1.0 W/cm2 for 

the exposure to initiate photopolymerization. In addition, a portable UV-LED device (left 

picture) emitting at 395 nm was also taken due to the feature of portability for real-time 

FTIR measurement. 


  

Figure 7. Emission spectrum and profiles of the UV-LEDs used. 
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3.2.3 NIR Laser 


A diode laser emitting at 974 nm coupled with an adjustable fibre (CNI-980-25 W-5-FC-A1-

TTL1- MM400SMA from Changchun New Industries Optoelectronics Technology Co., Ltd.) 

was used as an irradiation source to investigate the polymerization reactivity of the UDMA 
system comprising S7b. The operation of this experiment was done under the instruction 

and help by Paul Hermes[254]. The output power of this laser could be adjusted and 

controlled on a tabletop laser driver. The exposure with this laser was operated in an ON/

OFF mode for 10 s ON and OFF for 5 s to avoid unnecessary warming due to the high 

power intensity (I = 125 W/cm2). 


3.3 Characterization Methods and Equipments 

The measurements and characterizations were operated using the following devices and 

equipments, respectively. All the subsequent data analysis and evaluation as well as 

graphs were carried out  on the software Igor Pro 8 version 8.04 from WaveMetrics. 


3.3.1 UV-Vis-NIR Spectroscopy 


The UV-Vis-NIR spectra were performed on an Evolution 200 from Thermo SCIENTIFIC 

using high precision cell cuvettes of 1 × 1 cm from HellmaAnalytics. Some of the 

measurements were also carried out on UV-3600 i Plus from SHIMADZU because of the 

limitation of detection the NIR on the aforementioned device. The data points of the 

measurements were collected every second. 


3.3.2 Cyclic Voltammetry 


In this work, the oxidation and reduction potentials of the NIR sensitizers were determined 

by following a previous protocol by using the cyclic voltammetry (followed with a 

Versastat4-400 from AMETEK functioned as potentiostat) in which the solution (0.1 mol･

L-1) of tetrabutylammonium hexafluorophosphate from Sigma Aldrich in acetonitrile 

functioned as a supporting electrolyte and ferrocene served as an external standard in 

acetonitrile. All the data points were collected at a scanning rate of 0.015 V/s by using 

platinum disc as a working electrode and Ag/AgCl as reference electrode[88, 118]. 


3.3.3 Fluorescence and Lifetime Measurement 


Fluorescence quantum yields of S3b, S5a, S7g, and S9 were taken by a FS 920 from 

Edinburgh Instruments by use of a reference carried out with Sulforhodamine 101 applying 

correction mode for both excitation and emission using 1 cm cuvette at 22°C. More details 

can be found elsewhere[90]. GMBU (Jena) took these measurements on request as 
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service to provide data for this contribution that resided mainly outside of the spectral 

response (> 900 nm) of the lifetime spectrometer used in this thesis from PicoQuant. 


Some other data obtained were carried out by a regular fluorescence set up (FluoTime 300 

from PicoQuant GmbH) with diode laser excitation at 677 nm (LDH-P-C-670) until 900 nm 

for recording fluorescence emission λfmax to take decay time 𝛕f and quantum yield Φf. Time 

correlated single photon counting was the technique to take the emission decay[279]. This 

instrument from PicoQuant provides the opportunity to measure decay between 25 ps and 

several milliseconds. The instrument was equipped with high resolution emission double 

monochromator operated in subtractive mode (2 x 300 mm focal length, UV/VIS/IR grating 

pair 1st stage: 600 l / mm blaze 1250 nm and 1200 l / mm blaze 500 nm, dispersion: 4.5 

nm / mm, UV / Vis grid pair 2nd stage: 1200 l / mm blaze 500 nm 1200 l / mm blaze 500 

nm (-), 2.7 nm / mm (-), PMA-C 192-M Cooled photomultiplier) for the emission side. 

Excitation was proceeded by using a computer controlled diode laser driver for picosecond 

pulses (196 kHz and 80 MHz, external trigger input). The system can be also operated in a 

cw-mode to record spectra in additive mode (monochromator: blaze 500 nm (+), 

dispersion: 1,4 (+)). EasyTau software and laser control software controlled the 

system. This also facilitated to calculate decay time by the software by iterative 

convolution. An appropriate scatter (Ludox in water) was taken to record the instrumental 

response function of the system. Time resolution of the instrument is > 25 ps. For 

preparation, the sample was dissolved in methanol (spectroscopic grade) to get the 

absorption of extinction of < 0.1 at 677 nm. The EasyTau Software also operated to 

calculate the decay time by iterative convolution between the instrumental response and 

the sample. 


Absolute fluorescence quantum yields were measured with an integrating sphere provided 

by PicoQuant for the FluoTime 300 spectrometer. First the respective counts available by 

the laser were measured using a blank cuvette comprising spectroscopic grade 

solvent. Then the sample was exchanged with a cuvette comprising the same solvent and 

the absorber exhibiting an absorption between 0.05-0.1 at 677 nm. This treatment resulted 

in the absorption of the absorber taken for measurement needed to determine 

fluorescence quantum calculated with the EasyTau software that also controlled the 

instrument, reported in[90]. 
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3.3.4 Conductivity Measurement of Iodonium Salt in Monomers 


Conductivity of the mixture of Iodonium salts (ISs) in monomers was determined with 856 

Conductivity Module combined with 900 Touch Control panel from Metrohm. A 5-ring 

measuring cell with cell constant of c = 0.7 cm-1 with Pt 1000 was equipped on this device. 


3.3.5 Real Time- and Fourier Transfer Infrared (FTIR) Spectroscopy 


In this work, the final conversions of the respective monomers after photopolymerization 

were determined by Fourier Transfer Infrared (FTIR) spectroscopy carried out the on the 

device Vertex 70 (Alpha-P) from Bruker by using Attenuated Total Reflection (ATR) mode 

operated for setting and data collection on the software OPUS (Version 6.5 from Bruker). A 

small amount of solid samples were applied on the sample stage pressed by an arm lever, 

for the measurements, 25 scans from 400-4000 cm-1 were applied to acquire satisfying 

spectra. 


In addition, real-time FTIR spectra provide the necessary kinetic information relating to the 

whole process of photopolymerization. For this procedure, the reactive liquid solutions 

were first applied on the sample plate. Then the FTIR spectra (data points) for the 

subsequent analysis were collected continuously every 0.2 s for free radical polymerization 

system while 0.733 s was set up for cationic polymerization during irradiation in ATR 

mode[91]. 


3.3.6 Photo- and Differential Scanning Calorimeter (DSC) 


In order to explore the effect of the heat in the monomers comprising NIR absorbers, a 

differential scanning calorimeter (DSC Q2000 from TA Instruments) was used to determine 

thermal initiation temperature Ti of the system comprising NIR sensitisers and iodonium 

salt in the monomers. Ti represents the temperature where significant generation of heat 

for polymerization occurs during continuous heating[88, 118, 280]. These measurements 

were carried out through a heating procedure from room temperature up to 200°C 

following a ramping rate of 10 °C/min with sample amount of approximately 5 mg. 

Subsequently Ti was determined at the onset point from the exothermal peak on heat flow 

curves. It is a parameter disclosing the thermal stability of a radical polymerization system 

without treatment of light[88]. 


Moreover, a regular photo-DSC procedure on the same device was carried out to 

investigate the efficiency of the NIR initiating system to initiate photopolymerization, which 

offers the possibility to run the experiments approving the necessity of additional heat 

needed to activate photopolymerization under isothermal condition at different 
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temperatures. The aforementioned NIR-LEDs were taken as the irradiation source. The 

NIR light for irradiation was collected by a lens and projected into a two-arm y-fibre 

connected to the sample chamber of DSC device. Here, the intensity of the output light 

through the fibre arms was adjusted to be identified for the sample and reference pan, 

respectively. In addition, a shutter placed between the light source and the lens controlled 

by a programmed Arduino Uno board was introduced to synchronise the light source and 

experiment[130]. 


3.3.7 Thermal Camera 


The temperature of samples and surroundings during the irradiation of NIR light was 

recorded by using a NIR sensitive camera purchased from Testo SE & Co. KGaA (Version 

TEST 0563 0885 V7). The live process was carried out with the software IRSoft from 

Testo[118]. 


3.3.8 Mass Spectrometry Coupled with High-Performance Liquid Chromatography 
(HPLC) 


The products of the sensitizers from photoreaction were analysed by carrying out mass 

spectrometry coupled with HPLC via a QTOF-LCMS system (G6530B) from Agilent where 

Dual AJS ESI was used as the ion source operated in positive mode[118]. A column 

Hypersil C4 (125 x 4mm) from Thermofischer Scientific was used with acetonitrile/water 

(80:20) as dilution solvent, which was changed to 95:5 after 20 minutes. 


3.3.9 Nuclear Magnetic Resonance (NMR) Analysis 


A Fourier 300 from Bruker served as source to record the 1H-NMR spectra to explore the 

reaction of HBVE. The system comprising sensitizer S9 (0.005 mmol･g-1) and IS (0.03 

mmol･g-1) in HBVE was exposed in a round glass dish (height: 1 cm, diameter: 3 cm) for 

10 min applying an 860 nm LED-array (power: 1.0 W/cm2, exposed area: 3 cm × 12 cm) 

for excitation. This was done under continuous nitrogen purging. Then, 20 mg of the 

product obtained was dissolved in 1 mL deuterated acetone for NMR measurement. The 

subsequent data acquisition and analysis was finished on the software Topspin 4.1.0 

(Bruker). 


3.3.10 Rheometer Coupled with Heat Program 


In photopolymerization systems, quantitative knowledge about the viscosity of the reactive 

monomers is very important. Therefore, a modular compact rheometer (Version MCR 102 

from Anton Paar GmbH) was taken to collect the viscosity of the monomers used in this 
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work using a PP25 parallel plate with a shear rate of 50 s-1 at the temperature of 25°C. 

Data points were obtained every second. Moreover, the crosslinking of UDMA comprising 

NIR sensitizers was also investigated while coupling with a programmed heating up 

process using the heating device from Julabo GmbH (Version F 26). 


3.3.11 Dynamic Mechanical Analysis (DMA) 


In order to investigate the mechanical viscoelasticity of the materials obtained from 

photopolymerization, a dynamic mechanic analysis (DMA) device (version DMA Q800 from 

TA Instruments) equipped with a linear tension clamp was used to measure mechanical 

properties of the polymer films. The measurements ran at the condition of a constant 

frequency of 1 Hz, an amplitude of 10 mm as well as a preload of 0.01 N varying from 

-50°C to 200°C with a ramping rate of 3 °C/min where a sinusoidal force (stress) was 

applied to the samples and resulting in strain. With this oscillating loading, the mechanical 

properties measured could be reflected by the value of the storage modulus E´ and loss 

modulus E´´. Due to the large segments of the polymer, there is a phase lag or mechanical 

damping during the movement of polymer chains which is known as tan𝛅 (tan𝛅 = E´´/E´)

[281]. This can be also seen as a critical factor to describe the mechanical property. 

Therefore, as a comparison, the values of the glass transition Tg determined by the onset 

of storage modulus E´, the peak maximum of loss modulus E´´ and the peak maximum of 

tan𝛅 were displayed. 
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4. Experimental Section 

This chapter describes the experimental information disclosed in this thesis. Further details 

could be also found in the publications[90, 91]. 


4.1 Structural Pattern of Cyanines Regulates the Efficiency of Non- and 
Radiative Processes upon Exposure of High-Power NIR-LEDs 

This section discloses the experimental details applied to investigate the effects from the 

structural pattern of the cyanines functioned as NIR absorbers and photosensitizers (often 

abbreviated as Sens in the text) combined with iodonium salt to potentially initiate free 

radical and cationic photopolymerization. 


4.1.1 Selection of Sensitizers Based on Structural Patterns and Physical Properties 
of the Cyanines 


As shown in Chart 2, a series of polymethine compounds represented by the class of 

cyanines comprise different length of connecting methine (-CH=)n- chains, variable 

substitutions at the meso-position and typically different terminal groups. Every specific 

substitutional aspect of the variation based on the structural pattern of cyanines brings 

respective features to these sensitizing compounds including absorption performance, 

redox behavior and photophysical properties such as fluorescence quantum yield and 

decay time. 


Chart 2 summarizes the structures selected in this thesis while properties are shown in 

Table 3 in Section 5.1 vide infra. These aforementioned properties can be affected by the 

substitution pattern. Comparison between S3a/S3b and S5a/S5b shows additional 

replacement of a butoxy group symmetrically located on the terminal position, respectively. 

S7a and S7c represent an additional structural feature. The both structures relate to the 

connecting chain between the symmetrical terminal parts, that is an unbridged open chain 

in the case of S7a while bridged chain exists in S7c. This has a huge impact on the 

chemical property in NIR-sensitized radical polymerization. An internal activation barrier 

must be overcome in the case of S7c while that appeared less in the unbridged S7a. 

Different terminal groups address a further comparison between S7a and S7b. Here, one 

can find that S7a carries an indolium group while benzo[c,d]indolium group remains in 

S7b. Similar changes also appear to the pair of S7c and S7e as well as S7d and S7f, 
respectively. Another comparison focusses on the material comprising the same terminal 

groups (indolium on S7c and S7e, benzo[c,d]indolium for S7d and S7f) but the substitution 

changes in the meso-position on the bridged chain between S7c and S7e, as well as S7d 
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and S7f, respectively. Furthermore, S7e, S7f and S7g share completely the same 

connecting chain in the middle but differ regarding the terminal position; that is indolium in 

the case of S7e, benzo[c,d]indolium for S7f and benzo[g]indolium in the case of S7g. 

There is also little difference besides sharing the same terminal group between S7c and 

S7h that is S7c possesses a substitution in the middle chain comprising a five-numbered 

ring while S7h exhibits a six-numbered ring there. For the comparison between S7i and 

S7j, both carry the same ring substitution in the middle chain while difference comes up on 

the terminal group of benzo[e]indolium. One should keep in mind that the sulfonic acid 

group on the terminal position and butanesulfonic acid group at the position of nitrogen in 

the case of S7i facilitate this absorber good solubility in water. Moreover, S9 possesses 

the longest connecting chain in the middle among these compounds while it shares the 

same six-numbered ring as S7h at the meso-position. One more word needs to be 

delivered here, that is the connecting methine chain between both terminal parts. It 

increases and becomes longer and longer following the larger number in the examples 

from 3 to 9. 
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Chart 2. Chemical structures of the NIR absorbers (sensitizers) used in this thesis. These cations comprise 
the following anions: S3a, S5b, S7d, S7e and S7f: BF4-; S3b, S5a, S7g and S9: [PF3(C2F5)3]-; S7a, S7b: 
PF6-; S7c, S7h: p-CH3-Ph-SO3-; S7i: [NH(C2H5)3]3+. S7j: Cyanine with zwitterion. 
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4.1.2 Bleaching Kinetics of Sensitizers with and without Iodonium Salts by 
Excitation with High-Power LEDs 


Exploration of the influence of the structural patterns of the NIR absorbers to generate 

radicals appears essentially to understand efficiency for initiation of free radical 

photopolymerization. Here, photobleaching behaviour of the NIR sensitizers S3-S9 
combined with IS was studied by collecting and comparing the UV-Vis-NIR spectra of the 

samples before irradiation and after certain irradiation cycles. The samples comprising 

Sens (5.0 × 10-6 mol⋅L-1) and IS (3.0 × 10-5 mol⋅L-1) were prepared as solutions where 

acetonitrile served as solvent. The spectra of the original solutions were firstly collected 

using 1 × 1 cm quartz cuvettes by UV-Vis-NIR spectrometer Evolution 200 from Thermo 

SCIENTIFIC. Then the solutions were exposed in different time interval, that is 2s, 5s, 15s, 

30s, 1min, 2min, 5min, 10min, 15min and 30min to investigate changes in the spectra 

appearing as decrease at the exposure wavelength or build up of new absorptions with 

either hypsochromic or bathochromic shift with respect to the exposure wavelength. 


The aforementioned high-power NIR-LEDs (intensity of 1.0 W/cm2 at emission maximum) 

emitting at 820nm or 860nm were taken as the light sources for the photobleaching 

exposure. One should keep in mind that the emission of LEDs is not tunable. Therefore, 

excitation at different range of the absorption spectra results in distinct penetration length 

taking similar conditions of the Sens. More details could be found in reference[90]. 

Systems comprising S3a, S7a, S7c, S7e, S7h and S7j as Sens were exposed by LED 

emitting at 820nm while S3b, S5a, S5b, S7b, S7d, S7f, S7g, S7i and S9 were exposed 

with the 860 nm emitting LED in the bleaching experiment while the output intensity of the 

LEDs was kept at the same value. In addition, bleaching of S7i was carried out in aqueous 

surrounding combined with dispersed TPO-L followed the same aforementioned strategy. 


4.1.3 Activity of the System Comprising Sensitizers and Iodonium Salt to Generate 
Conjugate Acid 


Conjugate acid generated during exposure of a solution comprising Sens and IS was 

quantified following a previous protocol[88]. Experimental details were also disclosed in 

previous reports[90]. The spectral changes caused by the protonation of Rhodamine B 

lactone serving as optrode were recorded by the aforementioned UV-Vis-NIR device. The 

protonation of colorless Rhodamine B lactone leads to the magenta coloured product of 

Rhodamine B exhibiting a spectral absorption maximum located at 550nm in the solvent 

acetonitrile. For sample preparation, Sens (2.0×10-5 mol⋅L-1) and IS (1.2 × 10-4 mol⋅L-1) 

were dissolved in a volumetric flask of 10 mL in acetonitrile and exposed in a cuvette (1 × 
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1 cm) applying NIR-LEDs of either 820 nm or 860 nm for 15 mins using the respective 

sensitizers while the iodonium salt was the same. Afterwards, the UV-Vis-NIR spectra of 

the neat solvent were taken as the background to be subtracted. The concentration of 

conjugate acid generated during exposure was evaluated based on the spectra of the 

solutions aforementioned following with addition of Rhodamine B lactone (1.0×10-4 

mol⋅L-1). The quantified conjugate acid formed approves the formation of acidic species for 

the initiation of cationic photopolymerization. Nevertheless, the amount of determined acid 

may not be comparable to the acid generated in actual photopolymerization experiment 

because both experiments were operated in different surroundings. While the reactivity 

tendency and potentials from Sens based on different patterns is comparable from this 

method[90]. 


4.2 Reactivity of Different Sensitizers and Iodonium Salt to Initiate Free 
Radical and Cationic Photopolymerization 

This section describes the experimental conditions applied in the thesis. It also discloses 

the details related to the measurements. 


4.2.1 Cyclic Voltammetry 


The oxidation Eox and reduction Ered potentials of the NIR sensitizers were measured 

through a previously reported procedure[101, 118]. Firstly, a solution of tetrabutyl-

ammonium hexafluorophosphate (0.1 mol⋅L-1) purchased from Sigma Aldrich, was 

prepared by dissolving in acetonitrile serving as electrolyte. Then the samples (1.0×10-3 

mol⋅L-1) were measured following a similar method applied on Versastat4-400 from 

AMETEK served as potentiostat while the data of ferrocene was taken as an external 

reference[88]. The data were recorded at a scanning rate of 0.015 V⋅s-1 by using platinum 

disc as a working electrode and Ag/AgCl served as a reference electrode. 


4.2.2 Conductivity Measurement 


Conductivity depicting the movement of ions in the solutions and transfer of electrons and 

charges relates somehow to the reactivity of the cationic photopolymerization systems 

since initiation and ring opening proceeds by well solvated acidic cation. Therefore, the 

conductivity data of the cationic systems were measured by using a 5-ring conductivity 

measuring cell where the constant c = 0.7 cm-1 with Pt 1000 equipped 856 Conductivity 

Module. The solutions dissolved with IS (3.8×10-2 mmol⋅g-1) in the cationic monomers 

including HBVE, OXT03, OXT09, Epilox P 13-21 and Epikote 357 were measured at 

room temperature, respectively. 
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4.2.3 Initiation upon Low-Power Exposure Determined by Photo-DSC 


A regular photo-DSC setup[101, 130] was applied to record the heat flux generated by 

polymerization of the monomer. It was carried out under isothermal conditions. Therefore, 

heat generated would not be directly available to activate chemical reactions but rather be 

compensated by the isothermal procedure of the equipment. Nevertheless, it offers the 

possibility to study the response of the system at different temperatures under isothermal 

conditions. The heat available from the ambient environment at different temperatures 

provides additional energy coming from outside to overcome partially internal activation 

barriers of the system to initiate the polymerization at a temperature above a certain 

threshold[90]. From the previous findings, below of this threshold, nearly no polymerization 

or very inefficient initiation shall proceed[88, 118]. 


The NIR light applied for irradiation was collected by a lens and projected into a two-arm 

fibre (Y-fibre) connected to the sample chamber of the DSC device. Here, the intensity of 

the output power through the fibre was controlled by a USB 4000 spectrometer  

aforementioned operating as radiometer. In addition, a shutter was introduced to 

synchronize the light source and measurement placed between the light source and the 

lens[88]. In order to investigate the reactivity of sensitizers, S7a (0.001 mmol⋅g-1) was 

firstly together with IS (0.015 mmol⋅g-1) dissolved in TPGDA followed by exposure for 

photo-DSC procedure at different temperatures (25°C, 40°C and 60°C). This measurement 

was carried out under continuous purge of nitrogen with the NIR-LED emitting at 770nm as 

light source matching very well with the maximum absorption of S7a with an output 

intensity of 45 mW/cm2. 


4.2.4 Kinetics of Photopolymerization Followed by Real-Time FTIR 


Kinetics of photopolymerization in the ambient surroundings were followed by applying a 

real time fourier transfer infrared (RT-FTIR) procedure in an attenuated total reflection 

(ATR) mode where data points were collected every 0.2 s[91] in a time frame of 600s for 

free radical polymerization systems. Regarding this procedure, Sens (0.001 mmol⋅g-1) 

together with the IS (0.015 mmol⋅g-1) were dissolved in the monomers followed with 

treatment in an ultrasonic bath for 15 mins. Photopolymerization occurred upon the 

irradiation of either 820 nm or the portable 860 nm LED aforementioned for the respective 

Sens with a power intensity of 1.0 W/cm2. Moreover, the thickness of the samples during 

these measurements on the sample stage was controlled by a spacer to maintain a 

thickness of approximately 30 𝜇m covered with a microslide to get rid of the atmosphere 
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air. The wavenumber of -C=C- peak at around 810 cm-1 was used to record spectral 

changes since they connect to conversion while vibration peak of C=O at around 1725 

cm-1 served as reference to compensate background changes to calculate the reaction 

degree of the photopolymerization of monomers UDMA, TPGDA and TMPTA. 


In addition, for the cationic polymerization protocol, Sens (0.005 mmol⋅g-1) and IS (0.03 

mmol⋅g-1) were dissolved in the monomers followed with the similar treatment as previous 

aforementioned but data collection in a time interval of 0.733s finished after 900s. The 

wavenumber for kinetics evaluation differs as disclosed and discussed in previous 

reference[91]. Here, the vibration of epoxy group between 933 - 880 cm-1 and reference 

vibration band between 1276 - 1191 cm-1 served to determine conversion of the epoxides 

Epilox P 13-21 and Epikote 357. HBVE requested to take the -C=C- double bond 

between 1682 - 1564 cm-1 while the peak at 757 - 733 cm-1 operated as reference. 

Furthermore, the vibration between 851 - 806 cm-1 was used for oxetanes (OXT03 and 

OXT09) while the peak between 1276 - 1191 cm-1 served as reference for evaluation of 

conversion. They respond to the data disclosed in refs[27, 88, 118]. 


4.3 Performance of the Initiating System Comprising Sensitizers and 
Iodonium Salt to Initiate Free Radical/Cationic Co-Polymerization 

This section discloses the experiments carried out to investigate the efficiency of the 

aforementioned initiator systems to initiate free radical/cationic hybrid photopolymerization. 

More experimental details could be also found in[91]. 


4.3.1 Viscosity Measurement 


In order to find out the effects from viscosity of the monomers, the viscosity measurement 

was applied to neat monomers and mixtures, which composed polymerizable materials 

following one mechanism and monomers following at least two distinct mechanism. The 

latter relates to hybrid photopolymerization. For this experiment, the Modular Compact 

Rheometer (MCR 102 from Anton Paar GmbH) equipped with a PP25 parallel plate was 

used with a shear rate of 50 s-1 at an isothermal condition of 25°C (controlled by a heating 

device F 26 from Julabo GmbH). Furthermore, data were collected every 1s while value of 

viscosity was determined by the average from 120 data points. 


4.3.2 Final Conversion of the Monomers from Hybrid Polymerization Systems 


Instead of following the kinetics of hybrid polymerization by using real time FTIR, regular 

single FTIR spectra at ATR mode were taken to evaluate the polymerization degree by 

calculating the final conversion of the materials obtained. The solutions comprising Sens 
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and IS in monomers were dipped onto a glass plate with a spacer of around 60 𝜇m and 

covered with another glass plate and exposed by the high-power NIR-LEDs 

aforementioned for 12mins. And then polymer films obtained were removed from the glass 

plates and placed onto the FTIR sample stage for measurement. The samples went 

through for 25 scans and then the final conversions were calculated comparing the 

integration area with unreacted neat monomers by following the same method as real time 

FTIR. In addition, the average of 3 values from different sample areas was obtained as the 

final conversion of the measurement. 


4.3.3 Characterization for Mechanical Properties of Polymer Films Applied by DMA 


Dynamic mechanical analysis (DMA, Q800 from TA Instruments) was applied for 

mechanical characterization of the film materials obtained by exposure. The experimental 

details are available in[91]. The materials were firstly prepared as surface flattened films 

with a width of 5 mm (determined by a specific knife from the measuring kit) and 

approximate thickness of 60 µm. The sample chamber of the device must be cooled down 

to the starting point (around -50°C) by liquid nitrogen. Measurement was running with a 

linear tension clamp at the condition of a constant frequency of 1 Hz, an amplitude of 10 

mm as well as a preload of 0.01 N varying from -50°C to 200°C with a ramping rate of 3 

°C/min. A sinusoidal force (stress) was applied to the samples and resulted in strain. 

Afterwards, the mechanical properties of the materials measured could be determined 

based on the curves of storage modulus E´ and loss modulus E´´. 


4.4 Contribution of the Heat Generated in the System Comprising 
Sensitizers and Iodonium Salts upon Exposure 

This section describes the experiments designed to study the effects of the heat generated 

on demand of the NIR sensitizers. 


4.4.1 Thermal Stability of the Photoinitiators Comprising NIR Sensitizers and 
Iodonium Salt 


The previous studies indicated that the introduction of NIR sensitizers significantly 

decreased the thermal stability of such an initiator system, while the influence and relation 

from the structural pattern of sensitizers has not been clearly understood and disclosed 

yet[88, 130]. Herein, the systems comprising IS (0.015 mmol⋅g-1) and Sens (0.001 

mmol⋅g-1) carrying varied structures were investigated in TPGDA by following a regular 

differential scanning calorimetry (DSC Q2000) set up. The measurement was running by 

ramping from 25°C to 220°C with a heating rate of 10 °C/min. As a result, the thermal 
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stability of the system was determined as Ti by the onset-point on the exothermal curve, 

where polymerization of the monomer starts to occur[282]. 


4.4.2 Temperature Tracking of the Systems during Free Radical Polymerization 


According to the previous findings[58, 118], heat generated from the system comprising 

NIR absorbers can not be ignored for several reasons. The heat formed could be reflected 

as continuous temperature in the surroundings. Thus, the NIR-sensitive thermal camera 

available from Testo (TEST 0563 0885 V7) was used to record the temperature of the free 

radical polymerization systems comprising Sens (0.001 mmol⋅g-1), IS (0.015 mmol⋅g-1) in 

UDMA exposed by LEDs emitting at either 820nm or 860nm with an intensity of 1.0 W/cm2 

[91]. As a comparison, temperature of the sample comprising S3b (0.001 mmol⋅g-1) and IS 

(0.015 mmol⋅g-1) in TPGDA and the system comprising S3b (0.5×10-3 mmol⋅g-1) and IS 

(0.015 mmol⋅g-1) in UDMA was also collected, respectively. 


4.4.3 Thermally Initiated Polymerization 


In order to study the heat contribution to the polymerization of monomers, a procedure of 

thermally initiated polymerization was carried out by placing the samples comprising 

respective S7c (0.001 mmol⋅g-1), S7d and S9 in UDMA dissolved with IS (0.015 mmol⋅g-1) 

in the oven at 150°C. The samples were prepared according to the same method 

aforementioned for free radical polymerization exposure. After a certain time, the samples 

were taken to evaluate the conversion of -C=C- measured by FTIR in ATR mode. As a 

comparison, the samples of neat UDMA and UDMA comprising IS were also carried out 

for the comparison. In this experiment, S7c and S7d share exactly the same structure 

except the terminal groups, that is indolium of S7c and benzo[c,d]indolium for S7d. 


In addition, the effects from the heat based on the structural pattern of the absorbers were 

further disclosed by using the rheometer coupled with an external heating device. Sens 

(S7a, S7c, S7d and S9: 0.001 mmol⋅g-1) together with IS (0.015 mmol⋅g-1) were dissolved 

in UDMA. Again, as a comparison, the samples of neat UDMA and UDMA with IS were 

also taken for the measurement. The device was equipped with a PP25 parallel plate and 

connected to a heating program aforementioned. During the measurement, the samples 

were heated up with a programmed procedure from 40°C to 120°C. The temperature 

started with an isothermal condition for 20 min at 40°C and increased at a rate of 1 °C/min 

to 60°C. There, it was isothermally kept for 20 min followed by similar ramping procedure 

until 120°C. The samples were cooled down to 25°C and heated up again to 120°C at a 

rate of 1°C/min, respectively. The value of storage modulus of the samples was collected 
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every 30s with an oscillating rate of 2 s-1, which relates to the change of viscosity of the 

systems and reflects the polymerization of the monomer. 


4.4.4 Comparison between Photopolymerization and Thermally Initiated 
Polymerization 


As aforementioned and previously disclosed, the heat generated during the radiation in the 

systems comprising NIR absorbers and iodonium salts plays an important role in initiation 

of free radical polymerization. Therefore, these experiments were designed to study the 

difference between thermally initiated polymerization and photopolymerization. As 

described in 3.2.1, the direct exposed areas from the NIR-LEDs were limited due to the 

limited size of the light sources. Herein, the mechanical properties of the polymer materials 

obtained from thermally initiated polymerization disclosed in 4.4.3, inside (Part A) and 

outside (Part B) of directly exposed area from photopolymerization shown in Figure 8 
were analysed by DMA measurement. The samples were based on the same formulation 

comprising S7c (0.001 mmol⋅g-1) and IS (0.015 mmol⋅g-1) dissolved in UDMA. The 

polymer obtained from thermally initiated polymerization comprising S7d and IS in UDMA 

with the same concentrations was also taken to investigate the effects from different 

structures. 


 

Figure 8. Profiles of the samples during exposure and the polymer obtained. 


4.4.5 Laser Radiation 


In order to better overlap the wavelengths of absorption maximum of S7d (1027 nm) with 

the emitting wavelength of light source, the laser emitting at 974 nm was used for the 

exposure of S7d. The sample comprising S7d (0.001 mmol⋅g-1) and IS (0.015 mmol⋅g-1) in 
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UDMA was exposed by the laser with an output power of 125 W/cm2 to initiate the 

polymerization . The radiation was carried out to be on for 10 s and off for 5 s due to the 

high intensity and safety consideration. 


4.5 Heptamethine Sensitizer-Comprising Systems Applied to Coatings 
upon High-Power NIR Exposure 

This section discloses the experiments designed to investigate the initiator systems 

comprising Sens and IS-PF6 applied to initiate the photocuring of nanoparticle-comprised 

coatings based on sol-gels generated from functional silanes. According to the previous 

reports[27, 118, 161], the absorbers carrying heptamethine connecting chain and indolium 

terminal group showed significantly high efficiency for initiation of photopolymerization and 

for photobleaching kinetics upon exposure[90, 91]. Herein, heptamethine based cyanines 

were taken to practical coating systems, that is S7e was selected to apply for photocuring 

of coatings comprising silica nanoparticles combined with IS-PF6 irradiated with NIR light 

and S7i was selected for physical drying of polyurethane coatings followed with a 

crosslinking process based on UV irradiation where UV-initiators operated. 


4.5.1 Photocuring of Nanoparticle-Based Sol-Gels 


Photocuring Kinetics of Sol-Gel Coatings 


Based on the previous findings, the consistence of anions from NIR absorbers and ISs 

promoted the efficiency of the initiator system[130]. Therefore, S7e carrying heptamethine 

connecting bridged chain and indolium terminal group coupling with the anion of PF6- was 

taken for the photocuring of the sol-gel precursors combined with iodonium salt coupling 

with anion of PF6- (IS-PF6). The initiator system comprising S7e and IS-PF6 was firstly 

dissolved in the sol-gels with a concentration of S7e (0.5 wt%) and IS-PF6 (2.0 wt%), 

respectively. Then the solutions were transferred onto a glass plate followed by exposure 

under nitrogen atmosphere for 12mins with NIR-LED emitting at 820 nm (I = 1.0 W/cm2). 

The thickness of 60 𝜇m was controlled by a bar coater. As a comparison, photocuring of 

the sol-gels by UV light (395 nm, I = 1.0 W/cm2) was applied by the initiator system of ITX 

(0.5 wt%) and IS-PF6 (2.0 wt%) irradiated for 120s. 


Mechanical Properties of Coating Films Obtained 


The coating films obtained from both NIR and UV exposure were removed from the matrix 

to evaluate the mechanical properties by using DMA analysis. The measurement was 
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carried out by following the same procedure aforementioned to characterize the 

mechanical properties of the polymer films. 


4.5.2 Physical Drying of Water-Based Polyurethane Coating System 


Physical Drying of the Coatings via NIR Exposure 


Previous studies showed that the heat generated from NIR absorbers also deeply impacts 

the chemistry. Therefore, the heat released during the exposure was additionally expected 

to dry coatings with the goal to replace conventional ovens. This would bring big benefits 

because ovens exhibit as less efficient to maintain a high temperature in a long time 

period. Furthermore, it consumes much more energy. One the other hand, water-based 

coating systems have obtained more and more interests due to the reason of using a 

green process solvent, which is water. Herein, S7i comprising benzo[e]indolium as terminal 

group and a 𝛌max at 844 nm exhibiting water solubility of 40.5 g/L was selected as NIR light 

absorber for the physical drying. First step considered dissolution in the aqueous 

dispersion at different concentrations of 0.02, 0.05, 0.1 and 0.2 wt%. Exposure was carried 

out by the 860 nm LED. The kinetics of the drying was followed by real time FTIR spectra 

taking the peak of water between 3000 - 3500 cm-1 for the evaluation comparing with the 

samples of neat oligomer dispersion dried with and without exposure. The experiment 

applied with real time FTIR was carried out following the same procedure aforementioned 

with a thickness of 60 𝜇m by using the portable 860 nm LED from EASYTEC emitting with 

an intensity of I = 1.0 W/cm2. For practical potential applications, the solutions dissolved 

with S7i was applied on construction bricks with a thickness of 100 𝜇m and followed by 

exposure with stationary big 860 nm LED from EASYTEC with an intensity of 1.1 W/cm2. 


Mechanical Properties of Coating Films Obtained 


In order to evaluate the potentials of this physical drying system before transfer to practical 

applications proceeds in industry, the mechanical properties of the coatings obtained by 

this drying method based on NIR exposure and consecutive crosslinking by UV irradiation 

were characterised by DMA. Due to the difficulty to remove the coatings from the bricks, 

the same procedure was applied to prepare coating films on the matrix of glass plate. 

Thus, the coating was removed from the matrix for the DMA measurement by following the 

same method aforementioned. 
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5. Results and Discussion 

This thesis discloses the relation between the basic structural pattern of the cyanine dyes 

absorbing in NIR range and their reactivity to generate moieties to initiate both free radical 

and cationic photopolymerization combined with diaryliodonium salts. Their efficiency to 

generate heat, which appears as essential for the photopolymerization, could be taken for 

some further applications such as physical drying of coatings. The following subsections 

discuss the results and findings more in details based on the properties for potential 

applications of the selected cyanines. The main results and findings discussed in this 

chapter were disclosed in the published materials[60, 90, 91]. 


5.1 Relation between Structural Patterns of Cyanines and Their 
Performance to Generate Moieties for Initiation of Photopolymerization 

This subchapter discusses the results regarding the performance of the sensitisers with 

respect to their photophysical and photochemical properties based on different structural 

patterns. Furthermore, the potential of these sensitizers combined with diaryliodonium salt 

to initiate photopolymerization also discusses the ability to generate radials and 

conjugated acid based on the structural features of the sensitizer. In addition, the effect of 

the heat generated from these sensitizers based on the specific structural patterns was 

further investigated. 


5.1.1 Selection of Cyanines Based on Structural Patterns 


Previous research disclosed the different cyanines regarding their optical absorption 

properties, which deeply affects the initiation reactivity for photopolymerization and their 

related applications combined with newly developed LED prototypes exhibiting high 

intensity[90, 118]. These cyanines mainly absorb in the NIR range that is located in the 

wavelength ≥ 700 nm. Their absorption spectra mostly overlap well with the emission 

spectra of the NIR-LEDs maximum emitting at either 820 nm or 860 nm. One should keep 

in mind that, cyanines belong to one of the subgroups of polymethines. Two fundamental 

essential features define cyanines according to the general definition, that is an odd 

number of π-centres (2n+3, n≥0) and an even number of π-electrons (2n+4), where n 

equals to the number of the units of vinylene groups -CH=CH- (H could be replaced by 

other alkyl group R but vinylene group always shows up). The second feature is that 

(2n+1) sp2 - hybridized carbon atoms on a conjugated chain directly connect a terminal 

group[255, 263, 265]. 
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Chart 2 vide supra depicts a series of cyanines possessing distinct structural patterns. 

They comprise specific numbers of π-electrons with comparable but distinct substitutions 

together with their respective terminal groups. Most of them are generally paired with a 

counterion. This variation leads to different optical properties and significant chemical 

reactivity combined with the IS as can be seen in Table 3. S3-S9 are connected by three 

(S3), five (S5), seven (S7) and nine (S9) methine groups (=CH-) in the middle of the 

molecular chain. They were selected as NIR absorbers and/or sensitizers to investigate 

the efficiency for initiation of both free radical and cationic photopolymerization where IS 

served as co-initiator. 


An extension of polymethine chain connecting different types of terminal indolium groups 

results in a red shift of the absorption maximum. As shown in Table 3, two additional 

methine chains or one vinylene group (-CH=CH-) more results in an expected 

bathochromic shift of about 100 nm by keeping the terminal moiety consistent[258, 265, 

283]. This can be seen from the comparison of S3a and S5a as well as S3b and S5b, 

respectively. The substitution with an alkoxy (butoxy in the cases discussed) group at the 

4-position with respect to the nitrogen of the indolium in S3a and S5a results in S3b and 

S5b, respectively. This shows 60 nm red shift of the absorption maximum in both cases. 

Furthermore, absorption of the unbridged chain of the cyanines exhibits about 100 nm 

bathochromic shift with an extension of one vinylene group when the terminal pattern stays 

with benzo[c,d]indolium in the case of S3a, S5a and S7b. In addition, S9 assigns to a 

nonamethine exhibiting 100 nm bathochromic shift in comparison with heptamethine S7a. 


A replacement of terminal indolium pattern by a benzo[c,d]indolium exhibits bathochromic 

absorption shift with around 230 nm in the case of the unbridged connection as concluded 

from an example between S7a and S7b. The shift of 200 nm difference can be also seen 

in the comparison between S3a and 1-ethyl-2-[3-(1-ethyl-3,3-dimethyl-1,3-dihydroindol-2-

ylidene)propenyl]-3,3-di-methyl-3H-indolium iodide (CAS: 14696-39-0, 𝛌max (MeOH) = 546 

nm[274]). Furthermore, comparison between S3b and S5b comprising a terminal group as 

benzo[c,d]indolium substituted with alkoxy moiety, which improved solubility of the 

absorbers in monomers, showed similar behavior. This also occurs when S5a was 

compared with 1,3,3-Trimethyl-2-[5-(1,3,3-trimethyl-1,3-dihydroindol-2-ylidene)penta-1,3-

dienyl]-3H-indolium tetrafluoroborate (CAS 38575-74-5, 𝛌max (MeOH) = 638 nm[274]). 


These variations of structural patterns facilitate a certain molecular engineering to tailor the 

absorption properties. Here, variation of both nature of terminal group and length of 
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connecting methine chain resulted in an absorption shift of several hundred 100 nm and 

made it therefore easier to optimize the overlap between the absorption of the cyanines 

with the emission of the LEDs. These changes also influence both geometry and electron 

density as shown by the patterns calculated by density functional theory in Figures 9-13. 


 

Figure 9. Geometry of S5a showing a nearly planar pattern with a) front and b) side view, graphs c) and d) 
depict HOMO and LOMO, respectively, cited from[90]. 


 

Figure 10. Geometry of S7c showing a nearly planar pattern with a) front and b) side view, graphs c) and d) 
depict HOMO and LOMO, respectively, cited from[90]. 


 

Figure 11. Geometry of S7e showing a nearly planar pattern with a) front and b) side view, graphs c) and d) 
depict HOMO and LOMO, respectively, cited from[90]. 


S5a

a) b) 

c)                                                             d)

S7c

a) b) 

c)                                                             d)

S7e

a) b) 

c)                                                             d)
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Figure 12. Geometry of S7g showing a nearly planar pattern with a) front and b) side view, graphs c) and d) 
depict HOMO and LOMO, respectively, cited from[90]. 


 

Figure 13. Geometry of S9 showing a nearly planar pattern with a) front and b) side view, graphs c) and d) 
depict HOMO and LOMO, respectively, cited from[90]. 


Change from the length of the connecting methine chain more deeply influenced the 

absorption maximum as substituted with a specific group in the meso-position. 

Furthermore, distributing all π-electrons to one flat extended unsaturated moiety shows 

strong impact on absorption shift as well. This can be seen by comparison between S7c 

with S7d showing 240 nm shift. Here, the terminal group changes from Indolium to 

benzo[c,d]indolium. Similarly, S7e and S7f exhibit an absorption shift of 200 nm. 

Furthermore, the sensitizers S7e, S7g and S7f demonstrate a continuous significant 

bathochromic absorption maximum shift from 794, 835 and 998 nm by changes of the 

terminal moieties from indolium to benzo[g]- and benzo[c,d]indolium, respectively, 

supporting these general findings. Nevertheless, variation of the substitution at the meso-

position with a bridged structure slightly distorts the planarity of the conjugated chain in the 

case of S7c bringing a 40 nm redshift in the comparison of unbridged S7a which shows an 

almost planar geometry as obtained by quantum chemical calculations comprising the 

indolium moiety as terminal group while a hypsochromic shift of about 50 nm proceeds 

when the terminal group changes to benzo[c,d]indolium in the case of S7d and S7b. 

Moreover, considering sensitizers comprising the same number of π-electrons in the 

S7g

a) b) 

c)                                                             d)

S9

a) b) 

c)                                                             d)
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cyanine moiety but a distinct substituent at the meso-position, there is no remarkable 

difference regarding the absorption as concluded by the data of S7c, S7e and S7h. In 

addition, a further structural feature shall be mentioned. Cyanines comprising bridged 

connecting aliphatic chain in the meso-position with either five-membered ring or a six-

membered ring result in a nearly flat or more strongly distorted geometry as concluded by 

comparing the respective patterns in Chart 2[90]. These geometric distortions were so 

strong in the case of compound S9 with six-numbered ring shown in Figure 13. Here, only 

a slight distortion of the planarity occurs in the five-numbered ring compound shown in 

Figure 11 (S7e) and Figure 12 (S7g) exhibits the planar geometry[90]. The big features 

between these observations can be seen that S9 comprises a nonamethine chain which 

brings obviously planarity back. These geometric changes can deeply affect the 

compatibility in multifunctional monomers used in coating systems. Here, completely flat 

molecules possess a stronger tendency of aggregation resulting in a loss of the absorption 

of a single absorber molecule and decrease of solubility in the matrix. The utilization of the 

organic salts proceeds thin films requesting a much higher solubility compared to literature 

reports[88] where often a highly diluted solution was investigated. This can be seen a big 

challenge to improve the solubility in the monomers used in this thesis which also exhibits 

a practical impact. 


Furthermore, there exists a much smaller difference of the absorption changes comparing 

different substitutions in the meso-position considering the same terminal group which can 

be shown from the comparison form S7d and S7f of benzo[c,d]indolium, and indolium 

between S7c, S7e with S7h as well as benzo[e]indolium in the case of S7i and S7j, 

respectively. These different structural patterns of cyanines should lead to a different 

electron density. Nevertheless, the patterns of the HOMO and LUMO in Figures 9-13 

indicate the typical changes of the phase of the orbitals in the methine chain and terminal 

groups while changes from the substituents in the meso-position did not exhibit the 

expected impact although the electronic nature changes from an electron withdrawing 

phenyl group for S7c in Figure 10 to an electron donating group such as N(Ph)2 for S7e in 

Figure 11. There is nearly no electron density on both compounds observable for the 

substituent placed in the meso-position[265, 284]. Presumably, the methine chain in the 

meso-position possesses an orbital coefficient of around zero in Figure 10 and 11 

explaining why nearly no electron density would be transferred to the respective 

substituents. 
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In addition, S7j is an example of inner salt of a cyanine without additional counterion, and 

a further compound substituted with a sulfonate group shown in S7i facilitates sufficient 

solubility of itself in water, and therefore also in aqueous dispersions. It showed 

significantly different efficiency to bleach and generate heat under exposure of the high-

power NIR-LEDs[90]. Such absorbers possess big potential particularly to dry aqueous 

dispersions[60]. They may also have a big impact to replace oven techniques by photonic 

systems where heat generation proceeds on demand. Moreover, S7i possesses an 

excellent water solubility of about 40 g/L, which can be seen as significantly beneficial for 

practical applications. 


Table 3. Photophysical data of the absorbers used in this thesis including absorption maximum 𝜆max, 

extinction coefficient εmax, fluorescence emission maximum 𝜆fmax, fluorescence quantum yield Φf and decay 

time 𝛕f, and rate constant for florescence of the cyanines S3-S9. Electrochemical data discloses their 
oxidation Eox and redox potential Ered. In addition, the values of solubility show the compatibility of the 
cyanines in the monomer of TPGDA and water for S7i, respectively. Furthermore, the information of 
commercial name and supplier of these absorbers is also included. 


a: In ACN. b: In MeOH. c: Solubility (g/L) in the matrix of monomer TPGDA measured based on UV-Vis-NIR 
spectra using ACN as solvent. d: Commercial name available. e: Not able to be determined because of the 
detection limitation of the device. f: In H2O, cited from[277]. g: [88]. h: The company named as Spectrum Info 

Entry 𝛌max

(nm)[a]

𝛆max

(M-1×cm-1)[a]

Eox 

(V)[a]

Ered

(V)[a]

𝛌f max

(nm)[c]

Φf 


(%)[b]
kf 


(109 s-1)
𝛕f (ps)

[b]

Solubility
[c]

Name[d] Supplier

S3a 758 0.59×105 0.99 -0.36 782 0.31 0.016 49 0.03 S0773 FEW

S3b 817 1.55×105 0.78 -0.51 843 0.11 0.011 99 6.2 S08731 [h]

S5a 859 1.83×105 0.80 -0.32 879 0.08 [e] <25[e] 1.76 S09426 [h]

S5b 919 2.42×105 0.57 -0.48 [e] [e] [e] [e] 0.15 S2437 FEW

S7a 747 1.70×105 0.56 -0.63 774 26 0.23 1154 9.2 S2137 FEW

S7b 976 1.78×105 0.61 -0.30 1010 [e] [e] [e] 0.075 S2058 FEW

S7c 786 2.74×105 0.58 -0.56 824 19 0.19 1008 2.76 S2026 FEW

S7d 1027 2.48×105 0.60 -0.27 [e] [e] [e] [e] 0.11 S0813 FEW

S7e 794 2.29×105 0.57 -0.60 835 6.6 0.071 934 10.28 S2025 FEW

S7f 998 1.43×105 0.58 -0.26 [e] [e] [e] [e] 0.74 S2007 FEW

S7g 835 1.89×105 0.54 -0.61 869 0.76 0.034 213 14.1 S10761 [h]

S7h 775 2.02×105 0.64 -0.52 801 15 0.34 446 0.40 S0253 FEW

S7i 844[f] 2.67×105 0.6 -0.48 860 <0.1 <0.007 152 40.5[f] S2493 FEW

S7j 811[g] 3.17×105[g] 0.42[g] -0.87[g] 834[g] 13[g] 0.46 281 0.6[g] S0325 FEW

S9 857 1.80×105 0.46 -0.33 884 1.49 0.052 285 12.2 S09442 [h]
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Ltd. in Kiev, Ukraine. 𝛆max: Extinction coefficient was calculated following Beer-Lambert’s law based on the 
collected UV-Vis-NIR spectra of the solutions with different concentrations. 


Electrochemical properties confirmed discussions about structural effects of the 

conjugated patterns[90]. There is a visible decrease of the oxidation potential (Eox) by 

increase of an additional methine chain as proved by comparing S3a and S5a as well as 

S3b and S5b. This can be further concluded that the extension of polymethine chain from 

S3 to S5 to S7 until S9 results in a rough tendency of decrease on the oxidation potential 

values. In addition, the introduction of an electron-donating substituent on the terminal 

benzo[c,d]indolium expectedly leads to an easier oxidation as shown from S3b and S5b, 

respectively. Surprisingly, S5b and S7s exhibit similar oxidation potential between 0.64 and 

0.54 which reflects similar ability to oxidize although they possess distinct numbers of π-

electrons and substituent patterns. Besides, S9 shows slightly easier oxidation capability  

with the value of Eox = 0.46 V. Therefore, it could be concluded that it does not have a 

strong impact whether the connecting conjugated chain was open as in S5b, S7a and S7b 

or bridged in the case of S7c, S7d, S7e, S7f, S7g, S7h and S7i. The bridged chain 

comprise either an amino, a chlorine or phenyl substituent at the meso-position. 

Furthermore, the inner salt S7j comprising barbiturate shows similar reactivity as S9 with a 

value of 0.42 V[90]. 


However, the situation changes comparing the reduction potentials (Ered) of the materials. 

Most of the absorbers here show a reduction potential value with approximately -0.6 V 

considering S7a, S7c, S7e, S7g, S7h, S7i and S7j (see in Table 3). On the other hand, 

the compounds carrying benzo[c,d]indolium as terminal moiety exhibit higher Ered value of 

about -0.3 V in the case of S3a, S5a, S7b, S7d and S7f, which leads to more efficient 

reduction capability compared to those aforementioned. Interestingly, S9 also shows 

similar reduction efficiency as shown by the respective potential of -0.33 V. Furthermore, 

the absorbers of benzo[c,d]indolium with alkoxy substituent exhibit less efficient reduction 

capability in the case of S3b and S5b compared with the compounds of S3a and S5a, 

respectively. Nevertheless, this system discloses a process to generate conjugate acid 

and initiating radicals following an oxidative mechanism. In this process, Eox and Ered of the 

initiator and excitation energy (E00) from the sensitizers were considered to determine the 

free reaction enthalpy (ΔGel) based on the viewpoint of thermodynamics. Therefore, the 

ΔGel could be calculated by Equation (2) in Section 2.2.2[213]. Here, the cation of IS 

served as oxidizing reactant exhibiting a Ered of -0.69 V[88]. This generally indicates that 

PET may occur based on a thermodynamic point of view[14]. Nevertheless, solvent 
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effects, internal activation barrier[218] and internal reaction coordinates[90, 118, 127, 218] 

are not discussed in detail in this thesis to avoid too much speculative discussions. 

Scheme 8 explains well the scenario. Movement of the potential curve of the products also 

shifts the internal activation energy up or down, respectively. Until today, there have not 

been well-developed reliable tool disclosing such scenario. Nowadays available quantum 

chemical program often fail to disclose such big sensitizer molecules as shown by S3-S9. 


Nevertheless, the experimental results obtained illustrate huge difference between ΔGel, 

which was slightly negative in many cases regarding to the chemical reactivity[88, 90, 

118]. This often requires to operate such systems with high intensity radiation sources 

emitting in the NIR. Such devices were first introduced in 2019, which has brought big 

progress in the field of free radical and cationic photopolymerization[118]. A deeper 

understanding of the proceeding processes occurring in the excited state provides 

answers in this matter. 


5.1.2 Chemistry of the First Excited Singlet State 


Scheme 20 shows processes occurring from the S0 (ground state) to the S1 (excited state) 

with its vibrational states as well as the vibronic transition[285] where one-photon (OP) 

absorption proceeds with the energy hv. To deeply understand the S1 of the NIR-

absorbers, stationary and time-resolved fluorescence emission of excited state was 

characterised. Here, non-radiative processes mainly contribute to the performance of 

excited state in the case of S3a, S3b, S5a, which depicts both low quantum yield and short 

decay time of fluorescence emission from the excited singlet state (Table 3). Data of S5b, 

S7b, S7d and S7f are not available at the moment due to the detection limitation (spectral 

response ends above 910 nm) of the available device used. Furthermore, the decay time 

of S5a was lower than the time resolution of the single photon equipment used for the 

investigation of the excited state, that is > 25 ps. Extension of conjugated pattern 

decreases the excitation energy resulting in an increase of internal conversion (IC, see in 

Scheme 20) as experimentally shown by the bathochromic shift of absorption of the 

respective compounds. Thus, the longer wavelength and therefore lower energy difference 

between the S0 and the S1, the larger probability that a vibration with higher energy of the 

S0 may couple with the lowest vibration of the S1 favouring IC between both states. Such 

non-radiative events can lead to temperature increase in an adiabatic system, which also 

facilitates the process to overcome internal activation barriers in PET existing in similar 

systems[90, 115]. Therefore, those non-radiative deactivation proceed more efficiently in 

the case of compounds possessing a benzo[c,d]indolium terminal pattern shown by S3 and 
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S5 indicated by both low fluorescence quantum yield Φf and fluorescence decay time 𝛕f as 

shown by the Equation (9) infra vide. The constants kf, knr and kPET relate to the rate 

constant of fluorescence, non-radiative deactivation and rate constant of PET, 

respectively. Competition of fluorescence and non-radiative deactivation proceeding by IC 

controls the values of both Φf and 𝛕f, while the concentration of a reactant [Q] which is 

often called as quencher Q, is negligible. This follows by comparison of S7s (S7a, S7c, 

S7e, S7g, S7h, S7i and S7j) and S9 carrying either a benzo[e]indolium or 

benzo[g]indolium exhibiting higher values of Φf and 𝛕f and of course higher reactivity 

combined with IS as determined by the bleaching experiments and the amount of 

conjugate acid generated as well as the respect to the original absorber concentration, this 

will be discussed more in detail in the following subchapter. Scheme 20 shows the 

individual occurring photophysical processes. Furthermore, extension of the conjugated 

system from S3a to S5a and S5a to S7b by inserting an additional -CH=CH- group leads 

to the expected decrease of the energy gap between the S0 and the S1. As a result, there 

comes a higher probability of coupling between vibrations of the S0 with the lowest 

vibration of the S1 favouring the internal IC. In these cases, only total-symmetric vibrations 

couple with the symmetry-allowed electronic transition[286]. 


 

Scheme 20. Illustration of the representative electronic ground state (S0) with its vibrational states v = 0, v = 
2, and v = n, as well as the first electronic excited state (S1) following with the respective vibrational states v’ 
= 0, v’ = 3, and v’ = n, and the vibronic transition where proceeded through the absorption of one-photon 
energy hv. Graph was modified from[90, 267]. 


Until today, heat formation by the excited states has not been well understood. There exist 

several possibilities. It has been accepted that the relaxation from higher vibrational levels 

of the S1 to the lowest vibrational level of the same state results in release of energy as 
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heat. This contribution is not as high as that observed during laser drying using 

heptamethine based NIR absorbers[29].The excessive vibrational energy from the excited 

molecules is distributed by a process of vibrational relaxation (VR) to the isoenergetic 

asymmetric and symmetric states which is related to intramolecular vibrational 

redistribution (IVR)[267]. Thus, the heat to the overall amount of heat which is released 

into the surroundings can be still seen as minor contribution, although VR within S1 leads 

to a release of thermal energy. In addition, IC is considered to mainly contribute releasing 

heat into the surroundings[90]. According to the prerequisites aforementioned, the 

vibration at energetically lower level of the S1 (v’ = 0) couples with a higher vibration of the 

S0 (v = n), resulting in formation of an extremely hot molecule. From here, the excessive 

energy is redistributed through vibrational cooling (VC) by transfer of this excessive energy 

by collision to surrounding matrix molecules. Otherwise the extremely hot molecules would 

burn. It would rule out models disclosing stepwise relaxation down into lower vibrational 

levels. A vibrational level typically possesses a lifetime in the picosecond time-frame. 

Therefore, the excessive energy would remain too long in higher excited states explaining 

the aforementioned idea of ‘’burning’’ of the molecule. Some recent studies disclosed 

several examples in which the temperature can reach significantly higher than 100°C 

explaining the melting of powder coating followed by chemical curing > 150°C[8, 61, 118]. 


Scheme 20 depicts the occurring processes based on a simple point of view, while one 

should keep in mind that the practical scenario appears much more complicated[267]. In 

fact, the evolution of heat in systems showing large amount of contribution to IC has not 

received very well-understood. Experimental data supporting this contribution exhibits a 

temperature increase upon exposure by NIR-LED emitting at 860 nm by using UDMA as a 

matrix (shown in Figure 18). In general, the temperature evolution observed during the 

exposure indicates the overall increase in the system which is influenced by the heat 

capacity of the samples. As a comparison, this temperature can reach much higher value 

than that observed in the systems where burning of CD-R and DVD-R occurred, and 

cyanines also serve as an important role[88, 118]. 


Equation (9) describes the relation between quantum yield Φf, 𝛕f, kf, knr and reaction with a 

reactant Q in an activated PET (kPET). The latter can be neglected because [Q] = 0. 

Therefore, Φf and 𝛕f decrease when the contribution amount of non-radiative deactivation 

gets higher. Furthermore, the probability to get involved in PET also decreases. In general, 

IC proceeds based on unimolecular kinetics. This unimolecular process facilitates faster 

deactivation of the S1 instead of a bimolecular reaction as represented by kPET × [Q][20]. 
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Diffusion controls typically the latter by the viscosity of the surrounding matrix. The 

investigation of photoproducts proposed the mechanism in a deeper insight, which will be 

discussed in next section. 





(9)


Figure 14 shows the fluorescence decay traces of several cyanines as an example with 

absorption in the NIR. Data obtained provide information for the efficiency of radiative 

deactivation proceeded by fluorescence emission. As can be seen, substitution with alkoxy 

groups on the terminal benzo[c,d]indolium improves the contribution to radiative 

deactivation as concluded by comparing S3a and S3b. Furthermore, the decays of S7a, 

S7c and S7e exhibit approximately 20 times higher in comparison with S3a. It appears 10 

times larger compared to S3b. This agrees with the findings that benzo[c,d]indolium 

favours non-radiative deactivation. Vibrational coupling can be also considered as an 

enhancement based on the theoretical point of view[266]. One can see therefore that 

longer polymethine chain facilitates radiative deactivation in the system shown in S7 

(except S7d and S7f with benzo[c,d]indolium) and S9 while as a comparison, the terminal 

group of large stiff conjugated patterns in the case of S3, S7d and S7f directs the system 

towards non-radiative deactivation (see in Table 3). 


A view on the data of S7s shows the intricacy but comes clear that the benzo[c,d]indolium 

responsibly connects to non-radiative deactivation. No big difference was observed 

between S7a, S7c and S7e when they share the same terminal structural pattern of 

indolium. Although S7a builds up with an open polymethine chain. S7a (𝛕f = 1154 ps) 

exhibits similar but a bit longer decay as well as higher value of Φf than that of S7c (𝛕f 

=1008 ps), which possesses a bridge with five-ring substitution in the middle of 

polymethine chain and a phenyl group in the meso-position. This might be seen as a slight 

difference but the data do not appear so different. S7e shows slightly decreased decay 

and Φf comprising N(Ph)2 in the meso-position comparing to S7c carrying phenyl group as 

electron-withdrawing substituent (see in Table 3). 


Φf =
kf

kf + knr + kPET × [Q]
= kf × τf
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Figure 14. Traces of fluorescence lifetime of the absorbers S3-S9 obtained after the excitation at 670 nm in 
MeOH applying time-correlated single photon counting to collect the data. The maximum fluorescence 
emission (𝛌fmax) from the samples show up at the following wavelengths: a): S3a (𝛌fmax = 782 nm); b): S3b 

(𝛌fmax = 843 nm); c): S7h (𝛌fmax = 801 nm); d): S7e (𝛌fmax = 835 nm); e): S7c (𝛌fmax = 824 nm); f): S7g (𝛌fmax = 

869 nm); g): S9 (𝛌fmax = 884 nm) and h): S7g (𝛌fmax = 869 nm). Experimental details could be found in 
Section 3.3.3, (the red curve represents the instrumental response of a scatter comprising Ludox in water 
whose detection is  close to 670 nm; blue: decay traces of the samples detected; black: calculated decay 
traces by iterative convolution between the instrumental response and exponential curves), modified 
from[90]. 


Furthermore, replacement of six-ring with three methylene group by a moiety comprising 

two methylene bridges and an electron withdrawing moiety such as chlorine in the meso-

position as shown in S7h significantly contributes to non-radiative deactivation compared 

to S7c when they both comprise the same indolium terminal pattern. In addition, S7g 

exhibits both lower Φf and 𝛕f than S7e when they carry the same connecting bridge and 

substitution in the meso-position. This indicates that both benzo[g]indolium and N(Ph)2 

group significantly affect the fluorescence dynamics. Moreover, the cyanine S9 possesses 

a nonamethine chain to connect the terminal indolium. The fluorescence decay was 

shorter comparing to S7c and S7e. The bathochromic shift on absorption of S9 compared 
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to S7e decreases the energy gap between the S1 and S0, which leads to an increase of 

non-radiative deactivation such as IC. However, the efficiency of these sensitizers to 

initiate radical and cationic polymerization was still sufficient. As a summary, fluorescence 

data collected roughly describe relation between structural features of these cyanines and 

emission dynamics as previously discussed. Nevertheless, the availability of preliminary 

can be seen as rare although some resources give a brief summary[90, 91]. There would 

be more research necessary in the field of photophysics of cyanines absorbing in the NIR 

to reduce the nowadays existing knowledge gap. 


Interestingly, the oxidized photoproduct of S7c (S7c-ox) after PET showed similar 

fluorescence lifetime, which also turned to be sufficiently reactive with IS[90, 118]. It 

comprises an additional double bond and therefore would not fit in the classification of 

cyanines. This may explain the hypsochromic shifted absorption with respect to the 

cyanine substrate[118, 287]. 


 


5.1.3 Performance on Generation of Radical and Conjugate Acid as Initiating 
Species Combined with Iodonium Salt 


The NIR sensitizers S3-S9 comprise distinct structural features regarding to: 


• Different numbers of methine groups connecting both terminal patterns (trimethine for 

S3, pentamethine for S5, heptamethine for S7 and nonamethine for S9); 


• Open connecting methine chain (S3, S5, S7a and S7b) or bridged chain (S7c-S7j and 

S9); 


• Absorption changes summarised by the comparison of terminal pattern from 

benzo[c,d]indolium (S3, S5, S7b, S7d and S7f), indolium (S7a, S7c, S7e, S7h and S9), 

benzo[g]indolium (S7g) and benzo[e]indolium (S7i and S7j) derivatives; 


• Substitution of the terminal benzo[c,d]indolium (S3b and S5b) or without additional 

substituents (S3a and S5a), as well as substituent on benzo[e]indolium (S7i); 


• Replacement of substituents in the meso-position of the connecting bridge with either 

five-ring moiety (S7c-S7g, S7i and S7j) or six-ring moiety (S7h and S9); 


N N
C4H9C4H9

S7c-ox
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• Substituted on the bridges by variation of groups in the meso-position with either phenyl 

(S7e and S7d), N(Ph)2 (S7e-S7g), chlorine (S7h and S7i), barbiturate (S7j) or hydrogen 

(S9); 


• Variable alkyl groups at the nitrogen atom on terminal indolium group by either butyl (S3-

S7f), methyl (S7g, S7h, S7j and S9) or butanesulfonate (S7i); 


The structural changes affect optical absorption and therefore excitation energy, redox 

potentials as well as the geometrical properties of the compounds as aforementioned. In 

general, the system comprising cyanine as sensitizer and iodonium salts as co-initiator 

mostly appears under slightly exothermal conditions where ΔGPET < 0[213, 288]. Equation 

(3) and (10) depicts the relation between the efficiency of electron transfer and the free 

activation enthalpy ΔG≠ in PET process based on the famous Marcus theory[135] in an 

almost exothermal reaction protocol (Scheme 21). Nevertheless, there exist different 

scenarios related to the activation enthalpy ΔG≠ as shown by their different potential curves 

(temperature change is not included)[118, 218]. This is a very simplified pattern because it 

only considers potential energy curves of a small molecule. 


(10)


Consideration of ΔGel by taking the oxidation potential of the cyanine sensitizers and 

reduction potential value of IS (Ered = -0.69 V[58]) appears together with the respective 

excitation energy (Table 3) slightly negative based on Equation (2) vide supra. Thus, the 

sensitizers S3-S9 are supposed to show similar performance due to the similarity of ΔGel 

from a thermodynamic point of view. As can be seen in Scheme 21, the geometric 

changes relating to internal coordinates of the sensitizers as defined by Equation (5) affect 

the potential curves resulting in obviously different value of ΔG≠ although the systems 

shows similar free enthalpy ΔGet of PET. Thus, geometric changes may have a deep 

impact on the shift of the reaction coordinate. Here, the activation enthalpy changes while 

the free enthalpy does not change. Therefore, the systems comprising cyanine and 

iodonium salt bring big impetus to understand PET more in detail because the cyanines 

differently contribute to the heat released. In the PET process, internal barrier significantly 

affects the reactivity while the heat released facilitates to overcome the internal reaction 

barrier. This works well with the high intensity radiation sources[118]. 
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Scheme 21. Energetic representation of the relation between PET and internal barrier in the occasions 

where similar exothermal condition ( ) exists while internal barrier ( ) differs, modified from[154]. 


The results regarding photobleaching and conjugate acid generation using the sensitizers 

S3-S9 combined with iodonium salt IS as co-initiator demonstrate the chemical reactivity of 

the systems. These data provide a deeper insight to understand the differences based on 

a chemical point of view (Figure 15-17). Figure 15 exhibits the changes of the absorption 

spectra of the cyanines possessing benzo[c,d]indolium as terminal group (S3b, S5a, S7b, 

S7d and S7f) upon exposure in CH3CN by NIR-LED emitting at 860 nm with an intensity of 

1.0 W/cm2 in the presence of IS. Only a slight absorption decrease of the sensitizers was 

detected, these sensitizers always carry benzo[c,d]indolium terminal pattern appeared 

regardless the numbers of methine groups in the connecting chain (comparison between 

S3b, S5a and S7b), or substituents positioned in the meso-position of cyanines possessing 

bridged chain such as a phenyl group (see S7d) or N(Ph)2 moiety (S7f). There was no 

significant change between the samples under exposure of different time (10 mins for S3b, 

S5a and 30 mins for S7b, S7d and S7f). So it can be concluded that the reactivity as 

indicated by bleaching of compounds comprising a benzo[c,d]indolium pattern proceeds 

with very low efficiency. Here, non-radiative deactivation instead of photochemical 

reaction, which is related to PET process, can be seen as the major deactivation process 

of the S1. One should keep in mind that although the experimental condition of the 

sensitizers was adjusted to the same radiation intensity from each other, the emission of 

the LEDs is not tunable, thus, different penetration length or amount of energy absorbed 

could appear when the excitation was reached to the edges or maximum or different 

overlapped efficiency in the absorption of the absorbers. 


ΔGET0 ΔGET≠
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Figure 15. Profiles of optical density (OD) decrease from the NIR-absorbers ([Sens] = 5.0×10-4 mol･L-1) in 

acetonitrile upon exposure in the presence of iodonium salt ([IS] = 3.0×10-3 mol･L-1) applying the big-size of 

LED emitting at 860 nm with the intensity of 1.0 W･cm-2; a) S3b, b) S5a, c) S7b, d) S7d and e) S7f, modified 
from[90]. 


Interestingly, the situation significantly differs in Figure 16. This relates to the indolium 

derivatives with either an open heptamethine connecting chain (S7a in Figure 16a), or 

bridged chain substituted by N(Ph)2 in the meso-position (S7e and S7g in Figure 16b and 

d, respectively) and bridged chain with substitution of six-ring and chlorine in the centre of 

the cyanine (S7h in Figure 16c). This also holds for S9 shown by Figure 16e, that is an 

indolium derivative with nonamethine pattern substituted by a six-ring in the center. In 

addition, the benzo[g]indolium derivative of S7g in Figure 16d also showed very efficient 

photobleaching, that is completely bleached after 5 minutes exposure and approximately 

99% absorption decrease after 120 s in the presence of IS resulting in a significant 

hypsochromically shifted peak down to 600 nm. This relates to the oxidized moiety 

showing a fulvene structure as that similarly reported in the case of S7c-ox (see the 

structure vide supra)[118]. 


It is therefore not anymore a cyanine following the 100 nm rule by extension of an 

additional -CH=CH- moiety[263]. In addition, S7e (Figure 16b) and S9 (Figure 16e) also 

exhibit new hypsochromically shifted absorption bands that relate to a similar oxidation 

product compared to S7e in the case of S7g (560 nm) and other conjugated molecules 

formed by oxidation which do not anymore assign to cyanines in the case of S9 (450 nm). 
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Figure 16. Profiles of optical density (OD) decrease from the NIR-absorbers ([Sens] = 5.0×10-4 molL-1) in 
acetonitrile upon exposure in the presence of iodonium salt ([IS] = 3.0×10-3 molL-1) applying the big-size of 
LED emitting at 820 nm for S7a, S7e and S7h and LED emitting at 860 nm for S7g and S9 with the intensity 
of 1.0 W/cm2 respectively; a) S7a, b) S7e, c) S7h, d) S7g and e) S9, modified from[90]. 


These different bleaching efficiencies also enable different capability of the systems to 

generate conjugate acid aH+. Colorless rhodamine B lactone (RhB-L) can quantitatively 

probe the amount on acid formed by formation of coloured rhodamine B (RhB) as 

illustrated in Scheme 22[88]. Furthermore, the data of both [aH+] and [aH+]/[Sens] obtained 

and shown in Figure 17 demonstrate the reactivity of the sensitizers to generate conjugate 

acid using IS as electron acceptor. The ratio [aH+]/[Sens] displays the amount of acid 

formed by one sensitizer molecule. It is clear also from Equations (11)-(14), that the acid 

originates from the sensitizer in case of an oxidative mechanism. Particularly Equation (12) 

contributes to acid formation. Again, both data exhibit higher efficiency and reactivity of the 

derivatives of benzo[g]indolium pattern with longer polymethine chain while the compound 

with stiff benzo[c,d]indolium group demonstrated much less reactivity regardless of the 

numbers of π-electrons (S3, S5, S7b, S7d and S7f). S7i was not included since its water 

solubility and S7j was already previously reported[118, 161]. S7a-S7c, S7e and S7g-S9 

exhibited higher reactivity which keeps the consistence regarding the photobleaching 

efficiency combined with IS. Particularly, S7g and S9 indicate the most promising features 

served as sensitizers for NIR-induced photopolymerization in combination with more 

sophisticated high-power NIR-LED devices emitting at 860 nm. 
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                                               (12)


                                                   (13) 


                                                  (14) 


 

Scheme 22. a) Mechanism to evaluate the conjugate acid generated upon exposure on the sensitizers in 
presence of IS modified from[88]; b) an example from S9 (blue: absorption spectrum of S9 in acetonitrile, 
red: the spectrum of the solution of S9 and IS after 10 min exposure applying 860 nm emitting LED and 
added rhodamine B, experimental detail is disclosed in Section 4.1.2). 


Equation (11) describes that the generation of oxidized Sens+⋅through a process of PET 

between photoexcited sensitizer (Sens*) and the cation of IS. The cation radical Sens+･ 

formed stabilises by release of conjugate acid (aH+) and the photoproducts comprising 

either nitrogen (Pr(N)) or no nitrogen (Pr(O)) shown in Equation (12). Furthermore, the 

photoproducts which comprise nitrogen can additionally consume oxidized Sens+･ 

resulting in back to formation of Sens as illustrated in Equation (13). In addition, the 

amount of conjugate acid available to protonate colourless Rhodamine B lactone would be 

lower according to Equation (14) because Pr(N) can consume acid formed. This would not 

be available to initiate cationic polymerization. It also explains why the amount of acid 

measured in the systems appears often less than expected. Consequently, the ratio [aH+]/

[Sens] is less than 1.0 in such a case. 
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Figure 17. The profiles showing the capability of the NIR-initiators to generate conjugate acid. a) The 
evaluated amount of conjugate acid formed in the system comprising Sens (2.0×10-5 molL-1) and IS (1.2 × 
10-4 molL-1) after exposure for 15 mins applying the NIR-LEDs with the intensity of 1.0 W/cm2, LED emitting 
at 820 nm was used for S3a, S7a, S7c, S7e, S7h and LED emitting at 860 nm was applied for S3b, S5a, 
S5b, S7b, S7g, S7f, S7g and S9, respectively. After the exposure, amount of Rhodamine B was added into 
the solutions ([Rhodamine B] = 1.0 × 10-4 molL-1; b) the values of the concentration ratio of conjugate acid 
formed to the original concentration of the Sens. 


Data obtained through mass spectrometric analysis carried out by a LC-MS protocol helps 

to propose possible pathways for the formation of possible structures of the photoproducts 

Pr(N) and Pr(O) as shown in Scheme 23. This proposal bases on the molecular ions listed 

in Table 4 that were detected in the mass spectrometer in the case of S9 after exposure in 

the presence of IS following the strategy reported in the supporting of Ref[118]. Previous 

investigations of photoproducts disclosed originating from S7c and S7e followed similar 

treatment[118]. Therefore, S7g may expectedly follow the similar mechanism of S7e upon 

exposure. 


The photoreaction related to PET process between Sens* and IS leads to oxidation of 

Sens as indicated by formation of Sens+･. The latter stabilizes by either oxidation at 

position iii or chemical bond cleavage at the position i and ii following the generation of 

nucleophilic moieties as discussed in Scheme 23. Compounds comprising an open 

methine chain such as S3, S5, S7a and S7b are not included here since the ions observed 

indicated the molecular mass related to the cleavage from the adjacent bond with respect 

to the indolium patterns, details could be also found from[90]. Particularly, S9 exhibited 

oxidation reactivity at its iii-position through the yellowish photoproducts, Figure 16e, 

which do not anymore assigns to a cyanine[263]. Such unexpected phenomena may 

potentially facilitate the design of the photoswitching systems such as photo-controlled 

materials or devices. Because these materials bleach at the excitation wavelength which 
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exhibits an open window while the increase of hypsochromic absorption results in closure 

of an optical window. 


 


Scheme 23. Proposal of photoproducts according to the molecular mass of ions detected by LC-MS spectra 
by analysing the ions available from the solution in CH3CN upon exposure comprising S9 in the presence of 
IS by the LED at 860 nm, cited from[90]. 


The dominant pathway of cleavage was expected to occur at either position i or ii since 

there was no indication showing the behaviour of the products based on oxidation at the 

position iii from the heptamethine derivatives with similar trimethylene structure in the 

center[115]. Scheme 23 summarises the photoproducts based on the molecular ions 

observed in the MS spectra (listed in Table 4) in the case of S9.  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Table 4. Summary of molecular mass of the ions detected from the exposed solution comprising S9 and IS 
at 860 nm with an intensity of 1.2 W/cm2 for 10 min. Some of the ions appeared as doubly charged ions and/
or NA+-adducts, modified from[90]. 


The proposal of the products mixture may explain why the absorption spectra in Figure 
16e did not show an isosbestic point which is typically observed in the photochemical 

process from A* directly to B[289]. In addition, the structure of moieties b2-4 also indicates 

the absorption of hypsochromic shift since those patterns do not any more belong to the 

classification of cyanines. 


5.1.4 Heat Release Regulated by the Structural Patterns of Cyanines 


The NIR sensitizers showed distinct efficiency of photobleaching and exhibited significantly 

different fluorescence emission (Φf and 𝛕f) as previously discussed due to the variation of 

structural patterns. The IC from the S1 to the S0 of the absorbers results in heat release 

into the surrounding matrix which can be considered as the main source to heat up the 

materials. Figure 18 demonstrates the results observed in the system where UDMA as 

matrix. Figure 18 a) and b) showed the temperature measured in the samples of UDMA 

comprising IS and different sensitizers upon NIR exposure by the LEDs emitting at either 

820 nm or 860 nm. 


Here the sample comprising S3b showed the highest final value of the temperature at 

80°C followed by S5. The highest temperature point of the sample comprising S3a ends 

up at 45°C due to its insufficient solubility in the monomer. S7a and S7c reach at first the 

maximum temperature up to 42°C and 50°C, respectively, and end finally at 40°C. The 

t/min m/z
2.35 214.0860
12.01 214.0860
12.82 279.1547
13.37 352.2404
13.47 284.3265
14.26 427.2403
15.44 338.3364
15.64 803.5300
16.07 566.3827
16.66 561.4208
16.96 537.4220
17.61 565.4525
19.21 663.4424
21.07 896.7540
21.49 872.7559
22.26 848.7519
23.98 876.7864
24.49 130.1569
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temperature of the systems comprising S7g and S9 increases up to 70°C and drops down 

to 55°C at the end. The performance regarding heat contribution of S7e and S7j was 

previously reported[118]. Data of S7b, S7d and S7f is missing due to the excitation 

limitation of the LED devices. In contrast to S3 and S5, where the temperature in the 

systems continuously increase until the end, the samples of S7a, S7c, S7g and S9 

demonstrate a significant drop after passing the maximum point. Here, sufficient 

photobleaching occurred with these compounds possessing either an indolium or 

benzo[g]indolium terminal pattern which confirms the results discussed in previous 

subsection. Thus, bleaching during exposure reduces the number of molecules 

contributing to non-radiative deactivation explaining the temperature decrease observed in 

these pictures. 


Nevertheless, absorbers comprising a benzo[c,d]indolium terminal group exhibited 

insufficient efficiency to generate radicals related to photobleaching and conjugate acid 

which is necessary to initiate cationic photopolymerization. Thus, these sensitizers showed 

big potential as heat generators to facilitate chemical reactions or to promote physical 

process such as physical drying[14, 60, 61]. Furthermore, significant temperature increase 

was observed in the systems comprising S3b of the same concentration in both UDMA 

and in TPGDA as previously discussed that S3 showed good efficiency to generate heat 

upon exposure. In addition, the temperature reaches higher point as expected with larger 

concentration in the matrix of UDMA due to the higher amount of photon absorption. 




Figure 18. Temperature traces from the system of free radical photopolymerization in a) and b) UDMA 
comprising Sens (1.05×10-3 mmol･g-1) and IS (1.56×10-2 mmol･g-1). c) Comparison of the temperature in 
TPGDA/UDMA and different concentration of S3b in UDMA (0.05 wt% of S3b is approximately 0.53×10-3 
mmol･g-1), modified from[91]. 


The introduction of NIR absorbers and their capability to generate and diffuse heat enables 

to promote thermally initiated free radical polymerization and polymer formation as shown 

in Figure 19 by using UDMA as matrix. The heat generated also contributes to thermal 

initiated polymerization. Such monomers also possess an intrinsic temperature where 
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polymerization starts. Addition of NIR-sensitizer components such as cyanines and/or 

iodonium salts decreases this initiation temperature. Such an observation does not appear 

as unusual as previously shown in multi-functional acrylic esters[88, 290]. The conversion 

of monomer UDMA grew up obviously much faster in systems in a combination of IS and 

Sens regardless of the terminal patterns (indolium of S7c and S9, benzo[c,d]indolium of 

S7d) or the difference of substitution in centre of the sensitizer, or the length of connecting 

chain (heptamethine of S7c and S7d, nonamethine of S9). This can be seen as a certain 

thermal instability which decreases in the following order: 


(UDMA + IS + Sens) > (UDMA + IS) > (UDMA + Sens) > UDMA. 


Nevertheless, the neat monomers exhibit a much higher thermal stability compared to the 

systems comprising Iodonium salts and/or NIR absorbers as shown in Figure 19. 


 

Figure 19. Conversion-time profiles of UDMA based on thermally initiated polymerization at 150°C 
comprising Sens (1.05×10-3 mmol･g-1) and IS (1.56×10-2 mmol･g-1) with the comparison from Sens and IS 
with the same aforementioned concentration in neat UDMA respectively. 


In general, the generation of radicals from IS that is needed to initiate free radical 

polymerization of acrylate monomers resulted in by thermally induced cleavage explaining 

the acceptable final conversion of 60% without sensitizer[91]. Furthermore, the inflection 

point on the conversion curves appears much earlier in the case of S7c and S9 than that 

in S7d. Here, cleavage occurred which promotes to generate radicals by a thermal 

reaction between Sens and IS. Thus, the synergistic effect from heat-induced cleavage 

and heat absorption/transfer in the systems comprising S7c and S9 may explain why the 

final conversion of the sample comprising S7d responds later to the heat introduced into 

the system but still ends up with a sufficient value of 100%. This example demonstrates 
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that heat in general plays a vital role also in a system that follows radical polymerization 

using a monomer as matrix. According to the current experimental data, no detailed 

decision can be made whether the heat released by the sensitizer caused by light 

absorption or the heat externally introduced dominantly affects thermally initiated 

polymerization processes. 


Figure 20 confirms the thermal contribution of the introduced Sens in the systems to 

obtain crosslinked polymer using IS as co-initiator as concluded by recording the viscosity 

as response during the thermal treatment. This experiment also discloses the efficiency in 

such systems regarding the generation of initiating species by thermal reaction between 

Sens and IS in the case of S7a, S7c and S9. Thus, the inflection point where the real part 

and the imaginary part of the viscosity correspond to the storage and loss modulus, 

respectively, records the gel point (tgel) disclosing the time for first network formation[291]. 

This is a typical methodology to determine the storage and loss modulus of the system 

indicating detectable crosslinking occurrence during polymerization. 


Here, S9 exhibits very good efficiency to promote crosslinking by showing the earliest tgel. 
This complements the results from DSC where Ti was determined. One the other hand, 

S7d exhibits also high efficiency to absorb and transfer heat showing with a gel point at 

around 87°C. In addition, the samples of neat UDMA and UDMA with IS showing no 

comparable storage modulus change in the comparison to those systems comprising 

Sens. This also indicates the function of the presence of sensitizers. 
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Figure 20. Profiles from rheology measurement based on a programmed heating up process. a) Curves of 
storage modulus, loss modulus as well as the temperature from the system in UDMA comprising IS (1.0 
wt%) and S7d (S7d:IS = 1:6 (molar)) and; b) Profiles of storage modulus-temperature of the system of 
UDMA comprising Sens and IS following the aforementioned concentration, as a comparison, the data from 
neat UDMA and IS dissolved in UDMA was considered, respectively. 


5.2 Polymer Network Formation by Radical and Cationic Crosslinking 
Applying NIR-Radiation for Excitation 


5.2.1 Activated Free Radical Photopolymerization 


Previous studies disclosed the significance to introduce heat needed to overcome an 

internal activation barrier promoting PET in systems where cyanines serve as sensitizers 

comprising diaryliodonium salts upon NIR exposure above 800 nm[118]. Sensitizers 

showing a large contribution of non-radiative deactivation can optimally proceed this 

process under adiabatic condition. The quantum yield for this process should be larger 

than 80% as concluded from fluorescence quantum yield, Table 3. Here, sensitizers 

comprising barbiturate group in the meso-position and a bridged connecting chain also 

respond to minor light intensity to succeed in initiation of free radical photopolymerization 

by using TPGDA as monomer[91]. Thus, there are no successful examples reported by 

using cyanine sensitizers comprising an open methine chain between the two indolium 
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terminal groups for excitation above 750 nm to generate aryl radicals and conjugate acid in 

the presence of IS as co-initiator[88, 118]. 


There still remains open questions how structural patterns of cyanine-based sensitizers 

affect the internal barrier of PET. This relates to the structural pattern of the terminal 

groups and length of methine chain as well as its sensitizing efficiency in PET by NIR 

excitation with high or low intensity. Previous research reported successful examples of 

cationic photopolymerization but investigation did not go so much in detail regarding the 

structure of cyanines. Therefore, the comparison between S3-S9 may make it more clear 

whether an open chain in S3, S5, S7a and S7b or those with substituted bridge affect the 

sensitization efficiency. In addition, the variation of the terminal moiety may also affect the 

sensitization efficiency as depicted in the comparison between the patterns of 

benzo[c,d]indolium in the case of S3, S5, S7b, S7d and S7f, indolium of S7a, S7c, S7e, 

S7h and S9, and benzo[g]indolium of S7g as well as benzo[e]indolium of S7j[90]. 

Particularly, these structures may also bring effects to the size of internal activation barrier 

of PET. According to the results regarding reactivity, those from S9 and S7, except S7b, 

S7d and S7f, would move into higher reactive systems while the rest would not follow, S7i 
is not included due to its water solubility. Table 5 complies the solubility of the cyanines 

investigated. There does not exist a clear relation of the molecular pattern regarding 

compatibility and thermal stability in combination with IS as determined by the temperature 

where radical polymerization significantly begins. Here, only systems carrying 

benzo[c,d]indolium moiety showed high thermal stability, which is still below its melting 

point of IS, Tm=153°C[130].  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Table 5. Data of the sensitizers showing the molecular weight, solubility and initiation temperature in the 
monomer of TPGDA. 


a: data is from the provider; b: determined in untreated TPGDA according to the method reported[118]; c: 
determined in the system comprising IS in TPGDA by DSC setup according to the method reported[88], [IS] 
= 1.0 wt%, [Sens] : [IS] = 1:6 (molar), d: determined in H2O; e: not carried out due to its solubility; f: cited 
from[90]. 


As recently reported, iodonium salts comprising weak coordinating anions showed 

significantly large solubility in the acrylate monomers[130]. One question arriving from 

practice always addresses the loading with initiator components. This should be as low as 

possible. Thus, the molecular size would be one point of the selection by keeping the 

benefits of compatibility in the matrix. The [NTf2]- anion would be favourite because it 

exhibits only a half of the molecular weight compared to [Al(O-t-C4F9)4]-. The latter 

showed good performance to initiate both free radical and cationic photopolymerization 

due to its excellent compatibility in the matrix[27, 127]. However, the big size of it can be 

an undesirable feature considered for the practical applications aforementioned. Thus, IS 

could be taken as alternative with the benefit of excellent solubility and the feature not to 

release HF, which certainly relates to the [PF6]- anion[132]. These NIR sensitizers exhibit 

sufficient solubility (see in Table 5) using TPGDA as matrix determined by the previously 

disclosed method[88]. 


Entry Mn (g/moL)[a] Solubility (g/L)[b] Ti (°C)[c]

S3a 544.4 0.03 117.6

S3b 1046.9 6.2 148.0

S5a 928.7 1.8 168.1

S5b 714.7 0.2 140.8

S7a 638.7 9.2 113.7

S7b 654.7 0.08 107.2

S7c 766.4 2.8 116.2

S7d 698.7 0.1 94.8

S7e 773.8 10.3 84.6

S7f 789.8 0.7 105

S7g 1147.9 14.1 113.5

S7h 655.3 0.4 82.6

S7i 1277.2 34[d] [e]

S7j 730.9 1.2[f] 77.1[f]

S9 948.8 12.2 100.0
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Preliminary results demonstrate the possibility of S7c and S7g to overcome an internal 

activation barrier in the systems combined with IS applying a high-power NIR-LED 

excitation[90, 118]. It also indicated that a dimethylene bridge as in S7c and S7e favours 

cationic photopolymerization while those comprising trimethylene bridge failed[27, 88, 

118]. Surprisingly, S7a showed a remarkable reactivity in free radical photopolymerization 

by using NIR-LED with low exposure intensity of 45 mW/cm2 as obtained through photo-

DSC depicted in Figure 21a. This sensitizer behaves similarly in the case of high-power 

LED (I = 350 mW/cm2) as shown in Figure 21b. On the other hand, the cationic sensitizers 

S7g and S9 did not show acceptable reactivity for polymerization in the photo-DSC 

experiment while they did when using FTIR to follow monomer consumption. Only S7e 

exhibited slight response when the experimental temperature increased. Therefore, S7a 

can be seen as an interesting and promising candidate in the systems combined with low 

exposure intensity NIR-LEDs compared to those S7b-S7h since its lower intrinsic 

activation barrier as confirmed by the higher reactivity.  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Figure 21. Profiles of conversion-time and polymerization rate (Rp) obtained via photo-DSC of the system 
comprising Sens and IS (1 wt%, [Sens]:IS = 1:6 (molar)) in the monomer of TPGDA exposed by NIR-LEDs 
emitting at 770 nm (I = 45 mW/cm2) taken at different temperatures (Figure 21a; Sens = S7a) and the 
systems comprising different Sensitizers (Figure 21b) with either an open polymethine chain (S7a) exposed 
by 820 nm LED or a bridged polymethine chain (S7g and S9) exposed by 860 nm NIR-LED with an intensity 
of 1.0 W/cm2 carried out at 40°C, cited from[90]. 


The photo-DSC setup proceeds an isothermal experimental condition. Thus, the heat 

released by the sensitizers and the polymerization would immediately be compensated by 

the instrument in the chamber via immediate cooling. Thus, this fraction of energy would 

be taken by the instrument and not the molecule to overcome the internal activation 

barrier. Therefore, this mechanism differs from that in real-time FTIR setup (see in Figure 
22), where the heat formed remains in the systems resulting in a situation that reside 

between an adiabatic and isothermal condition in the time frame of the reaction. This 

always favors NIR-sensitized radical photopolymerization where both photon and heat are 

necessary to proceed PET based on an activated scheme[11, 19, 20]. Therefore, these 

results may open a new window for the applications where devices operating with minor 

intensity are desired for application. 
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Figure 22. Conversion-time profiles for free radical photopolymerization measured by RT-FTIR in a) UDMA 
and b) TPGDA comprising [Sens] = 1.05×10-3 mmol･g-1 and [IS] = 1.56×10-2 mmol･g-1 applying with NIR-
LEDs with the intensity of 1 W/cm2. The data of photopolymerization from S7b, S7d, S7f was missing 
because of the small area of wavelengths overlap between the emission of available light sources and the 
absorption of the Sens. S7i was missing because of its water solubility which is not possible to dissolve into 
the organic monomers while S7j was investigated previously from[118]. This graph was modified from[91] . 


The combination of the sensitizers depicted in Chart 2 with IS exhibited distinguished 

reactivity of free radical photopolymerization in either UDMA or TPGDA due to the specific 

structural patterns resulting in the scenario of Figure 22. As a comparison, the UV-

sensitized system was included where ITX served as a sensitiser and the IS remained the 

same functioned as co-initiator as that in NIR systems[91]. The examples comprising 

either nonamethine or heptamethine showed comparable reactivity compared to UV 

excitation systems. As a result, S7g possessing a benzo[g]indolium terminal group 

exhibited the highest reactivity of polymerization (higher value of Rp) and final C=C 

conversion in UDMA, Figure 22a, followed by the nonamethine S9. S7e also showed 

comparable reactivity, it bears the same substitution as S7g while the terminal pattern was 

the same as in the case of S9. Furthermore, the samples of S7a and S7c performed 

slightly less reactive but still exhibited a better than reactivity than S3 and S5. Surprisingly, 

the sample of S3b ended up with sufficient final conversion although it showed lower 

polymerization reactivity as concluded from the conversion-time profiles. Comparatively, 

S3 and S5 showed the lowest reactivity. Both comprise the benzo[c,d]indolium terminal 

group which facilitate more strongly the non-radiative deactivation process[90, 91]. 

Change of the monomer as matrix with lower viscosity such as TPGDA leads to the results 

in Figure 22b. Similarly, the examples comprising S7e, S7a and S7g depicted the highest 

reactivity at the point of view of both Rp and final conversion, followed by S9 and S7c. In 

addition, the higher viscosity of UDMA brings lower mobility of the molecules which results 

in higher reactivity in the case of S3 and S5. The different overlap between the absorbers 
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absorption and the LED emission may also cause the differences observed because only 

the light absorbed can operate in a light-mediated reaction. In general, the non-radiative 

process decreases the efficiency of the excited state resulting in a lower lifetime of the 

excited state. As a consequence, less Sens* would be available to participate in the 

electron transfer reaction between IS, this also explains the different reactivity of these 

sensitizers in a specific matrix. 


Besides the initiation efficiency of photopolymerization, mechanical properties of the 

polymer films prepared by NIR excitation also brings importance of research. Here, 

dynamic mechanical analysis (DMA) was carried out as characterization protocol by 

applying sinusoidal force with ramping from -50°C to 200°C. The glass transition 

temperature Tg of polymer materials would typically pass through in this range. There 

exists sometimes a phase lag between the storage and loss modulus exhibiting 

contribution of elastic and plastic components to the mechanical behaviour. This is 

determined by the complex modulus E* and phase shift ω. Furthermore, the ratio of loss 

modulus E'' to the storage modulus E' of the materials results in tan𝛅, Equation (15)[281, 

292]. 


                                                                                                       (15)


E’ can be simply considered as a feature of solid nature of the materials while E’' leads to 

the characteristics of a liquid appearing material[293]. An ideal elastic material is supposed 

to exhibit a phase lag 𝛅 of zero since all the energy applied onto the substance could fully 

recover after the force released. On the other hand, an ideal viscous material shows a 𝛅 of 

90°. Therefore, tan𝛅 values narrow to zero in case of an ideal elastic material while it 

approaches infinity in the case of an ideal liquid appearing as viscous material in which 

age deformation energy dissipates as heat in the surroundings. 


Figure 23 depicts the curves of E’, E’' and tan𝛅 of the films obtained in the monomer of  

UDMA comprising IS and S9 exposed by NIR radiation (Figure 23a) and ITX of UV 

radiation (Figure 23b), respectively. The original storage modulus of the polymer film of S9 

exhibited a value of approximately 5000 MPa and the peak of tan𝛅, which is often 

determined as glass transition temperature Tg, appears at around 90°C with a value of 0.4. 

In parallel, the film of the UV system exhibited an original storage modulus of 2000 MPa 

and comparable value of tan𝛅 while Tg appears at 65°C. Furthermore, the measurement 

tanδ =
E′￼′￼
E′￼

=
sinδ
cosδ
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was terminated at around 70°C because the polymer film was broken before the 

experiment was finished. This result indicates that the use of sensitizers in NIR-initiated 

systems leads to an improvement regarding the materials mechanical performance. It 

agrees with the data from other monomer systems[91]. 


 


Figure 23. DMA profiles including storage modulus, loss modulus and tan𝛅 curves of the polymer films 
obtained from free radical photopolymerization where UDMA as monomer applying with a) NIR-LED emitting 
at 860 nm comprising [S9] = 1.05×10-3 mmol･g-1 and [IS] = 1.56×10-2 mmol･g-1, and b) UV-LED emitting at 

395 nm comprising [ITX] = 5.25×10-3 mmol･g-1 and [IS] = 2.1×10-2 mmol･g-1, respectively, cited from[91]. 


In addition, Figure 24 exhibits similar amplitudes of the films comprising distinct 

sensitizers while the Tg varies as compared to the final conversions as summarized in 

Table 6. Except the insufficient value of S3a, the final conversions ranges around 60% in 

the case of S7a to about 81% shown in S7e. Tg also changes between 81°C as shown for 

S5a and 137°C in the case of S5b while it was 130°C for S7e. These data demonstrate 

that a higher reactivity or higher conversion does not always result in higher Tg in the 

polymer materials. Table 6 also shows that the final conversions of the polymer films do 

not always match to the results obtained from real-time FTIR shown in Figure 22. 


Table 6. The final conversions and Tg values obtained from the photopolymerization systems. 


a: The final conversions of C=C from UDMA detected via FTIR in ATR mode after the exposure. *: Tg of the 
polymer films obtained via free radical photopolymerization was determined according to the temperature at 
the peak of the Tan𝛅 curve measured via DMA characterization. -: No polymer film that could be used for 
proper DMA analysis was obtained. 


This difference between the measurement could be explained by the difference between 

the light exposure pursued. Real-time FTIR measurement was carried out with a portable 
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small LED device while polymerization characterized on the ATR device. Exposure of the 

film materials was proceeded in a condition with a different heat capacity and heat 

conductivity. Both procedures operated with a similar excitation intensity of 1.0 W/cm2 

explaining the differences observed. Thus, heat generated by the sensitizer differently 

remains in the system. Furthermore, the sample of S5b exhibits 2 peaks of Tg in the tan𝛅 

curve although the system showed insufficient reactivity for photopolymerization recored 

by RT-FTIR measurement (Figure 22a). One also needs to keep in mind that the heat 

released by the sensitizers plays a different role in the contribution of chemical 

crosslinking, which leads to a distinguished Tg. Therefore, the radicals needed to initiate 

polymerization are not only generated from a photonic process. It can be also originated 

by the heat released from the sensitizers. Data in Table 5 show that a certain response 

exists in such systems upon heat as indicated by the temperature Ti. Particularly, the 

combination of sensitizer and IS significantly decreased the initiating temperature for the 

monomers used[91]. Nevertheless, the light-mediated process works with higher efficiency 

as a thermal-initiated process. 


 


Figure 24. Curves of tan𝛅-temperature measured by DMA characterization of the polymer samples obtained 
from free radical photo-polymerization in the monomer of UDMA comprising IS with the concentration of 1.0 
wt% and Sens (where [Sens] : [IS] = 1:6 (molar ratio was used)). 


Figure 25 further describes the mechanical response of the systems operating with NIR 

sensitizers. It depicts the data for E’, E’’ and tan𝛅 of the polymer films obtained through 

photoinduced polymerization but from different areas of the sample exposed using the 

monomer of UDMA comprising IS and S7c as photoinitiating system. The sample shown 

in Figure 25a was directly exposed while that of Figure 25b was collected at the edge of 
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the sample. Both exhibited similar mechanical properties and similar Tg as characterised 

by DMA. The films obtained through thermally initiated polymerization from either S7c 

(Figure 25c) or S7d (Figure 25d) using UDMA as matrix showed obviously two peaks on 

the curve of loss modulus and tan𝛅. This can be a hint of phase separation proceeding in 

the material during crosslinking, which is not unusual[27]. 


These examples showed again that systems comprising NIR sensitizers take bivalent 

functions where both photonic and thermal processes contribute to generation of initiating  

radicals for free radical polymerization. Furthermore, the heat transfer in the systems also 

helps to increase the the mobility and diffusion of radicals formed. This facilitates to obtain 

homogenous polymer materials, which can be seen as a big benefit. These features and 

benefits may promote such systems into the focus in future research in coating sciences. 


 

Figure 25. DMA profiles of the polymer films of UDMA comprising S7c and IS in UDMA at area A (a)) and B   
(b)) shown in Figure 8, respectively. c) and d) showed the DMA curves of the samples obtained via thermally 
initiated polymerization of UDMA in the comparison of S7c (c)) and S7d (d)) ([Sens] : [IS] = 1:6 (molar ratio) 
and IS: 1.0 wt%). 


Figure 26 confirms the photobleaching of S7a, S7g and S9 after photopolymerization in 

the matrix of UDMA using IS as co-initiator. There appear new peaks with bathochromic 

shift while no complete bleaching occurred in the case of either S3b or S5a after exposure. 

Moreover, S7a showed efficient but no complete bleaching in the exposure time frame with 
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new hypsochromic shifted band with respect originating absorption of Sens. An additional 

rising new peak was observed at around 400 nm. The lower mobility in the matrix could be 

explained by the high viscous matrix because unimolecular reactions rather prefer to 

proceed than bimolecular reactions under such conditions. Furthermore, a new broad 

shoulder peak showed up between 600-750 nm and a new peak generated at around 450 

nm appeared in the case of S7g and S9, respectively. The proposed chemical structures of 

the photoproducts derived based on the specific oxidation products, which was previously 

disclosed[90, 118]. 




Figure 26. Optical absorption of the Sens in photopolymerization of UDMA in solution (before exposure) and 
in polymer films (after exposure), respectively. The concentration of the components in the experimental 
condition was the same as that in Figure 22, while the condition of the spectral collection was the same as 
that from Figure 15, cited and modified from[90]. 


5.2.2 NIR-Sensitized Photoinitiated Cationic Photopolymerization 


Figure 17 shows substantial formation of conjugate acid generated by the initiating 

systems that is typically needed for the initiation of cationic photopolymerization. 

Nevertheless, S7c, S7g and S9 exhibited similar reactivity while S7a generated the largest 

amount followed by S7c and S7e. Figure 27a exhibits the difference of the reactivity to 

initiate cationic photopolymerization. Here, HBVE ends up with a significantly high 

conversion of nearly 100%. Previously reported results demonstrated high reactivity of 

polymerization initiated by the initiating systems comprising sensitizers combined with an 

iodonium salt coupling by aluminates ([Al(O-t-C4F9)4]-)[27, 130]. Here, S7c exhibited the 

highest reactivity of cationic polymerization initiation, followed by the similar results in the 

case of S7g and S9. Surprisingly, the reactivity reduces in the case of S7a although it has 

the highest amount of conjugate acid generated. Here, bond cleavage of the polymethine 

chain inhibits cationic photopolymerization by the formation of the nucleophilic products on 

the one hand. One the other hand, oxidation of position iii illustrated in Scheme 23 vide 

supra explains the higher reactivity in the case of S7c, S7g and S9 since it impedes the 

formation of nucleophilic moieties. While S7a still appears more reactive compared to S3 
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and S5, the introduction of the sensitizers possessing benzo[c,d]indolium brings no 

significant benefit in this application since these compounds mostly lead to non-radiative 

deactivation instead of facilitating the PET reaction between the Sens* and IS. It gives the 

clue that the combination of longer methine chain as well as indolium and 

benzo[g]indolium terminal patterns as shown either in S7c, S7g or S9 facilitates the 

polymerization of HBVE better by a NIR-sensitized acidic catalyzed process with higher 

efficiency. This process obviously follows rather a stepwise growth mechanism than chain 

reaction based on polyaddition[294]. However, the results also show disadvantages; that is 

the typically poor reactivity in cationic photopolymerization in systems with iodonium salts 

comprising [NTf2]- as anion using epoxides and oxidants as monomers[88, 130], Figure 
27b. 


 

Figure 27. Conversion-time curves obtained from RT-FTIR for the investigations of cationic photo-
polymerisation in the monomer of HBVE comprising Sens and IS. S9 was used as sensitizer in b). The 
experimental conditions were the same as that in the Figure 22, modified from[91]. 


Figure 27b exhibits the kinetics of cationic photopolymerization sensitised by S9 and IS in 

the distinct cationic monomers. S9 was additionally selected for further investigations 

because of its high reactivity of photobleaching and large tendency to generate a high 

amount on conjugate acid. In addition, the absorption spectra of S9 showing a maximum 

at 854 nm overlaps very well with the emission spectrum of the NIR-LED prototype at 860 

nm. These monomers used possess different viscosity, that is 5, 4, 11, 636, and 16 mPa·s 

for HBVE, OXT 09, OXT 03, Epikote 357 and Epilox P 13-31, respectively, whose 

structures are depicted in Chart 1. It shows acceptable kinetics in the system using OXT 
09 as monomer, which proceeds both free radical with efficient final conversion of 80% 

and cationic polymerization protocol for the oxetane group with final conversion of 50%. 

While cationic photopolymerization was observed with much lower reactivity of less than 

100

80

60

40

20

0
120010008006004002000

Time (s)

 Vinyl ether
 

 OXT 09-CP
 OXT 09-FRP

 
 OXT03

 
 Epikote 357

 
 Epilox P 13-21

a)                                                                b)100

80

60

40

20

0

C
on

ve
rs

io
n 

(%
)

7006005004003002001000
Time (s)

 S3a
 

 S3b
 

 S5a
 

 S5b
 

 S7a
 

 S7c
 

 S7g
 

 S9
 
 



104

10% of final conversion in the case of OXT 03, Epikote 357 and Epilox P 13-21, these 

monomers only polymerize based on a cationic mechanism. These results confirmed the 

conclusion that the [NTf2]- anion of IS does not proceed so efficiently in the initiation of 

neat cationic photopolymerization. Nevertheless, it can be seen as an acceptable 

comprise. 


The isolated polymer of HBVE indicated a molecular weight (Mn) of 1053 g/moL. This 

situation with relatively low polymerization degree of about 64% with Mw = 26500 g/moL 

was also observed in previous studies where materials of high molecular weight were 

proceeded by two competitive pathways, that is conventional cationic photopolymerization 

and a polyaddition protocol promoted by the ring closure of hydroxybutyl ether[294]. Thus, 

a self-polyaddition reaction of HBVE can explain the competition of the reaction in an 

acidic environment since this conjugate acid-initiated polymer formation was observed with 

a reactive rate comprising [NTf2]-. Onium salts coupling with this anion exhibited 

insufficient reactivity in the systems where polymer formation follows a mechanism of 

carbocation serving as intermediate rather than to proceed by traditional cationic 

photopolymerization while oxiranes functioned as typical monomers[27]. Thus, the slightly 

higher nucleophilicity of [NTf2]- here somehow failed to accomplish a reactive system in 

cationic photopolymerization because of the higher nucleophilicity impeding efficient chain 

growth based on a cationic polymerization protocol. Therefore, the self-polyaddition results 

in polymer as shown in Scheme 24.


 


Scheme 24. Structural pattern of the product formed by acid-catalyzed self-polyaddition of HBVE based on 
the ref[295], cited from[90]. 


Apparently, it can tolerate involved moieties with higher nucleophilicity. Furthermore, the 𝛂-

hydrogen of the ether carbon exhibits a lower C-H bond dissociation energy, from where 

the electrophilic radical formed for initiation can easily abstract a hydrogen resulting in a 

nucleophilic radical. This intermediate can transfer an electron to the IS resulting in release 

of further conjugate acid[118]. This proceeds as a consecutive chain reaction in the dark 

and explains the high reactivity of HBVE in cationic polymerization[294, 295]. Such 

electron transfer reactions are not unusual and almost reported for photoinitiating systems 

where onium salts were used as co-initiators. This agrees to the results aforementioned 

ln O O O O O OH
CH3

n
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regarding the generation of a high amount of conjugate acid in the reaction between the 

Sens* and IS. These features of HBVE additionally show the potential to develop efficient 

systems for manufacture interpenetrating polymer networks where these materials serve 

as plasticizer in the combination with free radical polymerization of multifunctional 

(meth)acrylic esters. Nevertheless, cationic polymerization typically proceeds more slowly 

compared to free radical polymerization[27]. 


5.2.3 Enhanced Performance of Cationic Photopolymerization in Hybrid Systems 


Figure 28 depicts the kinetics of NIR-sensitized free radical photopolymerization obtained 

by real-time FTIR choosing TMPTA as monomer. S7g shows the highest conversion which 

ends at 45%. S9 accomplished with around 40% followed by S7e with a final conversion of 

30%. The remaining sensitizers exhibited a final conversion between 7% and 20%[91]. 

Regarding the different features available from monomers used for radical polymerization 

as previously discussed, TMPTA possesses tri-functional groups appearing therefore 

usable as crosslinkable monomer comprising no special backbone such as those 

favouring hydrogen bonding in UDMA or flexible chain as can be seen in TPGDA, which 

would affect the properties of the polymer materials. Final conversion of TMPTA shown in 

Figure 28 did not reach the values of that in the monomers with two functional groups 

(TPGDA and UDMA) as shown in Figure 22. Molecular segments in this matrix exhibited 

limited mobility during crosslinking due to the highly concentrated three functional groups 

that are available to participate in the crosslinking process. Nevertheless, formation of 

polymer networks starts earlier with larger number of functionality leading to a decrease of 

segment mobility resulting in therefore relatively low final conversion. 


As mentioned in previous section, HBVE and OXT 09 enable efficient self addition and 

cationic photopolymerization. Here, polymerization of the double bond enables polymer 

materials comprising cationic oxetane group on the polymer chain in the case of OXT 09 

as a hybrid monomer. Hybrid indicates in this case that two distinct polymerization 

mechanisms in the system can occur. The structure of OXT 09 can therefore covalently 

connect two networks formed by two different mechanisms resulting in formation of one 

crosslinked material. Such structural feature may exhibit more beneficial than those 

bearing only cationic polymerization protocol such as OXT 03. Combination of suitable 

monomers from both free radical and cationic polymerization may proceed formation of 

semi-interpenetrating polymer networks in the case of the monomers aforementioned such 

as cationic polymerizable HBVE, OXT 03, Epilox P 13-21, and Epikote 357 and 

(meth)acrylic TPGDA, UDMA and TMPTA. There appears often phase separation 



106

observed as reported in UV-initiated systems[27] while NIR-sensitized photopolymerization 

did not show this problem in the case of [Al(O-t-C4F9)4]- anion[27]. Presumably, the heat 

generated by the sensitizers avoids phase separation in the NIR-based systems. 


 

Figure 28. Conversion-time profiles for free radical photopolymerization measured by RT-FTIR in TMPTA 
comprising [Sens] = 1.05×10-3 mmol･g-1, [IS] = 1.56×10-2 mmol･g-1 applying with NIR-LEDs with the intensity 
of 1.0 W/cm2 (same experimental conditions for exposure as that in Figure 22), cited from[91]. 


Recent reports assumed that the reactivity of iodonium salts correlates with conductivity in 

the matrix of acrylic esters, that is the higher the conductivity is, the better the dissociation 

the salts resulting in higher reactivity with the excited state of the sensitizers[27, 126]. Data 

obtained in the monomers following cationic polymerization did not agree with these 

results (molar conductivity (Λm) of the solutions comprising IS in the monomers in 

S×mol-1×cm2: OXT 09 = 0.16, OXT 03 = 0.2, HBVE: = 1.21, Epilox P 13-21 = 1.76). Thus, 

there are further parameters regulating reactivity of the systems, which may also relate to 

the structure of the reactive group of the monomers. 


Table 7 summarizes the final conversions obtained from hybrid photopolymerization using 

TMPTA and UDMA for free radical polymerization and OXT 03, HBVE, OXT 09, Epilox P 
13-21 and Epikote 357 as second monomer for cationic polymerization, respectively. The 

final conversion of TMPTA obviously increased in the presence of HBVE, OXT 03 and 

Epilox P 13-21 while the value of UDMA decreased in the hybrid systems. The 

introduction of the less viscous monomers for cationic polymerization significantly 

improved the mobility of the molecular segments resulting in higher final conversion of the 

respective reacting group in the monomer. Meanwhile, the final conversion of OXT 03 

increased from around 10% in neat monomer up to 60 % in both hybrid systems while the 
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final conversion did not visibly change in the case of OXT 09. Although this monomer 

exhibits an interesting structural feature of the covalent connection between different 

functional parts for free radical and cationic polymerization, it did not bring big impact on 

the performance in the system investigated. On the other hand, monomers exhibiting low 

reactivity for cationic polymerization in neat system exhibit higher reactivity as shown in 

the case of OXT 03 in the hybrid system with either TMPTA or UDMA. This beneficial 

feature in NIR-sensitized photopolymerization systems reported here will hopefully bring 

interesting impetus in this field. 


Table 7. Values of final conversions of free radical photopolymerization (FRP) from TMPTA and hybrid 
polymerization from TMPTA and cationic polymerization (CP) from cationic monomers applied with initiators  
comprising S9 (0.5 wt%) and IS (1.5 wt%) upon the exposure of NIR-LED emitting at 860 nm with an 
intensity of 1.0 W/cm2 and UDMA, respectively. Cited from[91]. 


1: Tg of the polymer films determined from the temperature at the peaks on tan𝛅 curves obtained from 
dynamic mechanical analysis (DMA), 2: final conversions of the first monomer from the hybrid system 
determined by FTIR, 3: final conversion of the second monomer, 4: final conversion of the third monomer, 5: 
maximum shows up in a broad range, X: the film from the hybrid polymerization system was too brittle to 
apply for DMA measurement. 


These findings bring big interests to explore the mechanical properties of the materials 

obtained. Figure 29 shows the tan𝛅 curves of DMA profiles of the polymer films from neat 

TMPTA, UDMA and their hybrid systems with cationic polymerization, respectively. Figure 

Tg (°C)1 Tan𝛅 M1 x∞ (%)2 M2 x∞ (%)3 M3 x∞ (%)4

-10–455 0.18-0.16 TMPTA 59 - - - -

X TMPTA 73 HBVE 94 - -

-18 0.43 TMPTA 44 Epikote 357 15 - -

81 0.096 TMPTA 66 Epilox P 13-21 8 - -

97 0.10 TMPTA 73 OXT03 60 - -

70 0.24 TMPTA 39 OXT09 CP: 39; 
FRP: 22 - -

71 0.17 TMPTA 57 OXT03 60 OXT09 CP: 82; 
FRP: 31

89 0.39 UDMA 70 - - - -

68 0.49 UDMA 47 HBVE 100 - -

76 0.36 UDMA 34 Epilox P 13-21 82 - -

112 0.38 UDMA 38 OXT03 67 - -

126 0.58 UDMA 63 OXT09 CP: 85; 
FRP: 73 - -

88 0.53 UDMA 27 OXT03 63 OXT09 CP: 87; 
FRP: 53
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29a depicts that the film of neat TMPTA shows a broad shoulder peak between 0°C and 

60°C for tan𝛅 curve due to its high hardness and short of elasticity from highly crosslinked 

polymer network. Surprisingly, this finding differs from previous results where the film 

occurred to break during the heating process due to its high brittleness when S7d served 

as sensitiser in combination with an iodonium salt comprising another anion of [Al(O-t-
C4F9)4]-[27, 126]. Thus, the use of S9 here shows an advantage and the introduction of 

[NTf2]- can be seen as a benefit since its derivatives are more easily accessible. In 

addition, the lower molecular weight of the latter facilitates less loading in the coating 

compared to [Al(O-t-C4F9)4]- considering equal amounts. 


 


Figure 29. Profiles of DMA curves showing tan𝛅 of the polymer films obtained by NIR-sensitized hybrid 
photopolymerization in the matrix of a) TMPTA and b) UDMA for free radical polymerization combined with 
different monomers for cationic polymerization comprising S9 as sensitiser and IS acting as co-initiator. The 
exposure was applied by 860 nm LED with an intensity of 1.0 W/cm2. Cited and modified from[91]. 


In addition, Figure 29 exhibits the tan𝛅 curves of the polymer samples from hybrid free 

radical and cationic photopolymerization applying NIR-excitation. All films show only one 

fine clear peak indicating that no phase separation occurred during or after exposure, 

which UV-induced systems failed indicating phase separation[27]. Obviously, the sample 

comprising TMPTA and Epikote 357 showed the maximum value of tan𝛅 at lower 

temperature than that in neat TMPTA. This could be explained by elastic deformations 

favoured by insufficient final conversions of both monomers. Epikote 357 possesses both 

aromatic and aliphatic structures that may contribute differently to the elasticity and 

stiffness compared to systems that mainly comprises aliphatic moieties. Sample curve of 

HBVE was not included since the polymer film was too soft and brittle to enable DMA 

measurement. 
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Peaks from tan𝛅 of the remaining films obtained from hybrid systems locate in the range 

between 75°C and 100°C. Among those, the polymer from TMPTA and OXT 09 shows a 

higher value of tan𝛅 indicating a more overall elastic network due to their excellent 

compatibility while the presence of OXT 03 and Epilox P 13-21 leads to a diminished 

mechanical behaviour. In addition, the hybrid polymerization based on UDMA shown in 

Figure 29b exhibits similar results with the addition of other cationic polymerisable 

monomers showing the maximum value of tan𝛅 between 0.4-0.6 and a Tg between 70°C 

and 120°C. The final conversion of UDMA shown in Table 7 for the hybrid systems slightly 

dropped but this still appears sufficient while the reactivity of the cationic monomers 

significantly improved compared to the neat cationic polymerization systems. 


Nevertheless, these findings of single peak observed from hybrid polymerization approve 

the success to prepare homogeneous interpenetrating polymer networks via photo-

polymerization by NIR-sensitized systems in combination of new high-power LED devices. 

Mechanical behaviour observed here indicates systems with interesting features that are 

competitive to those comprising iodonium salt of [Al(O-t-C4F9)4]- vide supra. 


5.3 Heptamethine-Based Cyanine and Iodonium Salt as Initiators for 
Photocuring of Coatings Based on Sol-Gels Comprising Nanoparticles 


5.3.1 Efficient Photocuring of the Coatings via NIR Exposure 


The reactivity and efficiency of NIR-sensitized photopolymerization of both free radical and 

cationic systems in combination with cyanine sensitizers and iodonium salts was 

previously discussed[90, 91]. Herein, the heptamethine cyanine S7e coupling with anion 

[PF6]- served as NIR sensitizer combined with IS-PF6 was selected to initiate 

photopolymerization of the sol-gel systems SG1-SG3 comprising nanoparticles based on 

the condensation of the silanes following the route of Stöber process[278]. As shown in 

Table 2 (Section 3.1.5), the samples are prepared by different amounts of silanes 

comprising distinct functional groups in Epilox P 13-21 as the main reactive component 

resulting in sol-gels with higher viscosity compared to neat Epilox P 13-21. As a 

comparison, ITX absorbing UV light was selected as sensitizer in combination with IS-PF6 

for the initiation combined with a UV-LED device emitting at 395 nm. 


Figure 30 shows the photopolymerization kinetics obtained by real-time FTIR of the sol-

gel systems determined based on Epilox P 13-21 using IS-PF6 as co-initiator in UV 

system comprising ITX and NIR-sensitized system where S7e served as sensitiser, 

respectively. Obviously, the photocuring reactivity of the sol-gels was improved resulting in 
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a higher final conversion and faster reaction curves compared to that in neat Epilox P 
13-21 especially in the cases of SG1 and SG2 in both UV and NIR systems. The final 

conversions of epoxy groups in SGs increased from 50% to 60% in UV-induced system 

after exposure of 600 s and improved from 50% to almost 70% in NIR-sensitized samples. 

This indicates the success to initiate the photocuring of nanoparticle-based sol-gels for 

coating preparation using heptamethine cyanine and iodonium salt in combination with 

high-power NIR-LED devices resulting in comparable reactivity compared to UV-induced 

systems. SG3 showed slightly lower reactivity due to the addition of vinyl-TEOS and 

MEMO while absence of tetraethoxysilane (TEOS) resulting in insufficient compatibility. 

Thus, the presence of nanoparticles facilitating the crosslinking process brings benefits 

regrading the conversion of monomers. Several reasons could be discussed to explain 

these results. Extended discussion would be therefore avoided. Further research would be 

needed to bring more light into such complicated systems. 




Figure 30. Conversion-time profiles of the sol-gels obtained from RT-FTIR evaluated based on the monomer 
of Epilox P 13-21 comprising IS-PF6 (2.0 wt%) and a) ITX (0.5 wt%) for UV-initiated system exposed by LED 
device emitting at 395 nm and b) S7e-PF6 (0.5 wt%) for NIR system exposed by LED emitting at 820 nm, 
respectively. (The intensity of the LED devices were 1.0 W/cm2). 


Table 8 depicts the final conversions of the coating films obtained after exposure from UV 

and NIR irradiation, respectively. Data indicate slight increase of the final conversions 

compared to that from real-time measurement on the one hand. Comparable values 

between UV and NIR were observed one the other hand. Nevertheless, these findings 

bring the probability and impetus of the NIR-sensitized photopolymerization technology to 

coating field choosing heptamethine cyanine as sensitizer in combination of high-power 

NIR-LED prototypes.  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Table 8. Final conversions of the samples after exposure evaluated from FTIR spectra. 


1: Final conversions were obtained on FTIR spectra collected from the samples after photo irradiation and 
the evaluation was done based on the evaluation of monomer Epilox P 13-21. The data was taken after 
exposure for 120 s for UV system and 12 mins for NIR system under consideration of the conversion 
changes after different time of irradiation. 


5.3.2 Properties of the Coatings Made from Sol-Gels Comprising Nanoparticles by 
Photopolymerization Technique 


These exciting results regarding the photocuring reactivity of the sol-gels motivate to 

explore the properties of the coating films. The graphs at left in Figure 31 show the 

appearance of the coatings applying on glass as substrate obtained from UV and NIR-

sensitized systems, respectively. The samples obtained from UV-sensitized exposure 

appear remarkably cured without showing any sticky surface. Furthermore, it indicates the 

success of NIR initiation by using the heptamethine cyanine S7e carrying a special pattern 

combined with iodonium salt sharing the same anion [PF6]- resulting in sufficient 

compatibility of the initiator system in the sol-gels and efficiency of initiation. It appears that 

the coatings of SG1 and SG3 used in NIR systems were not homogeneously distributed 

on the substrate. This may be explained by the surface tension of the precursor resulting 

in insufficient compatibility between the coating precursor and the substrate. SG2 can be 

seen as the best candidate considering its homogeneous appearance by eye and the 

reactivity of photopolymerization. 


Meanwhile, the right graph shown in Figure 31 depicts the performance of the coatings of 

sol-gels before and after applying adhesion test. It exhibits that the sample made by SG2 

shows excellent adhesion while SG1 and SG3 possess similarly sufficient adhesive 

property with a slight decrease in the case of UV photocuring. Surprisingly, among the 

coatings exposed by NIR light, SG1 and SG3 did not show as good in the adhesion test 

compared to those from UV systems. Furthermore, SG2 showed insufficient value with 

losing around 20% of the coating after removing the tape during the test. Further 

improvement regarding the precursor preparation should be therefore taken into 

consideration to obtain such coating systems with better properties. Nevertheless, 

photocuring of the sol-gels comprising nanoparticles can successfully proceed applying 

high-power NIR-LED devices. 


x∞ (%)1 SG1 SG2 SG3

UV 88 75 53

NIR 62 72 47
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Figure 31. Appearance of the coatings obtained (left side) and performance during the adhesion test (right 
side) from a) UV and b) NIR systems, respectively. The initiator combination of IS-PF6 with either ITX for UV 
system or S7e-PF6 for NIR was applied. The red frame in the graphs focused on the area where adhesion 
test was applied (The test was carried out following the instruction of ASTM D3359-22 Test Method B). 


The DMA profiles in Figure 32 of the photocured films bring surprisingly exciting results. 

The original storage modulus of the coating films in neat Epilox P 13-21 from both UV and 

NIR systems exhibit around 1800 MPa while the peak of tan𝛅 show up at -30°C and 10°C 

with the values of 1.4 and 0.7, respectively. Furthermore, the storage modulus of the SGs 

(SG1 and SG2) films obviously increased in the case of UV initiation while it dropped when 

initiated by a NIR-sensitized system resulting in a higher Tg compared to that of neat 

reactive monomer. Thus, the system comprising nanoparticles retarded the begin of the α-

process starting at the glass transition where larger segments start to move. It can be 

therefore summarized that the introduction of the silanes comprising distinct functional 

groups helps to build up highly crosslinked polymer networks exhibiting stronger 

mechanical properties. The addition of nanoparticles contributes to the hardness of the 

coating polymer exhibiting decreased value of storage modulus and higher Tg in the case 

of NIR-sensitized systems. Moreover, the Tg evaluated from the tan𝛅 curve exhibits a shift 

from 0°C in UV to 20°C in NIR in both SG samples. The data of SG3 was not included 

since its high hardness and brittleness can not enable DMA measurement. In addition, the 

heat generated and released in NIR systems also facilitates the mobility and transfer of the 

initiating moieties into the samples. This can be therefore beneficial to promote complete 

photocuring with high conversion and polymerization of the reactive components. Thus, 

this technology brings new impetus to the coating industry and opens a new window in this 

field. Hopefully, many new applications will be established based on this new technology. 
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Figure 32. DMA profiles from the cured coating films obtained from the monomer of Epilox P 13-21 (a) and 
d)) and the sol-gels (b) and e) from SG1, c) and f) from SG2) initiated by UV (a), b) and c)) and NIR (d), e) 
and f)) systems, respectively. The exposure was finished by either the LED device emitting at 395 nm for UV 
system or NIR-LED emitting at 820 nm with an intensity of 1.0 W/cm2. The data of SG3 was missing because 
the coatings from SG3 were too brittle to be applied for DMA characterization. 


5.4 Performance of Heptamethine Cyanine Applied to Aqueous Coatings 
for Physical Drying with NIR-Radiation Followed by Chemical Drying 
with UV Exposure 


5.4.1 Physical Drying of Waterborne Polyurethane Dispersions 


The NIR sensitizers comprising different structural patterns showed distinct efficiency for 

the initiation of both free radical and cationic photopolymerization in combination of ISs as 

discussed vide supra. The feature to generate heat and release it based on the temperature 

tracking motivates to explore the performance of the sensitizers carrying special patterns 

for applications in the coating systems. Here waterborne polyurethane (PU) binders 

comprising a UV-sensitive initiator system for chemical crosslinking fitting well with LED 

emission at 395 nm was selected as aqueous precursor provided by Rhein Chemotechnik 

GmbH for photonic physical drying experiment, which is a novel technology applying a 

NIR-LED device emitting at 860 nm[60]. Water soluble S7i was taken as NIR absorber 

since its absorption spectrum overlaps well with the emission profile of the LED. 

Unfortunately, the specific structure of the PU precursor was not clearly disclosed due to 

the commercial confidentiality. 


Figure 33 depicts the FTIR spectra of the PU dispersion before and after drying in air, 

indicating the significant decrease of the peak area of OH- vibration after drying at around 
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3400 cm-1. The integration area at this peak was therefore used for the evaluation of the 

drying process. As a result, Figure 34 shows the profiles with respect to the exposure time 

of the samples comprising S7i with different concentrations upon NIR exposure obtained 

by real time FTIR evaluated by the water loss. Apparently, the exposure using a high-

power light source significantly accelerated the drying of the PU precursors to get rid of the 

water as solvent compared to the evaporation of water in the air. In addition, it also further 

improved the efficiency to get rid of the solvent with addition of S7i applying NIR exposure 

at 860 nm. Here, a minor loading of the system with 0.02 wt% resulted in a sufficient 

reactivity and efficiency with final conversion (90%) considering the water loss compared 

to the sample without sensitiser. An increase of the NIR absorber concentration 

significantly shorted the time for drying until 0.2 wt%. Higher concentration of sensitizer in 

the system can generate a big amount of heat upon exposure resulting in rapid 

evaporation of the solvent, this explains the slight decrease of the percentage of water 

loss. However, the concentration increase from 0.1% to 0.2% did not appear a big change 

on both evaporation rate and final conversion. 


 

Figure 33. FTIR spectra of the PU coating precursor exposed in the ambient for 24h for drying and as a 
comparison the sample without any treatment. 


Nevertheless, one should therefore keep in mind that it is not always necessary to 

introduce big amount of absorber as heat generator. Since only the absorbed light can 

contribute to such a process. In case of high concentration, the light would be mainly 

absorbed in the entrance window while no penetration into deeper areas can proceed. An 

extinction of about two equals to 1% of light that leaves the sample after penetration of the 

entire layer while an extinction of about one equals 10% of the light which is not absorbed. 

This means in the case of the latter that deeper areas receive a better chance to absorb 
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light where the embedded absorber converts the absorbed light into heat by internal 

conversion as shown in the Scheme 20. 


 

Figure 34. Conversion-time profiles collected by real time FTIR spectroscopy of the PU coating precursors 
comprising the absorber S7i with different concentration upon exposure by the NIR-LED emitting at 860 nm 
with an intensity of 1.0 W/cm2 for physical drying to get rid of the water. The data of neat PU and that without 
exposure were also included as a comparison, the evaluation of the conversion was based the decrease of 
the strong O-H bond at 3200 cm-1 following the results from Figure 33. The thickness of the sample applied 
for the FTIR measurement was 100 𝜇m. 


Figure 35 shows the DMA profiles of the PU films obtained from physical drying without 

crosslinking. It can be seen that the samples of 0.02% and 0.1% as well as the neat PU 

exhibit similar mechanical behaviour with similar original storage and loss modulus of 4000 

MPa and 100 MPa, respectively. Thus, the introduction of sensitizer did not diminish the 

mechanical properties of the physically dried films on the one hand by significantly 

improving  the drying process. The values of storage and loss modulus obviously dropped 

with high concentration of S7i with 0.2 wt% on the other hand. It could be explained that 

the distribution of highly concentrated absorber moieties in the films more or less interrupts 

the intersection of the PU segments in the coatings. 
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Figure 35. Profiles of storage modulus and loss modulus-temperature of the PU films obtained from the PU 
precursors comprising different concentration of S7i following the previous physical drying collected by DMA 
characterization following the same method aforementioned. 


Surprisingly, there is an increase of original storage modulus value observed of the sample 

comprising 0.05 wt% S7i up to 7000 MPa although loss modulus stays similar to that of 

neat sample, Figure 35. Thus, based on the consideration on both efficiency of this 

physical drying process, appearance of the coatings obtained (heavy colour due to high 

concentration) and commercial cost, a lower concentration of the sensitizer S7i (0.02%) 

was chosen for the further experiments and tests. 


5.4.2 Chemical Crosslinking by UV Radiation of Physically Dried Films Applying NIR 
Exposure 


Figure 36a exhibits the curves of storage and loss modulus of the PU coating films 

comprising additionally UV initiating system for chemically crosslinking. Samples were 

obtained by physical drying comprising 0.02 wt% S7i as heat generator applying NIR-LED 

emitting at 860 nm upon exposure for 1 min and 2 min, respectively. It shows that the 

difference of exposure time did not visibly change the mechanical behaviour of the 

physically dried films. This also agrees with the results in Figure 34 that irradiation of 60 s 

is sufficient to get rid of the water in such system. As a result, exposure of 1 min here was 

chosen as the following experimental conditions. The DMA profiles shown in Figure 36b 

demonstrate that further treatment applying a UV-LED emitting at 395 nm on the physically 

dried PU coatings significantly change their mechanical properties resulting in a 

crosslinked polymer networks. 
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Figure 36. DMA profiles of the PU films obtained from the PU precursor comprising 0.02% S7i with a) 
different time of NIR-LED exposure and b) following with a step of UV exposure for cross-linking, the 
intensity of the UV-LED emitting at 395 nm is 1.0 W/cm2. 


It indicates that the value of original storage modulus increased from 4000 MPa to 9000 

MPa and loss modulus from 100 MPa to 200 MPa, respectively. This was proceeded in the 

case of 5 s exposure by UV light resulting in a flexible and elastic polymer film. Longer 

exposure by UV light leads to polymer films with decreased storage modulus indicating 

less elasticity caused by higher brittleness of networks formed. Importantly, peaks of Tg of 

the samples from different crosslinking time shows up at similar range from point view of 

both loss modulus and tan𝛅, that is between around 30°C on loss modulus curve and 80°C 

on tan𝛅 curves, respectively. Thus, chemical crosslinking resulted in a significant increase 

of the Tg caused by the polymer network formed. Such crosslinked materials are called 

semi-interpenetrating networks. No phase separation occurred as indicated by the 

appearance of one Tg on the tan𝛅 curves. These interesting results bring new aspects in 

coating sciences because it enables to replace oven technologies by photonic physical 

drying. 
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6. Conclusion & Outlook 

The investigations of photochemical systems based on photopolymerization comprising 

cyanines as sensitizers combined with iodonium salt have brought increasing interests for 

research due to their high reactivity and efficiency applying NIR excitation. This thesis 

firstly reported the relation between the structural patterns of cyanines and the 

performance on photochemical reactions from their excited states in combination with 

iodonium salts. The electronic structure of the sensitizers exhibit distinct structural aspects 

including either an open or bridged chain with different numbers of π-electrons, specific 

substitutions at the meso-position as well as distinct indolium groups as terminal patterns. 

This deeply influenced the efficiency to initiate radical and cationic polymerization. 


The sensitizers S3, S5 and S7b comprising a terminal benzo[c,d]indolium structure 

exhibited good bathochromic shift of optical absorption on the one hand but relatively low 

sensitization activity one the other hand. These compounds may bring interesting impetus 

regarding the generation of heat on demand in technologies by just turning ON and OFF a 

light source as a replacement of conventional oven technologies, which operate either for 

initiation of chemical reactions based on a thermal activation or physical process such as 

the removal of solvent to get rid of volatile components in the system such as coatings. 

From the point view of energy saving, these features regarding heat contributions of such 

compounds exhibit big progress and promising aspects in this field. This was confirmed 

again by the application to initiate physical events such as photonic drying process to 

remove water in the PU precursor dispersion resulting in a high efficiency using S7i with 

low loading in the coatings. This hopefully opens a new foresight to synthesis such 

compounds in the near future, which will furthermore improve this technology. 


Structures of S7 comprising an indolium terminal group particularly S7a, S7c and S9 
brought new impetus in this research field. They possess the electronic structure with 

either an open and non-bridged connecting chain as depicted in S7a or bridged chain with 

substitution at meso-position as in S7c or even a larger number of π-electron polymethine 

chain as in the case of S9, respectively. Surprisingly, S7a exhibited a lower internal 

deactivation barrier required for photoinitiation of free radical polymerization compared to 

those comprising the same number of methine groups. They belong to heptamethine 

derivatives shown in S7b-j. S7a showed remarkable response in photo-DSC experiment 

with minor light intensity of the NIR-LED. This can be seen as big benefit for technologies 

operating with low intensity sources. On the other hand, systems with low internal 
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activation barrier tolerate a certain amount on day light which becomes beneficial for 

applications where handling red LED light becomes unacceptable. 


Furthermore, S7a also shows good fluorescence emission with the highest value of 

fluorescence lifetime and fluorescence quantum yield among the sensitizers included here. 

A long lifetime of the excited state increases the probability of the excited state to react 

with a co-initiator such as an iodonium salt. Particularly, the perfect compatibility between 

the optical absorption of S9 and the emission of the new high-intensity NIR-LED emitting 

at 860 nm brings new impetus into this field. Therefore, the design of these compounds in 

the future may consider to develop such cyanine-based derivatives comprising a 

polymethine chain with open non-bridged structure while the issues of high purity and 

availability at larger scale should also not be ignored. In addition, the results regarding 

either heat contributions and/or photochemical reactivity of these sensitizers bring valued 

aspects for the strategical selection/synthesis of cyanines for their function in 

photopolymer systems such as relating them to initiate photochemical events. Here, 

structures of S7 and S9 present more sufficient reactivity for photochemical reactions than 

to participate in photophysical process such as photonic drying based on the structure 

patterns of S3 and S5, respectively. 


The combination of these polymethine cyanine sensitizers comprising distinguished 

terminal patterns and diaryliodonium salt comprising [NTf2]- as counter anion succeeded in 

the initiation of free radical polymerization using multiple (meth)acrylates. Here, monomers 

such as TPGDA, UDMA and TMPTA resulting in significant reactivity and efficiency. 

Although it was previously reported that the [NTf2]- anion might not succeed to initiate 

cationic photopolymerization, the results obtained here approved the probability in the 

systems comprising oxetanes and vinyl ethers. Particularly, the introduction of the high-

power LED device, whose emission overlaps well with the absorption range of these 

cyanines provides much more possibilities of applications in this field. The success of 

cationic photopolymerization with oxetanes reminds us to consider the focus on the 

monomers tolerating specific nucleophilicity. The significantly high reactivity of vinyl ether 

requires further attention since the 𝛂-hydrogen of the carbon on the ether moiety 

possesses a lower C-H bond dissociation energy resulting in formation of a nucleophilic 

radical which transfers an electron to the iodonium salt leading to additional formation of 

radicals and conjugate acid. This proceeds also in the dark as chain reaction and 

enhances the initiation performance of the system. 
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Moreover, cyanine-based sensitizers comprising a larger number of methine groups in the 

connecting chain and a benzo[g]indolium pattern as terminal group exhibited significant 

efficiency for initiation of both free radical and cationic photopolymerization by using NIR-

LED devices with strong emitting intensity in the presence of iodonium salt comprising 

counter anion [NTf2]-. Thus, this iodonium salt deserves more attention in both scientific 

research and practical applications following the features of excellent solubility in 

multitudinous monomers. The fact that this anion exhibits no tendency to release toxic HF 

makes its use in practice more attractive from an environmentally friendly point of view. In 

addition, iodonium salt with [NTf2]- anion can be more easily accessed by synthesis as well 

as lower cost and availability than the aluminate anion [Al(O-t-C4F9)4]-. 


According to the results obtained with S9, it would be interesting to investigate more 

substances with extension of methine moieties based on S9. Furthermore, it would be also 

worthy to study whether these compounds could activate excitation in the wavelength 

between 1000-1100 nm since the addition of one methine moiety typically leads to a 100 

nm bathochromic shift of optical absorption. This would be interesting to couple such 

chemical systems with respective LEDs emitting around 1000 nm with high intensity. It is 

still challenging to find alternative cyanines which could activate sufficient PET process in 

this spectral region due to the fact that the currently available sensitizers mainly contribute 

with heat generation upon excitation on demand. Thus, those compounds only serve as 

absorbers and heat generator as molecular oven in the systems. Therefore, the design 

and synthesis of those substances with respective special structures appear promising 

with huge potentials in the near future in coating sciences. 


Meanwhile, the feature of heat generation in such systems can be also seen as an 

additional benefit since it would be available in both free radical and/or cationic 

photopolymerization systems. Particularly, this heat formed promotes the internal 

conversion between the ground state and excited state of the NIR sensitizers. Here, the 

excited state of the absorbers can enable processes to overcome a certain internal 

activation barrier in the systems. This brings great interests to design systems which 

enable to tolerate certain amount of light with low exposure intensity (e.g. ambient room 

light) on the one hand while they work with devices equipped with strong radiation source. 

Such threshold systems have received increasing attention in practical applications 

because it is easier to establish them in projects applying NIR light for irradiation. 

Furthermore, the results regarding the distinguished performance of heat release by the 

absorbers in the systems were in accordance with that obtained in the bleaching 
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investigation. These are sensitizers exhibiting less reactivity for generation of initiating 

moieties for photopolymerization. They show a larger amount of heat contribution released 

into the surrounding matrix compared to those exhibiting higher efficiency and reactivity. 

Therefore, this feature of heat release can be also beneficial to the systems requesting 

heat as driving source such as physical drying of an aqueous dispersion and solvent-

comprising systems. Photopolymerization represents a green technology since the 

process immediately starts after turning on the light source. Thus, the so called dead time 

in production process is extremely short. 


The combination of these sensitizers with IS where [NTf2]- as counterion showed 

remarkable reactivity for the initiation of cationic photopolymerization in the case using a 

vinyl ether as monomer following by oxetanes while epoxides resulted in insufficient 

performance. In addition, the introduction of the acrylate TMPTA and the methacrylate 

monomer UDMA in hybrid polymerization where cationic polymerization additionally 

proceeds significantly promoted the polymerization reactivity. It increased the final 

conversion of the cationic reaction resulting in formation of homogeneous hybrid 

interpenetration polymer networks (IPNs). This shows huge potentials of such NIR-

sensitized systems in the applications to synthesis crosslinked polymer materials in the 

future. Moreover, the hypsochromic shift observed for some heptamethine compounds 

such as S7c and S7g resulted in appearing color change of the polymer films while 

photobleaching of the sensitizers proceeded at the excitation wavelength after exposure. It 

provides an interesting and promising view for the preparation of optical materials. 


The adapted photocuring of sol-gels comprising nanoparticles using heptamethine-based 

cyanine sensitizer and iodonium salt as initiator in combination with high-intensity NIR-LED 

succeeded in preparation of coated films with better mechanical properties compared to 

the UV-initiated systems. These materials obtained exhibited higher Tg and provided 

potential to implement such NIR-initiated polymerization technology in combination with 

high-power LED devices in practice especially in coating industry. Hopefully, such systems 

would be introduced to practical application soon because it brings the aforementioned 

benefits to end users of this new technology. 


The connection of multi-wavelength emitting LED devices (here NIR at 860 nm and UV at 

395 nm) were applied for physical drying of waterborne PU dispersion by NIR exposure 

and intermediate chemical crosslinking by UV excitation brought interesting new impetus 

in this field. The remarkable efficiency and satisfying mechanical properties of the coating 
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materials finally also brought big interests and inspirations into the industry since this 

technology can be seen as green and highly efficient method in coating industry. 


In conclusion, this thesis discussed and disclosed how the structural patterns of methine-

based cyanines affect their performance from a broad point of view. This focused on their 

reactivity in combination with NIR-LED devices emitting between 750-1000 nm. The 

distinguished performance of these sensitizers relating to their structures/structural 

patterns hopefully provides some information and instructions for the selection and 

synthesis for further applications following a specific demand. The aforementioned  

applications in coating systems by photocuring of sol-gels as well as combination of new 

physical and chemical drying technologies approved our predication and also provide 

more potentials based on our investigations for the future. 


In addition, there might be also general questions arising regarding the feasibility to access 

for the design of cyanine-based materials with such structures. From this point of view, the 

compounds S7c-S7h appear more easily available since their connecting bridge chain 

would be accessible by Vilsmeier reaction. Furthermore, additional focus should be put 

onto the development of alternative synthetic routes accessing to more structures with 

open polymethine chain absorbing around 1000 nm in the future. One should also keep in 

mind the availability to receive materials with acceptable shelf-life in systems comprising 

iodonium salts and vinyl as well as oxetane monomers. 
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