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Abstract 

Organic optoelectronics is currently one of the fastest-growing fields of science. Thanks 

to the development of analytical techniques from the borderline of photophysics 

and photochemistry it is possible to perform research on increasingly efficient photoactive 

systems that are being used in organic luminescent diodes, flexible photovoltaic panels 

or organic transistors and sensors. In the last years, high attention has been paid to donor-

acceptor systems applicable in such devices. These systems can be either single-molecule 

structures consisting of acceptor unit (A, accepting electrons) and donor unit (D, donating 

electrons) linked by a chemical bond or alternatively obtained by combining donor and acceptor 

molecules within a mixture or blend. The proper design of chemical structure and ratio of D-

to-A units of such systems is important, which allows for optimisation of their physicochemical 

properties. Such a strategy can bring many possibilities to the research on organic light-emitting 

diodes (OLEDs) or organic photovoltaics (OPVs) with the aim to enhance the efficiency 

of processes standing behind their work. Moreover, a serious difficulty is a contribution   

of non-radiative processes that occur during the relaxation of excited systems. 

One of such processes, which can cause inefficient energy losses in optoelectronic devices, 

is the photogeneration of singlet oxygen. In this case excited photoactive molecule transfers 

its energy to an oxygen molecule resulting in a formation of singlet oxygen, 1O2, 

which as a very strong oxidant is used both in a number of industry sectors as well as acute 

medicine or the wider healthcare sector, but is adverse in both OPVs and OLEDs.  

Therefore, the main objective of this work is to investigate various acceptor-donor 

systems in regard to their multifunctionality and applicability in either organic optoelectronic 

devices or as a source of singlet oxygen. This research presents a new and unique approach 

to studying such D-A photoactive systems, taking into account not only their electrochemical 

and photophysical characteristics but also the photochemical ones. Understanding 

the competitive interactions between the radiative and non-radiative transitions occurring 

in photoactive molecules used as, i.e. photosensitizers or emitters, will result 

in a more conscious optimisation of a particular process and, thus, will allow releasing 

the hidden potential in the D-A photoactive materials.  
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Abstrakt 

 Optoelektronika organiczna jest obecnie jedną z najszybciej rozwijających się dziedzin 

nauki. Dzięki rozwojowi technik analitycznych z pogranicza fotofizyki i fizykochemii możliwe 

jest prowadzenie badań nad coraz wydajniejszymi układami fotoaktywnymi, które znajdują 

zastosowanie w organicznych diodach luminescencyjnych, elastycznych panelach 

fotowoltaicznych czy organicznych tranzystorach i czujnikach. W ostatnich latach dużą uwagę 

poświęca się układom donorowo-akceptorowym stosowanym w takich urządzeniach. Układy 

te mogą być zarówno strukturami jednocząsteczkowymi, składającymi się z rdzenia 

akceptorowego (A, przyjmującego elektrony) i rdzenia donorowego (D, oddającego elektrony), 

połączonych wiązaniem chemicznym, jak i mogą być otrzymane przez połączenie cząsteczek 

donora i akceptora w mieszaninie lub blendzie. Co ważne, odpowiednie zaprojektowanie 

struktury chemicznej oraz stosunku jednostek D do A takich układów pozwala na optymalizację 

ich właściwości fizykochemicznych. Taka strategia może otworzyć wiele możliwości dla badań 

nad organicznymi diodami elektroluminescencyjnymi (OLED) lub organicznymi ogniwami 

fotowoltaicznymi (OPV) w kontekście zwiększenia wydajności procesów związanych 

z ich działaniem. Ponadto, poważnym utrudnieniem jest udział procesów nieradiacyjnych, 

które zachodzą podczas relaksacji układów wzbudzonych. Jednym z takich procesów, 

który może powodować nieefektywne straty energii w urządzeniach optoelektronicznych, 

jest fotogeneracja tlenu singletowego. W tym przypadku wzbudzona cząsteczka fotoaktywna 

przekazuje swoją energię cząsteczce tlenu, w wyniku czego powstaje tlen singletowy, 1O2, 

który jako bardzo silny utleniacz jest wykorzystywany zarówno w wielu sektorach przemysłu, 

jak i w medycynie, ale jest niekorzystny zarówno w OPV, jak i OLED.  

Dlatego głównym celem tej pracy jest zbadanie różnych układów akceptorowo-

donorowych pod kątem ich wielofunkcyjności i możliwości zastosowania w organicznych 

urządzeniach optoelektronicznych lub jako źródło tlenu singletowego. Badania te prezentują 

nowe i unikalne podejście do badania takich fotoaktywnych układów D-A, biorąc pod uwagę 

nie tylko ich charakterystykę elektrochemiczną i fotofizyczną, ale także fotochemiczną. 

Zrozumienie konkurencyjnych oddziaływań pomiędzy radiacyjnymi i nieradiacyjnymi 

przejściami zachodzącymi w fotoaktywnych cząsteczkach stosowanych jako fotouczulacze 

lub emitery pozwoli na bardziej świadomą optymalizację poszczególnych procesów, 

a tym samym uwolnienie ukrytego potencjału drzemiącego w fotoaktywnych materiałach D-A.  

  



7 
 

Table of contents 

 

Abstract ...................................................................................................................................... 5 

Abstrakt ...................................................................................................................................... 6 

List of the main publications ...................................................................................................... 8 

List of other publications .......................................................................................................... 10 

Glossary .................................................................................................................................... 11 

1. Introduction ...................................................................................................................... 13 

2. Literature review .............................................................................................................. 15 

3. Aim and scope of the work .............................................................................................. 20 

4. Research methodology ..................................................................................................... 21 

4.1. Electrochemical, spectroscopic and spectroelectrochemical characterisation 

of selected D-A systems ....................................................................................................... 21 

4.1.1. Cyclic voltammetry ............................................................................................ 21 

4.1.2. EPR spectroelectrochemistry ............................................................................. 21 

4.1.3. UV-Vis-NIR spectroelectrochemistry ................................................................ 22 

4.2. Photoactive layers formation ..................................................................................... 22 

4.3. Singlet oxygen photogeneration ................................................................................ 25 

5. Results and discussion ...................................................................................................... 26 

5.1. Electrochemical, spectroscopic and/or spectroelectrochemical characterisation of 

selected D-A systems, and formation of photoactive layers ................................................ 28 

5.1.1. OLED systems .................................................................................................... 28 

5.1.2. OPV systems ...................................................................................................... 33 

5.2. Singlet oxygen photogeneration ................................................................................ 35 

6. Conclusions ...................................................................................................................... 41 

Bibliography ............................................................................................................................. 42 

Main publications ..................................................................................................................... 45 

 
  



8 
 

 

List of the main publications 

M1. Multiaplicability of singlet oxygen – small molecule high impact in materials 

development. 

Nyga A., Gusev I., Blacha-Grzechnik A., Data P., 

Applied Materials Today., (2022), Manuscript under revision (IF2022=10.04; MNiSW=140) 

A.N. was responsible for conducting the literature review and writing the parts devoted to: 

(i) direct detection of singlet oxygen techniques, (ii) description of radiative and 

non-radiative transitions and (iii) discussion of photogeneration of singlet oxygen by 

organic systems applied in organic electronic devices. A.N. prepared figures: Figure 2, 

Figure 3, Figure 5, Figure 6, Figure 7, Figure 9 and was co-author of the graphical 

abstract.  

 

M2. Dual-Photofunctional Organogermanium Compound Based on Donor-Acceptor–

Donor Architecture 

Nyga, A., Kaihara, T., Hosono, T., Sipala, M., Stachelek, P., Tonai, N., Minakata, S. de 

Sousa, L., de Silva, P., Data, P., Takeda, Y.. 

Chem. Commun., (2022), vol. 58, s. 5889-5892 (IF2021= 6.22; MNiSW= 200) 

A.N. was responsible for planning and conducing of the electrochemical analysis of 

compounds. Furthermore, A.N. conducted EPR as well as UV-Vis spectroelectrochemical 

characterisation of a investigated compounds. 

 

M3. Electrochemically deposited poly(selenophene)-fullerene photoactive layer: tuning of 

the spectroscopic properties towards visible light-driven generation of singlet oxygen 

Nyga A., Motyka R., Bussetti G., Calloni A., Sangarashettyhalli 

Jagadeesh M., Fijak S., Pluczyk-Małek S., Data P., Blacha-Grzechnik A. 

Appl. Surf. Sci.  (2020) vol. 525 s. 1-9 (IF2020= 6.61; MNiSW= 140)  

A.N. was responsible for planning and conducing the electrochemical analysis of C60Se 

and BisSe. A.N. was responsible for the electrochemical deposition of photoactive layers 

and the optimisation of the process parameters. The author was responsible for UV-Vis 

investigation of deposited films. Furthermore, A.N. examined the possibility of singlet 

oxygen photogeneration by the layers with α-terpinene trap. A.N. prepared figures: 

Graphical abstract, Figure 1 and Figure S2.   



9 
 

M4. Singlet oxygen formation from photoexcited P3HT:PCBM films applied in oxidation 

reactions 

Nyga A., Blacha-Grzechnik A., Podsiadly P., Duda A., Kepska K., Krzywiecki M.,   

Motyka R., Janssen R. A. J., Data P. 

Mater. Adv. (2022) vol. 3, nr 4, s.2063-2069 (IF2022= n/a; MNiSW= 20) 

A.N. was responsible for conducting a broad literature review on the topic and preparing a 

draft version of the manuscript. Moreover, the author was working on formation of 

photoactive layers and their further investigation with UV-Vis spectroscopy in cooperation 

with P. Podsiadly. A.N. conducted in-situ singlet oxygen photogeneration studies with 

1,5-dihydroxynaphtalene. A.N. took part in the analysis of the obtained results. 

 

M5. Covalent immobilisation of organic photosensitizers on the glass surface: toward the 

formation of the light-activated antimicrobial nanocoating 

Nyga A., Dominika Czerwińska-Główka, Krzywiecki M., Przystaś W., Zabłocka-

Godlewska E., Student S., Kwoka M., Data P., Blacha-Grzechnik A.. 

Materials (2021) vol. 14 iss. 11 s. 1-15  (IF2021= 3.623; MNiSW= 140) 

A.N. was responsible for the preparation of photoactive layers on glass substrate in a 

three-step procedure consisting in a covalent grafting and post-modifications. The author 

was also responsible for conducting UV-Vis characterisation and the investigation of the 

process of photogeneration of reactive oxygen species (ROS). A.N. prepared figures: 

Graphical abstract and Scheme 2, and the draft version of the Introduction part. 

 

 

  



10 
 

List of other publications  

 

O1.  Thermally activated delayed fluorescent donor-acceptor-donor-acceptor π-conjugated 

macrocycle for organic light-emitting diodes 

Izumi S., Higginbotham H. F.,  Nyga A., Stachelek P., Tohnai N., de Silva P., Data 

P., Takeda Y., Minakata S.. 

J. Am. Chem. Soc. (2020) vol. 142 iss. 3 s. 1482-1491, (IF2020= 15.419; MNiSW=200) 

  

O2.  Electrochemical and spectroelectrochemical comparative study of macrocyclic thermally 

activated delayed fluorescent compounds: molecular charge stability vs OLED EQE Roll-

Off   

Nyga A., Izumi S., Higginbotham H. F., Stachelek P., Pluczyk S., de Silva P., Minakata S., 

Takeda Y., Data P..  

Asian J. Org. Chem. (2020) vol. 9 iss. 12 s. 2153-2161. (IF2020= 3.319; MNiSW=70) 

 

O3.  Revealing topological influence of phenylenediamine unit on physicochemical properties 

of donor-acceptor-donor-acceptor thermally activated delayed fluorescent macrocycles 

Izumi S., Nyga A., de Silva P., Tohnai N., Minakata S., Data P., Takeda Y.,  

Chem. - Asian J. (2020) vol. 15 iss. 23 s. 4098-4103, (IF2020= 4.568; MNiSW=100) 

 

  



11 
 

Glossary 

 

1O2 – molecular oxygen in a singlet excited state  

A - acceptor 

AA – azure A 

Ag – silver  

APTES - 3-aminopropyltriethoxysilane 

APTPP - 5-(4-aminophenyl)-10,15,20-(triphenyl)porphyrin  

Au - gold  

ax – axial conformation 

BisSe – bis-selenophene 

Bu4NBF4 - tetrabutylammonium tetrafluoroborate  

C60Se – N-methyl-2-(2,5-di(selenophen-2-yl)thiophen-3-yl)fullero[3,4]pyrrolidine 

D – donor 

DCM – dichloromethane  

DHN - 1,5-dihydroxynaphthalene 

DPBF – 1,3-diphenylisobenzofurane  

DSSC - Dye-Sensitized Solar Cells 

EPR - electron paramagnetic resonance 

eq – equatorial conformation 

Fc/Fc+ - ferrocene 

HOMO - Highest Occupied Molecular Orbital 

ISC - InterSystem Crossing 

ITO - Indium-Tin Oxide 

LUMO - Lowest Unoccupied Molecular Orbital 

O2 (3O2)– molecular oxygen in a triplet ground state 

OFET - Organic Field-Effect Transistors 

OLED - Organic Light-Emitting Diodes 

OPV – Organic Photovoltaic 

P3HT - poly(3-hexylthiophene-2,5-diyl) 

PCBM  - phenyl-C61-butyric acid methyl ester 

PS – photosensitiser 

Pt – platinum  



12 
 

PTB7 - poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-

[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl ]] 

rISC - reverse InterSystem Crossing 

Sn – singlet energy level  

TADF -Thermally Activated Delayed Fluorescence 

Tn – triplet energy level  

αT - α-terpinene 

Φ; PLQY – photoluminescence quantum yield 

  

 

 

 

 

 

  



13 
 

1. Introduction 

Technological achievements of the XIX and XX centuries, especially the theories 

and accomplishments of scientists like Maxwell, Einstein, and Planck, allowed 

for the development of a new field of science called optoelectronics1. Generally, this area deals 

with all kinds of interactions of electrical devices with light, which may involve its production, 

control, or usage2. These breakthroughs allowed for the improvement of modern everyday life, 

laying the foundations for the expansion of such technological solutions as semiconductors, 

photomultipliers, optical fibers, light-emitting diodes or photovoltaics.  

Back in 1955, André Bernanose published the first paper describing 

the electroluminescence effect in organic compounds: gonacrin, brilliant acridine, orange E 

and carbazole3. This paper had a huge impact on the scientific community and initiated a series 

of discoveries in the area of electroluminescence, leading to the development of the first OLED 

(organic light-emitting diodes) in the mid-80s by Ching Tang and Steven Slyke in Kodak4. 

Simplifying, one can say that the principle of electroluminescence lies in a continuous 

excitation of a molecule by an electric current. Afterwards, an excited molecule undergoing 

a relaxation process can produce light without any heat radiation. The huge advantage 

of organic optoelectronics is the possibility of obtaining flexible and elastic devices, 

which has led to a significant evolution of electronic devices5–8. Still, this technology leaves 

much to be desired in terms of the devices’ performance and durability. One of the main 

problems of modern organic optoelectronic devices is their poor resistance to oxygen9–11.  

The unusual features of molecular oxygen arise from its electronic structure. Oxygen 

molecule, unlike other particles, occurs in a triplet ground state, 3O2, exhibiting relatively low 

reactivity. However, the excitation of the O2 molecule brings it to the excited singlet state, 1O2, 

which possess marvellous oxidative abilities, e.g. toward π-conjugated organic compounds12,13. 

In consequence, the organic compounds, typically used in organic optoelectronic devices, might 

act as photosensitizers producing 1O2 but also may undergo 1O2 - induced degradation14–16. 

Understanding how closely related to each other are the desired radiative process occurring 

in optoelectronic devices and the process of singlet oxygen photogeneration seems 

to be of great importance for the research on novel photoactive materials. Improving 

the efficiency of optoelectronic devices or photosensitizers is intrinsically linked 

to understanding the nature of the mechanisms ruling the processes occurring in photoactive 

systems, especially those involving non-radiative transitions. That is why the presented thesis 

shows the novel, broader methodology in the investigation of photoactive organic materials, 
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in which to the classical electrochemical, spectroscopic and photophysical characterisation, 

the photochemical analysis is added in order to speed up the endless chase for more and more 

effective and efficient optoelectronic devices. Moreover, such an approach allows us to consider 

the duality of the photoactive organic systems in terms of their possible application.  
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2. Literature review  

Nowadays, the most commonly developing fields of organic optoelectronics are organic 

light-emitting diodes (OLED), organic photovoltaics (OPV) and organic field-effect transistors 

(OFET). Thanks to the use of organic systems in those types of devices, it is possible to produce 

lightweight, flexible and easy to fast customisation modules that perfectly match the electronics 

market17–19. However, there is still much room for improvement, taking into account 

the stability and performance of organic optoelectronic devices. Due to the variety of types 

of optoelectronic devices, there are many different mechanisms involved in their organic 

backbone, but they all rely consistently on energy transfer. For example, in organic photovoltaic 

(OPV) devices, absorbed solar energy is transformed into electrical power. In OLED devices, 

the situation is quite the opposite – here, a current induces the photoluminescence process. 

Taking this into account, it might be stated that the basis of each of these systems lies 

in the Jabłoński diagram11,20,21. Considering the mechanisms occurring in all optoelectronic 

devices, it can be noted that the key feature that determines the processes occurring 

in photoactive compounds is the position of their energy levels. In OLED-type devices, 

the excess energy is emitted via luminescence22. In the first generation of organic devices – 

mainly phosphorescence occurs, while in the novel materials, so-called the third generation 

devices -  a reverse InterSystem Crossing (rISC) process appear, which in turn leads 

to thermally activated delayed fluorescence (TADF)21. In the last type, the energy of the triplet 

state has to be high enough for reverse intersystem crossing to occur but not too high to avoid 

relaxation by non-radiative processes (Figure 1A). On the other hand, OPVs are designed 

Figure 1. Energy transfer mechanisms occuring in A) TADF, B) OPV systems. 
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to have a charge separation process as large as possible. (Figure 1B). Thus, the triplet state 

has to be long-lived to increase the power conversion efficiency. Additionally, the energy 

of the triplet state has to be high enough to avoid relaxation without charge separation. Most 

of the currently developed optoelectronic technologies are based on further improvement 

of intermolecular interactions of organic units in photoactive compounds. These groups may 

have a donor (D) character when they are able to donate electrons, while in the case of groups 

hosting these electrons, we talk about acceptors (A). In such excited systems, the so-called 

charge transfer (CT) state is created. At this point, electrons rearrange themselves moving 

toward the acceptor while the holes are formed in the donor unit. As a result of recombination 

and radiative relaxation, emission of a photon (OLED) or the so-called free charge carriers 

generation (OPV) may take place. D-A systems can have a single molecule structure, 

but in this group of materials we also have polymers composed of different D-A units. 

Another possibility is so-called blends, mixtures of active compounds interacting 

with each other. The characteristic structure and the possibility of combining different types 

of donor and acceptor groups allow to boost the properties and features of new photoactive 

systems.  

 Due to their specific structure, the energy transfer process occurring in OLEDs and OPV 

devices is very sensitive to several internal and external factors. The disruption of energy 

transfer often leads to worse performance of optoelectronic devices. This happens by increasing 

the efficiency of the so-called non-radiative transitions at the expense of the radiative ones. 

Generally, three types of relaxation which can cause energy losses 23,24 can be named: 

1. Radiative loss above bandgap/ energy gap  

2. Radiative loss below bandgap/ energy gap  

3. Non-radiative loss 

While radiative losses (1) and (2) are traceable by suitable spectroscopic methods, 

investigating the non-radiative transition process isn’t that straightforward. The non-radiative 

loss can be connected among all with a vibration-induced quenching, a concentration 

quenching, other energy transfers, and the most important from the topic point of view 

of this thesis - oxygen quenching25. Understanding the mechanisms behind the high 

contribution of non-radiative transitions in optoelectronic systems seems to be crucial 

in developing high-performance, state-of-the-art organic devices.  

In the case of oxygen-caused non-radiative losses, the energy transfer from an excited 

organic moiety goes via Dexter Transfer. The energy from a conjugated domain is transferred 

to the oxygen molecule in the triplet ground state, 3O2, which results in the formation of singlet 
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oxygen. Such process is so-called photosensitisation with organic compound acting           

as a so-called photosensitizer (Figure 2)12,13. 

The vast majority of organic compounds used in optoelectronic devices are conjugated 

ones. Generally, increasing the number of π bonds leads to an increase in the stability of bulky 

molecules by lowering their total energy and also causes the shift of the absorption maximum 

toward higher wavelengths. However, as mentioned above, the formation of 1O2 by photoactive 

molecules, being a competitive process, results in lower efficiency of the devices. 

Moreover, the π-conjugated systems themselves can be oxidized by this reactive form 

of oxygen, that may lead to the degradation of the optoelectronic device. This can be avoided, 

for example, by encapsulation. When it comes to inhibiting the penetration of oxygen and water 

particles into devices, the type and quality of an encapsulation play a key role in the stability 

of optoelectronic devices16,26. Another aspect that significantly affects the choice of protective 

coating is the elasticity of the devices, which is one of the most important advantages 

of optoelectronic technology. For rigid devices - a glass encapsulation may be proposed,  

but the encapsulation should not affect the flexibility of the elastic devices. Currently, 

the most promising is the thin-film encapsulation method, which involves applying 

nanocomposites, resins or nanolaminates as protective coatings27. 

The chase for the best, the most effective, and the brightest photoactive molecules leaves 

no room for consideration of different possibilities of application of less effective materials. 

They may appear remarkably effective in another branch of industry, e.g. as photosensitizers. 

Figure 2. Singlet oxygen photogeneration involving the photosensitizer as energy donor 
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The oxidative properties of singlet oxygen imply its application in various fields of industry, 

starting from the “green” synthesis, through environmental technologies and wastewater 

treatment up to biological applications such as photodynamic anticancer (PDT) 

and antimicrobial (PACT) therapies12,28–33. Thus, the ability of conjugated organic systems 

to photogenerate singlet oxygen can be considered an alternative application.  

The latest work of Notsuka et al. proved the potential photosensitising abilities               

of well-known TADF molecules typically used in organic devices. In this work, several 

compounds based on the cyanobenzene core were investigated. Depending on the chemical 

structure, the photogeneration of singlet oxygen had a different contribution to the non-radiative 

relaxation processes, as shown in Figure 325.  

One of the most investigated groups of compounds for OPVs are fullerenes. Many fullerene 

derivatives, with the most recognizable - Phenyl-C61-butyric acid methyl ester (PCBM), 

have been studied 34. In 2020 Bregnhøj et al. reported the results of photophysical 

and photochemical investigations of polymer-based electron donors and fullerene-based 

electron acceptors commonly used in OPV devices. It has been shown that both PCBM 

derivatives and polymers P3HT and PTB7 determined using subphthalocyanine (SubPc) 

as a reference show good quantum yields of photogeneration of singlet oxygen, both in liquid 

as well as in solid-phase 35.  

 

Figure 3. The contribution of deactivation processes from excited singlet and triplet states in photoactive 
molecules. Φnr, int

T - internal nonradiative deactivation pathways of: ΔΦq, O2
T – PLQY triplet quenching, Φdelay, air 

- PLQY of delayed component, ΔΦq, O2
S- PLQY singlet quenching, Φprompt, air – PLQY of prompt component 

 
Reprinted (adapted) with permission from J. Phys. Chem. Lett. 2020, 11, 562−566. Copyright 2022 American 

Chemical Society. 
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Table 1. Quantum yield of singlet oxygen photogeneration process in saturated benzene solutions35 

  

 

 

 

 

 

 

 

 

 

Undoubtedly, this type of research allows us to understand the effect of molecule structure 

on the efficiency of singlet oxygen photogeneration. This, in turn, may lead to a more conscious 

design of photoactive organic systems taking into account their target application. For example, 

understanding how to avoid non-radiative transitions by optimising chemical structure should 

lead to more efficient and stable organic electronic devices. Someday, it may also be possible 

to avoid production in an inert oxygen-free environment or the protection with dedicated 

coatings, which would strongly reduce the overall costs of such devices. On the other hand, 

such a broad approach can open doors to new opportunities in applying photoactive organic 

systems. 

 

  

Compound 

Quantum yield of singlet oxygen photogeneration 𝜱𝒂𝟏𝜟𝒈 

Air  

Saturated 

O2  

Saturated 

PCBM50 0.65 ± 0.04 0.68 ± 0.04 

PCBM70 0.90 ± 0.05 0.91 ± 0.05 

P3HT 0.34 ± 0.04 0.40 ± 0.04 

PTB7 0.24 ± 0.03 0.29 ± 0.03 

SubPc 0.78 ± 0.06 0.88 ± 0.06 
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3. Aim and scope of the work 

 
The main aim of the presented work is to broadly characterise donor-acceptor (D-A) 

systems, commonly applied in organic optoelectronics, taking into account both radiative and 

non-radiative processes. In such an approach, attention is paid to the duality of D-A systems, 

i.e., their ability to act as an active layer in organic optoelectronic devices or as a singlet oxygen 

source. Thus, donor-acceptor systems commonly used in organic optoelectronics – either 

OLEDs or OPVs, were selected. Furthermore, the heteroatom-containing D-A compounds 

based on dibenzo[a,j]phenazine acceptor, which has been designed for their applicability 

in OLED devices, were investigated. Finally, in the group of OPVs D-A systems, 

a novel fullerene dyad with bis-selenophene, and well-known PCBM:P3HT and porphyrin-

phenothiazine systems were selected.  

The main novelty of the presented work lies in the undertaken approach, 

in which the investigation of singlet oxygen photogeneration is added to a standard analysis 

conducted on D-A organic systems. Hence, the selected D-A systems were firstly subjected 

to electrochemical, spectroscopic and/or spectroelectrochemical analysis and were, in the next 

step, deposited on solid support either via electrochemical polymerisation, spin-coating 

or chemical grafting. Finally, the photogeneration of singlet oxygen by the resulting layers 

was widely investigated, and the selected ones were tested in the industrial important oxidation 

process or as antimicrobial coatings.   
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4. Research methodology  

4.1. Electrochemical, spectroscopic and spectroelectrochemical characterisation 

of selected D-A systems 

4.1.1. Cyclic voltammetry 

The goal of employing electrochemical methods in the analysis of the investigated 

systems was primarily to determine their oxidation and reduction processes, as well as to test 

their ability to undergo electrochemical polymerisation. The electrochemical analysis 

was performed using the SP-150 electrochemical workstation (Bio-Logic) and a conventional 

three-electrode cell. As a working electrode, a platinum disc electrode (Pt, EDAQ, 1 mm dia.), 

gold disc electrode (Au, EDAQ, 1mm dia.) or an Indium-Tin Oxide (ITO)/borosilicate glass 

(Präzisions Glas & Optik GmbH, PGO) were used. As a pseudo-reference electrode, the silver 

wire was chosen. Platinum wire acted as a counter electrode. The potential scale was calibrated 

using a typical internal standard, i.e. ferrocene (Fc/Fc+). By default, measurements 

were performed with a 1 mM concentration of photoactive compounds in 0.1 M solutions 

of Tetrabutylammonium tetrafluoroborate (Bu4NBF4, 99% Sigma Aldrich), i.e. electrolyte, 

in dichloromethane (DCM; HPLC grade, Sigma Aldrich) at room temperature. 

Due to the significant effect of atmospheric oxygen on the measurements, the examined 

solutions were purged with an inert gas - argon, before starting the voltammetry measurements. 

Additionally, a gas was passed over the surface of the solution to prevent the impact of oxygen 

during the experiments. 

The electrochemical analysis carried out by potentiodynamic methods with the use 

of cyclic voltammetry made it possible to determine such parameters as HOMO (Highest 

Occupied Molecular Orbital) as well as LUMO (Lowest Unoccupied Molecular Orbital), 

which were calculated using the following eqations36: 

𝐸ுைெை =  − ቆ𝐸
ை

ೞ ೡೞ
ಷశ

ಷ

+ 5.1ቇ [𝑒𝑉]        (1) 

𝐸ெை =  − ቆ𝐸
ௗ

ೞ ೡೞ
ಷశ

ಷ

+ 5.1ቇ [𝑒𝑉]        (2) 

 

4.1.2. EPR spectroelectrochemistry 

Electron paramagnetic resonance (EPR) spectroelectrochemistry allowed us to detect 

unpaired electrons by examining the spin environment of the sample as a function of applied 

voltage. EPR measurements were performed using Jeol JES-FA 200 X-band CW-EPR 
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spectrometer and an AUTOLAB M101 potentiostat. The measuring cell was a thin glass tube 

narrowing to the bottom. A thin platinum wire was inserted as a working electrode, a silver wire 

as a pseudo-reference electrode, and a spirally coiled platinum wire as an auxiliary electrode. 

Measurements were carried out using 0.5 mM concentration of the test compound in 0.1 M 

solutions of Tetrabutylammonium tetrafluoroborate (Bu4NBF4, 99% Sigma Aldrich) 

in dichloromethane (DCM; HPLC grade, Sigma Aldrich) at room temperature. In addition, 

the concentration of photoactive molecules was adjusted to a particular test and procedure type.  

 

4.1.3. UV-Vis-NIR spectroelectrochemistry 

The absorption spectroelectrochemical measurements were performed in the ultraviolet 

(UV), visible (Vis) and near-infrared (NIR) spectral ranges. The measurements were carried 

out at static as well as dynamic potential changes. The obtained results were mainly analyzed 

to study the polaronic and bipolaronic bands. Similarly to previous spectroelectrochemical 

measurements, the silver and platinum wire were used as pseudo-reference and auxiliary 

electrodes. An ITO glass electrode in a thin quartz cuvette (Helma cells) was used as a working 

electrode. The measurements were performed with Ocean Optics QE6500 and NIRQuest 

apparatus. Measurements were performed within 0.5 mM concentration of photoactive 

compounds in 0.1 M solutions of Tetrabutylammonium tetrafluoroborate (Bu4NBF4, 99% 

Sigma Aldrich) in dichloromethane solvent (DCM; HPLC grade, Sigma Aldrich) at room 

temperature conditions. 

 

4.2. Photoactive layers formation 

Immobilizing photoactive molecules on a solid carrier can be done using either physical 

or chemical processes. Respectively, the application of these methods results in non-covalent 

interactions with surface atoms or covalent bonds. The first ones include such techniques 

as physical adsorption, blend/mixing in the matrix or trapping. Although, on the other hand, 

grafting is characteristic of covalently bonded formations, it does not matter whether 

it is obtained by chemical or electrochemical processes. The selection of a suitable method 

for the immobilisation of photosensitisers depends on the type of sensitiser, its structure 

and properties. Immobilisation of photoactive molecules usually increases photosensitiser 

stability but, unfortunately, decreases its photoactivity37. 
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Electrochemical polymerisation (M2 and M3) 

The electrochemical polymerisation process, resulting in the formation of a polymeric 

layer on top of the working electrode, was performed analogically to electrochemical analysis. 

The same SP-150 electrochemical workstation (Bio-Logic) and three-electrode cells 

were employed to complete the process. Similarly, Indium-Tin Oxide (ITO)/borosilicate glass 

(Präzisions Glas & Optik GmbH, PGO) were used as a working electrode. As a pseudo-

reference electrode, a silver wire was chosen. Platinum wire acted as a counter electrode. 

By default, measurements were performed in 0.1 M solutions of Tetrabutylammonium 

tetrafluoroborate (Bu4NBF4, 99% Sigma Aldrich) in dichloromethane (DCM; HPLC grade, 

Sigma Aldrich) in room temperature conditions. The concentration of monomers varied 

between experiments. In all trials, the concentration of the C60Se dyad in M3 was kept constant 

(0.45 mM), while the concentration of BisSe was adjusted to obtain various molar ratios (5:1, 

2:1, 1:1, 1:2 and 1:5). In the case of dibenzo[a,j]phenazine investigated in M2 and M3, 

the concentration was equal to 1 mM. Solutions were purged with intrinsic gas – argon 

prior to measurements. 

 

Spin-coating (M4) 

Rectangular glass substrates having identical UV-Vis absorbance were used as spin coating 

substrates. For the spin coating process, the glass substrates were washed and prepared 

as follows: 

DEPOSITION

Physical adsorption

Encapsulation in a matrix Spin coating- PCBM:P3HT

Electrochemical methods

Electrochemical deposition - PGeZ

Electrochemical deposition -
C60Se:BisSe

Chemical Methods - Chemisorption Chemical grafting- APTES:APTPP:AA

Figure 4. Diagram showing immobilisation techniques for photosensitizers on solid substrates. The dark green 
tiles represent the immobilisation techniques implemented to prepare the photoactive layers used in this work 



24 
 

 sonicated in acetone for 15 min, 

 manual washing in deionised water with sodium dodecylbenzosulfonate as detergent  

 sonicated with water and detergent for 15 minutes 

 rinse off the detergent and sonicated with deionised water for 15 minutes 

 sonicated with propan-1-ol for 15 minutes 

 drying under a fume hood 

Cleaned and dried substrates were then coated using a Laurell WS-650M2-23 NPP/LITE 

spin coater to obtain thin films. One by one, pre-washed glasses were placed in the holder 

and fixed using a vacuum in the spin-coater chamber. An inert gas (nitrogen) was introduced 

into the chamber during the process. The 10 



  solution of photoactive molecules was applied 

by an automatic pipette. Centrifugation was turned on at selected parameters of speed and time 

and acceleration of 4000 


௦మ
 . After removing the plate from the device, it was left in a dark 

place for 24 hours. 

 

Chemical grafting (M5) 

Chemical grafting was done using a three-step procedure (M5). Firstly, the cleaned 

and pretreated with high concentrated sodium hydroxide (NaOH) and hydrochloric acid (HCl) 

glass substrates were placed in a 3-Aminopropyltriethoxysilane (APTES) solution in toluene. 

Then, after 24 h, glass substrates with chemically grafted APTES were rinsed with pure solvent 

and placed in the terephtaloyl chloride (TC) solution for post-modification and binding 

of the TC linker. Finally, functionalisation of the layer with the acyl chloride allows for the third 

stage of modification – chemical bonding of photosensitisers: azure A (AA) and 5-(4-

aminophenyl)-10,15,20-(triphenyl)porphyrin (APTPP).  
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4.3. Singlet oxygen photogeneration 

An indirect singlet oxygen detection can be performed in a homogeneous system where the 

photosensitizer is dissolved in the reaction medium. The process can also be carried out for 

photosensitizers deposited on different types of supports. In this case, we can speak 

of an conducted under heterogeneous conditions. Typically, a photoactive layer deposited 

on a solid substrate is placed in a 10 × 4 mm2 quartz cuvette (Hellma Analytics, Müllheim, 

Germany). The glass cuvette is sealed with a Teflon cap to prevent solvent evaporation. 

The prepared layer is further illuminated either with a xenon lamp or with a diode laser. 

The xenon lamp is used as a broadband illumination source, while diode lasers (in presented 

work - Oxxius, Lannion, France, LBX-445- 100CSB-PP, LBX-532 and LBX-638-150-ELL-

PP) are used as a light source exciting specifically chosen photosensitiser and its characteristic 

band. The light-activated production of reactive oxygen species (ROS) was followed in situ 

using Hewlett Packard (Palo Alto, CA, USA) 8452A UV–Vis spectrometer. The effectiveness 

of the investigated process is monitored by the drop in the absorbance of the specific marker 

used in the experiment, such as 1,3-diphenylisobenzofuran or α-Terpinene. 

 

  

Figure 5. Schematic presentation of singlet oxygen photogeneration in heterogeneous experiment 



26 
 

5. Results and discussion 

In the presented work, an extensive study of photoactive compounds commonly used 

in organic electronic devices has been carried out. Contrary to the classical approach, during 

the characterisation of photoactive systems, more attention was paid to investigating their 

ability to photosensitize singlet oxygen. The need for this research type is supported by a broad 

review (M1) of the topical literature that indicates the importance of non-radiative transitions 

affecting the performance of optoelectronic devices. The review mentioned above focuses 

on the photogeneration of singlet oxygen as one of the main causes of worsened performance 

of optoelectronic devices. Therefore, this work covers both the topic of non-radiative transitions 

in optoelectronic systems and also highlights the need for a broader perspective on the research 

on photoactive systems, their multi-purpose nature and potential versatile applications. Based 

on the literature review, it can be stated that only a limited number of works deal 

with the photoactive systems having a donor-acceptor structure which are applied in singlet 

oxygen photogeneration experiments. Thus, in order to fulfil this gap, the topic was undertaken 

in the presented work.  

The selected systems studied in this work are summarized in Table 2. In the first part 

of the work (M2), a comprehensive electrochemical, spectroscopic and spectroelectrochemical 

analysis of the germanium derivative of dibenzo[a,j]phenazine was carried out, supplemented 

by studies conducted of respective heteroatomic silicon and phosphorus derivatives. 

Those compounds, with a donor-acceptor-donor structure, were designed as a potential TADF 

emitter for OLED devices. One of the investigated derivatives, which showed the highest 

tendency to undergo electropolymerisation, was in turn electrochemically deposited 

on a surface of an ITO electrode and further investigated in the form of a layer. Similarly, work 

M3 deals with the spectroscopic and electrochemical characterisation of novel compounds, 

in this case, fullerene dyads applicable in OPVs. Again, the investigated compounds were 

electrochemically deposited on an ITO surface. In this case, the donor-acceptor ratio was varied 

by conducting the electrochemical co-deposition of a bis-selenophene molecule - the donor 

form and a fullerene derivative, which acted as an acceptor.  

Contrary to the above, works M4 and M5 present the results of the investigation         

of well-known systems that have been widely characterized for organic electronics 

applications. In the first case, the system of PCBM - a fullerene derivative that acted 

as an acceptor molecule – and a P3HT, which served as an energy donor was investigated. 

In this case, the photoactive layer was formed by spin-coating of solutions on top of the glass 
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substrates. All prepared active layers were then investigated as a potential source of singlet 

oxygen in an exemplary oxidation reaction. Finally, porphyrin and phenothiazine derivatives 

applicable in dye solar cells were covalently grafted to a glass surface and investigated 

as a potential photoactive antimicrobial layer.  

Table 2. Overview of the examined molecules, their character and assignment. 

 
 Title of work 

Deposition 

technique Investigated donor-acceptor systems 

O
L

E
D

 

M2 Dual-Photofunctional 

Organogermanium Compound 

Based on Donor–Acceptor–

Donor Architecture 

Electrochemical 

polymerisation 

 

O
P

V
 

M3 Electrochemically deposited 

poly(selenophene)-fullerene 

photoactive layer: tuning of the 

spectroscopic properties 

towards visible light driven 

generation of singlet oxygen 

Electrochemical 

polymerisation 

 

M4 Singlet oxygen formation from 

photoexcited P3HT:PCBM films 

applied in oxidation reactions 

Spin coating  

M5 Covalent Immobilization of 

Organic Photosensitizers on the 

Glass Surface: Toward the 

Formation of the Light-

Activated Antimicrobial 

Nanocoating 

Chemical 

grafting 
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5.1. Electrochemical, spectroscopic and/or spectroelectrochemical characterisation of 

selected D-A systems, and formation of photoactive layers 

 
Table 3. Absorption band, HOMO and LUMO values obtained during the conducted experiments.  

*Literature data are taken from reference [38] 

Compound 
Absorption band  

[nm] 

HOMO 

[eV] 

LUMO 

[eV] 

PGeZ 300 and 419 5.66 3.32 

PSiZ 301 and 418 5.76 3.41 

DPPZS 301 and 416 5.86 3.36 

C60Se 330 5.65 4.10 

BisSe 
500 

~ 400-600 
5.22 - 

PCBM 335 6.1* 3.7* 

P3HT 
510 

~ 400-600 
5.0* 3.0* 

APTPP 420 - - 

Azure A 628 - - 

 

The table presented above summarises the HOMO and LUMO values obtained during 

the research on the electrochemical properties of organic compounds presented in papers M2 

and M3. Moreover, the absorption bands of particular photoactive compounds used in the study 

(M2-M5) are compared with each other. All the results correlate with the results of structurally 

similar molecules found in the literature regarding this topic.  

  

5.1.1. OLED systems  

At first, the objects of my investigations were compounds belonging to one of the better-

known groups of compounds used in organic optoelectronics, especially in OLED devices, 

consisting of a dibenzo[a,j]phenazine acceptor core. A particular object of interest due 

to its properties was a derivative containing germanium as a heteroatom (PGeZ -

phenazagermine), the characterization of which is presented in publication M2. Additionally, 

the electrochemical and spectroelectrochemical studies presented in this work have been carried 

out on the respective heteroatomic derivatives - silicon (PSiZ Phenazasilane) and phosphine 

(DPPZS dihydrophenophosphazine sulfide) presented in the Figure 6. 
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 The CV curves recorded for the investigated systems, shown in Figure 7, revealed 

that the examined germanium and silicon derivatives, in contrast to the phosphine derivative, 

tend to undergo electrochemical polymerisation on the platinum and gold electrode surface. 

A particularly distinctive polymerisation process was observed in the case of the germanium 

derivative. In the light of the obtained results, it can be suggested that the conformation 

of the molecule is key for understanding the ability of the studied D-A-D molecules to undergo 

the polymerisation processes. The equatorial-equatorial (eq-eq) conformers, i.e. germanium 

and silicon derivatives, have lower potentials of both oxidation and reduction. The opposite 

situation takes place for equatorial-axial (eq-ax) or axial-axial (ax-ax) conformers: higher 

values of oxidation and reduction potentials of these conformers indicate that those processes 

are more hindered 38. Finally, it has to be noted that only the germanium derivative showed 

a tendency to form a stable polymeric layer on the Pt and Au electrodes surface. In contrast, 

in the case of silicon derivative – the forming layer was unstable. However, throughout 

the study, it was found that the PGeZ films formed on the ITO electrode become relatively 

unstable despite its tendency to undergo this process in the case of Pt and Au disc electrodes. 
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Figure 7. Phenazasilane (PSiZ) and dihydrophenophosphazine sulfide (DPPZS) derivatives. 

Figure 6. CV curves recorded for dibenzo[a,j]phenazine derivatives with heteroatomic dononor. A-PGeZ, B-
PSiZ and C – DPPZS. 
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This could be due to the lower affinity of the forming polymer to the glass surfaces 

on the one hand. Still, on the other hand, ITO electrodes force the potential window to decrease 

while increasing the electrode area, which is not suitable for electrode processes in ranges above 

1.5-1.6 V. However, increasing the scanning speed from the default 50 mV/s to 100 mV/s, 

allowed for limiting the influence of oligomer diffusion from the electrode surface 

and increasing the number of polymerisation cycles carried out to 30, resulting in a relatively 

stable polyPGeZ layer on the ITO electrode, which made it possible to study 

the photogeneration of singlet oxygen by the obtained photoactive layer. Both the EPR and UV-

Vis-NIR spectroelectrochemical measurements performed for all dibenzo[a,j]phenazine 

photoactive derivatives, and presented in Figures 8 and 9 confirmed the redox character of the 

analyzed molecules. The observed changes in the EPR and UV-Vis spectra under varied applied 

potential correlated to the changes observed in the recorded CV curves. Potentiostatic UV-Vis-

NIR spectroelectrochemistry of investigated monomers is presented in Figure. 8 reveals many 

differences in the spectroscopic behaviour of examined molecules. High electrochemical 

reactivity corresponds to the high spectroscopic answer of the PGeZ molecule. Already in low 

potential ranges, up to 1 V, the most visible changes are connected to increasing intensity 

of broad shoulder around 370 nm as well as 590 nm peak. Above 1 V, up to 1.7 V, a sudden 

growth of peaks near 350 465 and 590 nm occur, which might be associated with the formation 

of polarons. However, the biggest changes in spectra might be observed at a potential of 1.1-

1.4 which then decreases for two broad bands localized between 700-850 nm and 1250-

1500 nm. Since bipolarons are formed by oxidation of polarons it can be concluded 

that the behaviour of broad bands classifies them as bipolaronic. Only one, sharp peak around 

420 nm seems to decrease as the oxidation process progresses. The oxidation processes 

which took place in the doping process seem to be irreversible. At the dedoping spectra 

of the PGeZ (Figure 8B) the sharp decrease of 590nm peak, as well as a broad band between 

1200-1700 nm, was recorded.  

Similar but much weaker behaviour can be described for PSiZ. Here, also after previous 

oxidation of the polarons, we might observe the increasing broad bands of bipolarons around 

700-850 nm as well as 1200 – 1700 nm. The lack of the broad bands of bipolaronic moieties 

in the DPPSZ molecule could be related to its structure, conformation and the lack of redox 

behaviour. The most significant changes in absorption spectra, depending on the potential shift 

were observed for PGeZ monomer. For all the monomers, the biggest difference after 

the experiment occurs at 590 nm.  
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Figure 8. Spectroelectrochemichal measurements of examined photoactive molecules. A,C and E corresponds to 
doping and diagrams B, D and F to the dedoping processes.  

A,B- PGeZ, C,D- PSiZ, and E,F- DPPZS 
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Due to understanding the formation of the reactive species on the electrode, 

the potentiostatic EPR spectroelectrochemistry was performed. In the case of PGeZ as well as 

PSiZ weak signals during the oxidation process were reported. The first visible signals 

for the EPR spectra were recorded at around 0.9 V for PGeZ and 0.8 V for PSiZ (vs. the Fc/Fc+ 

redox couple). The potential at which changes were observed for electron paramagnetic 

resonance spectra correlates with the results obtained for cyclic voltammetry - the EPR peak 

begins to increase at the potential at which the first oxidation peak for the monomer increases. 

By comparing these data with absorption spectroelectrochemistry results, it can be said 

that at this potential the formation of diradical dictation species occurs. Since it was not possible 

to obtain an oxidation EPR spectrum for the DPPZS monomer, it can be concluded 

that the reactive species are delocalized within the donor moiety of the analyzed compounds. 

The reduction of the analyzed molecules was only visible for the DPPZS. 

Here, the electrochemical reduction also corresponds to the obtained signal (-1.85 V). 

All the overmentioned processes are reversible. 

TADF-type compounds used in OLED devices that are capable of polymerisation possess 

several advantages compared to small molecules. First of all, they are characterized by high 

thermal stability and leave plenty of room for modification, especially in host-guest 

interactions. Second of all, their conjugated structure simplifies the devices’ production process 

since printing can be used. On the other hand, the polymerisation of such compounds also might 

increase the efficiency of the non-radiative processes. A key feature here is the rigidity 

of the polymeric backbone: the more flexible structures show a significant decrease in the tested 

systems' performance due to increased non-radiative transitions 39.  
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Figure 9.EPR results for analyzed photoactive molecule. A- PGeZ, B- PSiZ, and C- DPPZS 
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5.1.2. OPV systems  

In the work's second part, fullerene derivatives applicable in OPV devices were broadly 

investigated. Those carbon nanostructures possess an absorption band located mainly in the UV 

region of the spectra and significantly lower absorption in the visible range. Moreover, 

their characteristic cage-like structure allows for accepting electrons, which is extremely useful 

in OPVs when C60 is accompanied by an excellent electron donor that absorbs energy 

inthe visible spectrum, e.g. P3HT.  

In the presented work, two types of fullerene derivatives were investigated: novel one - 

N-methyl-2-(2,5-di(selenophen-2-yl)thiophen-3-yl)fullero[3,4]pyrrolidine (C60Se), and well-

known Phenyl-C61-butyric acid methyl ester (PCBM). In the first case, the newly synthesized 

fullerene derivative C60Se having a D-A structure, was further combined with BisSe units. 

Firstly, the electrochemical investigations of both monomers were conducted. As shown 

in Figure 10, irreversible oxidation was observed at 0.8 V (vs. Fc/Fc+), which can be assigned 

to the oxidation of organic units in C60Se and BisSe. Within the further scans, the steady 

increase in the redox couple at ca. 0.4 V (vs. Fc/Fc+) was observed, indicating electroactive 

layer formation. Since the oxidation of both monomers occur at similar potentials, 

it can be stated that the forming layer contains both monomers. The electrochemical                         

co-deposition was conducted in five different molar ratios with the aim to vary the ratio between 

donor and acceptor in the photoactive layer. This approach was further confirmed 

to be successful using CV (Figure 10A) and UV-Vis, and XPS spectroscopies.  

Figure 10. Electrochemical behaviour of fullerene-selenophene co-deposited layers in  
A) reduction and B) oxidation part of voltammogram. 
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In the second case in the group of OPVs materials, the PCBM:P3HT system 

was investigated. Here, poly(3-hexylthiophene-2,5-diyl) acts as an antenna and energy donor, 

while fullerene derivative acts as an electron acceptor. The values of HOMO and LUMO states 

presented in the literature for these two photoactive compounds are, respectively 6.1 and 3.7 

for PCBM and 5.0 and 3.0 for P3HT40. Marvellous features predispose this blend as an active 

layer for OPV devices. In the presented study, PCBM:P3HT photoactive layers were formed 

using a spin-coating technique from solutions with varied molar ratios and were in the next step 

characterized by UV-Vis spectroscopy.  

Figure 11 represents the UV-Vis spectra of obtained layers, confirming the composition 

of films. Borosilicate glass substrates with high UV transparency threshold (above 300 nm) 

were used as the substrate for obtaining the films. The strong and broad absorption band 

occurring between 400 and 600 nm belongs to P3HT and is due to pi-pi transitions. The small 

shoulder in the region of approximately 605 nm results from inter-chain stacking of this 

polymer and, as a result, its ordering. This band is clearly visible in the UV-Vis spectra 

of all layers containing the polymer. The characteristic fullerene absorption band is observed 

at ca. 330 nm.  

Last but not least, the chemical grafting of porphyrin and phenothiazine derivatives 

on a glass surface was conducted. Both porphyrin and phenothiazine–containing materials 

are widely investigated for application as an active layer in Dye-Sensitized Solar Cells (DSSC). 

In this work, commercially available derivatives containing primary amino groups were 

selected. In the chosen modification strategy, the first step was a chemical grafting of the glass 

Figure 11. UV-Vis spectra of the thin layer absorption spectra for different concentration photoactive layers in 
comparison to pure P3HT layer.  
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surface with (3-Aminopropyl)triethoxysilane (APTES) and was followed by two post-

modification steps based on the chemical reaction between –NH2 and –COCl groups. Since 

the nanoscale layer was formed, the optical and physical properties of the glass substrate 

were not influenced. In the presented work, as in the case of donor-acceptor systems based 

on the photosensitising properties of fullerene derivatives, two photoactive molecules 

were applied in order to widen the absorption light spectrum. The chemical 

structure of  the formed coating was confirmed using XPS and IR spectroscopies.  

 

5.2. Singlet oxygen photogeneration  

The ability of the photoactive compounds to act as a photosensitiser (PS) in the process 

of generation of singlet oxygen can be tested via direct or indirect methods. Direct methods 

involve monitoring the characteristic emission band at 1268 nm, which is challenging 

to observe due to its low intensity, stability, and position 41. This issue was broadly discussed 

in M1, where different approaches, techniques and equipment were considered. In the presented 

work, the indirect method based on UV-Vis absorption spectroscopy and specific chemical 

traps was applied. The advantage of such an indirect method is its uncomplicated nature – 

it does not require advanced and expensive apparatus for research. Furthermore, it allows 

for a quick change of the experimental conditions by changing the light source, 

e.g. from a xenon lamp to a laser. Despite certain complication of the measuring system, 

the results obtained using the abovementioned methods are generally considered accurate 

and reliable. Nevertheless, it should be remembered that the ideal marker used during 

the measurements should not be sensitive to light itself, and its absorption peak should 

not overlap with the absorption peak of the tested photosensitiser. The most common chemical 

Figure 12. Singlet oxygen reactions with easily oxidizable with singlet oxygen materials such as 
A) 1,5-dihydroxynaphtalene, B) α-terpinen, C) citronellol and D) 2,3,4,5-tetraphenylcyclopentadienone 
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trap of singlet oxygen is 1,3-diphenylisobenzfurane (DPBF). Moreover, α-terpinene (αT) 

and 1,5-dihydroxynaphtalene (DHN) were applied in the conducted experiments (Figure 12). 

The principal goal of this work was to verify whether photoactive donor-acceptor systems 

dedicated to organic optoelectronics can effectively act as photosensitisers 

in the photogeneration of singlet oxygen.  

In the case of the first of the investigated systems, i.e. PGeZ, the photogeneration 

experiment was carried out with α-terpinene in acetonitrile (ACN) with 445 nm laser as a light 

source. The choice of solvent was determined in this case for its weak affinity to the film and 

its lack of interaction with the polymeric layer, which was confirmed by stability studies. 

The results of photogeneration experiments are shown in Figure 13. Clear decrease 

in the absorption of α-terpinene at 266 nm was observed in time, indicating its reaction 

with singlet oxygen produced by PGeZ layer. Unfortunately, the film's sensitivity does not 

allow the same photoactive layer to be used repeatedly, and its performance decreases 

in successive trials.  

Fullerenes and their derivatives have been already investigated as potential 

photosensitisers, especially for PDT therapy. Exposed to specific low wavelengths of light from 

the border of the UV and visible spectra, they show high quantum yields of singlet oxygen 

productions. However, when exposed to visible light, they are relatively useless. The situation 

can be changed by the introduction of organic units acting as donors. For example,                            

a π-conjugated polymer absorbing in the visible range can act as an antenna transferring energy 

to fullerene. This idea was investigated in two works - M3 and M4, in which fullerene/organic 

Figure 13. Oxidation of α-terpinene by PGeZ layer formed on top of ITO electrode.  
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D-A systems were applied as a singlet oxygen source in the exemplary oxidation reactions 

used in fine chemicals synthesis. 

The electrochemically co-deposited photoactive layers containing C60Se and BisSe 

with varied ratio were applied in α-terpinene oxidation to ascaridole (M3). The process 

can be followed by monitoring the decrease in the absorbance of α-terpinene 266 nm. 

The formation of 1O2 was also confirmed with DPBF specific trap. The efficiency of energy 

transfer from the donor organic units to the fullerene acceptor was investigated by analyzing 

the oxygen photogeneration results for measurements with a xenon lamp as the light source. 

Some of the measurements were carried out using a filter transmitting only visible light above 

400 nm so that mainly donor units in the studied layer were excited. Comparing the kinetics 

of the photooxidation reactions revealed that the P(C60Se_BisSe_1:1) layer was found to have 

the optimal balance between donor and acceptor unit and had the highest performance among 

the tested systems, which is shown in Table 4. 

Table 4. Rate constants of singlet oxygen reaction photogenerated by layers with different concentrations of 
photosensitizer 

Photoactive layer k ቂ
𝟏

𝒎𝑴∙𝒎𝒊𝒏
ቃ 

P(C60Se:BisSe 5:1) (1.72 ± 0.01)∙10-4 

P(C60Se:BisSe 2:1) (2.85 ± 0.01)∙10-4 

P(C60Se:BisSe 1:1) (5.10 ± 0.02)∙10-4 

P(C60Se:BisSe 5:2) (2.52 ± 0.01)∙10-4 

P(C60Se:BisSe 5:5) (1.30 ± 0.01)∙10-4 

P(C60Se) (2.03 ± 0.01)∙10-4 

Further, the PCBM:P3HT system was successfully applied as a singlet oxygen source 

in the oxidation of DHN to juglone. The process can be followed by monitoring the absorbance 

of DHN at 298 nm and the absorbance of juglone at 510 nm. Both tests conducted with 1,3-

diphenylisobenzofuran (DPBF) as a specific marker and with DHN oxidation showed 

that the highest photogeneration efficiency was obtained for the layer consisting of a 2:1 

PCBM:P3HT ratio. Furthermore, when the layer was illuminated with a xenon lamp, 

both PCBM and P3HT were activated thus, in order to investigate the energy transfer between 

the donor (P3HT) and the acceptor (PCBM), several tests were carried out, taking into account 

the light source used to illuminate the samples. In the case of the xenon lamp, both photoactive 

compounds were excited, while a laser with a 532 nm wavelength mainly excited the donor unit 

(Figure 14).  



38 
 

Both examined photoactive D-A systems based on fullerene derivatives showed good 

abilities to act as photosensitisers in the photogeneration of singlet oxygen. Two different 

approaches to layer formation were applied. On the one hand, the PCBM:P3HT system 

was deposited on glass in a completely mechanical way – through the spin coating technique. 

On the other hand, the C60Se:BisSe units were electrochemically co-deposited on an ITO 

electrode surface. It was shown that the composition of the resulting layer, 

and thus its spectroscopic and photochemical properties, can be easily tuned in both methods. 

Moreover, in the case of both systems, introducing a donor unit with a strong absorption band 

in the visible range significantly increases the ability of the photoactive system to produce 1O2 

under broadband illumination. Based on the obtained results, it might also be said 

that the key feature defining the D-A system as a photosensitiser is the ratio between the donor 

and acceptor moieties, particularly if only one of them has sensitizing abilities. Thus, carefully 

optimising the ratio has to be done to avoid insufficient photosensitizer in the system 

or in the opposite situation - lack of low energy-absorbing donor units. Importantly, it has been 

proven that both systems initially designed and applied in organic optoelectronic devices 

can also act as an effective source of singlet oxygen.  

Last but not least, the potential application of photoactive layers as the antibacterial coating 

was tested. Antibacterial and antiviral properties of singlet oxygen are well known 

in the literature. This phenomenon is related to the extremely strong oxidative properties of 1O2. 

Pathogen cells are mainly composed of proteins and lipids, easily oxidized by 1ΔgO2 molecules. 
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Figure 14. Comparison of two light sources used during oxidation of 1,5-DHN with singlet oxygen. The reaction 
rate observed by (A) decreasing absorption at 298 nm and (B) increasing absorption at 500 nm. 
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Therefore, bacterial colonies exposed to singlet oxygen in an aerobic environment cause 

the extermination of microbes. Going even further, it might be predicted that applying such 

antimicrobial coatings in medical centres and facilities allows for reducing nosocomial 

infections among patients.  

Layers formed according to the scheme presented in the previous chapter were in the first 

step tested in a heterogeneous experiment. To investigate the performance of the mixed layers, 

a series of experiments were conducted with specific lasers at 445 nm (activating porphyrin, 

APTPP) and 638 nm (activating phenothiazine, AA) and a xenon lamp (activating both). 

The photogeneration was investigated with α-terpinene as a marker, thus, the involvement 

of other reactive oxygen species (ROS), not only singlet oxygen, cannot be excluded. 

It was confirmed that both photosensitizers retain their photoactivity towards ROS production 

and that the highest efficiency of the photoprocess under white light was observed for the mixed 

layer, as shown in Figure 15. The ability of the presented layers to exhibit antimicrobial action 

was confirmed in microbiological studies conducted by M. Sc. Dominikę Czerwińską-Główkę 

and presented in M5. 

 

 

 

 

 

 

 

 

 

 

 

Worth mentioning that the applied modification does not interfere with the glass substrate's 

optical and physical features. Moreover, despite the outstanding stability of the covalently 

attached layers, glass substrates might be reused after proper cleaning and pretreatment 

in the modification process. These factors promote presented antimicrobial modification 

as an industry-friendly application of photosensitisers in manufacturing processes. Modified 

glass can be especially used in hospitals and medical facilities as windows, glass covers 

Figure 15. Decrease of 266 nm absorbance peak during photooxidation of α-terpinene by illumination of 
modified glasses respectively with AA, APTPP and mixed layers with xenon light (XL) and proper lasers (445 

and 638 nm) (M5). 
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for medical equipment or glass lightning elements. Considering how important the light 

is for the photoactive layers to fulfil their role, one should also consider applying these 

modifications during the production of optoelectronic systems, especially in OLED devices, 

which, by illuminating a glass screen, would enhance the antibacterial capabilities 

of the devices. It would have been an outstanding chance to overcome and reduce the influence 

of nosocomial and popular infections in medical centres and daily office work with monitors, 

smartphones, etc. 
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6. Conclusions 

The presented work shows a broad approach to investigating conjugated organic systems, 

from classical spectroscopic/electrochemical studies of D-A-D-type molecules, throughout 

a rather unconventional part dealing with the analysis of 1O2 photogeneration by those systems, 

up to the preliminary investigation of their potential application as photocatalysts 

or antimicrobial coatings. During the research, various approaches to forming photoactive 

layers were applied, such as electrochemical polymerisation, spin-coating, and the chemical 

modification and chemical grafting of photosensitisers. An integral part of science 

is the applicability of the investigated solutions. In this work, a system of photoactive 

compounds is applied due to its work as an antibacterial coating through its ability 

to photogenerate singlet oxygen. 

It has been shown that the appropriate selection of two photoactive compounds, especially 

in donor-acceptor systems, can significantly boost the photoactive potential of the studied 

systems. This fact might be highly important from the organic optoelectronics perspective. 

Taking it one step further, the manipulation and skilful selection of co-existing photoactive 

systems might influence the ratio of radiative and non-radiative transition taking place 

in optoelectronic devices. Thus, understanding the processes occurring between the donor and 

acceptor in such systems is the key to improving known organic devices' efficiency. 

However, since the mechanism and structural changes that distinguish photoactive compounds 

as photosensitising materials or active materials for device manufacturing 

haven’t been determined, there remains much room for research into the nature of photoactive 

compounds. 
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Abstract 15 
Singlet oxygen has been investigated for almost 60 years for medical application in photodynamic 16 

therapy, wastewater treatment, synthesis of fine chemicals and even in organic electronics . However, 17 

the main information about this species in organic electronics was a harmful degradation of the active 18 

layer but is that all, or maybe the knowledge of singlet oxygen behaviour could be helpful in the 19 

improvement of materials or find new applications? In this work, we would like to present the 20 

importance of singlet oxygen and the survey from basic understanding to particular application 21 

optoelectronics, for example in organic electronic devices like Organic Photovoltaics or Organic 22 

Light-Emitting Diodes. 23 
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1 Introduction29

Singlet oxygen, 1O2, is one of the Reactive Oxygen Species (ROS) that has been under high research 30 

interest since 1963, thanks to its remarkable features. It has been mainly considered for a potential 31 

application in medicine, wastewater treatment and synthesis of fine chemicals [1,2]. The number of 32 

research papers dealing with singlet oxygen has reached over 12000 works in the last ten years, 33 

confirming the attractiveness of this highly reactive species. On the other hand, it has been shown 34 

that the formation of 1O2 and other ROS is rather undesirable in the case of organic electronics (OE) 35 

since it generally leads to the degradation of active material and the consecutive decrease in the 36 

efficiency of the device [3-5]. Many works reviewing the physical and chemical properties of singlet 37 

oxygen, so as the current significant development in its application, have been published till now [6-38 

10]. However, the investigations of the role that 1O2 plays in materials engineering and 39 

optoelectronics have not been summarised yet. Hence, this work aims to discuss the current state of 40 

knowledge on the influence of singlet oxygen, showing that the presence of 1O2 needs to be taken 41 

into account in the materials engineering. 42 

2 Singlet Oxygen  general information 43 

What is singlet oxygen? Still, not many are familiar with the information that oxygen in its ground 44 

form is in its triplet state, unlike the typical organic molecules, in which the ground state is a singlet 45 

state. As for the basics, the electronic configuration of the molecular oxygen is KK 46 

(1 )2(1 )2(2 )2(2 )2(3 )2(1 )4(1 )2, and it has three electronic states: O2(X3 g-), O2(a1 g), and 47 

O2(b1 g+).14 Due to an even number of electrons on the antibonding * orbital, oxygen has specific 48 

magnetic and chemical properties. The molecular oxygen in a triplet ground state O2(X3 g) is a 49 

biradical with two electrons on the separate * orbitals having parallel spins (Figure 1). The 50 

rearrangement of the electrons within these orbitals results in two possible singlet excited states: 51 

O2(a1 g) and O2(b1 g+). The first one is considered more stable, while O2(b1 g+) rapidly decays, 52 



3

producing O2(a1 g). The energy of O2(a1 g) and O2(b1 g+) states is 92 kJmol-1 and 155 kJmol-153

higher than O2(X3 g-), respectively [11]. 54

55

Figure 1. A) Molecular orbitals of triplet and singlet oxygen, B) Scheme of electronic transitions 56

between the main and lower energy levels of the oxygen molecule.57

58

The transition from the ground state to the singlet state is spin forbidden. However, singlet oxygen 59

can be generated by direct excitation or via the energy transfer process. It is also possible to obtain 60

singlet oxygen in a gas or condensed phase where oxygen concentration is very high, thanks to the 61

interaction with other molecules causing perturbation of oxygen molecule leading to O2(X3 g-62

O2(a1 g) transition. The characteristic bands arising from the transitions between various oxygen 63

states can be observed at the following wavelengths: O2(a1 2(X3 g-) at 1268 nm, O2(b1 g+) 64

2(X3 g) at 762 nm and O2(b1 g+
2(a1 g) at 1910 nm (Figure 2).65

66
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Figure 2. Type I and Type II photosensitisation Jablonski diagram concerning energy changes in 67 

photosensitiser and subsequent processes.68

The triplet state oxygen has paramagnetic properties, unlike singlet oxygen form, which is 69 

diamagnetic. This corresponds to the arrangement of electrons of these three forms of molecular 70 

oxygen. Their chemical properties also vary significantly. Generally, O2(X3
-) is considered less 71 

reactive due to the presence of the parallel electrons [12]. Singlet oxygen has approximately an order 72 

higher oxidising potential and significantly stronger electrophilic character than the ground state 73 

oxygen. The characteristic chemical reactions of singlet oxygen are [4+2] - cycloaddition to cis-74 

dienes or aromatic hydrocarbons, [2+2] - cycloaddition to olefins. Because of its very high reactivity, 75 

-phase, its 76 

lifetime can reach up to 72 minutes [13,14]. As indicated by the theoretical studies and later proven 77 

by the experiments, th78 

in deuterated or halogenated solvents (1 ms). The quenching efficiency of singlet oxygen determines 79 

the lifetime due to the inductive resonance energy transfer from the singlet oxygen to the vibrational 80 

sublevels of hydrogen and other atoms of solvent molecules. 81 

 82 

3 Singlet oxygen production  Type 1 and Type 2 photosensitisation. 83 

Singlet oxygen can be formed in various photochemical, chemical, and physical processes. The 84 

photochemical ones include photolysis [15,16], photosensitization [1] and direct light excitation of 85 

triplet-state oxygen molecules [17,18]. The latter occurs under irradiation with a wavelength of 1065 86 

nm [19] or 1270 nm [20] but requires high oxygen pressures (up to 141.855 bar). The chemical 87 

methods consist of the decomposition of the selected oxygen-containing compounds [21,22]. 88 

Production of 1O2   is also possible using gas-discharge tubes and tungsten incandescent lamps [23]. 89 

Even though various methods of singlet oxygen production have been introduced, still the most 90 

commonly used strategy is the photoexcitation of photosensitiser (PS) molecules [14]. In the 91 
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abovementioned process, after the light absorption, the photosensitiser molecules reaches its excited 92

singlet state, from which it rapidly relaxes by the internal conversion to the first excited singlet state. 93

The first excited singlet state of PS can be deactivated by the emission of a photon (fluorescence) or 94

by intersystem crossing (ISC). The latter is the major pathway of the excited singlet state deactivation 95

for many photoactive molecules and results in the formation of the PS's triplet state, T1. The lifetime 96

of the T1 state is longer (ms) than that of the S1 state (ns), allowing this excited state to further react 97

in one of two possible ways, defined as Types I and II mechanisms, generating various Reactive 98

Oxygen Species (ROS), including singlet oxygen (Figure 3).99

100

Figure 3. Simplified scheme of singlet oxygen direct detection setup.101

102

Type I includes all photochemical reactions that go through the direct formation of free radicals, even 103

when oxygen is not involved in the process. This mechanism involves hydrogen-atom abstraction or 104

electron transfer between the excited sensitiser and a substrate, yielding free radicals. These radicals 105

can react with oxygen to form reactive oxygen species, like superoxide radical anion. On the contrary, 106

the Type II mechanism includes processes in which the primary interaction is the interaction of the 107

excited photosensitiser molecule with ground state oxygen, yielding singlet oxygen [24,25]. In the 108

Type II mechanism, singlet oxygen is generated by an energy transfer in a collision of the excited 109

sensitiser with triplet oxygen. As a rule, both mechanisms occur simultaneously in the real chemical 110

and biological systems, and their relative contribution strongly depends on the oxygen concentration, 111

the concentration and nature of the reagents, the nature of photosensitisers, and many other factors112
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[26]. What's more, the relative contribution of Type I or Type II mechanisms can vary during the 113 

photochemical process, too.114

 115 

 116 

4 A typical application of singlet oxygen. 117 

Singlet oxygen is applicable in the various fields of medicine, chemistry, and environmental sciences, 118 

starting from photodynamic therapy up to chemical synthesis or wastewater treatment (Table 1). The 119 

most widely investigated application of 1O2 molecule is photodynamic therapy (PDT), including the 120 

photodynamic inhibition of cancer tumours growth (i.e. lung [27], bladder [28], oesophagal [29], 121 

breast [10], and brain [30] cancer), treatment of the bacterial, fungal, or viral infections [31,32] and 122 

skin diseases [33] and sterilisation of blood or surfaces from bacteria or viruses [34]. Moreover, recent 123 

works show the potential of singlet oxygen also in the treatment of  Alzheimer's disease [35]. Next to 124 

the medical applications, thanks to its tremendous oxidising capability, singlet oxygen is considered 125 

as an attractive green reagent in the wastewater treatment [36] and in the selective oxidation of 126 

aromatic alcohols [37], endoperoxides, dioxetanes, hydroperoxides, sulfoxides and phosphines 127 

[38,39] that are of special interest in the production of fine chemicals. 128 

 129 

Table 1. The selected examples of the application of singlet oxygen 130 

Medicine 

Description of 
application 

Active species Details of the process 

Treatment of Alzheimer's 
disease [35] 

Various photosensitisers 
-

assembled aggregates under 
illumination 

Singlet oxygen-based 
chemodynamic therapy 
for selective tumour 
eradication [40] 

Nanoparticulate hypochlorous 
ion (ClO ) 

Singlet oxygen initiating a complex 
genetic program, leading to cell 
death. There is a possibility of using 
intracellular singlet oxygen to treat 
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Singlet oxygen for 
treatment of skin 
melanoma [7]

Trisodium ferrous chlorophyllin 
(Fe-CHL) in nanoparticles 200 
and 130 nm

tumours, but its effectiveness needs to 
be evaluated more precisely in the 
future. 
Nowadays, the most common 
technique of cancer treatment is 
photodynamic therapy. 
 Photodynamic therapy (PDT) is a 
method of treating cancer, certain 
skin diseases, or infectious diseases 
based on the use of photosensitisers 
and light of a specific wavelength. 
 
The sensitiser is injected into the 
body most often intravenously but 
can be applied applicatively or orally. 
Generated singlet oxygen starts the 
cell death process of the target cells. 
Singlet oxygen and related techniques 
demonstrate outstanding potential in 
treating bladder cancer, skin cancer, 
lung cancer, bladder, prostate, 
oesophagal, breast, and brain cancer. 

eatment of lung cancer 
[27]  

Photofrin, laserphyrin 

Treatment of bladder and 
prostate cancer [28] 

Hematoporphyrin derivatives: 
ALA, ALA-ester, Hypericin, 
Padeliporfin, Benzoporphyrin, 
Foscan 

Treatment of esophageal 
cancer [29] 

Photofrin 

Treatment of breast 
cancer [10] 

Photofrin, mTHPC (meso-tetra 
(m-hydroxyphenyl) chlorin), 
SnET2 (tin (II) ethyl 
etiopurpurin dichloride), and 
mote- xafin lutetium (MLu) 

Treatment of brain 
cancer [30] 

Positive cofactor four on Au 
nanoparticles 

Medicine 

Treatment of the fungal 
infections [41]  

Melanin 

Isolated melanin irradiated with a 
laser at 532 nm produced singlet 
oxygen, which then reacted with 
fungal, caused cellular death 

Singlet oxygen is 
essential for neutrophil 
extracellular traps 
formation [31] 

Photofrin 

Singlet oxygen can induce NET 
formation by a distinct system that 
generates singlet oxygen with 
photofrin in CGD neutrophils and 
healthy neutrophils. These results 
show that singlet oxygen is essential 
for the NET formation 

Inactivation of SARS-
CoV-2 through LED 
irradiation of visible 
spectrum wavelengths, 
production of singlet 
oxygen and another ROS 
[32] 

Methylene blue, porphyrin 
derivatives 

A LED device with a photosensitiser 
was tested on SARS- CoV-2 infected 
cells. Singlet oxygen showed the 
ability to inactivate SARS-CoV-2  

Inactivation of hepatitis 
C virus in blood products 
[42] 

Methylene blue 

Treatment hepatitis C in blood plasma 
with methylene blue activated by the 
visible light and irradiation with 
shortwave ultraviolet generates 
singlet oxygen, leading to 
photooxidation of guanosine and 
destruction of the viral nucleic acid, 
thus preventing viral replication. 

Wastewater treatment 
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Disinfection of water 
[36]  

Ru(II) complexes adsorbed on 
porous poly(dimethylsiloxane) 

Photoinactivation of the 
microbiological contamination of 
water with singlet oxygen produced 
by the photosensitiser. 

Degradation of organic 
pollutants [43] 

Periclase (MgO) as 
peroxymonosulfate activator 

Singlet oxygen acts as a highly 
selective reagent for the removal of 
electron-rich organic pollutants.  

Degradation of 
Ciprofloxacin [44] 

Sr-doped BiFeO3 perovskites 
Bi1-xSrx FeO3 fabricated by 
sol-gel technique 

The catalytic reaction of Sr-doping 
in the presence of oxygen induces 
the formation of singlet oxygen, 
which then acts as an oxidiser 

Treatment of 
pharmaceutical 
wastewater [44] 

Metal-free biochar derived 
from corn cob (CCBC) as 
peroxymonosulfate activator 

CCBC obtained at 800
the best adsorption capacity and 
catalytic activity towards typical 
organic pollutants. During 
peroxydisulfate activation with 
CCBC, singlet oxygen is produced. 

Degradation of methyl 
orange [45] 

Fe-Co bimetal-doped MCM-41 
as peroxymonosulfate activator 

Both radical and non-radical 
pathways were involved in the 
degradation of methyl orange in the 
FeCo-MCM-41/PMS system. 
Among ROS, singlet oxygen played 
a crucial role in the degradation. 

Insecticidal activity 

Photoactivatable 
polycyclic aromatic 
dyes that absorb near-
UV light wavelengths 
are used as insecticides 
[46] 

Rose Bengal and erythrosine 

Singlet oxygen generated by 
photosensitiser initiate necrosis, 
apoptosis of cells due to high 
membrane permeability. 

Porphyrins and related 
compounds as 
photoactivatable 
insecticides with singlet 
oxygen as a key 
component of 
insecticide activity [47] 

Porphyrins derivatives: meso-
di(cis-4N- methyl-pyridyl)-cis-
diphenyl-porphine ditosylate, 
hematoporphyrin, tri(4-N-
methyl pyridyl)monophenyl-
porphine trito- sylate 

The photoinsecticidal activity 
increases with increasing 
hydrophobicity of the porphyrin 
molecule, Singlet oxygen generated 
by photosensitiser initiates cell 
death.  

Fine chemical synthesis 

Selective oxidation of 
aromatic alcohols [48] 

Pt/PCN-224(M), M: Zn, Ni, 
Co, Mn, H 

Singlet oxygen is used as a mild 
oxidant for selective oxidation of 
aromatic alcohols to form 
corresponding aldehydes 

Synthesis of racemic 
pandanusines A and B 
and pandalizine C, 
isolated from Pandanus 
amaryllifolius [49] 

Methylene blue  
Methylene blue plays a dual 
catalytic role of photosensitiser and 
redox catalyst.  
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Synthesis of substituted 
2- oxindoles, 3-hydroxy-
2-oxindoles, and isatins 
[50] 

Methylene blue 

Methylene blue generates singlet 
oxygen under irradiation. Singlet 
oxygen acts as an initiator of the 
cascade reaction 

Synthesis of artemisinin, 
1,2,4-Trioxanes, cyclic 
diperoxides, isonitriles 
[51] 

Rose Bengal, eosin, methylene 
blue, porphyrin derivatives, 
fluorescein derivatives 

Singlet oxygen produced by 
photosensitisers is used several of 
high-selectivity steps of artemisinin, 
1,2,4-Trioxanes, cyclic diperoxides, 
isonitriles (ene reaction, Diels Alder 
reaction, reaction with carbocyclic 
aromatic systems) 

Synthesis CDE-ring 
system of the 
pectenotoxins via singlet 
oxygen [52] 

Methylene blue 
Singlet oxygen-mediated cascade 
reaction sequence creates the 
complete DE ring system 

 131 

5 Detection of singlet oxygen 132 

Indirect detection  133 

Various techniques have been developed for the detection of singlet oxygen. Although the direct 134 

detection of near-infrared (NIR) luminescence near 1270 nm remains the most desired method for 135 

identifying O2(a1  [53]. That's why, for the detection of singlet 136 

oxygen, indirect methods are more commonly used on a daily basis. They are usually based on the 137 

chemical reaction of 1O2 with a specific trap causing an observable change in the absorption spectrum, 138 

fluorescence spectrum, or EPR spectrum [54,55]. Different commercially available traps can be used 139 

for the indirect detection of O2(a1 -tetramethylpiperidine 140 

(TEMP), 1,3-diphenylisobenzofuran (DPBF), Singlet Oxygen Sensor Green (SOSG), 9,10-141 

dimethylanthracene, Tetracene or Rubrene (Table 2) [56].  142 

 143 

Table 2. The most common traps for singlet oxygen detection. 144 
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Name Structure Comments

2,2,6,6-
tetramethylpiperidine 
(TEMP)

The product of the reaction of 1O2 with TEMP, i.e. 
TEMPO, exhibits an EPR spectrum consisting of three 
characteristic equally intense lines. 
Limitations: high cost, complicated operation

Singlet Oxygen Sensor 
Green (SOSG)

The SOSG working principle is based on luminescence, 
i.e. SOSG emits green fluorescence (excitation/emission 
maximum at ca. 504/525 nm) in the presence of singlet 
oxygen. These sensors are commonly used to monitor the 
singlet oxygen generation, e.g. photosynthetic organisms 
or medical applications.
Limitations: high cost, limited range of detection systems, 
acts as photosensitiser itself.

1,3-
diphenylisobenzofuran 
(DPBF)

It is monitored with UV-Vis spectroscopy. DPBF has the 
absorption maximum in the region at ca. 410 nm. When 
oxidised with singlet oxygen, it forms a peroxide with no 
absorption bands in the Vis region. 
Limitations: also reacts with O2 , low photostability under 
illumination < 500 nm.

9,10-dimethylanthracene 
(DMA)

It is monitored with UV-Vis spectroscopy. DMA has an 
absorption maximum at ca. 380 nm. Limitations: also 
reacts with O2 , low photostability

Tetracene
Monitored with UV-Vis spectroscopy. The tetracene 
absorption maximum is at ca. 474 nm
Limitations: also reacts with O2 , low photostability

Rubrene
Monitored with UV-Vis spectroscopy.  The rubrene 
absorption maximum is at ca. 525 nm,
Limitations: also reacts with O2 , low photostability

2,5-diphenylfuran They were monitored with UV-Vis spectroscopy.  The 
2,5-diphenylfuran absorption maximum is at ca. 370 nm. 
Limitations: also reacts with O2 , low photostability

145

146

Direct detection147

The radiative relaxation pathway from the singlet excited state to the ground state, i.e. 1
g X3

g-, 148

results in the fluorescent peak observed at the near-infrared region, around 1270 nm [57]. 149

Nonetheless, as it was mentioned before, the characteristic features of singlet oxygen molecule, such 150

as short lifetime (ns), high reactivity, as well as low emission probability (approx. 10-7), make the 151

direct photoluminescence detection methods very complicated and complex [57-62]. However, in the 152

last years, the technique of the direct detection of 1O2 has been widely developed to increase its 153
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sensitivity and accessibility. One of the first groups reporting the indirect detection of 1O2  was the 154 

group of Ogilby. In their work, the NIR-sensitive InGaAs linear array detector combined with the 155

optical microscope was used during the heterogeneous experiment with the porphyrin derivative 156 

present in the toluene/water mixture. The characteristic signals assigned to singlet oxygen were 157 

observed only in the organic phase containing the photosensitiser. The spatial resolution of 2.5 158 

um/pixel was reported [63]. InGaAs detectors stand out with a good photon detection efficiency and 159 

large active areas. The consecutive modification introduced by Hu et al. based on the cooling of the 160 

NIR InGaAs camera and adding two bandpass filters resulted in an improved signal-to-noise ratio 161 

[64].  162 

Another group of commonly used detectors are photomultiplier tubes (PMTs). Their main 163 

disadvantages are low quantum efficiency, sensitive photocathode and moderate noises. However, 164 

unlike InGaAs detectors, they can be used in time-resolved experiments [58,59]. Bregnhøj and Ogilby 165 

used the described PMTs detector in the time-resolved luminescence traces of 1O2 in the variety of 166 

neat, sensitiser-free solvents. The presented results confirm that it is possible to directly excite the 167 

ground state molecular oxygen, which is a broader perspective that may lead to the degradation of 168 

the 1O2-sensitive materials [66].  169 

The direct time-resolved experiments are of high importance, especially for the biological and 170 

medical applications, since they allow optimising the PDT processes. Moreover, real-time 171 

measurement can be used to investigate the reactivity of 1O2 and its interaction with other species 172 

present in the biological environment [59, 66]. This issue was undertaken by Röder et al., and in their 173 

work, the time-resolved fluorescence was used to monitor the oxygen saturation during the PDT 174 

therapy [59]. Similar studies were also reported by Yamamoto et al. [66] and Lee et al. [67] 175 

Furthermore, thanks to applying the direct detection of singlet oxygen, the optimisation of such 176 

conditions as oxygen saturation, blood flow, local photobleaching, concentration and distribution of 177 

photosensitiser as well as the laser power can be corrected and adjusted directly during therapy, which 178 

gives the best and fastest results in the fight against tumours [61,66].  179 
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Another strategy allowing for the direct monitoring of PDT's is the Singlet Oxygen Luminescence 180 

Dosimetry technique, the so-called SOLD. Based on the same phenomena of radiative decay of 181

energy from excited singlet molecules to the ground state, the SOLD is used to monitor luminescence 182 

signals around 1270 nm. Among those mentioned above, the InGaAs and PMT's detectors, the 183 

superconducting nanowire single-photon detector (SNSPD) is commonly used. However, this 184 

detector works at cryostatic temperatures, which means that its advantages are in opposition to its 185 

size and cost [58, 60, 61].  186 

The bulky sizes and unwieldiness of traditional detectors cause more interest in developing more 187 

innovative and more convenient systems. One of these is proposed by Boso et al., and it's called 188 

negative feedback avalanche diode (NFAD). The applied setup achieved a good detection efficiency 189 

(approx. 25%) with low noise and high collection efficiency [58]. The modern approach brings us 190 

also to modifications of well-known systems. In their work, Gemmell et al. presented a combined 191 

system based on InGaAs with semiconductor-based single-photon avalanche diodes (SPAD) detector. 192 

SPAD are brilliant instruments with high detection efficiency, lower noise, compact form factor, and 193 

the possibility of being gated. However, only in the spectral range 400-1000 nm, which makes them 194 

unusable for singlet oxygen testing (Figure 4) [58,60]. One of the most promising methods of singlet 195 

oxygen detection, especially in medical applications, is bioimaging [68-71]. Lin et al. presented the 196 

results of singlet oxygen luminescence imaging during photodynamic therapy focused on blood 197 

vessels. This group optimised the optical imaging system, which allowed for direct imaging of singlet 198 

oxygen. The PDT therapy was done using different concentrations of Rose Bengal as a photosensitiser 199 

[57].  200 
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 201 

Figure 4. Difference in achieved luminescence signals of singlet oxygen between the gating in SPAD 202 

detector [60]. 203 

 204 

205 

the fluorescence quantum yield is the number of emitted photons relative to the number of absorbed 206 

207 

208 

interact with other, or relax [72,73]. For organic electronic devices such as organic light-emitting 209 

diodes (OLED) or organic photovoltaics (OPV), their general efficiency is based on fluorescence 210 

quantum yield but described as a relation between radiative and non-radiative rates [74]. As it was 211 

already mentioned, the photoluminescence quantum yield of singlet oxygen is extremely low, which 212 

demand the usage of highly sensitive detectors as described above. However, based on the 213 

fluorescence and time-resolved techniques, the photoluminescence quantum yield for singlet oxygen 214 

photogeneration can be determined in the simple indirect experiment, where the photosensitiser with 215 

 [75].  216 

The direct method of quantum efficiency determination is by using the integrating sphere. The 217 

possibility of observing multiple reflections inside the sphere allows eliminating the noises from the 218 

environment and optical anisotropy. Furthermore, the specific behaviour of photons in the sphere also 219 
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provides for the most accurate and true quantum yield results. In their work, Hasebe et al. present the 220

instrumentation consisting of the integrating sphere, which can monitor the photoluminescence 221

quantum yield of singlet oxygen at emission 1270 nm and its lifetime. The absolute quantum yield of 222

the photosensitiser, here porphyrin in various solvents, can be calculated by knowing the ratio 223

between the absorbed amount of photons and the emission intensity of singlet oxygen radiative 224

relaxation process at around 1270 nm (Figure 5) [75].225

226

Figure 5. The scheme represents the simplified setup proposed by Hasebe et al. By combining two 227

multichannel optical detectors, the research group was able to measure absolute quantum yield [75].228

229

Nonetheless, one of the most critical issues is the detailed understanding of the nature of radiation 230

and non-radiation transitions. Again, the high reactivity of oxygen with organic molecules causes a 231

high probability of relaxation through the non-radiative relaxation pathways (Table 3).232

233
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Table 3. Photophysical parameters measured for singlet oxygen photogeneration with porphyrin 234 

derivative as a PS for different solvents in a setup based on integration sphere constructed by Hasebe 235

et al. Where the kr is the radiative and knr Is non-radiative rate constant. 236 

Solvent  
Quantum yield of singlet 
oxygen photogeneration 

 

Absolute 
emission 

quantum yield 
 

Radiative 
transition  

constant rate 

 

Non-radiative 
transition 

constant rate  

 

Tetrachloromethane 1.00 8.1 x 10-3 1.6 6.8 x 101 
Benzene 0.98 3.2 x 10-5 1.1 3.2 x 104 

Benzene-d6 0.99 5.5 x 10-4 0.9 1.6 x 103 
Toluene 0.98 2.9 x 10-5 0.93 3.2 x 104 

Chloromethane 1.00 1.2 x 10-4 0.69 5.8 x 103 
Acetonitrile 0.98 2.2 x 10-5 0.27 1.2 x 104 

Acetonitrile-d3 0.96 4.6 x 10-4 0.29 6.3 x 102 
Ethanol 0.96 4.8 x 10-6 0.32 6.6 x 104 
EtOD 0.99 9.8 x 10-6 0.30 3.1 x 104 

 237 

 238 

6 Singlet oxygen and optoelectronic devices 239 

Non-radiative pathways in organic devices 240 

Organic electronics has been playing a significant role in our life for a few years now. The market for 241 

new technologies is highly receptive when it comes to innovative solutions that can potentially 242 

revolutionise certain areas of life. This new approach of developing the usability of devices based on 243 

organic compounds, such as smartphones and laptops displays, new types of sensors or lighting, 244 

causes more and more interest in this topic. The most common fields currently developing are organic 245 

light-emitting diodes (OLED), organic photovoltaics (OPV) and organic field-effect transistors 246 

(OFET) [76]. Their success on the market is mainly due to the possibility of producing flexible and 247 

lightweight devices characterised by an excellent potential for development and modification. The 248 

main drawback of organic optoelectronic devices is still low stability and not sufficient efficiency. 249 

Since the first discovery, there has been a constant struggle to obtain the most efficient and best 250 

organic systems for the applications mentioned above. For organic photovoltaics, the single-junction 251 
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solar cell maximum efficiency was described by The Shockley-Queisser limit, which is settled around 252 

33.5% under AM1.5G illumination [77-80]. One of the most significant issues influencing the 253

efficiency of organic optoelectronic devices is the energy loss directly bonded with the radiative and 254 

non-radiative relaxation pathways of excited organic molecules [81].  255 

The efficiency of organic light-emitting diodes (OLEDs) depends directly on a photoluminescence 256 

and the maximum overall efficiency can be estimated based on photophysical 257 

analysis. 258 

      Equation 1. 259 

 In a given equation, the out is the outcoupling factor. Usually, it is interpreted as a 20-30% 260 

maximum outcoupling efficiency. The fl is the photoluminescence quantum yield (PLQY, ).   is 261 

so-called the charge balance factor, which usually is used as a 1. Considering that only 25% of singlet 262 

excitons are formed directly from charge recombination for fluorescence emitter, the fr parameter is 263 

accounted as  0.25, contributing to emission [82-84].  264 

265 

absorbed photons. It can be said that device EQE depends on both radiation and non-radiation 266 

electronic transitions as in the equation 2 [73,74]. Where the  stands for radiative transition constant 267 

rate, and  non-radiative transition constant rate.  268 

     Equation 2. 269 

However, the situation is not so clear and straightforward as it might seem. Non-radiative processes 270 

have a negative impact on the observed quantum efficiency and, consequently, the performance of 271 

the tested OLED devices. The non-radiative process is problematic not only on emissive devices but 272 

generally whenever the excitons are formed. In OPV, where solar light is forming the excitons within 273 

Bulk-Heterojunction (BHJ) layer, we can estimate the exciton lifetime by knowing the kr and knr 274 

values. Generally, there are three types of relaxation which can cause energy losses [74,80]:  275 
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1. Radiative loss above bandgap/energy gap  276 

2. Radiative loss below bandgap/energy gap  277 

3. Non-radiative loss  278 

The non-radiative energy losses may be correlated with vibration-induced quenching, concentration 279 

quenching, other energy transfers, and the most important, from our point of view, oxygen quenching 280 

[85]. Knowing all of this information, to correctly predict and measure the quantum yield, we need 281 

to understand this complicated phenomenon and its possible interaction and relaxation processes. 282 

Additional difficulties are caused by the fact that we cannot study this type of transition with any 283 

spectroscopic method due to their non-emissive nature [74]. One way to increase the efficiency of 284 

electronic devices based on organic compounds can be done by reducing or even eliminating the non-285 

radiative transitions [81]. Due to the inability to observe non-radiation transitions, mathematical 286 

models allow calculating the possibility of this type of relaxations [9, 86, 87].  287 

 288 

Influence of the kr and knr ratio 289 

We must understand all processes involved in exciton formation and singlet/triplet states to create 290 

new efficient OLED or OPV materials. Many reports describe the kr and knr decay rate constant 291 

analysis and the influence of non-radiative relaxation processes in organic electronics [88-92]. One 292 

of the main reasons affecting the contribution of non-radiative transitions is the isomerisation of the 293 

molecule's structure. Li et al. draw attention to this phenomenon in materials for photovoltaic 294 

applications. In their work, the presented symmetrical (Y6) and asymmetrical (BTP-S1, BTP-S2) 295 

Acceptor-Donor-Acceptor (ADA) type of structures were characterised. This study showed that 296 

symmetrical molecule Y6 had worse results than the asymmetrical compounds due to the increase of 297 

the contribution of the non-radiative decay process. However, the comparison between the 298 

asymmetrical derivatives revealed that the molecule S2 decreased the non-radiative decay process 299 

compared to S1 by simply changing the chlorine to fluorine group (Figure 6) [80].  300 
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301

Figure 6. Structures of photoactive molecules synthesized by Li group [80].302

303

A specific type of new generation of organic emitters exhibiting a thermally activated delayed 304

fluorescence (TADF) process was developed. In TADF emitters,  the transfer of excess energy from 305

the emitter to the oxygen is considered a direct competition with delayed fluorescence. In delayed 306

fluorescence, the energy should return to the singlet excited state by the reverse intersystem crossing 307

(rISC) but is transferred to the oxygen molecule, thus inducing the formation of a reactive oxygen 308

species - singlet form. A logical conclusion could be stated that limiting the transfer of energy to other 309

molecules, e.g. oxygen, will increase the efficiency of the proposed emitters and, consequently, 310

devices. Hall et al. report synthesis of novel TADF emitter called Mes3DiKTa, and compared to the 311

basic compound DiKTa increased EQE by about 50%. It was caused mainly by reducing the 312

aggregation-induced quenching process. As the authors claim, slowing down the non-radiative 313

processes can be correlated with stiffening the molecule's skeleton, which is related to weak coupling 314

between the electronic excitations and the nuclei vibrations [6].315

-acceptor systems 316

based on phenoxazine-pyrimidine structure. Two of four developed molecules are characterised by 317

rapid non-radiative relaxation. The authors report a comparison of molecules with and without the 318

methyl groups. Conclusions were those methyl units in meta position lower the non-radiative 319

relaxation by ~17%, and the ortho substitution causes the increase of the non-radiative decay process. 320

The researchers stated that the most significant influence had a molecule's rigidity, leading to higher 321

quantum yield [93].322
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Considering the information included above, we can state that the structure of the molecule, its 323 

symmetry and flexibility, even slight differences in the position of substituent can have a significant 324

effect on the ratio of radiative to non-radiative transitions in photoactive molecules. It's important to 325 

understand these phenomena by the scientific community involved in the study of photoactive 326 

compounds. Subtle changes in the structure of a compound can cause significant changes in emission 327 

efficiency. However, not only the organic emitters should be the main interest. Compounds used as 328 

hosts play an important role in the emission from the emitter and the OLED device efficiency. 329 

Abroshan et al. point out that OLED technology's critical issue is the interaction between the hosts 330 

and emitters. Hosts can highly influence the excited state relaxation transitions, both the radiative as 331 

well as non-radiative. Researchers presented how host CBP affects the radical emitter TTM-3NCz 332 

compared to the isolated emitter in the performed experiment. The results showed that the host-333 

emitter system had around 30% smaller reorganisation energy than the geometrically optimised, 334 

isolated emitter. Authors assume that the host matrix binds the vibrations of the radical molecules by 335 

which the vibrational coupling and dynamic disorder are decreased [9].  336 

In the prof. Lakowicz book - Principles of Fluorescence Spectroscopy is an example, based on Nad's 337 

and Pal's work, concerning the coumarin-151, where the nonpolar solvent causes the rotation of the 338 

amino group and leads to fast decay to the ground state. However, in the opposite situation, in the 339 

polar solvent, the rotation of the substituent is blocked due to the creation of an internal charge transfer 340 

state (ICT), and in consequence, by decreasing the non-radiative relaxation - increase the quantum 341 

yield. Therefore, the solvent effect on the non-radiative decay has a significant impact on quantum 342 

efficiency. Hence, the radiative decay and excitation coefficient seem insensitive to the polarity 343 

(Table 4) [73, 94].  344 

 345 

Table 4. Set of photophysical properties of coumarin 151 depending on the used solvent. 346 
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Solvent
Fluorescence 
quantum yield  

Average 
fluorescence 

lifetime 
 [ns] 

Radiative 
transition 

constant rate

  

Non-radiative 
transition constant 

rate

 

Hexane 0.19 
0.68 (74), 1.35 

(26) * 
22.24  94.82  

Cyclohexane 0.28 
0.93 (60), 1.60 

(40) * 
23.37  61.72  

Decalin 0.32 
1.34 (35), 2.2 

(65) * 
16.85  35.81  

1.4-dioxane 0.71 4.65 15.27  6.23  
Ethyl acetate 0.62 4.67 13.27  8.14  

Octanol 0.63 0.63 10.66  7.85  
Hexanol 0.54 5.40 10.20  8.70  
Butanol 0.48 5.24 9.16  9.92  
DMSO 0.48 5.00 9.60  10.40  
DMF 0.49 5.22 9.40  9.10  

Isopropanol 0.52 5.28 9.84  9.10  
Acetone 0.59 4.97 11. 87  8.25  
Ethanol 0.49 5.38 9.10  9.48  

Acetonitrile 0.57 5.13 11.11  8.38  
Methanol 0.37 5.31 6.97  11.86  

* for the short and long-lifetime component, the percentage contribution is presented in brackets.  347 

 348 

Oxygen as an optoelectronics quencher    349 

One of the most essential, critical phenomena correlated with non-radiative and radiative relaxation 350 

processes in optoelectronic devices is the side effect of singlet oxygen photogeneration. The excited 351 

molecule can act as a photosensitiser and, by Dexter energy transfer, pass it on to the oxygen ground 352 

state molecule (Figure 7) [59]. Oxygen sensitivity in organic electronics is a common problem and 353 

struggle with which the scientist has to deal. However, singlet oxygen photogeneration, which is 354 

considered an undesirable side effect in some circumstances, becomes a great advantage, e.g., fine 355 

chemical synthesis or medicine. The problem is not only that the transfer of energy to the oxygen 356 

molecule, i.e. one of the non-radiative processes, affects the efficiency of the designed and built 357 

devices, but also due to its extremely oxidising properties, singlet oxygen can have a destructive effect 358 

on organic materials used in these devices [95-99].  359 
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360

Figure 7. Scheme of BODIPY - based molecules presented by Scherf et al. By introducing into the 361

BODYPI core, the TPE unit, researchers were able to overcome the Aggregation-Caused Quenching 362

issue.363

364

Organic photovoltaics365

Organic photovoltaic development is focused mainly on conjugated polymers. Still, the significant 366

impact on the development of organic solar cells was thanks to fullerene organic derivatives, which 367

boosted device efficiency. The main advantage of fullerene is accepting and transferring the electrons, 368

thanks to the cage-like structure. However, fullerenes' ability to absorb the light is somewhat limited 369

to the UV region and slightly to the visible part of the spectra (below 400 nm), depending on the 370

application's pros and cons. From a materials tailoring point of view, the advantage is modifying the 371

structure using organic synthesis, both on the surface and inside the so-called "cage". The processing 372

of organic compounds is an important factor, and fullerene solubility is limited in polar and aqueous 373

solutions. Thus structure modification is also the way to influence their solubility. Thanks to its 374

properties, fullerene derivatives gained interest in many fields of science such as industry, medicine 375

and, most importantly, thanks to its photoactive properties in OPV technology. Its ability to 376

photogenerate singlet oxygen is mainly owed due to stable and long-lived lowest triplet state (T1) [8, 377

100 - 104]. However, the stability of such materials in ambient conditions leave much to be desired378
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[105], mainly because of the high sensitivity of fullerenes to oxygen in the air, which was proved by 379 

multiple reports [106, 107].380

Bregnhøj et al. evaluated the possible singlet oxygen photogeneration and influence photophysical 381 

and photochemical results of molecules commonly used as an organic photovoltaic component. The 382 

work focuses on device degradation due to singlet oxygen. The tested fullerenes, both the PCBM60 383 

and PCBM70, exhibit excellent potential for singlet oxygen photogeneration, and the quantum yield 384 

is very high, especially for PCBM70. The polymers usually used as an OPV component showed the 385 

ability to produce 1O2 with a good quantum yield. The time-resolved phosphorescence signals of 386 

singlet oxygen were recorded for the neat and blended film for both investigated fullerene, resulting 387 

in the decrease of the device's efficiency (Table 5) [3].  388 

 389 

Table 5. Quantum yield of singlet oxygen production by fullerene and polymer materials often used 390 

as OPV compounds. The subphtalocyianine is used as a comparison. 391 

Compound 
Quantum yield of singlet oxygen photogeneration  

Air O2 
PCBM60 0.65 ± 0.04 0.68 ± 0.04 
PCBM70 0.90 ± 0.05 0.91 ± 0.05 

P3HT 0.34 ± 0.04 0.40 ± 0.04 
PTB7 0.24 ± 0.03 0.29 ± 0.03 
SubPc 0.78 ± 0.06 0.88 ± 0.06 

 392 

 393 

Lüer's research group investigated this problem, where the P3HT:PCBM and Si-PCPDTBT:PCBM 394 

system were tested over the photo-degradation process induced by oxygen. For both polymers, the 395 

degradation level was significant. However, the P3HT containing system showed a substantial 396 

reduction of the charge recombination coefficient. In consequence, it influenced the charge carrier 397 

mobility [4].  398 
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Another approach is presented by Soon et al., where the comparison between the stability of two 399 

donor polymers was performed. Both the investigated PTB7 and DPP-TT-T have known donor 400

polymers often used as a blended film with fullerenes during the preparation of organic photovoltaic 401 

devices. They are considering the exciton energies of investigated polymers and oxygen's singlet 402 

energy of approx. 0.98 eV, it seems to be predictable that PTB7 has the potential to photogenerated 403 

singlet oxygen, contrary to DPP-TT-T. Results discussed by the authors indicate that blended films 404 

with PC71BM did not exhibit sensitivity to oxygen. However, both polymers demonstrated good 405 

charge separation, which may lead to triplet state formation. Another interesting problem discussed 406 

by researchers in the photodegradation of prepared films. As it was shown, the neat and blended films 407 

containing PTB7 shows a high degradation rate with time. Together with the fluorescence outcome, 408 

these results indicate that photogeneration of singlet oxygen by the photovoltaic device based on 409 

fullerene and PTB7 is possible. Furthermore, it can cause irreversible degradation of the OPV system 410 

[5]. In their follow-up work, Soon et al. highlighted that the crystallinity of polymeric materials used 411 

in photovoltaic systems plays a crucial role in triplet states' lifetime and oxygen quenching efficiency 412 

in investigated polymers. This issue should be considered when encapsulation as a method of 413 

prevention of oxygen degradation is considered [108]. These examples lead to the statement that the 414 

fullerene-based devices and systems, mainly used in organic photovoltaics, could be considered 415 

efficient singlet oxygen photogenerators.  416 

Characteristic, and unique types of OPV devices, are the dye-sensitised solar cells [109,110]. The 417 

main component of such structures is the well-known group of singlet oxygen photosensitisers - 418 

aromatics and dyes, in which we can particularly distinguish compounds such as porphyrins, 419 

phenothiazines etc. For example, in the Qian et al. work, phenothiazine contained porphyrin 420 

derivatives are studied to use as a component in dye-sensitised solar cells (DSSC) [111]. A similar 421 

idea, where porphyrin derivatives for dye-sensitised solar cells were implemented by Grätzel and 422 

Yella et al., presented a comprehensive overview on photovoltaic properties of synthesised 423 
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compounds [112, 113]. The importance of this field of science is confirmed by the fact that there are 424 

many reports on dye-sensitised solar cells [110. 114 - 116]. 425

Another specific group of organic compounds that play an increasingly important role in organic 426 

electronics is boron-dipyrromethene derivatives (BODIPY). BODIPY organic structure is based on a 427 

dipyrromethene unit with boron difluoride attached in the centre. Since its discovery, the boron-based 428 

group of dyes has become the focus of interest in various fields related to photoactive compounds. 429 

They stand out with strong fluorescence signals and photostability. BODYPI's are also characterised 430 

by high absorption coefficient and narrow absorption and emission bands. Moreover, their chemical 431 

structure makes it easy to modify and influence both the chemical and physical properties of the 432 

derivatives obtained. This is because their versatility and the multitude of applications for which they 433 

are used is so large. Nonetheless, the promising properties showed by BODIPY molecules are 434 

balanced with small Stokes shifts and the tendency to aggregation and thus to quenching. These 435 

problems may be overcome by chemical tuning of the structure [68, 117 - 121].  436 

The BODIPY molecule is willingly used as a core for developing new derivatives worth using in 437 

organic solar cells [119, 122 - 124]. One of such systems was proposed by Bucher et al. The A- -D 438 

structured copolymers, based on BODIPY core and thiophene as well as porphyrin units (P(BdP-439 

DEHT) and P(BdP/ Por-DEHT) respectively) were proposed as an element of the organic 440 

photovoltaic device. Thanks to incorporating the porphyrin unit into the polymer chain, the authors 441 

were able to increase the short-circuit current density (Jsc) while the open-circuit voltage (Voc) wasn't 442 

affected. The investigation of the OPV devices revealed promising results. The power conversion 443 

efficiency (PCE) was relatively high for BODIPY-based devices [125].  444 

The properly designed BODIPY derivatives may be excellent photosensitisers able to photogenerate 445 

singlet oxygen with high efficiency. This issue was highlighted by Ivaniuk et al. in their work, where 446 

they investigate the 1,7  diphenyl-substituted derivatives based on BODIPY core. Presented 447 

molecules were examined over the OPV as well as OLED potential applications. The authors point 448 

out that the low-lying triplet excited state (T1), around 1 eV, and known photostable properties of the 449 
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BODYPI molecules may cause the energy transfer from the excited molecule to oxygen by the non-450 

radiative process photogenerate the 1O2 [126]. This conclusion is confirmed by a multitude of articles 451

presenting the topic of photosensitising properties of BODIPY, also in PDT and medical applications 452 

[68, 127 - 132]. Enhancing the photosensitising abilities of discussed dyes may be achieved by 453 

introducing to the molecule the heavy halogens (e.g. bromine, iodine). Thanks to that, by increasing 454 

the contribution of triplet states in the processes, the quantum yield of photogeneration is also higher. 455 

Similar conclusions were stated by Radunz et al. in publication on the pH-activable BODIPY 456 

derivative for photodynamic therapy and Bioimaging. The authors present the pH-sensitive molecules 457 

based on the BODIPY core used as photosensitisers during photodynamic therapy, exhibiting 458 

efficient photogeneration of the singlet oxygen. This original concept worked thanks to the 459 

incorporation of iodine units into pH-switchable fluorescent precursors [71].   460 

 461 

Organic Light-Emitting Diodes 462 

The most known singlet oxygen photosensitisers are organic dyes, phenothiazines such as methylene 463 

blue, azure a or toluidine blue.  A dozen groups of organic derivatives are widely described in 464 

literature among their tremendous potential to singlet oxygen photogeneration, such as porphyrins, 465 

phthalocyanines, xanthenes, etc. A lot of these derivatives were investigated and applied for medical 466 

purposes. However, their photoactive properties let them be used in different applications such as 467 

optoelectronics [1, 12]. Phenothiazine, with its uncommon optical and electronical properties, can act 468 

as a hole transport layer but also as an efficient emitter. The combination of phenothiazine- porphyrin 469 

molecule can cause an interesting system, where the exciton energy may be transferred to the 470 

porphyrin ring. In an article presented by Qiu et al., two porphyrin-core molecules attached in meso- 471 

position phenothiazines were synthesised. The fluorescence measurements revealed that both 472 

synthesised molecules had a relatively high photoluminescence quantum yield around 0.40 in solution 473 

and 0.35 in a thin film, promoting them as a potentially good red-light emitter [133]. Shahroosvand 474 

-substituted zinc-porphyrin (ZnTCPP) with halogen atoms, where they could 475 
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enhance the Soret and Q-bands of the porphyrin derivative. Such change was possible by the 476 

intensification of the splitting between the key filled and empty frontier orbitals. Synthesised 477

derivatives were successfully applied as an emitters in white-light emitting diode [134].  478 

The previously mentioned in the OPV-related chapter, the BODIPY-based molecules are, among 479 

others, often used as emitters for OLED applications [135, 136]. One of the most promising methods 480 

to use the BODIPY as an emitter molecule in organic light-emitting diodes is turning its weakness 481 

into an advantage. Through enhancing the aggregation tendency by tuning the chemical structure of 482 

the BODIPY molecule, the researchers can develop the OLED emitters possessing Aggregation-483 

Induced Emission (AIE) [118]. A similar point of view had a research team under the lead of Ullrich 484 

Scherf. They achieved that by incorporating into the BODIPY core, the tetraphenylethylene (TPE) 485 

unit (Figure 7).  486 

This operation should overcome the Aggregation-Caused Quenching (ACQ), which led to the 487 

construction of the working, emissive device. What is worth to mention, the participation of the non-488 

radiative transition is relatively high in the neat films of presented BODIPY derivatives. The first 489 

thing that comes to mind is that the AIE behaviour has not been amplified enough and, the knr is 490 

mainly caused by aggregation quenching. However, we can't forget that the non-radiative processes 491 

can be related to different issues (Table 6) [117].  492 

 493 

Table 6. Fluorescence quantum yields and calculated values of kr and knr of neat films and 0.1 and 1 494 

w/w% 3TPEBDP1:F8BT blends. 495 
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Layer 
Fluorescence 

quantum yield 
decay 

lifetime
 [ns] 

Radiative 
transition

constant rate

 

Non-radiative 
transition constant rate 

 

neat 
3TPEBDP1 

10 0.68 0.15 1.33 

1 % 
3TPEBDP1 

47 2.7 0.17 0.20 

neat 
3TPEBDP2 

39 1.01 0.39 0.60 

1 % 
3TPEBDP2 

96 4.29 0.22 0.01 

neat 
3TPEBDP3 

48 1.34 0.36 0.38 

1 % 
3TPEBDP3 

100 4.56 0.22 0 

 496 

 497 

In recent work, Ni et al. draw the reader's attention to the problem of sensitivity of the triplet state 498 

(T1) of TADF molecules to ground-state oxygen. Luminescence imaging seems to be challenging for 499 

luminophores, considering the previous statement. Luminophores which can be applied in time-500 

resolved luminesc501 

Therefore, it is necessary to distinguish their signals from the background, and one of the best choices 502 

is to apply the TADF molecules, which have long emission lifetimes. However, the phenomena of 503 

the TADF mechanism is based on the small energy gap between the singlet (S1) and triplet (T1) state 504 

and the molecule's excited state ability to perform the reverse intersystem crossing (rISC). The most 505 

sensitive issue here is the vulnerability of the excited triplet state to the oxygen environment. The 506 

excessive energy from the photoactive molecule can be transferred from the T1 state to the ground 507 

state oxygen to produce singlet oxygen, which process is considered as a non-radiative transfer. One 508 

idea that can prevent energy transfer to an oxygen molecule is to use TADF molecules as phosphors 509 

in the TRLI, which tend to be aggregation-induced fluorescence. The aggregation process can 510 

perform as a shield, protecting the T1 state [72].  511 
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One of the most important reports of last years, devoted to the non-radiative oxygen quenching, was 512 

published by the Adachi research group. The authors pointed out the need to research and determine 513

non-radiative pathways during the evaluation of luminescent molecules, potentially useful emitters 514 

for OLED devices. Whereas in the case of traditional systems used in OLEDs, the balance between 515 

kr and knr seems relatively simple, but in the case of TADF compounds, we must also remember the 516 

delay in luminescence, which is the result of reverse intersystem crossing (rISC). We can define it in 517 

our divagation as krISC. Consequently, the non-radiative transition constant calculation requires us to 518 

distinguish the total quantum efficiency of luminescence from the prompt and delayed fluorescence. 519 

By monitoring changes in the photoluminescence decays observed in different conditions, the authors 520 

analysed the possibility of oxygen-induced quenching by widely known and discussed TADF type 521 

compounds. The detailed results could be stated that the singlet oxygen photogeneration process can 522 

be undoubtedly classified as a non-radiative process. Moreover, the molecules designed to perform 523 

good emitting properties such as TADF may have significant liability to photogenerate singlet oxygen 524 

(Figure 8) [85].  525 

 526 

Figure 8. Graph showing the contribution of deactivation processes from excited singlet and triplet 527 

states [85], where:  528 

nr, int
T - internal nonradiative deactivation pathways, 529 

q, O2
T  PLQY triplet quenching, 530 

delay, air - PLQY of delayed component, 531 
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q, O2
S- PLQY singlet quenching,532

prompt, air PLQY of prompt component.533

534

An interesting topic related to optoelectronic devices is OLED based sensors. Shinar et al. published 535

several materials based on an organic light-emitting platform able to sense oxygen. As a sensing 536

agent, the porphyrin derivatives such as Pt- or Pd-octaethylporphyrin (PtOEP or PdOEP) were 537

chosen. The principle of work of these sensors is relatively simple, porphyrin derivatives with a strong 538

red luminescence, when coming into contact with an oxygen molecule, are quenched. The oxygen 539

concentration can be correlated with those values by the Stern-Volmer equation (Figure 9) [137 -540

139].541

542

Figure 9. Structure of OLED-based sensor proposed by Shinar et al. [139].543

544

The possibilities of synthesising a tremendous amount of photoactive organic and conjugated 545

molecules are limited only by the common sense of the synthetics and the requirements of the field 546

in which they are planned to be implemented. For this reason, it has to emphasise that the 547

understanding of the mechanisms behind the processes of both radiation transitions (used in OLED, 548

OPV, etc.) and, more challenging, the identification of the non-radiation transitions, including singlet 549

oxygen photogeneration, are remarkably important. One of such molecules is a perylene diimide 550

(PDI), which derivatives are often applied in non-fullerene organic photovoltaics [140 - 142], but also 551
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in OLED devices [143 - 145]. Their molecular structure makes the PDI's very -552 

conjugation lead to high charge-carrier mobility.553

Moreover, the perylene diimides are characterised by thermal and photochemical stability, 554 

outstanding fluorescence efficiency, and self-assembly predisposition [146]. However, their 555 

properties also make them extraordinary candidates as photosensitisers in singlet oxygen 556 

photogeneration [147]. In their article, Aksakal et al. present the elaborate molecule based on a 557 

ruthenium(II) phenantrolene and bis(perylene diimide), which was able to photogenerate the 1O2 with 558 

a good quantum yield of 0.30 [6].  559 

560 

photogenerate singlet oxygen with good efficiency [148]. Another interesting example is the work 561 

presented by Huang et al. concerned about porous organic cages (POCs) build by rylene-based units 562 

(Figure 10). 563 

 564 

Figure 10. Schematic representation of POCs build based on rylene molecules [149].  565 

 566 
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POCs, due to their similarity to covalent organic frameworks, were designed and synthesised with a 567 

view of applications such as gas sorption and separation, molecular sieving, sensing, catalysis or ion 568

transportation. POCs are also very efficient photosensitisers in the photogeneration of the singlet 569 

oxygen process. The research team draws our attention to the optoelectronic properties presented by 570 

them POCs are exhibiting. The presented rylene-based cage showed bright photoluminescence with 571 

good quantum yield [149, 150].  572 

 573 

7 Conclusions 574 

Singlet oxygen phenomena lie at the borders of modern knowledge in chemistry, physics and, 575 

biology. Over the entire period of study, several breakthroughs have been outlined and discovered. 576 

However, the vastness and mass use of this state of oxygen is precisely the point thanks to which 577 

science and technology will be able to make the necessary leap into the future: to see how cancer 578 

tumours will behave under different concentrations and impulses of singlet oxygen, to cope with the 579 

problem of wastewater treatment, which hangs over humanity every year more and more, and 580 

remember about various skin problems that have more impact on society than it usually seems. Singlet 581 

oxygen is precisely a physical phenomenon, but its impact can be visible in chemical processes in 582 

production and the control of cell proliferation, apoptosis, and necrosis. The singlet oxygen in an 583 

development of new materials for organic electronics on one side is a moiety which we would like to 584 

exclude in our working devices but on the other hand we could use this moiety for sensing or as the 585 

phenomena for photophysical analysis of the process kinetics. The authors of this review described 586 

only the most popular and recent applications of this phenomenon, while the reader is invited to be 587 

inspired and plunge into this "pandora's box". 588 
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Dual-photofunctional organogermanium
compound based on donor–acceptor–donor
architecture†
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Leonardo Evaristo de Sousa, d Piotr de Silva, *d Przemyslaw Data *a and
Youhei Takeda *b

A dual-photofunctional organogermanium compound based on a

donor–acceptor–donor architecture that exhibits thermally activated

delayed fluorescence and mechano-responsive luminochromism has

been developed. The developed compound was successfully applied as

an emitter for efficient organic light-emitting diodes.

Organogermanes have attracted attention in a wide variety of
research fields such as organometallic chemistry,1 biology,2

and catalysis.3 In sharp contrast, the utilization of organoger-
manium compounds and polymers as optoelectronic materials
has been rarely exploited.4–6 For example, tetraaryl germanes
and related polymers have been used as host materials for
organic light-emitting diodes (OLEDs), by utilizing the high
triplet energy and adequate carrier transport capability.4 Also, a
systematic study of blue-emitters based on phenothiaborin-
connected acridan analogues with group 14 elements including
germanium for non-doped efficient OLEDs has been reported.5

Given unique characteristics of organogermanes such as a large
atomic radius (122 pm), electropositive nature (wp = 2.01), and
capability of s–p conjugation, the development of novel Ge-
containing organic functional materials would offer us great oppor-
tunities to cultivate design principles for a new class of functional
materials. Specifically, the diminished s–p conjugation ability of Ge

element when compared with Si allows for higher-energy triplet
excited states than the corresponding silicon compounds.4 Since the
triplet energy is a limiting factor for determining the emission color
of thermally activated delayed fluorescent (TADF),7 donor–acceptor
(D–A) type organogermanes are promising for realizing high-energy
TADF (blue to green).5

Herein, we disclose the development of a dual-photofunctional
Ge-containing donor–acceptor–donor (D–A–D) type compound 1
(Fig. 1a). Notably, the developed compound represents a rare
example of luminescent organogermanium compounds,5,8 and it
nicely shows dual photofunctionality of TADF and mechano-
responsive luminochromism.9 Furthermore, compound 1 serves
as the first example of green-TADF emitter based on organogerma-
nium for an efficient OLED device.

The synthetic route to compound 1 is shown in Fig. 1b (for the
details, see the ESI†). We initially developed a synthetic method for
dihydrophenazagermine 4, starting from N-protected dibromo di-
arylamine 2. Dilithiation of 2 followed by trapping with Ph2GeCl2
and detaching the N-p-methoxybenzyl (PMB) group with DDQ
afforded 4. The X-ray diffraction analysis of the single crystal 4

Fig. 1 (a) Structure and (b) synthetic route to compound 1.
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revealed that the angle between two phenylene planes is 1731 (the
inset figure in Scheme S1, for the details, see Table S1, ESI†), which
is larger than that of its Si analogue (ca. 1331) in a D–A system.5 This
planar structure of the donor would be ascribed to the longer Ge–C
bond (ca. 1.93 Å) when compared to Si–C bond (ca. 1.85 Å).5 D–A–D
compound 1 was successfully synthesized through a Pd-catalyzed
Buchwald–Hartwig amination of 3,11-dibromo-dibenzophenazine
510 with donor 4 (Fig. 1b).

The steady-state UV-vis absorption spectra of diluted solu-
tions (c = 10�5 M) of 1 displayed a p–p* absorption at labs 300–
350 nm and weak vibronic absorption ascribed to the acceptor
core at labs 380–420 nm (Fig. 2a). Also, in the lower-energy
region, a broad and weak absorption ascribed to charge-
transfer (CT) transition was observed. In a non-polar solvent
(n-hexane), compound 1 displayed a vibronically-shaped emis-
sion spectrum (lem 474 nm) with a moderate photolumines-
cence quantum yield (PLQY), which is ascribed to the emission
from the locally excited state (1LE). In contrast to the absorption
spectra, the PL spectrum significantly red-shifted as a function
of solvent polarity (Fig. 2a), suggesting the CT character of the
excited states in those solvents. The Mataga–Lippert plot ana-
lysis corroborated the hybridized local and charge-transfer
(HLCT) nature of compound 1 (Fig. S3, ESI†). An interesting
phenomenon other than solvatochromism involves dual-
emission in a polar solvent such as dichloromethane (DCM)
and DMF (Fig. 2a). Comparison with a known D–A system

having a phenazagermin donor allows us to notice that the
contribution of the emission ascribed to axial-axial conformer
is little in our system.5 The exclusive population of equatorial-
equatorial conformer of compound 1 was supported by the
theoretical calculations (vide infra).

It is noted that D–A–D compound 1 exhibited a significant
change in emission color in the solid states, responding to external
stimuli (Fig. 2b). When as-prepared powdery solid (‘‘powder’’) was
ground with a pestle and mortar (‘‘ground’’), the emission peak
significantly shifted to the lower-energy regime (Dl 1303 cm�1). In
contrast, when the ground was fumed with organic vapor such as
CHCl3 and CH2Cl2, the emission spectrum slightly reverted back
(Dl 738 cm�1). The initial powder state was recovered by recrystalli-
zation. The powder X-ray diffraction (PXRD) analyses of the solids
revealed that only the peak at 2y = 23.41 (d = 3.8 Å) significantly
decreased upon grinding and its intensity was reverted back upon
exposing to chloroform vapor (Fig. S4, ESI†). This would suggest
that the emission color change in response to stimuli would be
ascribed to the fluctuation of intermolecular electronic
interaction.11 It is noted that such dual photofunctionality of TADF
and mechano-responsive emission color change would offer oppor-
tunities for sensing applications.12

Time-resolved luminescence spectroscopy of compound 1 was
performed in both inert non-polar cyclo olefin polymer host Zeo-
nexs, 4,40-bis(N-carbazoyl)-1,10-biphenyl (CBP), and bis[(2-diphenyl-
phosphino)phenyl]ether oxide (DPEPO) hosts, the latter two of
which were used to mimic the chemical environment within an
OLED device. Each material showed emission within two distinct
time regions within all the hosts. The first, decaying with a lifetime
within the nanosecond time regime in all materials, is attributed to
prompt emission from the singlet excited state due to its tempera-
ture independence (Fig. 3). In all cases, spectral inspection at time
delays (TD) = 5 ns shows a Gaussian charge transfer (1CT) singlet
peak that decays over longer times.

At longer delay times, in the microsecond/millisecond delay
time regions, delayed emission was observed (Fig. 3). Depend-
ing upon the experimental temperature, both the singlet state
delayed emission and triplet state emission was observed on
similar millisecond timescales, and therefore, the emission
from each state is most easily elucidated upon spectral inspec-
tion at different temperatures (Fig. 3). At room temperature
(300 K), the delayed emission spectrum had the same shape
and onset energy as the prompt emission in both CBP and
DPEPO (Fig. 3c and e). Therefore, the delayed emission was
identified as TADF. But, the delayed emission in Zeonexs was
observed in a slightly lower-energy region (Fig. 3a), probably
due to the structural relaxation in the excited state. Intrigu-
ingly, the triplet excited state emissions observed at low tem-
peratures showed quite varied energies: 2.65 eV in Zeonexs,
2.14 eV in CBP, and 2.11 eV in DPEPO hosts (Fig. 3a, c, and e).
Such fluctuation in the triplet energy is unusual for
dibenzo[a,j]phenazine-cored D–A–D systems.13 This observa-
tion could suggest a higher triplet state (T2) was involved in
the emission in Zeonexs. Such a scenario was partly supported
by the theoretical calculations (vide infra). Such complications
cause much weaker TADF emission in the CBP and DPEPO

Fig. 2 (a) UV-vis absorption (dotted lines) and PL (solid lines) spectra of
diluted solutions of 1 (c = 10�5 M). Photoluminescence spectra were
acquired with the excitation at lex 400 nm. (b) PL spectra of power (blue),
ground (moth green), and fumed sample (light blue) of 1 excited at lex

400 nm. The photographs represent the image of the emission-color
change cycle. All emoji designed by OpenMoji-the open-source emoji and
icon project. License: CC BY-SA 4.0.
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matrices and a much lower rISC contribution than it was
observed in the Zeonexs matrix. The polarity of the host affects
the energy of both singlet and triplet excited states. Therefore,
as the polarity increases, the DEST of the materials increases
from 0.23 eV in Zenexs to 0.31 eV in CBP, and 0.28 in DPEPO,
which weaken the rISC process. When compared with the
photophysical properties of a phenothiaborine-connected phe-
nazagermine compound5 in a phosphineoxide host (diphenyl-
phosphoryl)dibenzo[b,d]furan: PPF, the lem for 1 in DPEPO
(518 nm) locates at the lower-energy region than that for the
D–A dyad (468 nm), while the DEST of 1 (0.28 eV) is larger than
that for the D–A dyad (0.11 eV).

The OLED devices were fabricated to investigate whether the Ge-
containing compound is applicable to optoelectronic applications
(Fig. 4). The HOMO and LUMO energy levels of 1 were determined
by cyclic voltammetry (CV) to be�5.65 eV and�3.34 eV, respectively
(Fig. S1, ESI†). Since the thermogravimetric analysis (TGA)
indicated the high thermal stability of compound 1 [Td (5 wt%
loss under N2) = 466 1C] (Fig. S2, ESI†), the devices were fabricated
with thermal evaporation technique. As a result of an optimization
study, the optimal configuration was obtained as follows: Device 1

[ITO/N,N0-di(1-naphthyl)-N,N0-diphenyl-(1,10-biphenyl)-4,40-diamine
(NPB) (40 nm)/10% 1 in CBP (25 nm)/2,20,200-(1,3,5-benzinetriyl)-
tris(1-phenyl-1H-benzimida-zole) (TPBi) (40 nm)/LiF (1 nm)/Al
(100 nm)], Device 2 [ITO/NPB (40 nm)/tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) (10 nm)/10% 1 in DPEPO (20 nm)/TPBi
(60 nm)/LiF (1 nm)/Al (100 nm)] (Fig. 4). The characteristics of the
OLED structures revealed a good efficiency of Ge-containing TADF
emitter 1 in CBP host OLED device (EQE ca. 7.7%, Fig. 4b), which
exceeds the theoretical maximum of the OLED device fabricated
with prompt fluorescent emitter (ca. 5%). On the one hand, the
DPEPO host-based device showed lower efficiency (EQE ca. 5.1%).
The luminance of the device in both hosts is quite high (more than
32 000 cd m�2 in CBP and 39 000 cd m�2 in DPEPO), which suggests
good charge recombination in the device. The turn-on voltage was
around 2.5 V in DPEPO and 4.0 V in CBP. In both structures, the
OLED characteristic showed a moderate roll-off dependency (Fig. 4b
and c). It is worth noting that the Ge-containing TADF emitter for
OLEDs is quite limited so far,5 and compound 1 represents the first
example of green-TADF emitter based on organogermanium
compound.

To obtain further insight into the behavior of compound 1,
density functional theory (DFT) calculations were performed
and the nuclear ensemble method was used to estimate photo-
physical rates14 (see the ESI† for details). A conformational
analysis of 1 was conducted, revealing that the equatorial-
equatorial conformation is the most stable one in ground, S1

and T1 states. A fluorescence spectrum simulation of com-
pound 1 (Fig. S3, ESI†) predicts an emission peak at 516 nm
(2.40 eV) and an emission rate of 1.2 � 107 s�1 (Table S5, ESI†),
which matches well the experimental value (502 nm) in toluene
(Fig. 2) but underestimates the S1 emission energy in Zeonexs

(Fig. 3a), though toluene and Zeonexs share similar dielectric
constants (ca. 2.3). This suggests that the S1 emission in this

Fig. 3 Emission intensity of 1 against delay time measured in (a) Zeonexs,
(c) CBP, and (e) DPEPO at different temperatures. Normalized emission
spectra of 1 in (b) Zeonexs, (d) CBP, and (f) DPEPO at varying delay times at
300 K and 80 K.

Fig. 4 Device characteristic.
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case could result from another conformer being preferentially
locked in place by solid-state effects specific to this host matrix,
a hypothesis that is corroborated by emission energies of
2.83 eV and 2.75 eV calculated for the axial–axial and equatorial–
axial conformers, respectively.

Estimated rates for ISC from S1 (Table S4, ESI†) indicate that
the preferred process takes place between the S1 and T2 states,
due to a lower average energy gap (0.012 eV between S1 and T2

versus 0.421 eV between S1 to T1). The simulated phosphores-
cence spectra from T1 and T2 (Fig. S6 and Tables S4–S6, ESI†)
predict one order of magnitude higher emission rate from T2

than from T1 with a T1 peak at 579 nm (2.14 eV) and a T2 peak at
475 nm (2.61 eV). The predicted energy of T2 matches the
phosphorescence energy measured in Zeonexs (2.65 eV), pro-
viding further evidence for the S1 to T2 ISC hypothesis. The T1

energy, in turn, agrees well with phosphorescence energies in
CBP and DPEPO (Fig. 3c and e), suggesting that in these host
matrices, transfers to T1 from S1 may be more efficient due to
higher solvatochromic shift or that internal conversion from T2

can play an important role. In toluene, calculations indicate an
average T1–T2 gap of 0.44 eV (Table S7, ESI†), enough to prevent
rapid depopulation to T1 if the competing processes (rISC,
phosphorescence) are efficient enough. Calculated rISC rates
from T1 and T2 states (Tables S5 and S6, ESI†) reveal that rISC to
S1 is the preferred transfer for both triplet states. The rISC rate
from T2 to S1 is orders of magnitude higher than that from T1,
indicating more efficient TADF when T2 is the state involved in
the triplet harvesting mechanism. This agrees with the
observed decrease in TADF performance in CBP and DPEPO,
which, as mentioned above, have larger T1 involvement.

Fig. 5 summarizes the proposed TADF mechanism based on the
probabilities of each process (Table S8, ESI†). Natural transition
orbitals (NTOs) for the S1, T1 and T2 states have mostly localized
character, explaining the mild red shift observed from CBP to
DPEPO. On the other hand, stronger shifts in solution may result
from the fact that vibrational effects can alter the electronic
character of the excited states,15,16 (see example of CT S1 in Fig. 5)

such that the actual picture is not fully captured by NTOs on
optimized structures. In fact, this effect should be more prominent
in solution than in solid-state, as the vibrational motion may be
hindered in the latter case.

In summary, we have developed a dual-photofunctional organo-
germanium compound that exhibits TADF and mechanochromic
behavior. The compound represents the first example of green-
TADF emitter using organogermanium scaffold for efficient OLED
devices. Theoretical calculations shed light on the importance of the
higher triplet excited state to yield TADF via rISC process. This work
opens up a new avenue for organogermanium-based multi-
photofunctional materials in the future.
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Electrochemically deposited poly(selenophene)-fullerene photoactive layer:
Tuning of the spectroscopic properties towards visible light-driven
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Electrochemical polymerization

A B S T R A C T

A selenophene-containing fullerene dyad (C60Se) was electrochemically co-deposited with bis-selenophene
(BisSe) to form a visible light absorbing poly(selenophene) layer with incorporated fullerene photosensitizers on
platinum (Pt) or indium-tin oxide (ITO) substrates. The resulting photoactive films (P(C60Se_BisSe)) were
characterized by cyclic voltammetry, UV–Vis, IR, Raman and X-ray photoelectron spectroscopies. The efficiency
of P(C60Se_BisSe) towards singlet oxygen photogeneration was investigated by applying reactions with chemical
traps, i.e. α-terpinene and 1,3–diphenylisobenzofuran (DPBF), monitored by UV–Vis spectroscopy. The com-
position of the electropolymerized layer was controlled by varying the monomers ratio in the feed solution and it
had a strong influence on the spectroscopic and photosensitizing properties of the deposited film. It has been
shown that the efficiency of the visible light-driven singlet oxygen generation can be increased by optimizing the
ratio between C60 photosensitizers and organic units in the layer.

1. Introduction

Lately, carbon nanostructures, i.e. fullerenes, nanotubes and gra-
phene, have attracted considerable attention in the photocatalysis, be-
cause of their high efficiency of singlet oxygen (1O2) production [1,2].
Since such photosensitizers absorb mainly in the ultraviolet region,
their spectroscopic properties have to be optimized. This can be done
using different strategies that are generally based on the covalent at-
tachment of a chromophore or incorporation into organic matrix ab-
sorbing in the visible region [3-8]. The resulting visible light-harvesting
structures can be effectively applied as a source of 1O2 molecule. This
active form of oxygen can be simply produced in the photosensitization
process, in which a photosensitizer molecule is activated by light illu-
mination and transfers energy to triplet state oxygen via collision (so
called Type II mechanism) [9-11]. Next to carbon nanostructures, other
organic or inorganic photosensitizers show high photosensitizing effi-
ciency: dyes, porphyrins, inorganic transition metals complexes or
semiconductors oxides [10,12].

Among Reactive Oxygen Species (ROS), singlet oxygen possess one

of the highest oxidative properties and reacts rapidly with an un-
saturated carbon–carbon bond or with neutral nucleophiles. Singlet
oxygen is extremely attractive as an oxidizing agent in the light-acti-
vated synthesis of fine chemicals, i.e. production of ascaridole, juglone
etc., or in the wastewater treatment [1,9,13]. The lifetime of 1O2

strongly depends on the type of solvent [14] - it can vary from few μs in
water and methanol, up to few hundreds μs in chlorinated or deuterated
ones [15]. Still, this active form of oxygen is relatively short-lived, and
thus, it has to be generated in situ in a reaction mixture. Though, ty-
pically higher efficiency is observed for the homogenous photo-
sensitization, the heterogeneous approach has many advantages, like
simplified operation, product separation or recycling of a photocatalyst.
In some cases even higher stability of the latter can be observed
[1,16,17]. Various approaches for the deposition of photoactive mole-
cules have been reported, e.g. based on the covalent immobilization on
a solid support or non-covalent incorporation into a polymeric matrix
[1,18,19].

The investigation of new solid fullerene-based photosensitizers
should take into account the type of precursor and the strategy of the
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layer deposition, that would allow controlling the properties of both –
the fullerene photosensitizer and the visible light absorbing unit. In our
previous work we have shown that the structure of terthiophene-full-
erene dyad strongly influences the photosensitizing efficiency of the
resulting photoactive layer [20]. Till now, the organic layers containing
thiophene and selenophene units have been mainly investigated for the
application in the organic electronics, especially in the fullerene or non-
fullerene Organic Photovoltaic Devices (OPVs) [21-24]. Lately, it has
been shown that fullerene – conjugate polymers blends are able to
generate ROS, including singlet oxygen. This, however, is considered as
a drawback in solar cells, since it may result in a device degradation
[25-29].

Here, we continue our studies aiming to increase the visible light
absorption of the photoactive layer by the introduction of selected or-
ganic-only units absorbing in the low energy region. Thus, a seleno-
phene/thiophene-fullerene dyad (C60Se), chosen as a photoactive pre-
cursor was co-deposited with bis-selenophene (BisSe) in the
electrochemical polymerization process. The main aim of this study was
to optimize the composition of the resulting photoactive layer in order
to tune its spectroscopic properties, i.e. broadband absorption in the
visible range, and the photosensitizing properties. The deposited layers
were characterized by electrochemical and spectroscopic methods. The
efficiency of the visible light-driven singlet oxygen photogeneration
was tested in the process of α–terpinene oxidation leading to ascaridole
formation, that was followed by UV–Vis spectroscopy. Quantum yields
of 1O2 production by the investigated layers were estimated with che-
mical quencher, i.e. 1,3–diphenylisobenzofuran (DPBF). The influence
of the monomers ratio on the electrochemical, spectroscopic and pho-
toactive properties of the layer was studied.

2. Experimental

2.1. Materials

C60Se dyad and BisSe (Fig. 1) were synthesized applying previously
reported procedures [20,30,31]. The synthetic routes and the product
identification are given in the Supporting Information. The electro-
chemical co-deposition of the photoactive layers and their character-
ization was conducted in Tetrabutylammonium tetrafluoroborate
(TBABF4) (Sigma Aldrich, 99%) electrolyte solution in dichloromethane
(HPLC grade, Sigma Aldrich). The photosensitizing properties were
tested with α-Terpinene (TCI, purity 90%) in acetonitrile (Sigma Al-
drich) or 1,3-diphenylisobenzofuran (DPBF) (Acros Organics,
purity > 97%) in methanol (Acros Organics, 99.9%). Rose Bengal
(Acros Organics) was used as a reference in the determination of the
quantum yield of singlet oxygen photogeneration.

2.2. Electrochemical co-deposition of C60Se and BisSe

The electrochemical co-deposition of C60Se and/or BisSe monomers
was conducted using SPI-150 electrochemical workstation (Bio-Logic).

A three-electrode cell was used with a platinum disc electrode (Pt,
EDAQ, 1 mm dia.) or an Indium-Tin Oxide (ITO)/borosilicate glass
(Präzisions Glas & Optik GmbH, PGO) acting as a working electrode, a
silver wire - as a pseudoreference electrode and a platinum wire - as a
counter electrode. The potential was calibrated with respect to ferro-
cene (Fc/Fc+) internal standard. The platinum disc electrode was
cleaned with a diamond paste. All electrodes were washed with acetone
and dichloromethane and were placed in a Teflon holder in 2 ml conical
cell or 5 ml cell, if Pt or ITO were used as a working electrode, re-
spectively. The electrochemical polymerization of C60Se and BisSe was
carried out by cyclic voltammetry (CV) within the potential range (-0.6
; 0.9) V vs Fc/Fc+ at the scan rate 0.05 V/s in the monomer-containing
solution in 0.1 M TBABF4 / dichloromethane. The layer was deposited
within 10 scan cycles with the initial anodic polarization. The con-
centration of C60Se dyad was kept constant at 0.45 mM in all the ex-
periments, while the concentration of BisSe was varied, in order to
obtain a different molar ratio of the monomers (5:1, 2:1, 1:1, 1:2 and
1:5). The solution was homogenized with ultrasonic mixing for 15 min
and then it was bubbled with Argon (Ar) to remove oxygen prior to
measurements.

2.3. Electrochemical and spectroscopic characterization of P(C60Se:BisSe)
layers

The electrochemical properties of the layers were investigated in a
monomer-free electrolyte solution (0.1 M TBABF4 /CH2Cl2 purged with
Ar before measurements) using SPI-150 electrochemical workstation
(Bio-Logic) and the above-mentioned three-electrode system. CV curves
were recorded within (-1.8 ÷ -0.6) V or (-0.6 ÷ 0.9) V vs Fc/Fc+

potential ranges at 0.05 V/s scan rate.
The content of fullerene in the deposited films was estimated using

Equation (1) [32]:

= Q
n F AC60 (1)

where Q is a charge exchanged in a reversible reduction of C60 to
C60

●-, n is a number of electrons, here: equal to 1, A is a platinum
electrode surface area (0.785 mm2) and F is Faraday constant.

Hewlett Packard 8452A UV–Vis spectrometer was used to record
UV–Vis spectra of the photoactive layers deposited on ITO and UV–Vis
spectra of 0.025 mM solution of C60Se, C60 and BisSe in CH2Cl2.

IR spectra of the photoactive layers deposited on a platinum plate,
powder C60, BisSe and C60Se dyad were collected using ATR mode with
Perkin Elmer Spectrum Two IR spectrometer equipped with DTGS MIR
detector in the range 2500 – 450 cm−1. Additionally, Raman spectra of
co-deposited films were acquired with Renishaw inVia Raman
Microscope (Renishaw, Inc., New Mills, UK, with high sensitivity ultra-
low noise RenCam CCD detector). A diode laser with the wavelength of
514 nm (maximum power of 12 mW, reduced to 5%), 2400-line/mm
grating and 50x objective were used. Renishaw software was applied
for spectra smoothing and baseline subtraction.

X-ray photoelectron spectroscopy (XPS) investigations of photo-
active layers deposited on ITO utilized an Mg Kα radiation
(hν = 1253.6 eV), having an overall full width half maximum energy
resolution of about 0.9 eV. The spectrometer is a 150 mm hemispherical
analyzer from SPECS GmbH working in magnification mode at a pass
energy of 20 eV. The samples were mounted on a flat plate with two
wing clamps touching the upper part of the specimen, thus ensuring
good mechanical and electric contact. Before each experiment, the
sample resistance with respect to the ground was checked, the mea-
sured resistance was in the range from 5 to 15 Ohm. The fixed samples
were placed in an ultra-high vacuum chamber (base pressure of about
1 × 10-10 mbar) [33]. The samples, coming from outside, were firstly
inserted inside a fast-entry and, after a couple of hours of pumping,
transferred inside the main chamber. No charging effects or sample
detriments in vacuum have been detected during the measurements.Fig. 1. Investigated monomers: C60Se dyad and BisSe.
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2.4. Photogeneration of singlet oxygen by P(C60Se:BisSe) layers

The photogeneration of singlet oxygen molecule was tested with α-
terpinene in acetonitrile and 1,3–diphenylisobenzofuran (DPBF) in
methanol. The reaction schemes are given in Fig. 2a and Fig. 2b, re-
spectively.

The photosensitizing properties of the deposited layers under visible
light illumination were tested with 0.05 mM α-terpinene in acetonitrile.
The process was followed in situ in 10 × 4 mm quartz cuvette (Hellma
Analytics) arranged as a thin layer cell, as in our previous works
[20,34]. The setup scheme is given in Fig.S2. The UV–Vis spectra of α-
terpinene were collected with Hewlett Packard 8452A UV–Vis spec-
trometer. Ca. 0.5 cm2 of sample surface was illuminated with a xenon
lamp equipped with a filter transmitting only the radiation above
400 nm, that was placed perpendicularly to the UV–Vis spectra acqui-
sition. The yield and the kinetic parameters of the process were de-
termined based on the decrease in the absorption of α-terpinene at
266 nm [20,34].

DPBF (0.05 mM in CH3OH) was applied as 1O2 specific quencher
under green light illumination. The measurement set-up was arranged
as for α-terpinene tests. In this case 532 nm diode laser (Oxxius, LCX-
532L-150-CSB-PPA model, 150 mW maximum power, 50 mW power
used) was applied as an excitation source. The quantum yields of singlet
oxygen photogeneration, Φ, were estimated applying so-called DPBF-
method and Rose Bengal (RB) as a reference with known ΦRB equal to
0.80 in CH3OH. The quantum yield of photochemical production of 1O2

can be calculated using Equation (2).

= m
mi RB

i

RB

RB

i (2)

where Φi and ΦRB are quantum yields of singlet oxygen photo-
generation by unknown photosensitizer or RB, respectively; mi and mRB
are rate constants of DPBF oxidation in the presence of an unknown
photosensitizer or RB, respectively, and α is absorption correction
factor given by α = 1 – 10–A (A is absorbance at irradiation wave-
length, here: 532 nm) [35-38].

3. Results and discussion

3.1. Electrochemical co-deposition of C60Se and BisSe

The electrochemical polymerization of monomers was firstly in-
vestigated with the platinum disc electrode (Pt). As in our previous
works [20,39] such strategy was chosen, since it allows to control the
process of layer formation and the amount of the electroactive species
being deposited. Fig. 3 presents CV curves recorded during continuous
scanning in the equimolar solution of C60Se and BisSe. In the first
anodic scan an irreversible oxidation at 0.85 V (vs. Fc/Fc+) is observed,
that can be assigned to the oxidation of organic unit, namely seleno-
phene group, to form radical cations [40]. In the consecutive scans the
increase in the recorded current in the broad potential range can be
observed, indicating the deposition of the electroactive layer on the
platinum electrode surface. Similar CV curves were recorded for ITO
acting as a working electrode. The electropolymerization process was
conducted only in the anodic domain in order to activate organic units
only and to ensure the stability of fullerene present in C60Se monomer.
Both, the current increase and the appearance of the new redox couple
centered at ca. 0.4 V (vs. Fc/Fc+), confirm the polymerization of the
organic units to form conjugated polymeric layer [41]. It can be seen in
the first scan cycle recorded in the single-component solutions (Fig. 3,
inset) that the onset of the anodic oxidation, initiating electro-
polymerization process, is located at ca. 0.4 V (vs. Fc/Fc+) for both
monomers. Therefore, it can be stated that under applied conditions
both C60Se and BisSe undergo electrochemical polymerization [42].

3.2. Electrochemical and spectroscopic characterization of P(C60Se:BisSe)
layers

3.2.1. Cyclic voltammetry
The electrodeposited polymeric layers, consisting of selenophene

and thiophene rings with incorporated fullerene photosensitizers, were
in turn characterized by electrochemical and spectroscopic techniques.

The CV curve of P(C60Se_BisSe_1:1) layer recorded in the pure
electrolyte solution (Fig. 4) shows three redox couples located at ca.
0.4 V and −1.2 V and −1.5 V vs. Fc/Fc+. The first signal, that arises
from the redox process within the polymeric unit, occurs at potential
that lies between the potentials of the corresponding signal in P(C60Se)
and P(BisSe) – that is ca. 0.6 V and 0.3 V vs. Fc/Fc+, respectively.
Hence, the presence of both monomer in the structure of the layer is

Fig. 2. Scheme of reaction of singlet oxygen with a) α-terpinene and b) DPBF.

Fig. 3. CV curves recorded for Pt disc electrode in electrolyte solution con-
taining C60Se and BisSe in 1:1 M ratio; arrows indicating the trend of change in
the recorded currents. Inset: CV curves recorded for Pt disc electrode in elec-
trolyte solution containing C60Se (red line) or BisSe (blue line).
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confirmed.
In the cathodic scan, two reversible redox couples centered at ca.

−1.2 V and at ca. −1.5 V vs. Fc/Fc+ are observed. Those signals,
which are absent in the case of P(BisSe) layer, arise from the two-step
reduction of C60 to C60

●- and then to C60
2-, respectively [40,43]. This

confirms the presence of fullerene units in P(C60Se_BisSe_1:1) layer.
Similar CV curves were recorded for other polymeric films deposited
from the solution with varied monomers ratio. Taking into account the
area under first reduction peak arising from C60 to C60

●- transition, the
fullerene content in the formed layers was roughly estimated. As ex-
pected, the amount of C60 units in P(C60Se_BisSe) films was decreasing
by lowering the C60Se – to – BisSe ratio in the feed solution (Table 1).

3.2.2. UV–Vis spectroscopy
The UV–Vis spectra of the electrochemically deposited layers

(Fig. 5) show two distinctive absorption bands. The band with max-
imum at 330 nm corresponds to the fullerene absorption, that for
pristine C60 in CH2Cl2 solution is located at 329 nm (Fig. 5, inset). The
second band present in the low energy region can be linked to the
absorption of conjugated polymeric unit, namely π → π* transition. The
UV–Vis spectrum of the fullerene-dyad monomer shows only one broad
signal covering C60 and organic unit absorption (Fig. 5, inset), while in
the UV–Vis spectra of P(C60Se_BisSe) layers the band of selenophene/
thiophene-containing matrix is batochromicaly shifted and well-sepa-
rated from the C60 absorption band, which confirms that electro-
deposition process results in the elongation of the conjugate organic
chain [44]. The maximum of the above-mentioned band is located at ca.
490 nm and is slightly red-shifting with the increase in the BisSe con-
tent. In all cases, only one absorption maximum is observed in the
visible region and it is located between the maxima of the corre-
sponding homopolymers, i.e. 480 nm for P(C60Se) and 500 nm for P
(BisSe) (Fig. 5, inset). This may indicate that the electrochemical co-
deposition results in the formation of the copolymeric structure rather
than the blend of homopolymers [45,46]. Since the onset of π-π*

transition band is located at ca. 675 nm for all the films, it can be stated
that the resulting photoactive layers possess comparable effective
conjugation length [47]. Importantly, the absorbance in the Vis range is
significantly increasing with respect to C60 absorption at 330 nm, with
the increase in the content of BisSe. This confirms that the spectroscopic
properties of the photoactive layer can be tuned by changing the
monomers ratio in the feed solution.

3.2.3. ATR-IR spectroscopy
Fig. 6 presents the IR spectra of both monomers and P

(C60Se_BisSe_1:1) layer recorded in the ATR mode. In the case of full-
erene dyad spectrum, four characteristic C60 bands are observed at
524 cm−1, 574 cm−1, 1177 cm−1 and 1427 cm−1, that can be assigned
to the vibrations of pentagons and hexagons of the fullerene cage [48].
The presence of organic unit in the monomer dyad is confirmed by C-H
out-of-plane vibrations of the monosubstituted selenophene ring lo-
cated at 678 cm−1 [47]. The latter vibration is the most dominant in
the IR spectrum of BisSe, together with the aromatic stretching band at
1427 cm−1 [47] and other signals in the fingerprint region at 748 cm−1

and 814 cm−1, that can be assigned to the adjacent and isolated out-of-
plane bending vibrations of the selenophene ring [49]. For P
(C60Se_BisSe_1:1) layer the aromatic stretching vibrations, namely

Fig. 4. CV curves recorded for P(C60Se_BisSe_1:1) (black line), P(C60Se) (red
dashed line) and P(BisSe) (blue dashed line) deposited on Pt disc electrode in
electrolyte solution.

Table.1
Fullerene content in P(C60Se_BisSe) layers deposited from the solution with
various molar ratio of monomers.

Photoactive layer Fullerene content [mol/mm2]

P(C60Se_BisSe_5:1) 5.7 ∙ 10-9

P(C60Se_BisSe_2:1) 4.2 ∙ 10-9

P(C60Se_BisSe_1:1) 2.5 ∙ 10-9

P(C60Se_BisSe_1:2) 1.2 ∙ 10-9

P(C60Se_BisSe_1:5) 4.9 ∙ 10-11

Fig. 5. UV–Vis spectra of P(C60Se_BisSe) layers deposited on ITO from solutions
with varied molar ratios of monomers. Inset: UV–Vis spectra of 0.025 mM so-
lution of C60 (black dashed line), C60Se in dichloromethane (red dashed line), P
(C60Se) (red line) and P(BisSe) (black line) layers deposited on ITO.

Fig. 6. ATR-IR spectra of C60Se, BisSe and P(C60Se_BisSe_1:1) layer deposited
on Pt plate.
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symmetric and asymmetric stretching of C = C in the selenophene ring,
are observed at 1432 cm−1 and 1653 cm−1, respectively [50]. Those
bands are significantly broaden when compared to monomers spectra,
which is typical for electrodeposited polymeric layers [44]. The effec-
tiveness of the electropolymerization process is also confirmed by the
decrease in the relative intensity of 678 cm−1 band being specific for
the monosubstituted heterocyclic ring. The strong signal at 788 cm−1

arises from C-H out-of-plane vibrations in the 2,5-disubstituted sele-
nophene rings, which indicates that the electrochemical polymerization
occurs via α,α’-mechanism [51]. This is also supported by the absence
of the band at ca. 820 cm−1 that is characteristic for polyselenophene
obtained by α,β-coupling [50]. Moreover, the band located at
524 cm−1 confirms the presence of C60 units in the deposited photo-
active polymeric layer. The position of the vibrations of the fullerene
spheres, i.e. “pentagonal pinch” Ag mode, in the recorded Raman
spectra (Fig. S3) gives the final check of the structure of the formed
layer. The mentioned band is located at slightly lower wavenumbers
(1455 cm−1) than for the pristine C60, but this can be a result of the
additional contribution of the C = C stretching vibration of BisSe, ra-
ther than the oligomerization of the fullerene units [52,53].

3.2.4. X-ray phototoelectron spectroscopy
The structures of the electrochemically polymerized photoactive

layers were further investigated by XPS (Fig. 7). In the survey spectra
obtained for P(C60Se_BisSe_1:1)/ITO layer, given in Fig. 6a, signals of Se
3d, S 2p, C 1 s and N 1 s appear at 56 eV, 165 eV, 286 eV and 399 eV,
respectively [54,55]. While the presence of selenium, sulfur and ni-
trogen is specific for the deposited layer, the carbon signal arises from
the deposited layer and the so-called adventitious carbon residues
[56,57]. The O 1 s peak, placed at around 530 eV, has reasonably the

same origin, even if the ITO substrate contribution cannot be excluded.
Importantly, only weak signals coming from the electrolyte or solvent
used during the electrodeposition process, like F 1 s at 686 eV, are
observed. Similarly, only low-intensity peaks from the ITO substrate are
recorded, i.e. Sn 3d at 485 eV, In 3d at 444 eV and Si 2p at 100 eV [58],
which confirms the homogeneity of the layer.

The high-resolution spectra recorded for P(C60Se_BisSe_1:1) are
shown in Fig. 7b – d. The experimental data (dashed lines) were fitted
using CASA XPS with components given as a product of Gaussian and
Lorentzian lines. The Shirley function was used for the background
subtraction [20,59]. The decomposition of N 1 s region (Fig. 7b) gives
one component at 399.4 eV arising from the amine-linker in the full-
erene-organic dyad [60]. In the case of two partially overlapping re-
gions, namely S 2p and Se 3p region (Fig. 7c) four components, i.e. Se
3p3/2 and S 2p3/2 with their spin–orbit split counterparts can be dis-
tinguished at 162.3 eV and 163.9 eV, respectively [54,55,61]. More-
over, for Se 3d region (Fig. 7d) two spin–orbit components Se 3d5/2 and
Se 3d3/2 with 0.86 eV separation and ca. 1.4-ratio are observed [62,63].
The position of both S 2p3/2 and Se 3d5/2 confirms the presence of
thiophene- and selenophene-containing organic layer on the ITO sur-
face. Importantly, since no additional components are observed in S 2p
or Se 3d regions, it can be stated that no oxidized species are present
within 2–3 nm from the sample surface [55,61]. The analysis of the C
1 s spectrum (Fig.S4) reveals the presence of five components arising
from both - the deposited layer and the adventitious carbon [64]. The
ratio between the components (Tab.S1) is in good agreement with the
stoichiometry of the layer, confirming that the contamination is not
significant.

Taking into account that N 1 s signal recorded at 399.4 eV arises
from the amine-linker that is present only in the C60Se dyad, the high-

Fig. 7. XPS a) wide scan (pass energy 40 eV) and high resolution spectra b) N 1 s, c) S 2p + Se 3p and d) Se 3d recorded for P(C60Se_BisSe_1:1) layer deposited on
ITO.
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resolution N 1 s and Se 3d regions after correcting the signal intensity
for the element and the transition specific photoemission cross sections,
were in turn used to estimate the composition of the deposited P
(C60Se_BisSe) layers. Fig. 8 presents the relation between the compo-
sition of the feed solution and the monomers ratio in the resulting layer.
As assumed, the monomers ratio in the solution strongly influences the
deposited layer composition: the increase in the concentration of the
fullerene-containing monomer yields layers with higher C60 content,
with almost linear relation. This is in agreement with the above-men-
tioned CV and UV–Vis spectroscopy results. The estimated monomers
ratios in the deposited layers are not equal to the ones in the feed so-
lutions. The significantly higher content of BisSe units was observed,
which suggests that, though both monomers undergo irreversible oxi-
dation at similar potentials, the electropolymerization of BisSe
monomer is more effective, probably because of the steric effect.

3.3. Singlet oxygen photogeneration by P(C60Se:BisSe) layers

The photogeneration of singlet oxygen in homogenous and hetero-
geneous systems can be investigated directly, i.e. by measuring lumi-
nesce at ca. 1270 nm, or indirectly with chemical traps. Since the
emission signal of singlet oxygen is quite weak, the second strategy is
more common. Various chemical traps that can be monitored with
UV–Vis or EPR spectroscopies have been proposed for the indirect de-
tection of 1O2 [65,66]. In this work, α-terpinene was used for the in-
vestigation of visible light photogeneration of ROS, while DPBF – spe-
cific singlet oxygen quencher, was applied under green-light
illumination for the determination of the quantum yield.

The effectiveness of the visible light-induced photooxidation reac-
tion was monitored by UV–Vis spectroscopy as the decrease in the ab-
sorption of α-terpinene at 266 nm [20]. Fig. 9a presents the UV–Vis
spectra of α-terpinene recorded during illumination of P
(C60Se_BisSe_1:1) layer with the xenon lamp equipped with the filter
transmitting only visible radiation. The decrease in the characteristic
absorption band of α-terpinene observed at 266 nm indicates its reac-
tion with ROS photogenerated by P(C60Se_BisSe_1:1) layer. The pho-
tooxidation of α-terpinene results in the formation of ascaridole
(Fig. 2a) [16,67]. Importantly, the deposited layer is not dissolving in
the reaction medium, since no new bands are observed in the recorded
spectra during the photoprocess.

Fig. 9b shows that almost no decrease in the substrate absorbance is
observed when unmodified ITO is illuminated, which confirms that

under applied conditions the process of α-terpinene self-decomposition
can be excluded. Additionally, the decrease in the absorbance after
30 min of illumination is significantly higher for the electrochemically
deposited polymeric layer containing fullerenes than for the layer
containing only BisSe monomer. Thus, it can be stated that in-
corporated C60 photosensitizers are mainly responsible for the ROS
photogeneration. As in our previous work, it is shown that the photo-
sensitizers based on carbon nanostructures retain their photoactivity
after deposition on a solid support [34].

The activity of P(C60Se_BisSe_1:1) layer towards singlet oxygen was
also tested applying DPBF - chemical quencher and 532 nm laser as an
illumination source. Fig. S5 presents the UV–Vis spectra of DPBF in
methanol recorded during irradiation of P(C60Se_BisSe_1:1) layer with
the green laser. The drop in the DPBF absorbance at 410 nm confirms
that the energy transfer from the poly(selenophene) matrix to C60 can
occur and it may result in the formation of 1O2 species [4,6,7,68-71].
The quantum yield of singlet oxygen photogeneration was determined
by the DPBF-method with Rose Bengal as a reference [36-38]. Φ is
equal to ca. 0.7% for P(C60Se_BisSe_1:1) and P(C60Se) layers, suggesting
that the efficiency of the above-mentioned energy transfer is compar-
able in both cases, even if the additional organic-only component
(BisSe) acting mainly as a visible light antenna, is introduced into the
deposited layer.

Further, as presented in Fig. 9b, the drop in α-terpinene absorbance
at 266 nm is ca. 2.5-times higher for P(C60Se_BisSe_1:1) layer than for
the layer consisting of the fullerene dyad only - P(C60Se). This can be
explained by higher absorbance of the photoactive layer containing
BisSe units in the visible range, which confirms the effectiveness of the
assumed strategy.

In the next step, all electrochemically co-deposited layers were ap-
plied as a source of 1O2 in the oxidation of α-terpinene, yielding similar
set of spectra as presented in Fig. 9a. In order to compare the efficiency
of the photoprocess, the rate constants were determined based on the
drop of α-terpinene concentration. Assuming the pseudo-zero order
kinetics [20], the rate constants were estimated with a linear regression
as a slope of the line (c-cinitial) vs. time. As it can be seen in Table 2, the
highest value of the rate constant was observed for the polymeric layer
deposited from the feed solution with monomers ratio equal to 1.
Further increase in the content of the organic unit or fullerene-dyad
resulted in the drop of the reaction rate. This indicates that the ratio
between the fullerene photosensitizer and the poly(selenophene) ma-
trix, acting as an antenna for visible light, is the best optimized in the
case of P(C60Se_BisSe_1:1) layer.

4. Conclusions

In the presented work, C60Se fullerene-dyad was electrochemically
co-deposited with bis-selenophene on Pt or ITO/glass, yielding the
polymeric matrix with incorporated C60 photosensitizers. The proposed
strategy resulted in the formation of the thin photoactive layer, which
structure was confirmed with electrochemical and spectroscopic tech-
niques. It was shown that the composition of the resulting layer can be
simply varied by changing the monomers ratio in the feed solution.
This, in turn, allows to tune the spectroscopic properties, namely the
absorption in the visible range, and the photosensitizing properties of
the deposited films. It was found that the layer with ca. 1:2 ratio be-
tween the fullerene dyad and bis-selenophene units, formed from the
equimolar solution, shows the highest efficiency of singlet oxygen
photogeneration under visible light illumination. The quantum yield of
the photoprocess was comparable for C60Se_BiSe and C60Se-only layers.
The presented results demonstrate that the efficiency of the visible light
photogeneration can be simply enhanced by the introduction of the
visible light-harvesting organic units into fullerene-containing photo-
active layer.

Fig. 8. Composition of photoactive layer as a function of monomers ratio in
feed solution.
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Singlet oxygen formation from photoexcited
P3HT:PCBM films applied in oxidation reactions†

Aleksandra Nyga, ab Agata Blacha-Grzechnik,*ab Przemysław Podsiadły,b

Alicja Duda, b Kinga Kępska,a Maciej Krzywiecki, c Radosław Motyka, b

René A. J. Janssen d and Przemysław Data *a

Poly(3-hexylthiophene) thin films containing carbon-based nanostructures, i.e. fullerenes such as

buckminsterfullerene (C60) or phenyl-C61-butyric acid methyl ester (PCBM), or single-walled carbon

nanotubes, were investigated as heterogeneous photosensitizers producing singlet oxygen (1O2) in

aerated organic solvents. Thin films were deposited on borosilicate glass using spin coating and

characterized by profilometry, UV-vis, Raman and XPS. Photogeneration of 1O2 was confirmed by

photooxidation of 1,3-diphenylisobenzofuran and by reaction of 1,5-dihydroxynaphthalene to juglone.

The photochemical efficiency of the blends was found to depend on the carbon-based photosensitizer

and can be increased by varying its concentration in the poly(3-hexylthiophene) matrix.

1. Introduction

Blends of conjugated polymers and carbon nanostructures,
such as fullerenes and carbon nanotubes (CNTs), have been
under high scientific interest for application in organic photo-
voltaic (OPV) devices1–3 and have been extensively studied for
their photophysical properties. In polymer:fullerene blends two
competitive processes have been identified to occur from the
initially-formed interfacial charge-transfer state: charge separa-
tion and charge recombination into a triplet state.4 The effi-
ciencies of these processes not only depend on the individual
properties of the donor and acceptor in the blend, but also on
their ratio and the layer morphology.5,6 Triplet generation is
considered as a significant drawback in OPV, because it reduces
the short-circuit current density, open-circuit voltage, and
power conversion efficiency, and in the presence of oxygen
may lead to the formation of singlet oxygen (1O2) which is
highly reactive and destructive for the photoactive layers.7,8

Though the formation of 1O2 may be unfavorable for organic
electronic devices, it received much scientific attention as an

efficient oxidative agent in fine-chemicals synthesis, wastewater
treatment, and in photodynamic therapy (PDT).9–13 The direct
optical excitation of triplet ground state oxygen to the singlet
excited state is spin-forbidden, but 1O2 formation is possible
using photosensitizers. In such a process, a photosensitizer
absorbs light, forming a singlet-excited state (S1) and converts
to a triplet-excited state (T1) via intersystem crossing (ISC) that
can subsequently transfer its energy in a spin-allowed reaction
to ground state triplet oxygen (3O2) resulting in formation of
singlet-state oxygen and the photosensitizer in the ground
state.9,13

The most commonly studied photoactive molecules are
organic dyes, transition metal complexes, and inorganic
oxides.9,10,13 In recent years, carbon-based photosensitizers
have been shown to produce 1O2 in good yields,14 but practical
applications are limited because these materials mainly absorb
in the high-energy region. To circumvent this problem, addi-
tional organic chromophores can be introduced.15–19 The high
reactivity of 1O2 causes its lifetime to be very short and it thus
must be produced in situ, using either homogenous or hetero-
geneous photocatalysts. Immobilization of photosensitizers
generally results in a decrease in their activity but may be
beneficial for commercial applications.10,20

Reactive oxygen species (ROS), such as singlet oxygen,
exhibit strong antimicrobial properties acting in a versatile
way on bacteria, viruses, and fungi. The main advantage of
photodynamic antimicrobial chemotherapy (PACT) is the
absence of microbial resistance towards ROS, and that it does
not cause the spread of drug-resistant bacteria.19,21,22 High
attention is put nowadays on the introduction of antimicrobial
coatings in health-related areas to decrease the number of
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patients gaining nosocomial infections.23 The introduction of
photoactive antimicrobial coatings would allow also reduce the
use of chlorinated, toxic disinfectants. Various approaches for
the immobilization of photoactive molecules, mainly dyes, have
been explored, e.g. the non-covalent immobilization in a poly-
mer matrix, like cellulose acetate,24 or covalent binding at a
surface.25 In the first case a high antimicrobial activity has been
reported, however such materials may possess low stability, due
to leaching of the photoactive molecule from the blend.24,26

The covalent binding of dyes, e.g. Rose Bengal, to a polymer
matrix, like polystyrene, polyamide, or poly(methyl methacry-
late), can be achieved via chemical reaction between the matrix
functional groups and the dyes.27,28 The main disadvantage,
however, is a more complicated multistep procedure.

In this study, we investigate the possibility of applying
poly(3-hexylthiophene) (P3HT) layers containing carbon nanos-
tructures, as a heterogeneous source of singlet oxygen. P3HT
has been selected because it absorbs strongly in the visible
region and its blends with carbon nanostructures can be easily
deposited on solid supports. Moreover, their photophysical
properties are well characterized in the literature. It has been
shown that energy transfer from P3HT to fullerenes and carbon
nanotubes occurs in solution29,30 and in the solid-state,31,32

and that such blends can produce singlet oxygen.20 Here, P3HT
is assumed to act both as support for the carbon-based photo-
sensitizers and as a visible-light antenna. The blend layers
were characterized with various spectroscopic techniques.
Singlet oxygen photogeneration was investigated with 1,3-
diphenylisobenzofuran (DPBF) in methanol under excitation
with green light, which allowed for the determination of
quantum yields of the photoprocess. On the other hand,
oxidation of 1,5-dihydroxynaphthalene (DHN) to juglone in
acetonitrile under white light illumination was demonstrated
as an example of fine-chemical synthesis. The influence of the
type of carbon photosensitizer and its content on the photo-
active properties of the layer was studied.

2. Experimental
2.1. Materials

C60 (purity 99.9%) was purchased from Acros Organics. [6,6]-
Phenyl-C61-butyric acid methyl ester (PCBM) (purity 99.0%) and
single-walled carbon nanotubes (SWCNTs) were obtained from
Osilla Ltd. Regiorandom P3HT was synthesized following a
well-established procedure (ESI†). Chlorobenzene (499%,
Acros Organics) was applied as a solvent for layer preparation.
Sodium dodecyl sulfate (498%, Sigma-Aldrich), isopropanol
(99.5%), and acetone (95%) (both Acros Organics) were used for
cleaning glass slides. 1,3-Diphenylisobenzofuran (DPBF,
497%) dissolved in methanol (99.9%, both Across Organic)
was used as a singlet oxygen scavenger. The quantum yield of
1O2 photogeneration was determined with Rose Bengal (Acros
Organics) as a reference. Photooxidation under white light was
tested with 1,5-dihydroxynaphthalene (DHN, 97%) in acetoni-
trile (Z99.9% both from Sigma-Aldrich).

2.2. Photoactive layers deposition and characterization

P3HT layers containing carbon nanostructures as photosensi-
tizers were formed on borosilicate glass slides (1 � 1 cm2 or
3 � 3 cm2, Präzisions Glas & Optik GmbH, PG&O) via spin
coating (Laurell spin-coater, WS-650 M2-23). Before layer
deposition, the glass substrates were cleaned with sodium
dodecyl sulfate aqueous solution and then sonicated in acet-
one, pure water, and finally isopropanol. Carbon nanostruc-
tures and P3HT were dispersed in chlorobenzene in a 1 : 2 mass
ratio, and additionally in 1 : 1 and 2 : 1 mass ratios in case of
PCBM, and sonicated for 15 min. 30 mm3 of the solution was
dropped on the glass slide and spin coated for 30 s at a
spinning rate of 2000 rpm.

A Veeco, Dektak 150 profilometer was used to determination
the layer thickness, employing 1200 mm scanning length, a
needle with a diameter of 12.5 mm, and a pressure force of
5.00 mg.

UV-vis spectra of the films were recorded with a HP 8452A
spectrometer Raman spectra were recorded using Renishaw
inVia Raman Microscope (Renishaw, Inc., New Mills, UK)
equipped with a 514 nm diode laser, a 2400 line per mm
grating, and a 50� objective. All spectra were smoothened
and the baseline was subtracted utilizing Renishaw software.

X-ray photoelectron spectroscopy (XPS) analysis was done
with PREVAC EA15 hemispherical electron energy analyzer with
2D multi-channel plate detector. Al-Ka X-ray source (PREVAC
dual-anode XR-40B, 1486.6 eV) was used for sample irradiation.
The measurements were conducted under 9 � 10�9 Pa base
pressure. Pass energy was equal to 200 eV pass energy for survey
spectra (scanning step 0.9 eV) and 100 eV (scanning step
0.05 eV) for high-resolution spectra acquisition. The binding
energy scale was calibrated with respect to C–C component in
the C1s region (284.8 eV).33 The spectra were analyzed applying
CASA XPSs software. Shirley function was used as a back-
ground and the product of Gaussian and Lorentzian functions
were used for components fitting.

2.3. Singlet oxygen photogeneration

The effectiveness of the photoactive layers containing carbon-
based nanomaterials in the process of singlet oxygen photo-
generation was determined using a 0.06 mM solution of DPBF
as specific 1O2 quencher in methanol.34,35 The reaction pro-
gress was monitored with a Hewlett Packard 8452A UV-vis
spectrometer as the change in the DPBF absorbance at
410 nm. The process was conducted in situ in a standard
10 mm � 4 mm quartz cuvette (Hellma Analytics) under
532 nm laser irradiation (Oxxius, LCX-532L-150-CSB-PPA model
having 150 mW maximum power reduced to 50 mW).35 The
quantum efficiency of the light-induced 1O2 production was
determined with the DPBF method and Rose Bengal as a
standard having FRB equal to 0.80 in CH3OH.36–39

2.4. Material photooxidation of DHN

Selected P3HT-fullerene layers deposited on borosilicate glass
slides were applied as a source of singlet oxygen in the
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oxidation of DHN. In situ measurements were conducted in the
set-up as for DPBF tests with a 100 W xenon lamp acting as a
source of light. The initial concentration of DHN in acetonitrile
was equal to 0.14 mM. The reaction with 1O2 was followed by
monitoring the decrease in the absorbance of DHN at 298 nm
and the increase of the absorbance of the oxygen adduct,
juglone, at 406 nm.

Photooxidation of DHN was also done in a 100 ml photo-
reactor. Nine glass slides (9 cm2 each) covered with
P3HT:PCBM were introduced into the photoreactor filled with
a 0.0146 M solution of DHN in acetonitrile and illuminated
with a xenon lamp. During the reaction, the mixture was
magnetically stirred and bubbled with oxygen. After 4 h the
reaction mixture was evaporated and the crude product was
purified by column chromatography with dichloromethane as
eluent. The structure of the product was confirmed by 1H-NMR
spectroscopy (Varian Unity Inova 300 MHz Spectrometer,
CDCl3).

3. Results and discussion
3.1. Deposition and characterization of photoactive layers

P3HT layers containing various carbon-based photosensitizers
were deposited on glass substrates by spin coating. The spin-
coating parameters were optimized, i.e. various rotation speeds
were tested in the range between 500 and 4000 rpm, to obtain
layers with ca. 35 nm thickness. The average thickness of the
deposited layers is given in Table S1 (ESI†). Deposited layers
were not subjected to heat treatment, i.e. thermal annealing, to
minimize phase segregation and crystallization of fullerene and
polymer,40,41 that is known to assist charge separation between
donor and acceptor units.5,42–44

Deposited layers were first characterized by UV-vis spectro-
scopy (Fig. 1). For P3HT a broad absorption band is observed
between 400 and 600 nm with a maximum at ca. 510 nm
attributed to its p–p* transition42 and a shoulder at ca.
605 nm assigned to inter-chain stacking of P3HT and thus

polymer ordering.42,45,46 For fullerene-containing layers, the
distinct fullerene absorption is visible at 340 nm and 334 nm
for P3HT:C60 and P3HT:PCBM, respectively.47 The maximum of
the P3HT p–p* absorption is blue-shifted to ca. 490 nm for
P3HT:PCBM, and further to 455 nm for P3HT:C60. Moreover,
the significant decrease in the absorption of the shoulder at
605 nm is observed in the latter case suggesting less inter-chain
interactions within P3HT upon addition of C60.48,49 On the
other hand, the UV-vis spectrum of the P3HT:SWCNT film
almost completely coincides with P3HT-only spectrum, indicat-
ing that at this concentration of SWCNTs the polymeric inter-
chain interactions remain dominant over interactions of P3HT
with SWCNTs.31,48 The presence of carbon nanotubes in the
blend is confirmed by weak absorption peak appearing close to
700 nm.31

The chemical composition of the layers was also analyzed
with Raman spectroscopy (Fig. 2). For all spectra, characteristic
bands of P3HT are observed. The deformation vibration of the
C–S–C bond arises at ca. 720 cm�1, the C–C skeletal stretching
at 1379 cm�1, while the CQC stretching vibrations occur at
1450 cm�1.43 The latter is broadened and slightly shifted to
higher wavenumbers for fullerene-containing layers, which is
due to the additional contribution of the ‘‘pentagonal pinch’’ Ag

mode vibrations of C60 spheres50 and may suggest the lower
order and crystallinity of the P3HT.51 Raman spectra of
P3HT:SWCNT coating exhibit additional signal typically
observed for CNTs, so-called G band at 1593 cm�1.2 However,
in this case, the CQC stretching vibration band of thiophene
ring, and thus order of polymeric matrix seems unaffected by
the introduction of carbon nanotubes,51 which is in agreement
with above-mentioned UV-vis results.

A XPS survey spectrum recorded for the P3HT:PCBM film
(Fig. S1a, ESI†) confirms full coverage of the glass substrate.
Moreover, basing on survey spectra and C1s region (see
Fig. S1c, ESI†), no signals of impurities coming from the
solvent or reagents used for P3HT synthesis are observed. The
position of S2p3/2 component in S2p high-resolution spectrum

Fig. 1 UV-vis spectra of P3HT, P3HT : PCBM (2 : 1), P3HT : C60 (2 : 1),
P3HT : SWCNT (2 : 1) and PCBM layers deposited on borosilicate glass.

Fig. 2 Raman spectra of P3HT : PCBM (2 : 1), P3HT : SWCNT (2 : 1) and
P3HT photoactive layers deposited on borosilicate glass.
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(Fig. S1b, ESI†) suggests that polythiophene exists in its neutral
form.52,53

3.2. Photogeneration of singlet oxygen

The photoactive layers were tested as a heterogeneous source of
singlet oxygen in photooxidation reactions. As mentioned,
P3HT plays a double role. First of all, it is used as a matrix
for carbon-based photosensitizers and second, it may enhance
absorption of visible light for 1O2 production.

First, the process of singlet oxygen photogeneration was
investigated with DPBF, which is a specific 1O2 quencher.34

The UV-vis spectra of a DPBF solution in methanol in contact
with a P3HT:PCBM layer recorded during illumination with a
green laser are shown in Fig. 3A. A clear decrease in the DPBF
absorbance at 410 nm with time is observed, indicating that it
is oxidized by singlet oxygen generated by irradiation of the
P3HT:PCBM photoactive thin film.17 This is further confirmed
by control experiments, in which almost no drop in DPBF
absorption is observed when the bare glass is illuminated or
when the photoactive layer is in contact with the solution but
not illuminated (Fig. 3B).

Fig. 3B shows the change of DPBF absorbance at 410 nm vs.
time when various layers were illuminated. The largest drop in
DPBF concentration after 25 min was observed for the P3HT
layer containing PCBM. Under the applied conditions, P3HT
itself exhibits poor photosensitizing properties.20 Importantly,
since no additional bands arise in the recorded UV-vis spectra
in the course of the process (Fig. 3), the release of the fullerene
into reaction mixture can be excluded. As shown in Fig. 4, the
P3HT:PCBM photoactive layer retains its photoactivity towards
singlet oxygen production in consecutive DPBF-tests, indicating
that it can be effectively re-used. Ca. 10% decrease in the
effectiveness of DPBF photooxidation was observed in the
7th run.

The quantum yield of singlet oxygen photogeneration (F)
can be determined with respect to the well-known reference
photosensitizers.39,54 Here Rose Bengal was chosen. For

P3HT:PCBM layers the quantum yield of singlet oxygen photo-
generation was equal to 1.1% at a 2 : 1 mass ratio and increased
to 4.2% at a 1 : 2 mass ratio (Table 1). Since the quantum yield
of singlet oxygen photogeneration by the pristine PCBM layer
(1.9%) is lower than that of P3HT : PCBM (1 : 2), energy transfer
from P3HT to PCBM (which acts as the photosensitizer in the
1O2 formation) is suggested.17,31,32,55 We note that the energy of
charge-separated state in P3HT:PCBM blends is at 1.14 eV and
thus lower than the triplet energy of PCBM at 1.5 eV,6,56

indicating that charge separation process is energetically
favored. Nevertheless, it seems that in P3HT:PCBM blends
energy transfer from P3HT to PCBM is efficient enough to form
singlet the excited state of PCBM, which yields 3PCBM* via
intersystem crossing that reacts with 3O2.

The drop in the absorbance of DPBF after 25 min and the
corresponding quantum yields of singlet oxygen photogenera-
tion are significantly lower for both P3HT:SWCNT and
P3HT:C60 (Fig. 3B and Table 1), which is probably related to
the low solubility of C60 and SWCNT and the thus higher
tendency of the two to form agglomerates and clusters during
deposition process.57–59 It has already been shown that the
lifetime of the triplet-excited state of the photosensitizer, and
consequently the 1O2 photogeneration efficiency, can be signifi-
cantly reduced due to agglomeration. Moreover, it has been
shown that carbon nanotubes can also effectively quench 1O2,
thus lowering its overall production yield.60

Fig. 3 (A) Representative set of UV-vis spectra of DPBF in methanol
recorded during illumination of P3HT : PCBM (2 : 1) layer with a 532 nm
laser. (B) Absorbance of DPBF at 410 nm as a function of time during
illumination of P3HT, P3HT : PCBM (2 : 1), P3HT : C60 (2 : 1), P3HT : SWCNT
(2 : 1) deposited on borosilicate glass and bare borosilicate glass (blind test)
with a 532 nm laser.

Fig. 4 The absorbance of DPBF at 410 nm as a function of time during
consecutive illumination of P3HT : PCBM (2 : 1) deposited on borosilicate
glass and bare borosilicate glass (blind test) with 532 nm laser.

Table 1 Quantum yields of singlet oxygen photogeneration determined
with the DPBF-method and Rose Bengal as reference

Photoactive layer FCH3OH [%]

P3HT : C60 (2 : 1) o0.5
P3HT : SWCNT (2 : 1) o0.5
P3HT : PCBM (2 : 1) 1.1
P3HT : PCBM (1 : 1) 2.0
P3HT : PCBM (1 : 2) 4.2
Pristine PCBM 1.9
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Taking the above into account, the P3HT:PCBM composite
was further investigated as a heterogeneous source of singlet
oxygen. Since PCBM possesses significantly higher solubility
than unmodified C60, it is possible to increase its concentration
in the polymeric matrix, while avoiding its aggregation.

3.3. Photooxidation of 1,5-dihydroxynaphthalene

1,5-Dihydroxynaphthalene (DHN) is a commonly used sub-
strate in fine chemical reactions in the production of juglone
(5-hydroxy-1,4-naphthoquinone) an anthelmintic drug
(Scheme 1), which naturally occurs in plants, especially in black
walnut.61,62 Oxidation of DHN to juglone was used as a proof of
concept for singlet oxygen generation by direct measurement of
the formed species. The progress of DHN oxidation can be
easily monitored by UV-vis spectroscopy as changes in absor-
bance at 298 and 406 nm.63,64

The DHN photooxidation was conducted in situ applying
photoexcitation of P3HT:PCBM layers to generate singlet oxy-
gen. A xenon lamp was used for illumination, to excite the
P3HT:PCBM films. Fig. 5A presents a set of UV-vis spectra of a
DHN solution collected during illumination of the P3HT :
PCBM (1 : 2) layer. The absorbance of DHN at 298 nm decreases
with time, indicating its reaction with 1O2 to produce juglone,
also indicated by the appearance of the specific absorption
band with a maximum at ca. 406 nm that is gradually increas-
ing as the reaction proceeds. Almost no decrease in DHN
concentration is observed when the bare glass is illuminated
(Fig. 5A inset). As in the case of the DPBF test, the dissolution of
the layer in the reaction mixture can be excluded, since neither

characteristic absorption bands of PCBM nor P3HT have been
recorded.

Similar sets of UV-vis spectra were collected for P3HT : PCBM
layers with 1 : 1 and 2 : 1 ratio. The rate constants of DHN
oxidation by singlet oxygen, which is pseudo-zero order reac-
tion under applied conditions, are given in Table 2. As men-
tioned, during illumination of the photoactive layers with a
xenon lamp also the PCBM photosensitizer is excited directly.
As expected, an increase in PCBM content increases the value of
rate constant of DHN oxidation. The relation is not linear and
the trend corresponds to the quantum yield of 1O2 generation
(Table 1). The rate constant for DHN oxidation with pristine
PCBM layer is about 3-times lower than for P3HT : PCBM (1 : 2),
suggesting that P3HT absorbing in the visible region plays an
additional role in the formation of singlet oxygen, either
directly or indirectly by energy transfer to form C60 triplet
excited state.

In a final step, DHN photooxidation was conducted in a self-
constructed photoreactor equipped with a xenon lamp as
illumination source using P3HT : PCBM (1 : 2) covered glass
slides with a total active area of 81 cm2. The reaction was
carried out for 4 h and samples were taken every 15 min. and
analyzed by UV-vis spectroscopy. Fig. 5B shows the increase in
the concentration of juglone in the reaction mixture, calculated
based on the absorbance at 406 nm. The structure of the
reaction product juglone was further confirmed by 1H-NMR
spectroscopy (ESI†). The steady increase in the absorbance of
juglone with time, confirms that P3HT:PCBM photoactive
layers retain activity under prolonged illumination, and thus
can be effectively applied as a heterogeneous source of singlet
oxygen.

4. Conclusions

Photoactive layers based on a P3HT matrix containing carbon
nanostructures as photosensitizers were investigated as photo-
sensitizers to produce singlet oxygen. In these blends P3HT acts
as a visible-light absorber and transfers energy to the carbon
nanostructure, which is the actual photosensitizer that pro-
duces singlet oxygen. Singlet oxygen formation was monitored
spectroscopically in situ via the oxidation of DPBF in methanol
and was used synthetically to form juglone from DHN in
acetonitrile. The efficiency of 1O2 production depends on the
photosensitizer and is significantly lower for blends of P3HT
with C60 and single-walled carbon nanotubes than for blends of
P3HT with PCBM. For P3HT:PCBM-based thin films, the quan-
tum efficiency of 1O2 photogeneration can be tuned by varying

Scheme 1 Scheme of DHN reaction with 1O2 to produce juglone.

Fig. 5 (A) A representative set of UV-vis spectra of DHN in acetonitrile
recorded during in situ illumination of P3HT : PCBM (1 : 2) layer with a
xenon lamp. The inset shows the decrease in absorbance at 298 nm in
time. (B) Change in the juglone concentration vs. time in the photoreactor
reaction mixture during illumination of P3HT : PCBM (1 : 2) layer with a
xenon lamp.

Table 2 Rate constants of DHN oxidation with singlet oxygen, photo-
generated by P3HT:PCBM layers

Photoactive layer k � 107 (mol dm�3 min�1)

P3HT : PCBM (2 : 1) 0.90
P3HT : PCBM (1 : 1) 1.20
P3HT : PCBM (1 : 2) 3.25
Pristine PCBM 1.07
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the PCBM concentration in the P3HT layer. The results show
that such easily-fabricated fullerene–polymer blends can be
considered for singlet oxygen generation using visible-light
and applied for fine chemicals synthesis.
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Abstract: Two highly efficient commercial organic photosensitizers—azure A (AA) and 5-(4-ami-

nophenyl)-10,15,20-(triphenyl)porphyrin (APTPP)—were covalently attached to the glass surface to 

form a photoactive monolayer. The proposed straightforward strategy consists of three steps, i.e., 

the initial chemical grafting of 3-aminopropyltriethoxysilane (APTES) followed by two chemical 

postmodification steps. The chemical structure of the resulting mixed monolayer 

(MIX_TC_APTES@glass) was widely characterized by X-ray photoelectron (XPS) and Raman spec-

troscopies, while its photoactive properties were investigated in situ by UV–Vis spectroscopy with 

α-terpinene as a chemical trap. It was shown that both photosensitizers retain their activity toward 

light-activated generation of reactive oxygen species (ROS) after immobilization on the glassy sur-

face and that the resulting nanolayer shows high stability. Thanks to the complementarity of the 

spectral properties of AA and APTPP, the effectiveness of the ROS photogeneration under broad-

band illumination can be optimized. The reported light-activated nanocoating demonstrated prom-

ising antimicrobial activity toward Escherichia coli (E. coli), by reducing the number of adhered bac-

teria compared to the unmodified glass surface. 

Keywords: chemical grafting; photoactive layer; antimicrobial coating; reactive oxygen species 

(ROS); phenothiazines; porphyrins 

 

1. Introduction 

Hospital-acquired infections, also called nosocomial infections, happen to more than 

8.0% of patients and result in approximately 37k and 99k deaths each year in Europe and 

the USA, respectively, as stated by the World Health Organization (WHO). The medical 

complications due to these nosocomial infections may cause serious health problems 

and/or prolonged stay in hospitals, which also has an economic impact on the healthcare 

system [1]. Moreover, excessive use of antibiotics results in the decrease of their effective-

ness, which in turn will lead to the development of a generation of pathogens resistant 
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even to novel-class antimicrobial medicines [2]. Nowadays, due to the COVID-19 pan-

demic, even more attention is focused on the sterilization of various surfaces mainly, but 

not only, in the healthcare-related areas. One of the possible strategies is the application 

of the antimicrobial coatings on surfaces [3]; these can be generally divided into passive 

ones (lowering bacterial adhesion, such as poly(ethylene glycol)) and active materials 

with silver or copper nanoparticles, quaternary ammonium salts, cations of fluorinated 

polymers, etc. [4,5]. Lately, the light-activated layers that can produce reactive oxygen 

species (ROS) are being intensely investigated, since ROS show tremendous antibacterial, 

antiviral, and antifungal properties [6]. ROS, such as singlet oxygen or superoxide radi-

cals, have been studied for more than 50 years now [7]. Their cytotoxicity against microbes 

is a base of photodynamic antimicrobial chemotherapy (PACT). ROS are highly effective 

against microorganisms, and they act in a nonselective way (e.g., oxidation of enzymes, 

increase in ions’ cell-wall permeability, etc.). The ability to denature antioxidant enzymes 

is specific to the singlet oxygen molecule [8–12]. 

The modification of the surfaces with photoactive compounds can be done through 

either physical or chemical methods [13]. The physical ones, which result in the noncova-

lent binding, are typically based on the deposition of a matrix, e.g., resin or polymer [14], 

which acts as a carrier for the photoactive substances, or on the physical adsorption of the 

photosensitizer molecule [2,15]. In the first case, cellulose acetate or polyurethanes, e.g., 

have been used as a polymeric matrix for the photosensitizers, and the resulting layers 

showed high antimicrobial activity against Staphylococcus aureus, Escherichia coli, Clostrid-

ium difficile, Candida albicans, and Pseudomonas aeruginosa [2,3,6,9,15–22]. However, such 

coatings usually possess limited long-term stability, due to various factors, e.g., bleaching. 

This can be overcome by forming a covalent bond between the photosensitizer molecule 

and the surface atoms. One of the most popular methods allowing for the chemical im-

mobilization of the (photoactive) organic molecules is grafting [3,23–26] or, in the case of 

conductive surfaces, electrografting [27,28]. The main advantage of this process is the for-

mation of a strong covalent bond between the immobilized molecule and surface atoms 

resulting in higher stability of the thin films, which is crucial for their practical use. 

The formation of the antimicrobial layers on glassy surfaces seems an important issue 

since glass is an indispensable element of the equipment of operating rooms, wards, and 

personal electronics (windows, glass surfaces of light sources, monitor screens or phone 

screens) and, thus, can be a great source of pathogens, causing nosocomial infections. 

Thus, in this work, two commercially available organic photosensitizers (PS)—Azure A 

(AA) and 5-(4-aminophenyl)-10,15,20-(triphenyl)porphyrin (APTPP) (Scheme 1)—were 

immobilized on the glass surface, in order to form a light-activated antimicrobial nano-

coating. The proposed straightforward deposition strategy, yielding the photoactive layer 

covalently bound to the surface, consists in the grafting of 3-aminopropyltriethoxysilane 

(APTES) and the consecutive postfunctionalization of the resulting monolayer based on 

the reactivity of the primary amino groups present in the APTES structure [29,30]. Im-

portantly, since AA and APTPP photosensitizers show complementary spectral proper-

ties, the deposited mixed monolayer is characterized by broadband absorbance, which is 

crucial to get high efficiency of the ROS photogeneration under daylight. The structure of 

the monolayer was confirmed using spectroscopic methods. The light-activated ROS pro-

duction was tested with α-terpinene. The preliminary investigations of the antimicrobial 

properties of the presented MIX_TC_APTES@glass were done against the Gram-negative 

strain of Escherichia coli (E. coli). The scanning electron microscopy (SEM) enabled to assess 

the density of bacterial cells, and their viability was exhibited via fluorescent confocal mi-

croscopy. 
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2. Materials and Methods 

2.1. Materials 

Azure A (AA) (Fluka, Charlotte, North Carolina, US, purity >90%) and 5-(4-amino-

phenyl)-10,15,20-(triphenyl)porphyrin (APTPP, purity >98%, PorphyChem, Dijon, 

France) (Scheme 1) were selected for the formation of a photoactive layer on the glass 

surface. 3-Aminopropyltriethoxysilane (APTES, purity 99%), used for the chemical graft-

ing of glass, was obtained from Acros Organics (Geel, Belgium), while terephthaloyl chlo-

ride (TC, purity ≥99%, Sigma Aldrich, Darmstadt, Germany) was used as a linker mole-

cule. Triethylamine, analytical grade, was purchased from POCh, Gliwice, Poland. The 

reactive oxygen species trap—α-terpinene (purity >90%)—was obtained from TCI (Tokyo, 

Japan). The organic solvents, tetrahydrofuran (99.5%), toluene (99.85%), isopropanol 

(99.5%), ethanol (99.8%), and acetone (95%), were obtained from Acros Organics (Geel, 

Belgium). Acetonitrile was purchased from Honeywell (Charlotte, NC, USA) (≥99.9%). 

Sodium hydroxide (Acros Organics, Geel, Belgium, 1N standard solution) and hydrochlo-

ric acid (Chempur, Piekary Slaskie, Poland, 35–38% pure per analysis) were used for pre-

treatment of the glass substrates. The antimicrobial activity of MIX_TC_APTES@glass sur-

face was examined using a bacterial strain of Gram-negative Escherichia coli (DSMZ, 30083, 

U5/41), which was cultivated in 23 g/L agar broth (BTL, Warsaw, Poland) at 35 °C for 24 

h in an incubator. Subsequently, a suspension of bacteria (10.5 × 108 CFU/mL according to 

the McFarland scale) in physiological saline (0.85% water solution of NaCl) (Acros Organ-

ics, Geel, Belgium) was prepared. Glutaraldehyde (Fisher Bioreagents, Waltham, MA, 

USA) was used for the SEM imaging of the bacteria. 

2.2. Formation and Characterization of the Photoactive Layer 

2.2.1. Glass Substrate Pretreatment  

The glass pretreatment procedure was done according to the literature [31,32]. 

Firstly, the substrates were sonicated in an ultrasound cleaner in acetone for 15 min and 

then in deionized water also for 15 min. Further, the glasses were soaked in 1 M NaOH in 

a Teflon beaker for an hour. After re-sonication in deionized water for 15 min, the sub-

strates were placed in 36% HCl for an hour. After that, the glass was re-sonicated in de-

ionized water for 15 min. In the end, the substrates were sonicated in isopropanol. 

2.2.2. Photoactive Monolayer Formation  

The selected photosensitizers were bound to the glass surface in the three-step pro-

cess (Scheme 1). In the first step, the freshly prepared glassy slides were immersed in 10% 

APTES solution in toluene for 24 h at room temperature [31–36]. The resulting 

APTES@glass substrates were copiously rinsed with toluene. In the second step, the 

freshly deposited layer was postmodified by immersion in 0.1 M TC/THF solution with 

the few drops of triethylamine. After 24 h, the modified glass slides (TC_APTES@glass) 

were taken out and rinsed with THF. In the final step, linker_APTES@glass surfaces were 

immersed in 0.1 M PS/THF (PS: AA, APTPP, or AA + APTPP) with a few drops of triethyl-

amine for 24 h. The resulting AA_TC_APTES@glass, APTPP_TC_APTES@glass, and 

MIX_TC_APTES@glass layers were copiously rinsed with THF, methanol, and water to 

remove any weakly adsorbed species. 

2.2.3. X-Ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) was done using the PREVAC (Rogów, Po-

land) EA15 hemispherical electron energy analyzer with the 2D multichannel plate detec-

tor and Al-Kα X-ray source (PREVAC dual-anode XR-40B source, 1486.60 eV). The system 

base pressure was equal to 9 × 10−9 Pa. Pass energy equal to 200 eV (scanning step 0.9 eV) 

or 100 eV (scanning step 0.05 eV) was set for survey spectra and for high-resolution spec-

tra, respectively. For the charging effect compensation, the electron flood gun was applied 



Materials 2021, 14, 3093 4 of 15 
 

 

working in a low-energy range (in order to avoid electron-beam-induced degradation ef-

fects). The binding energy scale was calibrated with respect to C–C component of C1s 

spectra (284.8 eV) [37]. The acquired spectra were fitted using CASA XPS® software (ver-

sion 2.3, Cheshire, UK). 

2.2.4. Raman Spectroscopy  

Raman spectra of both the photosensitizers, i.e., AA and APTPP; 

MIX_TC_APTES@glass; and the unmodified glass substrate were registered using a Ren-

ishaw inVia Raman Microscope (Renishaw, Inc., New Mills, UK), 514 nm diode excitation 

laser, and 2400 lines/mm grating. The Renishaw software (WiRE version 3.2, New Mills, 

UK) was used for smoothing and baseline subtraction. 

2.3. Photogeneration of Reactive Oxygen Species (ROS) 

The ability of the prepared layers to generate singlet oxygen was tested with α-ter-

pinene in acetonitrile (0.05 mM solution). A modified glass plate was placed in a 10 × 4 

mm2 quartz cuvette (Hellma Analytics, Müllheim, Germany) and illuminated either with 

a xenon lamp or with a diode laser. The xenon lamp was used as a broadband illumination 

source. In contrast, 445 and 638 nm diode lasers (Oxxius, Lannion, France, LBX-445-

100CSB-PP and LBX-638-150-ELL-PP) were used as a light source exciting specifically 

APTPP or AA, respectively. The light-activated ROS generation was followed in situ using 

a Hewlett Packard (Palo Alto, CA, USA) 8452A UV–Vis spectrometer. The course of the 

investigated process was observed by the drop in the absorbance of α-terpinene at 266 

nm. 

2.4. Microbiological Analysis 

2.4.1. Bacterial Strain and Culture Conditions  

Both MIX_TC_APTES@glass and unmodified glass slides were sterilized by immer-

sion in 70% ethanol in a sterile 12-well plate for an hour in the dark. In the next step, the 

well plates were washed three times with distilled water and left to dry in the dark. The 

bacterial suspension (0.1 mL) in culture medium (2 mL), composed of 10 g/L tryptone 

(BTL), 5 g/L yeast extract (BTL), and 10 g/L NaCl, pH = 7, was dropped on the sterilized 

samples. The bacterial culture was carried out for 48 h; for the whole time, samples were 

exposed to conventional indoor lighting (fluorescent ceiling lamp with two 60 watts 

bulbs). The analysis of bacteria was performed at two time points, i.e., at 3 and 48 h of 

culture. To assess the reliability and repeatability of the results, all the experiments were 

conducted three times, and the mean value of the results (with ± standard deviation) was 

presented. The statistical significance (p < 0.05) was determined with the t-test. 

2.4.2. Bacterial Cell Staining and Imaging  

To assess the viability of bacteria on selected surfaces of glass and 

MIX_TC_APTES@glass, the LIVE/DEAD® BacLight Bacterial Viability Kit (Life Technolo-

gies, Thermo Fisher Scientific, Waltham, MA, USA) assay was done. Live or dead bacterial 

cells were labeled in green (SYTO9 stain) or in red (D-propidium iodide), respectively. 

Confocal fluorescence microscopy (Olympus FluoView FV1000, FV1000, Tokyo, Japan) 

was applied in the visualization and analysis of the percentage of living and dead bacterial 

cells. The image analysis was performed with ImageJ (NIH, Bethesda, MD, USA) soft-

ware. In the case of SEM (Phenom ProX) analysis, E. coli on the substrates were fixed with 

3% glutaraldehyde solution during 24 h, following by the washing with the distilled water 

and exposition to ethanol having concentration equal to 30%, 50%, 70%, 80%, 90%, 95%, 

and 99.8%, for 10 min. Then, the samples were dried in the oven (24 h, 50 °C) and they 

were sputtered-coated with a thin gold film for 20 min at 20 mA (Q150R Quorum Tech-

nologies). The images were acquired using following parameters: accelerating voltage—
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15 kV and magnification—5000×. The average density, given by the number of bacterial 

cells/200 µm2, was determined with the ImageJ 1.8.0 (NIH, Bethesda, MD, USA) software. 

3. Results and Discussion 

3.1. Chemical Grafting and Spectroscopic Characterization of the Photoactive Mixed Monolayer 

(MIX_TC_APTES@glass) 

3.1.1. Chemical Grafting and XPS Spectroscopy 

For the formation of the grafted mixed monolayer, a three-step procedure was ap-

plied, shown in Scheme 1. The chemical structures of the deposited layers were checked 

after each modification step by XPS spectroscopy. The analysis of the high-resolution XPS 

spectra was done using CASA XPS software with the Shirley function applied for back-

ground subtraction and the Gaussian (70%)–Lorentzian (30%) lines product for the com-

ponent’s representation. 

 

Scheme 1. General scheme of the chemical grafting of the light-activated mixed monolayer on the 

glass surface. 
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In the first step, the APTES molecule was chemically grafted on the glass surface to 

form a self-assembled monolayer [35]. A nonpolar environment was used in order to re-

duce the possibility of the formation of the hydrogen bonding between –NH2 present in 

APTES and OH groups present at the glass surface [33,36]. In the survey scan recorded 

for APTES@glass (Figure 1a), O1s, N1s, C1s, and Si2p peaks are observed at approximately 

530, 400, 285, and 102 eV, respectively. While the presence of oxygen, carbon, and silicon 

signals is due to both APTES and the glass substrate, the nitrogen N1s peak is specific to 

the grafted organic layer. 

The decomposition of the high-resolution C1s spectrum (Figure 1b) shows five com-

ponents at 282.9, 284.8, 285.5, 286.2, and 287.5 eV attributed to C–Si, C–C, C–N, C–O, and 

C=O, respectively. C–N and C–Si components, being in the ratio close to 1, are character-

istic for the APTES monolayer [33,34,38], while C–C and C–O come from the grafted or-

ganic layer and the adventitious carbon residues [38]. Low content of the C–O component, 

approximately 3.4%, suggests that almost all –OC2H5 groups present in the APTES mole-

cule are involved in the grafting process, forming a covalent bond either with the glass 

surface atoms or with each other [33]. 

The analysis of the N1s region (Figure 1c) reveals the presence of one component at 

398.2 eV that can be assigned to –NH2 group present in the APTES molecule bound to the 

glass surface. Importantly, no signal at approximately 402 eV was observed, indicating 

that neither –NH3+ nor –NH2/OH hydrogen bonding was formed during the SAM depo-

sition [33,38]. This is of particular importance, since the consecutive postmodification 

steps are based on the accessibility of the “free” amino groups. Finally, only one asym-

metric component at 103.5 eV was observed for the Si2p high-resolution spectrum (Figure 

1d). The major contribution to this region is by Si–O component originating from glass 

substrate. The contribution from the examined layer is represented by asymmetry (low 

binding energy side) and by region energy shift from the expected 104.0 eV for the clean 

glass to 103.5 eV due to the presence of the C–Si–O component [33,35]. 

 

Figure 1. XPS survey spectrum (a) and high-resolution spectra of C1s (b), N1s (c), and Si2p (d) 

regions registered for the APTES@glass monolayer. 

The chemically grafted APTES monolayer was, in the next step, modified in the con-

secutive chemical reactions. The first step of postfunctionalization was based on the reac-

tivity of the primary amine present in the APTES@glass layer. Thus, the slides were im-

mersed in a solution of diacyl chloride (TC linker) in order to form an amide group 
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(Scheme 1, Step 2). The XPS survey spectrum of the resulting TC_APTES@glass coating 

(Figure 2a) reveals the presence of the peaks that occurred also in the APTES@glass spec-

trum, i.e., O1s, N1s, C1s, and Si2p spectral lines at approximately 530, 400, 285, and 102 

eV, with an additional signal of chlorine—Cl2p at 199 eV. The presence of the latter is also 

visible in the C1s high-resolution spectrum (Figure 2b) as the C–Cl component occurring 

at 288.5 eV from acyl chloride groups in TC linker. The other components previously ob-

served in the C1s region for APTES@glass, i.e., C–Si, C–C, C–N, C–O, and C=O, are also 

observed in this case, though in slightly different ratios. 

The most significant changes can be observed in the N1s high-resolution spectrum 

(Figure 2c). In the case of TC_APTES@glass, two clearly visible components can be distin-

guished: –NH2 at 398.8 eV and –NH–CO– at 400.6 eV [38], which confirms the occurrence 

of the reaction between surface-bound –NH2 groups and –COCl groups in the TC-linker 

molecule. The presence of the unreacted amine units is probably related to the steric hin-

drance of this surface-based reaction. The percentage contribution of –NH–CO– compo-

nent to N1s signal is in agreement with the C–Cl/C–N ratio in C1s. The analysis of the 

Cl2p region (Figure 2d) confirms that only one component, with its spin-orbit splitting 

counterpart, is observed—Cl2p3/2 at 198.3 eV, which can be assigned to chlorine present in 

the unreacted acyl chloride groups in TC-linker. The ratio of –NH–CO– component in N1s 

region and Cl2p3/2 component in Cl2p region is close to 1 (taking into account the corre-

sponding relative sensitive factors), indicating that only one –COCl group (per TC mole-

cule) takes part in the reaction with the amine group, while the other –COCl group re-

mains “available” for the consecutive functionalization. 

 

Figure 2. XPS survey spectrum (a) and high-resolution spectra of C1s (b), N1s (c), and Cl2p (d) 

regions registered for the TC_APTES@glass monolayer. 

The last step of the formation of the photoactive layer was, as seen in Step 2, based 

on the reactivity of the acyl chloride and the amine group. Here, the remaining unreacted 

acyl chloride groups bound to the glass surface (TC_APTES@glass, Scheme 1) were re-

acted with the primary amine groups present in the selected photosensitizers, i.e., AA and 

APTPP. The recorded survey spectrum of MIX_TC_APTES@glass (Figure 3a) reveals the 

presence of the same characteristic signals as for the TC_APTES@glass sample with an 

additional signal of S2p at approximately 168 eV. The decomposition of the C1s high-res-

olution spectrum (Figure 3a) shows the presence of six components: C–Si, C–C, C–N/C–S, 

C–O, C=O, and C–Cl at 283.5, 284.8, 285.8, 286.4, 287.4, and 288.6 eV, respectively. The 
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significantly higher contribution of the C–N/C–S component can be observed, which is 

related to the attachment of phenothiazine (AA) and porphyrin (APTPP) rings. Moreover, 

the decrease in the content of the C–Cl component compared to the C1s spectrum of 

TC_APTES@glass, indicates the breakage of the C–Cl bond present in the attached TC 

linker in Step 3 due to the formation of the amide bond in the reaction between acyl chlo-

ride of TC and primary amine present in AA or APTPP. 

Clear changes can be also observed in the N1s region recorded for the 

MIX_TC_APTES@glass sample (Figure 3b)—two components can be distinguished, lo-

cated at 398.8 and 400.7 eV, that can be assigned to –NH2/N-pyridinic ring and –NH–CO–

/N-pyrrolic ring, respectively. The first one is present in the phenothiazine structure, i.e., 

AA photosensitizer, while the second one is found in porphyrin, APTPP [39,40], which 

together confirms the efficacy of the third step of the applied procedure of the mixed mon-

olayer formation. Additionally, further proof of the attachment of the AA photosensitizer 

to the glassy surface is the presence of the S2p line in XPS spectrum of 

MIX_TC_APTES@glass. The decomposition of the registered S2p region (Figure 3c) gives 

S2p3/2 component at 168.0 eV with its spin-orbit coupling counterpart, S2p1/2, that can be 

assigned to the sulfur atom present in the central ring of AA. The slightly higher than 

expected energy of S2p3/2 [41] may be connected to the charging of the phenothiazine ring. 

 

Figure 3. XPS survey spectrum (a) and high-resolution spectra of C1s (b), N1s (c), and S2p (d) re-

gions registered for the MIX_TC_APTES@glass monolayer. 

3.1.2. Raman Spectroscopy 

The final check of the chemical structure of the deposited photoactive mixed layer 

was done by Raman spectroscopy. The Raman spectra of the two photosensitizers (AA 

and APTPP), the MIX_TC_APTES@glass layer, and the unmodified glass (Figure 4) were 

recorded with the 514 nm laser. The spectrum recorded for MIX_TC_APTES@glass shows 

signals coming from the inorganic glass substrate and the immobilized organic layer. The 

broadband located at 810 cm−1 arises from the symmetric stretching of the O–Si–O bond, 

while the signal at 929 cm−1 comes from the Si–O stretching vibrations of the glass sub-

strate [42]. The second one is not clearly seen in the spectrum of MIX_TC_APTES@glass 

but probably leads to an overall increase in the intensity of the modes observed in the 900–

950 cm−1 range. The presence of the chemically grafted APTES molecules in the deposited 

layer is confirmed by specific signals at 950, 1047, and 1455 cm−1 observed in the spectrum 

of MIX_TC_APTES@glass, which can be assigned to the vibrations of CH2, the skeletal 
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stretching, and the bending vibrations of the CH2 units attached to Si atom, respectively 

[43,44]. The formation of the amide groups with TC linkers in the postmodification steps 

is supported by the occurrence of the C–N stretching together with the N–H bending at 

1311 cm−1 and the C=O stretching vibration mode at 1660 cm−1 [45]. 

Finally, the characteristic signals of both immobilized photosensitizers are present in 

the acquired Raman spectrum of the mixed photoactive layer (see the Raman spectrum of 

MIX_TC_APTES@glass layer presented in the limited range in Figure S1. For AA, the sig-

nals arising from the C–S–C vibrations, C–N–C stretching vibrations, and the C–C stretch-

ing within the phenothiazine ring are observed at 900, 1384, and 1634 cm−1, respectively 

[46]. The specific bands coming from APTPP are located at 1002, 1240, 1331, and 1555 cm−1 

and correspond to the in-plane bending deformation of the phenyl rings, the Cm–H bend-

ing, the symmetric stretching of the pyrrole half-ring, and the symmetric stretching of Cβ–

Cβ, respectively [47,48]. 

 

Figure 4. Raman spectra recorded for AA, APTPP, modified (MIX_TC_APTES@glass), and un-

modified glass substrate. 

3.2. Reactive Oxygen Species (ROS) Photogeneration by the Chemically Grafted Mixed 

Monolayer 

As in our previous works [49,50], α-terpinene was used as a chemical trap for the 

indirect detection of ROS by means of UV–Vis spectroscopy. Since α-terpinene is more 

stable under white-light illumination than other more common testing systems, such as 

DPBF in methanol, it was selected as a trap for this study. 

Figure 5 presents an exemplary UV–Vis spectrum recorded for the α-terpinene solu-

tion in acetonitrile in contact with the MIX_TC_APTES@glass coating during illumination 

with the xenon lamp (XL). The clear decrease in the α-terpinene absorbance at 266 nm 

with time indicates its oxidation by ROS species being produced by the 

MIX_TC_APTES@glass monolayer. Notably, under applied conditions, only a small drop 

in the absorbance of α-terpinene, due to its autooxidation, was observed when the un-

modified glass was irradiated (Figure 5 inset). As no new bands appear in the UV–Vis 

spectra at approximately 400 or 600 nm, the degradation of the photoactive layer, resulting 
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in the release of the bound photosensitizers into the solution of the chemical trap, can be 

excluded. The consistency of the results obtained for the ROS production by the 

MIX_TC_APTES@glass monolayer under xenon lamp illumination indicates the repro-

ducibility of the layer formation process. Moreover, almost no changes in the UV–Vis 

spectra during the so-called dark test were detected (Figure 5 inset), which confirms that 

ROS are produced only when the chemically grafted photosensitizers, i.e., AA and 

APTPP, are activated by the light. 

The photogeneration process was also investigated under the illumination with the 

445 or 638 nm diode laser. Use of the blue laser allows to selectively excite APTPP mole-

cules present in the MIX_TC_APTES@glass layer, while the red laser acts mainly on AA 

(UV–Vis of photosensitizers given in Figure S2). In both tests, a steady drop in the absorb-

ance of α-terpinene at 266 nm occurred (Figure 5 inset) showing that both photosensitizers 

composing the MIX_TC_APTES@glass layer, retain their photoactivity toward ROS pro-

duction after immobilization on the glass substrate. 

 

Figure 5. The set of UV–Vis spectra of α-terpinene (ACN solution) registered in the presence of 

AA_TC_APTES@glass illuminated by the xenon lamp; inset: the absorbance of α-terpinene at 266 

nm during illumination of MIX_TC_APTES@glass (green square), AA_TC_APTES@glass (blue 

circle), APTPP_TC_APTES@glass (red triangle) monolayers, and bare glass (empty star) with 

Xenon lamp (XL); and MIX_TC_APTES@glass monolayer without illumination (black star) or un-

der illumination with 445 nm (empty triangle) or 638 nm lasers (empty circle). 

Importantly, in the photogeneration process activated with the xenon lamp, the drop 

in the α-terpinene concertation observed for the MIX_TC_APTES@glass coating is signif-

icantly higher than in the case of the single-component monolayers, i.e., 

AA_TC_APTES@glass or APTPP_TC_APTES@glass (Figure 5 inset). This proves that in 

the case of the two-component layer, thanks to the complementarity of the spectral prop-

erties of the immobilized photosensitizers, a broader range of light wavelengths can be 

effectively utilized in the production of the antimicrobial reactive oxygen species. 

3.3. Antimicrobial Properties of the Chemically Grafted Mixed Monolayer 

The bactericidal activity of the MIX_TC_APTES@glass monolayer has been investi-

gated against a Gram-negative E. coli strain, which is a common cause of nosocomial in-

fections [51–53]. The bacterial culture was carried out under conventional indoor lighting, 

and the samples for the analysis were collected after 3 and 48 h. The choice of the second 
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time point was based on the possibility of monitoring the prolonged antibacterial action 

of the investigated layers [54]. SEM was chosen for monitoring the bacterial growth, since 

it allows to conduct detailed quantitative and qualitative analysis, and thus the influence 

of the deposited layer on the bacterial cells structure, size, shape, etc. was observed [55]. 

The average number of bacteria adhering to the surfaces assessed using SEM microscopy 

and the corresponding calculated densities are shown in Figure 6a,b, respectively. The 

bacterial viability analysis performed by the Live/Dead assay allowed observation of live 

(green color) and dead (red color) cells on the surfaces of the MIX_TC_APTES@glass ob-

served with a fluorescent microscope (Figure 6c). The bacterial cells were counted using 

the ImageJ (FIJI) software and are presented on a graph (Figure 6d). 

The bacterial adhesion results observed after 3 h of culture indicate a significantly 

lower (45.3%) number of the bacterial cells adhered on the MIX_TC_APTES@glass (4.1 ± 

0.7 cells/200 µm2) compared to the reference unmodified glass slides (7.5 ± 0.9 cells/200 

µm2). Simultaneously, it is visible that the only 36.3% ± 6.8% of cells present on the un-

modified glass during the phase of adhesion are dead, in contrast to cells on the light-

activated functionalized surface reaching 53.9% ± 1.2%, which also indicates that the bac-

tericidal action of the layer. Similar results proving the long-term antibacterial character 

of the MIX_TC_APTES@glass layer were obtained after 48 h of culture (Figure S3). Con-

sequently, as in the SEM micrographs and the same on fluorescent images, the number of 

live bacterial cells was considerably lower on the light-activated mixed monolayer than 

on the uncoated glass surface, which confirms the antimicrobial properties of the 

MIX_TC_APTES@glass coating. 

 

Figure 6. (a) SEM images showing E. coli present on the unmodified glass surface and MIX_TC_APTES@glass after 3 h; (b) 

the density of bacterial cells after 3 h determined from SEM for the unmodified glass and MIX_TC_APTES@glass surfaces;  

p < 0.05, n = 3; (c) confocal fluorescent microscope images showing E. coli on the unmodified glass and 

MIX_TC_APTES@glass surfaces after 3 h; (d) live and dead bacteria percentages after 3 h for the unmodified glass and 

MIX_TC_APTES@glass surfaces; p < 0.05, n = 8. 

The obtained results confirm that the deposited mixed monolayer, 

MIX_TC_APTES@glass, possesses antimicrobial properties. Though, the light-activated 

production of ROS is believed to have the highest contribution to the above-mentioned 

bactericidal effect [56], it cannot be excluded that the presence of the organic moiety itself 

influences the adhesion of the bacteria to the surface. Such a beneficial synergic effect, 

including dark biocide activity [57], has been already reported [58]. It has been already 
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shown that the concentration of the PS in the layer has a high influence on the light-acti-

vated antimicrobial efficiency [5,58]. In this work, approximately 0.3 log reduction was 

obtained for the MIX_TC_APTES@glass nanocoating with respect to the control, i.e., un-

modified glass, after 3 h under illumination by the conventional indoor lighting. This is in 

agreement with the results reported by other groups for coatings with a lower concentra-

tion of PS incorporated in the organic matrix [5,59] or for covalently attached PSs [54,60–

62]. Though, the chemically grafted photoactive layers generally suffer from a lower anti-

microbial response, their main advantage is the covalent bond between PS and the surface, 

which ensures high stability, thus preventing leakage of the PS into the environment (as 

often observed for the incorporated PS [5]), high adhesion to the surface, and also usually 

long-term stability. Since such modification occurs at the nanoscale, the coatings usually 

do not interfere with features such as color, transparency, etc., which is of great im-

portance for the covering of computer screens, windows, etc. Finally, the presented strat-

egy relies on the straightforward processes and commercially available reagents, which 

makes it easily accessible for the modification of the glassy surfaces regardless of their 

shape and size. 

4. Conclusions 

In the presented work, AA and APTPP photoactive molecules were chemically 

grafted on the glass surface in a straightforward three-step procedure. The chemical com-

position of the deposited layer was confirmed after each step by applying the XPS method, 

and at the very end, by Raman spectroscopy. The described approach resulted in the for-

mation of the covalently bound mixed monolayer showing photoactivity toward ROS 

generation. It was shown that the efficiency of the ROS production under white-light illu-

mination of the two-component film is significantly higher than that for the corresponding 

single-component ones, and that the layer remains inactive in dark conditions. Though, 

the MIX_TC_APTES layer modifies the glass surface only at the nanoscale, its deposition 

allows reducing the number of the adhered E. coli bacteria, as shown with the microbio-

logical tests. The presented results demonstrate that the undertaken approach allows ob-

taining a stable, light-activated, antimicrobial nanocoating that may be considered as a 

promising alternative for the modification of glassy surfaces, where the accumulation of 

pathogenic material is problematic. The proposed strategy is straightforward and can be 

applied to various objects regardless their size or shape, without the usage of sophisti-

cated equipment. The strong linkage with the surface atoms ensures that the photoactive 

molecules will not be released into the environment (as commonly used disinfectants are) 

and that the layers show long-term antimicrobial response. Finally, such monolayers, due 

to their nanoscale character, will not interfere with the features, e.g., color, of the modified 

objects. It is believed that the presented strategy can be further developed using other 

photosensitizers, in order to increase the broadband absorbance of the layer and, thus, the 

antimicrobial efficiency. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/ma14113093/s1, Figure S1. Raman spectrum of MIX_TC_APTES@glass layer in the range 

1350–1700 cm−1. Figure S2. UV–Vis spectra of 0.1 mM solution of AA and APTPP, Figure S3. (a) SEM 

images showing E. coli present on the unmodified glass surface and MIX_TC_APTES@glass after 48 

h; (b) the density of bacterial cells after 48 h determined from SEM for the unmodified glass and 

MIX_TC_APTES@glass surfaces; p < 0.05, n = 3; (c) confocal fluorescent microscope images showing 

E. coli on the unmodified glass and MIX_TC_APTES@glass surfaces after 48 h; (d) live and dead 

bacteria percentages after 48 h for the unmodified glass and MIX_TC_APTES@glass surfaces; p < 

0.05, n = 8. 
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