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A B S T R A C T   

Herein, novel 1H-quinolin-2-ones derivatives dedicated to polymer chemistry have been reported. Essential 
spectroscopic studies including absorbance, fluorescence emission and excitation spectra were carried out. 
Subsequently, a number of studies on the suitability of new compounds for the role of fluorescent molecular 
probes using Fluorescence Probe Technology were performed. The research present also the suitability of these 
compounds as co-initiators in a two-component system: 1H-quinolin-2-ones/4,4′-dimethyl-diphenyl iodonium 
hexafluorophosphate (OMNICAT 440). Cationic photopolymerisation processes of CADE epoxy and vinyl 
TEGDVE monomers, free-radical photopolymerisation of TMPTA acrylic monomer as well as thiol-ene photo
polymerisation of a mixture of monomers: TATATO/MERCAPTO when exposed to UV light with maximum 
emission at 365 nm and visible light with maximum emission at 405 nm were carried out. Finally, the appli
cability of novel initiating systems to obtain fluorescent 3D prints was introduced.   

1. Introduction 

Ultra-violet and visible light-based polymerisation has several pre
cise advantages [1,2]. Due to its low energy consumption, lack of sol
vents and the fact that the reaction occurs at ambient temperature, it 
remains environmentally friendly and harmless [3]. Furthermore, both 
the photopolymerisation and curing processes are exceptionally rapid 
and occur within a few seconds [2,4]. A variety of research techniques 
have been employed to study polymers obtained through photo
polymerisation. Basically, they can be divided into two important 
groups: discontinuous methods and continuous methods. Discontinuous 
methods rely on periodic measurements of chemical changes in the 
composition as a result of periodic exposure to UV–Vis light. These 
include infrared spectroscopy (FT-IR), [5] photoacoustic spectroscopy 
and Dynamic Mechanical Analysis (DMA) sensitometry [6–8]. These 
methods are mainly used to determine the degree of polymerisation and 
determine the number of unreacted monomers [9,10]. However, there 
are several disadvantages to these methods, such as time consuming and 

low accuracy, due to the need to take representative samples of the 
material desired to study kinetics. Continuous methods rely on moni
toring the progress of the photopolymerisation process in on-line time, i. 
e., in real-time. The Real-Time-FT-IR technique is particularly useful 
[11–13]. During the process, the disappearance of absorbance bands is 
monitored at a given wavenumber corresponding to the bands of a given 
functional group. This method, since it has a short response time, can be 
used to determine the conversion rates of polymerisation systems very 
quickly. 

Thus, there are many ways to study kinetics and photo
polymerisation progress, and such studies are extremely important in 
terms of the properties of the final product [14,15]. The goal is to obtain 
products of high quality and possible low price. It is worth noting that 
the photopolymerisation process is becoming more and more popular 
and finds several applications in various areas of life [16–21]. Initially, it 
was mainly used in the coating industry to obtain solvent-free adhesives, 
paints, and varnishes for the automotive and furniture industries 
[22–24]. Currently, photopolymerisation is used, among others in the 
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printing industry for creating prints on plastic materials and other 
metals, [25] in microelectronic [26–29] for encapsulation of various 
integrated circuits, in dentistry, [30–33] in 3D printing technologies for 
designing and forming three-dimensional models [34–38]. Photo
polymerisation is also increasingly used in medicine for the production 
of polymer hydrogels [33,39–43]. Photolithography is used to produce 
printed circuits, using photopolymerisation processes [44–46]. Such 
multiple applications of photopolymerisation processes contribute to 
the need to constantly search for more effective and more efficient 
substrates and initiating systems for photopolymerisation [15,47–53]. 

Therefore, in this work, new compounds, 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives as a spectroscopic 
fluorescent probe for real-time monitoring of photopolymerisation and 
as photosensitizers for visible-curable fluorescent photopolymer resin 
for 3D printing are reported. 

On the one hand, the quinoline-2-one derivatives were mainly suit
able as sensors for monitoring the kinetics of various types of photo
polymerisation processes [54]. On the other hand, they were slightly 
useful as sensitizers in two-component systems: the quinolin-2-one de
rivative/iodonium salt. Therefore, it was decided to modify the structure 
of quinolin-2-one, where at position 6, the electron-donor substituent 6- 
(4-methylsulfanylphenyl) was built into the basic chromophore - 
quinolin-2-one. The influence of this grouping on the effectiveness of 
both initiation in two-component systems and the usefulness of these 
compounds for the role of molecular fluorescent probes was investi
gated. Basic spectroscopic studies including absorbance, fluorescence 
emission and excitation spectra were carried out. Subsequently, a 
number of studies on the suitability of new compounds for the role of 
fluorescent molecular probes using Fluorescence Probe Technology (in 
short FPT) were performed [55–58]. Moreover, the article presents the 
research on the suitability of these compounds as co-initiators in a two- 
component system: derivative 6-(4-methylsulfanylphenyl)-1-phenyl- 
quinolin-2-one/4,4′-dimethyl-diphenyl iodonium hexafluorophosphate 
(OMNICAT 440). Cationic photopolymerisation processes of CADE 
epoxy and vinyl TEGDVE monomers, free-radical photopolymerisation 
of TMPTA acrylic monomer as well as thiol-ene photopolymerisation of 
mixture of monomers: TATATO / MERCAPTO when exposed to UV light 
with maximum emission at 365 nm and visible light with maximum 
emission at 405 nm were carried out. 

2. Experimental 

2.1. Materials 

All chemicals and solvents employed in this investigation were at 
least of reagent grade and were used as received. Six derivatives of 6-(4- 
methylsulfanylphenyl)-1-phenyl-quinolin-2-one were synthesized and 
applied for the role of sensors and photosensitizers in a two-component 
initiating system based on 4,4′-dimethyl-diphenyl iodonium hexa
fluorophosphate (OMNICAT440). The following derivatives were 
applied for the studies 1-phenyl-6-(4-methylsulfanylphenyl) quinolin-2- 
one (MeS-Q-H), 1-(4-methoxyphenyl)-6-(4-methylsulfanylphenyl)qui
nolin-2-one (MeS-Q-OMe), 1-(4-methylphenyl)-6-(4-methyl
sulfanylphenyl) quinolin-2-one (MeS-Q-OMe), 1,6-bis(4- 
methylsulfanylphenyl)quinolin-2-one (MeS-Q-SMe), 1-(4-fluo
rophenyl)-6-(4-methylsulfanylphenyl)quinolin-2-one (MeS-Q-F), 1-(4- 
cyanophenyl)-6-(4-methylsulfanylphenyl)quinolin-2-one (MeS-Q-CN). 
The studied details of synthesis and physicochemical data of the de
rivatives of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one are 
given in the Supporting Information. 1H NMR and 13C NMR spectra are 
presented in Figure S1-S12. The structures of these derivatives are 
shown in Fig. 1. 

Molecular fluorescence sensors were used as a reference to monitor 
the progress of FPT photopolymerisation processes, 7-diethylamino-4- 
methylcoumarin (Coumarin 1, Sigma Aldrich) to monitor free radical 
and thiol-ene photopolymerisation processes, respectively. 

For the cationic photopolymerisation triethylene glycol divinyl ether 
(TEGDVE, Sigma Aldrich) and 3,4-(epoxycyclohexane) methyl 3,4-epox
ycyclohexylcarboxylate (CADE, Lambson), 4,4′-dimethyl-diphenyl 
iodonium hexafluorophosphate (OMNICAT 440, Alfa Aesar) were used 
as a model vinyl ether monomer, epoxide monomer and a photoinitiator, 
respectively. For the free-radical photopolymerisation trimethylolpro
pane triacrylate (TMPTA, Sigma Aldrich) and 2,2-dimethoxy-2-phenyl
acetophenone (DMPA, Sigma Aldrich) or 4,4′-dimethyl-diphenyl 
iodonium hexafluorophosphate (OMNICAT 440, Alfa Aesar), were 
employed as a methacrylate monomer and a free-radical photoinitiators. 
Furthermore, trimethylolpropane triacrylate (TMPTA, Sigma Aldrich) or 
1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (TATATO, Sigma Aldrich) and 
trimethylopropane tris(3-mercaptopropionate) (MERCAPTO, Sigma 

MeS-Q-H MeS-Q-OMe MeS-Q-Me 

MeS-Q-SMe MeS-Q-F MeS-Q-CN 

Fig. 1. Structures of molecular fluorescent sensors and photosensitizers for photopolymerisation processes.  
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Aldrich) were utilized as monomers for the compositions polymerized 
by the thiol-ene mechanism. 2,2-dimethoxy-2-phenylacetophenone 
(DMPA, Sigma Aldrich) was used as the photoinitiator in the thiol-ene 
polymerisation process for Fluorescence Probe Technology experi
ments and 4,4′-dimethyl-diphenyl iodonium hexafluorophosphate 
(OMNICAT 440, Alfa Aesar) was used for FT-IR experiments. Structures 
of all compounds are presented in Figure S13. 

2.2. Spectral measurements 

Absorption and fluorescence spectra of the 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one were recorded in acetonitrile 
(Sigma Aldrich), using the SilverNova spectrometer (StellarNet, Inc., 
Tampa, FL, USA) in combination with a broadband tungsten-deuterium 
UV–Vis light source (StellarNet, Inc., Tampa, FL, USA), and a quartz 
cuvette with 1.0 cm optical path. Next, the absorbance data were con
verted into extinction coefficients, expressed in classical units [dm3 mol1 

cm− 1]. Fluorescence measurements were carried out using the same 
miniature spectrometer. The spectral characteristics of the sensors were 
measured in acetonitrile at 25 ◦C using 10 mm thick quartz cells. As a 
source of excitation, the UV-LED 320 nm (UVTOP315-BL-TO39, Roith
ner Laser Technik GmbH, Wien, Austria) light was used. The fibre optic 
cable, used for transmission of light from the measurement site to the 
spectrometer was made of PMMA optical fibre with 2 mm core (Fibro
chem, Poland). Fluorescence emission and excitation spectra in different 
solvents (polarity experiments) were recorded using Quanta Master™ 
40 spectrofluorometer (Photon Technology International (PTI), 
currently a part of Horiba) at varied excitation and observation wave
lengths in the range of 200–800 nm. 

2.3. Steady state Photolysis 

During the steady state photolysis, cuvettes with the 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives in acetonitrile 
were irradiated by the UV-LED-365 M365L2 (Thorlabs Inc., Tampa, FL, 
USA) emitting light with the wavelength at λmax = 365 nm (~14 mW/ 
cm2) for 60 min. The source of light was powered by a DC2200 regulated 
power supply (Thorlabs Inc., Tampa, FL, USA). The UV–Vis spectra was 
recorded with the UV/Vis deuterium-halogen light source SL5 (Stellar
Net, Inc., Tampa, FL, USA). The photolysis of 6-diphenylquinolin-2-one 
derivatives in the presence of OMNICAT 440 (1.6 • 10− 1 mol dm− 3) 
were determined with the same parameters over 20 min. 

2.4. Fluorescence quenching 

Fluorescence quenching studies of 6-(4-methylsulfanylphenyl)-1- 
phenyl-quinolin-2-one derivatives that act as sensitizers were carried 
out using the Quanta Master™ 40 (Photon Technology International 
(PTI), (currently a part of Horiba) at excitation located in the maximum 
absorption for these compounds. Different amounts of OMNICAT440 
quenching agent were added to the 6-diphenylquinolin-2-one de
rivatives in acetonitrile. The solutions were diluted, and the concen
tration of quenching agent varied from 0 to 3.0 •10− 2 mol dm3. 

2.5. Electrochemical characteristic determination of oxidation and 
reduction potential 

The oxidation potentials of the investigated 2,6-diphenylquinolin-2- 
one derivatives (Eox vs Ag/AgCl) were carried out in acetonitrile by 
cyclic voltammetry with tetrabutylammonium hexafluorophosphate 
(0.1 M) (Sigma Aldrich) as a supporting electrolyte (Electrochemical 
Analyzer M161 and the Electrode Stand M164, MTM-ANKO, Cracow, 
Poland). The working electrode was a platinum disk, and the reference 
was a silver chloride electrode – Ag/AgCl; a scan rate of 0.1 V/s has been 
used; ferrocene was applied as a standard and the potentials were 
determined from half peak potentials. The Gibbs free energy change 

ΔGet for an electron transfer between the components of the bimolecular 
photoinitiating system was calculated using the classical Rehm–Weller 
equation (1) 

ΔGet = F[Eox(D/Dv+) − Ered(AÂ⋅− /A)] − E00 − (Ze2/εa) (1)  

where:F is the Faraday constant (F = 96 485.33289(59)Cmol− 1)Eox(D/ 
D•+),is oxidation potential of the electron donorEred(A•-/A) the reduc
tion potential of the electron acceptor,E00–the excited state energy,(Ze2/ 
εa) the electrostatic interaction energy for the initially formed ion pair. 

Parameter (Ze2/εa) is generally considered negligible in polar sol
vents. The excited state energy was determined from the excitation and 
emission spectra using Quanta MasterTM 40 spectrofluorometer (Photon 
Technology International (PTI), (currently a part of Horiba) at varied 
excitation wavelengths in the range of 200–800 nm. 

2.6. Molecular orbital calculations 

For calculating the energy gap between the first triplet energy(T1) 
and ground state energy(S0) Gaussian 09 package was used. First, the 
optimization of S0 and T1 states was carried out for each of the molecular 
structures of interest. Optimization of molecules in the ground state and 
first triplet excited state were performed using the density functional 
theory (DFT) method at a B3LYP/6-31G (d, p) level of theory. Energy 
gap was calculated as the difference of the total energy of the molecule 
in the first triplet excited state (ET1) and the total energy of the molecule 
in the ground state (ES0). The frontier molecular orbitals properties were 
analysed and visualized using GaussView 5.0 software. 

2.7. Preparation of samples for monitoring the photopolymerisation 
processes by FPT 

Samples for the study of photopolymerisation using the FPT method 
were prepared in vials of dark amber glass in a dark room by dissolution 
of the photoinitiator – OMNICAT440 and each fluorescent sensor − 6-(4- 
methylsulfanylphenyl)-1-phenyl-quinolin-2-one in the monomer in such 
proportions as to obtain the concentration 1.0% by weight of the pho
toinitiator and 4.73 • 10− 3 mol/dm3 of the sensor for radical photo
polymerisation and 4.91 • 10− 3 mol/dm3 for thiol-ene 
photopolymerisation. Before measurement, two drops of the composi
tion were placed in the middle of a microscope slide (75 mm × 25 mm ×
1 mm, from Thermo Scientific), equipped with two 0.09 mm thick 
spacers located on the slide sides, and the slide was covered with another 
microscope slide to form a sandwich structure. Thickness of the samples 
was measured with an electronic micrometre. The slides were kept 
together using paper clips placed on their sides. 

2.8. Monitoring the fluorescence changes during photopolymerisation 

Apparatus to the Fluorescence Probe Technology was composed of a 
sample compartment, equipped with a specially designed sensor head 
where the sample was put, a Peltier cell-based thermostatic head, a 
miniature CCD spectrometer (SilverNova from StellarNet, Inc., Tampa, 
FL, USA), interfaced to a microcomputer for data acquisition, and a UV 
LED emitting at the wavelength λmax = 320 nm (UVTOP315-BL-TO39, 
Roithner LaserTechnik GmbH, Austria) incorporated into the sensor 
head. The UV light from the LED illuminated about 5 mm spot within the 
thin-layer sample. The light from the measurement site was transferred 
to the spectrometer using a PMMA fibre optic cable with 2 mm core. The 
UV LED was supplied with constant current of 23 mA from the stabilized 
constant current source. Structure of the sample compartment with the 
sensor head and the appearance of the thermostatic head were similar to 
those reported previously; however, it has been modernized with the 
thermostat system that guarantees the stability of environmental con
ditions during the monitoring of the photopolymerisation process [59]. 
Therefore, all photopolymerisation processes were carried out at an 

M. Topa et al.                                                                                                                                                                                                                                   



European Polymer Journal 156 (2021) 110612

4

ambient temperature 25 ◦C using ITC4020 thermostat (Thorlabs Inc., 
Newton, NJ, USA). A photograph of the measurement system is shown in 
ref [60]. 

2.9. Preparation of samples for monitoring the photopolymerisation 
processes by FT-IR 

Thin-layered compositions for the study of photopolymerisation 
using the real-time FT-IR method were prepared as well as the samples 
for the study of photopolymerisation using the FPT method. Each 
composition included the appropriate monomer (CADE, TEGDVE, 
TMPTA, mixture TATATO/MERACPTO 1:1 w/w%), the novel derivative 
of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one with a concen
tration of about 4.8 • 10− 3 mol dm− 3 which constituted approx. 0.1% of 
the weight in relation to the total composition and iodonium salt with 
the concentration of 1.0% weight in the monomer. 

2.10. Monitoring the photopolymerisation processes by Real-Time FT-IR 

The kinetic of cationic photopolymerisation was investigated using 
the real-time FT-IR method along with FT-IR i10 NICOLETTM spec
trometer with a horizontal adapter (Thermo Scientific, Waltham, MA, 
USA). 

The measurement using the real-time-FT-IR technique consists in the 
fact that a drop of the composition based on the TEGDVE monomer, 
TMPTA, mixture of TATATO/MERACPTO was placed with a glass 
pipette between two polypropylene films, thus obtaining laminates. The 
films were pressed that to always achieve the same reproducible poly
mer coating thickness of 25 μm + / 10%. Real-time-FT-IR measurements 
for compositions based on CADE monomer were made on a round BaF2 
pellet with a diameter 25 = 25 ± 0.2 mm × 5 ± 0.1 mm. The compo
sitions were spread over the surface of the pellet with a glass pipette that 
the thickness was always also 25 μm + / 10%.The compositions pre
pared on the BaF2 pellet or laminates made of PP film, were placed in the 
holder made of metal, and then in the horizontal attachment mounted 
on the spectrometer. Photopolymerisation measurements were made 
using, the time of photopolymerisation was maximum 800 s. Measure
ments were carried out in a dark room where only lighting was used as 
the light source, which emits red radiation with λmax = 650 nm. 

The light source for the real-time FT-IR method was the 365 nm 
M365L2, M365LP1 diodes and 405 nm M405L4 diode (Thorlabs Inc. U. 
S.), powered by DC2200 regulated power supply (from Thorlabs Inc. U. 

S.). The UV-LED was started 10 s after the start of spectral registration. 
The distance between irradiation sources and formulations is 2,1 cm. 

Because the decrease of absorption of the peak area is directly pro
portional to the number of polymerized groups, the degree of conversion 
of the function group was calculated by measuring the peak area at each 
time of the reaction by using Equation (2): 

C FT− IR [%] =

(

1 −
AAfter
ABefore

)

⋅100 % (2)  

where: 
ABefore is an area of the absorbance peak characteristic for used 

monomer and type of photopolymerisation before polymerization pro
cess and; 

AAfter is an area of the same absorbance peak, but after polymerisa
tion process. 

The values of the characteristic absorbance peak for studied mono
mers were given below for each type of photopolymerisation. The 
evaluation of vinyl group content was continuously followed in lami
nated conditions at about 1634 cm− 1 (TEGDVE and TMPTA monomer). 
Moreover, the evolution of the epoxy group content was continuously 
followed under air at about 790 cm− 1 (CADE monomer). The composi
tions which contain 1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (TATATO) 
and MERCAPTO monomers (50%/50% w/w) were deposited on a BaF2 
pellet under air. The evolution of the thiol (S–H) group content was 
continuously monitored at approximately 2570 cm− 1. FT-IR also fol
lowed the double bond conversion of TATATO at about 3083 cm− 1. The 
molar ratio of thiol vs. allyl used in all experiments was 1: 1.6. 

2.11. 3D printing experiment 

For laser write and 3D printing experiments, a laser diode at 405 nm 
with an intensity of 100 mW⋅cm− 2 (spot size ~ 50 μm) was used for the 
spatially controlled irradiation (NEJE DK-8-KZ 1000 mW Laser Engraver 
Printer). The photosensitive formulations (2 mm thickness) were 
deposited onto a microscope slide and was polymerised under air. 
Generated patterns were analysed by a numerical optical microscope 
(DSX-HRSU from OLYMPUS corporation). 

2.12. Characterization of the 3D patterns by fluorescent microscopy 

The generated 3D objects were observed thanks to an optical stereo 
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Fig. 2. Spectroscopic properties of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives: (A) UV–visible absorption spectra of the 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives in acetonitrile; (B) fluorescence spectra of the 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives 
in acetonitrile. 
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microscope (Bresser Advance ICD 10–160 × Zoom Stereo-Microscope, 
Bresser GmbH, Germany) and DSX1000 from OLYMPUS and on an 
inverted fluorescence microscope Olympus IX83 equipped with X-line 
lenses and a monochrome camera Photometrics Prime BSI. 

3. Results and discussion 

3.1. Spectroscopic properties of 6-(4-methylsulfanylphenyl)-1-phenyl- 
quinolin-2-one derivatives 

Spectroscopic studies are extremely important to determine the 
effectiveness of new compounds for the role of both fluorescent probes 
and photosensitizers. One of the most important parameters in photo
polymerisation processes is the compatibility of the absorption spectrum 
of photoinitiators with the emission spectrum of the light source. 
Commercially photoinitiators currently used in the industry require 
short-wavelength UV light (below 300 nm). For example, the maximum 
absorption of the 4,4′-dimethyl-diphenyl iodonium hexa
fluorophosphate (OMNICAT 440) in acetonitrile is at 240.6 nm 
(Figure S14). UV light sources adapted in industry emit energy above 
350 nm, and they are not suitable for these processes because of mis
matching between the absorption characteristic of the commercial 
photoinitiators and the emission characteristic of the light sources. In 
these cases, polymerisation is inefficient. Thus, the spectral properties of 
the photoinitiating system have a significant impact on polymerisation 
rate, which is connected with the amount of absorbed light. The 
quinolin-2-one absorb to the 400 nm range, so the spectrum of the ab
sorption of the new compound overlaps with the emission spectra of the 
maximum of medium-pressure mercury lamps, and with the emission of 
UV-A-LED with a maximum at 365 nm (Fig. 2A). On the other hand, all 
6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives had a 
sufficient fluorescence intensity (Fig. 2B, Table 1) for their spectral 
characteristics, which was easily measured at a probe concentration of 
ca. 0.1% by weight and a sample thickness of ca. 0.1 mm. Fluorescence 
sensors should present the strongest fluorescence possible (i.e., not less 
than 1000 [absolute units] for this spectrometer) when excited with a 
light wavelength of 320 nm when they are to be used in FPT technology. 
The wavelength selection is not accidental, as when the excitation light 
with shorter wavelengths is used, their intensity is strongly attenuated 
by the microscope glass slides that are normally used for preparing thin- 
layered samples in FPT. 

Moreover, the results of computer simulations confirm the assump
tions about the nature of the occupation of molecular orbitals in the 
analysed molecules. HOMO orbitals predominate in essentially entire 
molecules except for the substituted N-phenyl ring. Even the addition of 

other nucleophilic groups on the opposite side of the molecule, such as a 
methoxy group (MeS-Q-OMe), does not significantly affect the 
displacement of HOMO orbitals in the molecule due to the weaker 
nucleophilic nature of these groups compared to the thiomethyl group. 
Orbital visualizations were presented in the supplement. 

In addition, molecular sensors, in order to be used for kinetic studies 
of photopolymerisation processes as molecular sensors, should, in 
particular, respond to changes in polarity. As a result of the photo
polymerisation process, a decrease in the polarity of the system is usu
ally observed, because the double bonds in the monomer are 
transformed into single bonds that are less polar. Molecular probes as 
electron-donor-electron-acceptor systems on a coupled bond system (for 
example an aromatic system) have a low dipole moment in the ground 
state, while in the excited state they show a very high dipole moment 
due to intramolecular electron transfer. In addition, the more polar a 
given system is, the lower the energy due to rotation in the polar me
dium is observed, with the decrease in energy along with the increase in 
excited state polarity being greater than the decrease in ground energy. 
Therefore, the energy difference between the excited and ground states 
decreases, the polarity of the system increases, and this results in a shift 
in fluorescence emission towards longer waves. In the case of poly
merisation, the opposite is observed, a decrease in the polarity of the 
system is observed and the molecular probes shift their fluorescence 
spectrum, generally in the direction of shorter waves. 

In order to check whether the compounds are sensitive to changes in 
polarity, studies on solvatochromic effects are performed. This phe
nomenon illustrates the effect of solvents on the electronic spectra of 
fluorescent compounds. The solvatochromic effect is associated with a 
change in the energy of the particle in solution compared to the energy 
of the free molecule. The energy of this molecule consists of a dispersion 
interaction, mainly particle polarization, electrostatic interaction, as 
well as the solvent Stark effect. The Stark effect occurs when a solvent 
fluctuation occurs in an approximately dissolved non-polar particle, 
which leads to the formation of a temporary, weak electric field [61]. 

The influence of solvent polarity changes on the characteristics of 
emission spectra and excitation of selected potential molecular probes 
based on quinolin-2-one derivatives was tested using the ET

N scale. Scale 
ET

N is based on the assumption that the least polar solvent is tetrame
thylsilane (TMS) and has a value of 0, while water is the most polar 
solvent and has a value of 1. The value of ET

N is calculated from the 
following Equation (3):[62] 

ETN =
ET(solvent) − ET(TMS)
ET(water) − ET(TMS)

=
ET(solvent) − 30, 7

32, 4
(3) 

Table 1 
Spectral characteristics of the 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives studied.  

Serie Acronym R1 R2 Absorption characteristics Emission 
characteristics 
at 350 nm excitation 

Δν 
Stoke’s 
shift 
[cm¡1] 

λmax- 

ab 

[nm] 

εmax 

[dm3⋅mol¡1⋅cm¡1] 
ε365 

[dm3⋅mol¡1⋅cm¡1] 
ε405  

[dm3⋅mol¡1⋅cm¡1] 
λmax- 

fluo 

[nm] 

Imax 

[rel.u.] 

MeS-Q-H -H MeS- 274 42,255 4024 131 440 1.61•10− 8 8719 
MeS-Q- 
OMe 

-OMe MeS- 281 29,696 4025 51 440 1.85•10− 8 9019 

MeS-Q-Me -Me MeS- 274 39,608 3441 104 438 1.54•10− 8 8715 
MeS-Q-SMe -MeS MeS- 273 43,954 3848 156 439 8.67•10− 9 8668 
MeS-Q-F -F MeS- 276 37,967 3248 128 441 1.78•10− 8 8477 
MeS-Q-CN –CN MeS- 280 28,730 3515 100 443 2.13•10− 8 9072 

λmax-ab – position of absorption maximum for the long-wavelength band [nm]. 
εmax – molar extinction coefficient measured at λmax-ab [dm3⋅mol− 1⋅cm− 1]. 
ε365 – molar extinction coefficient measured at 365 nm [dm3⋅mol− 1⋅cm− 1]. 
ε405 – molar extinction coefficient measured at 405 nm [dm3⋅mol− 1⋅cm− 1]. 
λmax-fluo – position of maximum fluorescence intensity [nm]. 
Imax – intensity of the fluorescence at λmax-fluo. 
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As the solvent polarity increases, the bathochromic shift of the 
emission spectra of 1-(4-methoxyphenyl)-6-(4-methylsulfanylphenyl) 
quinolin-2-one (MeS-Q-OMe) and 1-(4-cyanophenyl)-6-(4-methyl
sulfanylphenyl)quinolin-2-one (MeS-Q-CN) in the direction of longer 
waves was observed (Fig. 3A and S21). On the other hand, in the case of 
excitation spectra in different solvents, no significant changes in their 
characteristics were observed (Fig. 3B and S22). 

3.2. Applicability of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one 
derivatives for on-line progress monitoring of free-radical and thiol-ene 
photopolymerisation processes 

Due to the fact that selected 6-(4-methylsulfanylphenyl)-1-phenyl- 
quinolin-2-one derivatives are sensitive to changes in polarity, the 
compounds for the role of fluorescent sensors using Fluorescent Probe 
Technology (FPT) was studied. The progress of the photopolymerisation 

process using the FPT technique was monitored using parameter R. 
Parameter R illustrates the change in shift of emission spectra during 
irradiation. Parameter R is defined as the ratio of fluorophore fluores
cence intensity measured at two different wavelengths, which are 
located on both sides of the maximum fluorescence spectrum derived 
from the analysed compound. In this case, the ratio R was determined by 
dividing the intensity at the shorter wavelength I1 by the intensity at the 
longer wavelength I2. It is a parameter used to constantly monitor the 
progress of very fast processes such as photopolymerisation [55]. The 
basic advantage of using the parameter R is the ability to measure the 
ratio intensity accurately. This can be ascribed to the fact that when the 
lengths of the waves arranged on both sides of the fluorescence spectrum 
maximum are appropriately selected, the fluorescence intensity ratio is a 
linear function of the degree of conversion of monomer function groups 
[61–64]. The method of determining the R parameter is illustrated in 
Fig. 5. 
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The radical photopolymerisation process of the model TMPTA 
monomer was carried out for 200 s when exposed to UV-LED with a 
maximum emission of 320 nm. During the radical photopolymerisation 
process, a shift in the emission spectrum from 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives towards shorter 
wavelengths was observed. In addition, the coating was completely 
cured after about 75 s, because after this time a plateau of kinetic pro
files was obtained (Fig. 6). The sensitivity of the tested probes was also 
compared with the well-known commercial coumarin 1. The relative 
sensitivity of the tested probes was calculated from the following 
Equation (4): 

Srel =

[
(Rmax − R0)

R0

]

[
(Rmax− ref − R0− ref )

R0− ref

] (4) 

R0 – R value for the analysed sensor in the composition before 
photopolymerisation 

Rmax – R value for the analysed sensor in the composition after 
photopolymerisation 

R0 –ref – R value for the reference sensor in the composition before 
photopolymerisation 

Rmax-ref – R for the reference sensor in a photo-cured composition 
The calculated sensitivity values are given in Table 3. All of the new 
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Table 2 
Summarized data of excitation and emission spectra of solutions of compound MeS-Q-OMe and MeS-Q-CN.  

Solvent ET
N  MeS-Q-CN MeS-Q-OMe 

Excitation spectrum λmax-ex [nm] Emission spectrum λmax-Fl [nm] Excitation spectrum λmax-ex [nm] Emission spectrum λmax-Fl [nm] 

acetonitrile 0.460 349 448 351 440 
ethyl acetate 0.228 350 432 353 422 
chloroform 0.259 353 440 353 424 
1,4-dioxane 0.164 353 428 354 424 
methanol 0.762 350 477 352 453 
DCM (dichloromethane) 0.309 350 440 351 431 
DMF (dimethylformamide) 0.386 352 449 353 440 
diethyl ether 0.117 350 425 353 420 
DMSO (dimethyl sulfoxide) 0.444 355 453 331 441 
Toluene 0.099 352 426 352 422 

ET
N – scale of polarity [8]. 

λmax-ex – wavelength for the maximum intensity of the excitation spectrum [nm]. 
λmax-Fl – wavelengths for the maximum intensity of the emission spectrum [nm]. 
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analysed probes are more sensitive than the commercial compound 
coumarin 1. The MeS-Q-CN probe shows the highest sensitivity to 
environmental changes. Its relative sensitivity is 3.14. The lowest 
sensitivity is for the MeS-Q-OMe (Srel = 1.02), thus for a compound 
having a strongly eketronodonor substituent. The incorporation of 
different substituents into the quinolin-2-one structure has an effect on 
the value of sensitivity. 

Moreover, the fluorescence intensity of these sensors was increasing 
during the photopolymerisation of the TMPTA monomer. This is due to 
the fact that as the system viscosity increases, the quantum fluorescence 
efficiency increases. The increased quantum fluorescence efficiency is 
caused by the reduction of the competitive process of non-radiative 
excitation of energy of the excited state. Therefore, in a high-viscosity 
environment, the excited sensor does not have such a large freedom of 
dissipation of excitation energy between the vibration and rotation 
states of the molecule, as in the case of low-viscosity solutions, hence the 
increase in fluorescence intensity during the photopolymerisation pro
cess was observed (Table 2, Fig. 5 and S23-S27). 

Analogous measurements using new potential probes, 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives were used to carry 
out the photopolymerisation process of thiol-en acrylate monomer 
(TMPTA) and thiol (MERCAPTO) monomers (0.5 / 0.5% by weight). The 
R parameter was used for on-line monitoring of thiol-ene photo
polymerisation progress, just like in the case of free-radical photo
polymerisation (Fig. 7). 

Very similar relationships as in the case of radical photo
polymerisation were observed. First, all of the analysed probes are more 
sensitive compared to commercially available coumarin 1. Secondly, the 
type of built-in substituent for the analysed probes has an impact on the 
relative sensitivity values. A lower sensitivity was noted for a compound 
having a strongly electron-donor substituent, nevertheless higher 
compared to the commercially available probe - Coumarin 1 (Fig. 8). 
The increase in fluorescence intensity during the photopolymerisation 
process for all probes was also noted (Fig. 7, and S28-S32). 

Table 3 
Spectroscopic data of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives during the photopolymerisation processes.  

Sensor λmax-BEFORE 

[nm] 
Intensity 
@λmax-BEFORE  

[a.u.] 

λmax-AFTER POL [nm] Intensity @λmax-AFTER  

[a.u.] 
|ΔImax|  
[a.u.] 

ΔImax
a 

[%] 
Δλmax 

[nm] 
Relative sensitivityb 

Free-radical photopolymerisation process of TMPTA under 320 nm  

MeS-Q-H 423.5 60,848 406.1 82,674 − 21826 − 36 − 17.4 1.99 
MeS-Q-OMe 424.4 56,446 416.8 45,125 11,321 20 − 7.6 1.02 
MeS-Q-Me 424.4 59,449 411.9 81,579 − 22130 − 37 − 12.5 1.71 
MeS-Q-SMe 425.8 49,963 411.9 73,044 − 23081 − 46 − 13.8 1.87 
MeS-Q-F 422.6 52,707 405.2 92,123 − 39416 − 75 − 17.4 1.69 
MeS-Q-CN 433.4 52,636 399.4 108,232 − 55595 − 106 –33.9 3.14 
C1-ref. 425.8 617,546 419.5 397,064 220,482 36 − 6.3 1.00 
Sensor λmax-BEFORE 

[nm] 
Intensity 
λmax-BEFORE  

[a.u.] 

λmax-AFTER  

[nm] 
Intensity @λmax-AFTER  

[a.u.] 
|ΔImax|  
[a.u.] 

ΔImax 
a  

[%] 
Δλmax  

[nm] 
Relative sensitivityb 

Thiol-ene photopolymerisation process of TMPTA/MERCAPTO (50/50 %w/w) under 320 nm  

MeS-Q-H 423.5 61,085 398.6 65,753 − 4668 − 8 − 25.0 3.03 
MeS-Q-OMe 424.0 56,850 399.4 50,535 6315 11 − 24.5 1.59 
MeS-Q-Me 423.5 59,592 397.7 60,047 − 456 − 1 − 25.9 2.28 
MeS-Q-SMe 424.9 54,391 397.2 53,742 649 1 − 27.7 1.78 
MeS-Q-F 422.2 54,792 398.1 67,662 − 12869 –23 − 24.1 3.90 
MeS-Q-CN 427.1 58,453 399.0 106,274 − 47821 − 82 − 28.1 2.84 
C1-ref. 430.7 611,736 421.3 562,707 49,029 8 − 9.4 1.00  

a Changes in fluorescence intensity expressed as a percentage in relation to the initial value before polymerisation. 
b Relative sensitivity Srel as a reference sensor Coumarin 1 was used. 

A B

0

20000

40000

60000

80000

100000

120000

340 380 420 460 500 540 580 620

In
te

ns
tiy

 o
f e

m
is

si
on

 s
pe

ct
ru

m
 [a

.u
.]

Wavelength [nm]

before polymerisation

after polymerisation

after 10s.

after 50s. 

after 20s.

MeS-Q-H

I2

I1

Imax

I0,5max

λ1 λ2 0

20000

40000

60000

80000

100000

120000

340 380 420 460 500 540 580 620

In
te

ns
tiy

 o
f e

m
is

si
on

 s
pe

ct
ru

m
 [a

.u
.]

Wavelength [nm]

before polymerisation

after polymerisation

after 10s.

after 50s. 

after 20s.

MeS-Q-CNI2

I1

Imax

I0,5max

λ1 λ2

Fig. 7. Changes of fluorescence spectra during thiol-ene photopolymerisation of TMPTA/MERCAPTO (05%/05% w/w) monomers under irradiation 320 nm, (λ1, λ2 
are monitoring wavelengths) for: (A) MeS-Q-H; (B) Q-MeS-Q-CN. 

M. Topa et al.                                                                                                                                                                                                                                   



European Polymer Journal 156 (2021) 110612

9

3.3. 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives as a 
component of bimolecular and three molecular photoinitiating systems for 
photopolymerisation processes 

Due to the fact that spectroscopic studies showed that 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives absorb up to the 
visible range, they were tested as co-initiators in a two-component 
system quinolin-2-one derivative and iodonium salt, as accelerators of 
photopolymerisation processes of various types. 

For this reason, measurements of monitoring of cationic photo
polymerisation of vinyl monomer TEGDVE and epoxy monomer CADE 
were carried out at the wavelength in the UV-A range with a maximum 
emission of 365 nm and in the Vis range with a maximum emission of 
405 nm. Additionally, measurements of radical photopolymerisation of 
triacrylate monomer and photopolymerisation of thiol-en of TATATO 
and MERCAPTO monomers were carried out at the wavelength in the 
UV-A range with a maximum emission of 365 nm and in the Vis range 
with a maximum emission of 405 nm. Widely available iodine salt in the 
form of 4,4′-dimethyl-diphenyl iodonium hexafluorophosphate 
(OMNICAT 440) has been used as a photoinitiator to monitor the 
polymerisation of various types. The absorption characteristics of the 

photoinitiator are in the UV-C and UV-B range with a maximum at λmax 
= 242.29 nm. Thus, the initiator’s sensitivity is in the range of short 
wavelengths of UV light, which is a serious process problem, because 
photopolymerisation cannot occur at longer UV-A or visible light 
wavelengths when this type of compound is used. This problem can be 
solved by using appropriate photosensitizers, whose absorption char
acteristics are in the longer wavelength range than the iodonic photo
initiator. In this approach, the polymerisation of various types at a 
longer wavelength, in the range above 350 nm, which is not absorbed by 
the iodine salt, can be initiated by photosensitisation by electron 
transfer. With an appropriately selected photosensitizer, photoinduced 
electron transfer (PET) is possible. PET is a endothermic energy transfer 
process in which the absorbed quantum light initiates the transfer of 
electrons from the donor molecule - co-initiator to the acceptor molecule 
- iodine salt, OMNICAT 440 photoinitiator. 

The real-time FT-IR method was used to monitor cationic photo
polymerisation to identify final monomer conversions. Disappearance of 
vinyl monomer bands (TEGEVE) at a wave number of about 1634 cm− 1 

was observed during the cationic photopolymerisation process. The 
number of waves corresponds to the disappearance of the double bonds 
in the monomer. The process was initiated using UV-LED as a light 
source that emitted electromagnetic radiation with a maximum wave
length λmax = 365 nm and visible light with a maximum wavelength of 
405 nm. Based on the recorded curves, it has been shown that all de
rivatives are suitable as co-initiators for the cationic photo
polymerisation process of the vinyl monomer TEGDVE. The achieved 
conversion rates ranged from 75 − 90% both when irradiating the sys
tem with a diode with a maximum wavelength λmax = 365 nm and 405 
nm (Fig. 9). For individual co-initiators slight differences in the achieved 
conversion rates were observed. Nevertheless, the lowest conversion 
rates were noted for a compound having a strongly electron with
drawing substituent in the cyano form. Modification of the quinolin-2- 
one base ring (Article [54]) contributed to a significant increase in 
vinyl monomer conversion rates using much lower light output. Com
pounds with strong electron-donor-like groups, in the form of -MeS 
group in their structure and attached to a phenyl ring embedded in the 6- 
(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one chromophore at po
sition 6 are better co-initiators (Fig. 10) compared to others findings 
found in the literature [54]. 

The developed photoinitiating systems are also suitable in the 
polymerisation reactions of the CADE epoxy monomer (Fig. 11 and S45- 
S50). The calculated conversions of the epoxy monomer are about 40%, 
when exposed to 365 nm UV diode. Final conversion values and the 
induction time are very similar for all compounds and their values are 
presented in Table 4. 
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The developed photoinitiation systems also fulfil their role as poly
merisation reactions of the TMPTA acrylate monomer (Fig. 12 and S51- 
S62). The calculated conversions of the double bonds of the acrylate 
monomer range from about 15% for MeS-Q-CN to 40% for MeS-Q-Me 
and MeS-Q-H upon exposure to the LED@365 nm with a maximum 
emission of 365 nm. Conversely, double bond acrylate monomer con
versions range from about 30% for MeS-Q-CN to 60% for MeS-Q-OMe 
upon exposure to the LED@405 nm with a maximum emission of 405 
nm. In each case, the lowest conversion rates were reported for the 
compound having a strongly electron withdrawing substituent, –CN. 

Two-component initiating systems also show the ability to initiate 
photopolymerisation processes thiol-ene 1,3,5-triallyl-1,3,5-triazine- 
2,4,6-trione monomer (TATATO) and thiol monomer tris (3-mercapto
propionate) trimethylolpropane (MERCAPTO) when exposed to UV light 
with maximum emission at 365 nm and visible light with maximum 
emission at 405 nm (Figures S63-S74). Excellent conversion rates for 
the tested systems are shown in Fig. 13A (for UV radiation with a 
maximum emission of 365 nm) and Fig. 13B (for visible radiation with a 
maximum emission of 405 nm). In both cases, the conversion for thiol 
function is higher than for double allyl group bonds. The molar ratio of 

functional groups was thiol: allyl 1: 1.6, respectively. Accordingly, the 
photopolymerisation of thiol-ene is not sensitive to oxygen, the photo
polymerisation process was carried out only on barium fluoride pas
tilles. In addition, conversion rates for all analyzed two-component 
initiating systems: the 1,6 diphenylquinolin-2-one / iodonium salt in the 
form of OMNICAT 440 are comparable. This is due to the fact that the 
ΔGet(S) value for all systems is comparable. They are − 1.24 eV for MeS- 
Q-SMe to 1.29 eV for MeS-Q-OMe. In addition, the molar extinction 
coefficients at 365 nm and 405 nm for all analyzed new compounds have 
comparable values (Table 4). 

3.4. Photochemical mechanism of bimolecular photoinitiating systems 
consist of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives 

The initiation of photopolymerisation by a two-component system 
consisting of quinolin-2-one derivatives and iodonium salt (OMNICAT 
440) occurs through an electron transfer mechanism. Electron transfer 
from the quinolin-2-one derivative molecule to the corresponding iodine 
salt (i.e., OMNICAT 440) is possible when the Gibbs free energy change 
(ΔGet(S)) is negative. ΔGet(S) accompanies the electron transfer in the 
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initiating systems based on 4,4′-dimethyl-diphenyl iodonium hexafluorophosphate (OMNICAT 440, 1%) and 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one 
derivatives (0.1%). The irradiation starts at t = 10 s. 
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initiation systems. The free energy (ΔGet(S)) values for these initiating 
systems were calculated using the Rehm–Weller equation. The energy of 
singlet state (E00) was determined based on measurements of excitation 
and emission spectra (Fig. 14A and S15-S20). 

The calculated ΔGet(S) values in each case are negative, which means 
that the process of electron transfer from the sensitizer to the iodonium 
salt is thermodynamically allowed. Therefore, these systems can be used 
to effectively initiate photopolymerisation processes. ΔGet(S) values 
ranged from 1.24 eV for MeS-Q-SMe to 1.29 eV for MeS-Q-OMe. The 
electron transfer process is most efficient for the MeS-Q-OMe compound. 
All thermodynamic and electrochemical data are included in Table 5. 
Cyclic voltammogram curves of compounds oxidation and reduction in 
acetonitrile were presented in Fig. 14B and S99-S100. 

The next step was to perform fluorescence quenching measurements 
of the fluorophore (sensitizer) after adding the appropriate amount of 
quencher (OMNICAT 440 iodine salt) (Fig. 15 and S75 – S86). The Stern 
Volmer coefficient values were calculated based on a standard Equation 
(5): 

I0
I
= 1+KSV [Q] (5)  

The calculated Ksv values for the tested initiating systems oscillated 
around 32 to 51 M− 1. In addition, electron transfer quantum yields from 
the excited singlet state (Φet(S)) were also calculated based on Equation 
(6): 

Φet(S) =
KSV [Q]

KSV [Q] + 1
(6)  

The Φet(S) values oscillated between 0.37 and 0.49 for all quinolin-2-one 
derivatives. These values suggest that quinolin-2-on can react not only 
act through a singlet state pathway but also from the triplet state. 

In addition, these compounds are stable when exposed to 365 nm UV 
radiation (14mW / cm2) for up to 60 min (Fig. 16A and S87, S89, S91, 
S93, S95). Only after adding the OMNICAT 440 photoinitiator, the 
photosensitizer absorption spectrum changes when exposed to 365 nm 
UV radiation (14mW / cm2) within 20 min (Fig. 16B and S88, S90, S92, 

Table 4 
Functional group conversions of vinyl monomer for TEGDVE, epoxy monomer for CADE, acrylate monomer for TMPTA, and allyl monomer for TATATO and thiol 
monomer for MERCAPTO and using photoinitiating system based on 4,4′-dimethyl-diphenyl iodonium hexafluorophosphate (OMNICAT 440, 1%) and 6-(4-methyl
sulfanylphenyl)-1-phenyl-quinolin-2-one derivatives (wt. 0.1%) in the role of photosensitizers at 365 nm and/or 405 nm exposure.  

Fluorescent 
sensor / 
Photosensitizer 

ε @365ab-365   

[dm3⋅mol¡1⋅cm¡1] 

ε @405ab-405   

[dm3⋅mol¡1⋅cm¡1] 

Conversion [%] 

CATIONIC PHOTOPOLYMERISATON FREE-RADICAL PHOTOPOLYMERISATON 

Epoxy 
monomer 
CADE 

Vinyl 
monomer 
TEGDVE  

Acrylate 
monomer 
TMPTA 

TATAO/ 
MERCAPTO 
@365 nm 
0.1 [mW 
cm¡2] 

TATAO/ 
MERCAPTO 
@405 nm 
2 [mW cm¡2] 

@365 nm 
23 
mW cm¡2 

@365 
nm 
1 
mW 
cm¡2 

@405 
nm 
20 
mW 
cm¡2 

@365 nm 
3.8 
mW cm¡2  

@405 
nm 
20 
mW 
cm¡2  

Thiol  Allyl Thiol Allyl 

MeS-Q-H 4024 131 40.4 86.7 88.1 40.4 52.3 ~100 64.4 91.5 63.7 
MeS-Q-OMe 4025 51 39.6 86.9 87.5 34.5 60.0 93.9 65.1 87.4 62.3 
MeS-Q-Me 3441 104 39.4 90.2 92.1 39.8 42.2 ~100 68.4 85.6 64.3 
MeS-Q-SMe 3848 156 40.8 86.3 85.0 29.7 49.8 92.6 63.3 87.6 64.9 
MeS-Q-F 3248 128 40.7 83.8 84.4 36.1 40.8 99.8 62.9 90.7 60.8 
MeS-Q-CN 3515 100 35.9 75.9 82.0 15.1 35.8 99.2 64.7 87.1 59.6 

ε@365ab-365 – molar extinction coefficient measured at 365 nm [dm3⋅mol− 1⋅cm− 1]. 
ε @405ab-405 – molar extinction coefficient measured at 405 nm [dm3⋅mol− 1⋅cm− 1]. 
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Fig. 12. Polymerisation profiles of TMPTA (acrylate function conversion vs. irradiation time) in the presence of different photoinitiating systems based on 4,4′- 
dimethyl-diphenyl iodonium hexafluorophosphate (OMNICAT 440, 1%) and 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives (0.1%): (A) upon 
exposure to the LED@365 nm (3.8 mW cm− 2); (B) upon exposure to the LED@405 nm (20 mW cm− 2); The irradiation starts at t = 10 s. 
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Fig. 14. (A) Absorption and fluorescence spectra for the determination of the excited singlet state energy for MeS-Q-OMe derivative; (B) Cyclic voltammogram 
curves of the MeS-Q-OMe oxidation in acetonitrile. 

Table 5 
Electrochemical and thermodynamical properties of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives.  

Fluorescent sensor / 
Photosensitizer 

Eox
1/2  

[mV] 
E00(S)   

[eV] 
ΔGet(S)  

[eV] 
Ered

1/2  

[mV] 
E00 (T)   

[eV] 
ΔGet (T)   

[eV] 
KSV [M¡1]  

Φet(S) 

MeS-Q-H 1317 3.20 − 1.25 − 1968 2.58 − 0.63 50.955 0.49 
MeS-Q-OMe 1273 3.20 − 1.29 − 1993 2.59 − 0.67 49.190 0.48 
MeS-Q-Me 1301 3.21 − 1.27 − 1985 2.57 − 0.63 39.258 0.42 
MeS-Q-SMe 1313 3.20 − 1.24 − 1960 2.58 − 0.63 31.901 0.37 
MeS-Q-F 1317 3.22 − 1.26 − 1953 2.58 − 0.62 44.961 0.46 
MeS-Q-CN 1291 3.19 − 1.26 − 1858 2.55 − 0.64 50.450 0.48 

Eox
1/2 - the electrochemically determined oxidation half-wave potentials (vs. Ag/AgCl) of the photosensitizer (the electron donor). 

Ered
1/2 - the electrochemically determined reduction half-wave potentials (vs. Ag/AgCl) of the 4,4′-dimethyl-diphenyl iodonium hexafluorophosphate (OMNICAT 440) 

(the electron acceptor) - Ered
1/2

OMNICAT440 = -0.64 V vs. SCE (-0.72 V vs. Ag/AgCl) [5,65]. 
E00 - the excitation energy of the co-initiator, which is referred to as singlet excitation energy. 
ΔGet - the enthalpy of free electron transfer (calculated from the Rhema-Weller formula);Φet(S) – the electron transfer quantum yields from the excited singlet state from 

the equation: Φet(S) =
KSV [Q]

KSV [Q] + 1 
[Q] = 0.0186 MET

N – scale of polarity [8]λmax-ex – wavelength for the maximum intensity of the excitation spectrum [nm]λmax-Fl – 

wavelengths for the maximum intensity of the emission spectrum [nm]a changes in fluorescence intensity expressed as a percentage in relation to the initial value 
before polymerisationb Relative sensitivity Srel as a reference sensor Coumarin 1 was used. 
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S94, S96). Photolysis occurs very quickly and indicates the interaction 
of 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivatives with 
the OMNICAT 440 iodonium salt. 

4. 3D printing experiment 

3D printing experiments with laser diode irradiation 405 nm were 
carried out in air using the two-component initiating system in the form 
of the 6-(4-methylsulfanylphenyl)-1-phenyl-quinolin-2-one derivative - 
MeS-Q-OMe (0.05% w/w)/OMNICAT 440 (1% w/w) (PK pattern) and - 
MeS-Q-CN (0.05% w/w)/OMNICAT 440 (1% w/w) (MT pattern) and 
mixtures of CADE/TMPTA monomers in a weight ratio of 1: 1. It is 
necessary to use these two monomers due to the fact that the TMPTA 
acrylate monomer provides good print resolution, while the CADE epoxy 
monomer limits the negative effect of oxygen inhibition. The resolution 
for two different initiating systems was different. In the case of the 
initiating system containing the MeS-Q-OMe compound, the resolution 
of the obtained patterns was high, while in the case of the initiating 
system containing the MeS-Q-CN compound, the resolution was low. 
The initiating system containing the MeS-Q-OMe can be used as a 

fluorescent label obtained by printing. The obtained patterns were 
analyzed by microscope, and the patterns are shown in Figs. 17 and 18. 

5. Conclusions 

New two-component initiating systems consisting of 1,6-diphenyl
quinlon-2-one derivatives and the OMNICAT 440 iodonium initiator 
are effective in initiating cationic photopolymerisation processes of 
CADE epoxy and vinyl TEGDVE monomers, free-radical photo
polymerisation of TMPTA acrylic monomer as well as thiol-ene photo
polymerisation of mixture of monomers: TATATO/MERCAPTO. 
Nevertheless, the type of built-in substituent for quinolin-1-one chro
mophore has an impact on the efficiency of initiation, and thus on the 
quality of the patterns obtained using the 3-D print method. The best 
system for initiating photopolymerisation processes of all types is a 
system composed of MeS-Q-OMe, (the compound having a strongly 
electron-donor substituent) and the OMNICAT 440 iodonium salt. Using 
this initiating system, 3-D prints with very good resolution are obtained. 

Moreover, the developed compounds are also suitable for the role of 
molecular probes for monitoring the kinetics of both radical and thiol-en 
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photopolymerisation processes. However, in this case the highest 
sensitivity was obtained for a compound having a strongly electron 
withdrawing substituent –CN (MeS-Q-CN compound). 
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Fig. 17. The patterns (logo of the Cracow University of Technology) obtained after the 3D printing experiment based on formulations MeS-Q-OMe (0.05% w/w)/ 
OMNICAT 440 (1.0% w/w)/TMPTA/CADE (1 : 1 w/w): (A) Characterization of the 3D patterns by fluorescent microscopy; (B) Characterization of the 3D patterns by 
numerical optical microscopy. 

Fig. 18. The patterns (MT LETTERS) obtained after the 3D printing experiment based on formulations MeS-Q-CN (0.05% w/w)/OMNICAT 440 (1.0% w/w)/ 
TMPTA/CADE (1: 1 w/w): Characterization of the 3D patterns by numerical optical microscopy. 
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