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A B S T R A C T   

Herein, novel europium(III) complex derivatives dedicated to polymer chemistry applications as molecular 
sensors have been reported. The following are among them tris(4,4,4-trifluoro-1-phenylbutane-1,3-dione) 
europium(III) (BTA) and tris(4,4,4-trifluoro-1-(2-naphthyl)butane-1,3-dione)europium(III)] (NTA). To obtain 
the relevant europium complexes, they were coordinated with the corresponding ligands, e.g., 4-phenyl-2,6-bis 
(2-pyridyl)pyridine (PPP), 2,2′-bipyridine (Bpy), 2-(2-pyridyl)-1,3-benzothiazole (PBT) and 2-(2-pyridyl)imidazo 
[1,2-a]pyridine (PIP). The application of these compounds as luminescent sensors to monitor the kinetics of 
cationic photopolymerisation of monomers has been investigated along with the determination of optical 
properties. Ultimately, the possibility of employing europium(III) complexes as thickness sensors for polymer 
coatings resulting from the free radical photopolymerisation of trimethylolpropane triacrylate was measured 
using Fluorescence Probe Technology developing a zero-waste, non-destructive method for in-situ determination 
of polymer coating thickness.   

1. Introduction 

Monitoring the thickness of polymer coatings to control the prop-
erties of the final product remains a high priority concern for industry 
[1]. In this context, several parameters have an impact on polymer 
thickness, including viscosity, temperature, and web speed [2,3]. 
Therefore, some unintended variations may occur in coating operations 
[4–7]. Moreover, a coating that is too thin will not be resistant to 
decomposition, and the surface of any such coating will suffer rapid 
corrosion if applied to a metal object [8]. In addition, an over-thin 
coating results in insufficient covering strength and protective capabil-
ities, requiring additional time to recoat the surface [9]. On the other 
hand, coating that is too thick increases the cost of materials and the 
final product itself, rather than necessarily guaranteeing added 

resistance or visual qualities [10,11]. Thus, an overly thick coating can 
result in cracking, peeling or enhanced drying/curing time [12]. 

Wet film thickness (WFT) measurement involves measuring the 
shape of the surface and the expected wet film thickness range. Another 
type of coating thickness measurement is dry film thickness (DFT) [13]. 
For this purpose, verification of dry film thickness is possible in a non- 
destructive or destructive way, e.g., in the case of multilayer coatings. 
Designed for the measurement of dry film thickness non-destructive 
methods are mainly implemented as (i) the magnetic method - for 
measurements of non-magnetic coatings applied on a magnetic back-
ground - the method consists in measuring the force necessary to detach 
a permanent magnet or electromagnet from the surface covered with the 
coating under examination, or in measuring the force with an effect by 
which the magnet is attracted by the magnetic background through the 
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coating; (ii) the electromagnetic method - applied to measurements of 
non-magnetic coatings applied on a magnetic substrate - the method 
consists in measuring changes of sensor inductance; (iii) the eddy cur-
rent testing, used to measure the thickness of insulating coatings on a 
non-magnetic metal substrate, non-magnetic metal coatings on a non- 
metallic substrate, or, non-magnetic metal coatings on a non-magnetic 
metal substrate; and (iv) the radiometric (β-reflectance) method used 
to measure the thickness of coatings made only of materials of known 
chemical composition - this method relies on the use of differences in 
β-reflectance intensity of different materials. Moreover, methods (i) up 
to (iii) require the usage of electronic meters that measure the thickness 
of insulating coatings on non-magnetic metal substrates (NFe - for 
example, aluminium, copper, brass, stainless steel, bronze, magnesium, 
zinc) and non-magnetic coatings on iron or steel (Fe) substrates. 
Furthermore, the operation of gauges used to measure dry film thickness 
in non-destructive methods is based on two principles: (1) the mea-
surement of magnetic induction for layer measurements thru iron or 
steel (Fe-type) substrates, or principle (2) whereby eddy current mea-
surements are conducted on metal substrates that do not exhibit mag-
netic properties (NFe-type) [14,15]. 

Alternatively, another type of dry coating thickness measurement 
involves destructive measurements covering mechanical, chemical, and 
electrochemical methods. Mechanical methods (including microscopic) 
involve the observation of a cross section of the coating using, for 
example, a scanning electron microscope. Chemical methods include, 
but are not limited to, a complete chemical dissolution of the coating 
without disturbing the metal substrate, or a droplet method comprising 
local dissolution of the coating by successive portions of solvent drop-
lets, or a stream method comprising chemical dissolution of the coating 
by a stream of solution. The electrochemical (coulometric) method is 
also classified as destructive and involves anodic dissolution of the 
coating on a well-defined surface. However, all the above-mentioned 
destructive methods require interaction with the applied coating and 
cause permanent local damage, therefore they cannot be used for testing 
on the final elements of the product, but can only be used on samples 
specially selected for this purpose [14,15]. 

Providing an alternative to both WFT - Wet Film Thickness and DFT - 
Dry Film Thickness testing methods described above, luminescence 
spectroscopy and luminescent chemical sensors can be employed. 
Therefore, a number of fluorescent molecular sensors have been devel-
oped until now [16–19]. Many sensors were used to monitor the kinetics 
of photopolymerisation processes using Fluorescence Probe Technology 
(FPT) [20–24]. Measurement luminescence intensity at any wavelength 
under certain measurement conditions is proportional to the sensor 
concentration and to the film thickness. However, when the chemo-
sensor concentration is held constant, the measured fluorescence in-
tensity is only proportional to the film thickness. It has been shown that 
even when coatings are applied to substrates that are also fluorescent, 
and sometimes with an intensity that far exceeds the intensity of the 
fluorescence coming from the sensor in the coating, it is still possible to 
monitor changes in coating thickness with this method [21,25–28]. A 
luminescence phenomenon, occurring in organic compounds of complex 
metals and especially rare earth elements (block f), has been the subject 
of research in various fields of science, ranging from medicine [29–32], 
biochemistry [16], followed by new materials such as molecular devices 
for UV–Vis, UV-NIR light conversion [33] and for OLEDs production 
[34,35]. These compounds have also a number of unique luminescent 
properties [35–42]. The emission spectra of such coordination com-
pounds are characterized by a long lifetime of the excited state (about 
10− 3 s) [43,44], while for average organic chromophores it is on average 
10− 8 s. In addition, rare earth complex compounds have a large Stokes 
shift [45–47] and their emission spectra are very narrow and intense 
[48–54]. 

Furthermore, rare earth complexes are used in time-resolved delayed 
luminescence imaging microscopy (TR-DLIM) [55], as biomarkers (so- 
called lanthanide luminescent bioprobes - LLBs) [56] in medicine for cell 

imaging [57], cancer tissue detection [58], as well as in drug delivery 
monitoring systems [59] and analysis of key biochemical metabolites 
[60]. Moreover, lanthanide compounds are utilized during magnetic 
resonance imaging (MRI), in which gadolinium complex is used as a 
contrast agent [61–63]. Thereby, all this allows the synthesis of non- 
toxic luminescent chemical sensors that are safe for the human body 
through the proper selection of organic ligands and metal as the coor-
dination centre. All this has led scientists from around the world to 
design novel lanthanide complexes. There has been an especially sig-
nificant effort to develop europium complexes as sensors because of 
their intense luminescence and good solubility [48–51,61–64]. 

Herein, we report new organic-inorganic europium(III) complexes 
that have the potential to find applications in polymer chemistry as 
chemical molecular sensors for monitoring and quality control of pho-
topolymerisation processes. Several spectroscopic measurements were 
carried out to determine parameters such as Stokes shift, molar extinc-
tion coefficient, and monochromaticity. The suitability of these com-
pounds as luminescent sensors to monitor the kinetics of cationic 
photopolymerisation processes of TEGDVE monomer was investigated. 
Finally, the usefulness of europium(III) complexes as thickness sensors 
for polymer coatings obtained by free-radical photopolymerisation was 
measured using the FPT technique. 

2. Experimental 

2.1. Materials 

All chemicals and solvents employed in this investigation were at 
least of reagent grade and were used as received. In this work, eight of 
trivalent europium complexes were studied in the role of luminescent 
molecular probes for monitoring the cationic photopolymerisation and 
control the thickness of polymer coatings. There were derivatives of tris 
(4,4,4-trifluoro-1-phenylbutane-1,3-dione)europium(III) (BTA) and tris 
(4,4,4-trifluoro-1-(2-naphthyl)butane-1,3-dione)europium(III)] (NTA). 
To obtain the europium complexes, they were coordinated with appro-
priate ligands, such as: 4-phenyl-2,6-bis(2-pyridyl)pyridine (PPP), 2,2′- 
bipyridine (Bpy), 2-(2-pyridyl)-1,3-benzothiazole (PBT) and 2-(2-pyr-
idyl)imidazo[1,2-a]pyridine (PIP). Structures and acronyms of the 
europium(III) complexes are shown in Fig. 1. The general synthesis 
procedures for obtaining the complexes are described in the Electronic 
Supplementary Information (ESI). 

In addition, triethylene glycol divinyl ether (TEGDVE, Sigma 
Aldrich) as a model vinyl monomer and diphenyliodonium hexa-
fluorophosphate (HIP, Alfa Aesar) as a cationic photoinitiator for the 
cationic photopolymerisation process were employed. On the other 
hand, trimethylolpropane triacrylate (TMPTA, Sigma Aldrich) and 2,2- 
dimethoxy-2-phenylacetophenone (OMEGA, Sigma Aldrich) were uti-
lized for a radical photopolymerisation as acrylate monomer and a free 
radical photoinitiator, respectively. In order to explain the decrease in 
the intensity of the luminescence of the studied europium (III) com-
plexes, polyethylene glycol diacrylate (PEGDA 200, Sigma Aldrich) was 
used. The chemical structure of the monomers and photoinitiators are 
presented in Fig. 2. 

2.2. Spectral measurements 

The absorption and luminescence spectra of europium(III) com-
plexes were measured in acetonitrile (Sigma Aldrich), using the Silver-
Nova spectrometer (StellarNet, Inc., USA), in combination with a 
broadband tungsten‑deuterium UV–Vis light source (StellarNet, Inc., 
USA) and a quartz cuvette with 1.0 cm optical path. Following, the 
absorbance data were converted into extinction coefficients. All mea-
surements were conducted at ambient temperature (25 ◦C) in a quartz 
cuvette (path length 10 mm × 10 mm) in the right-angle configuration. 
The optical fiber applied to the transmission of light between the mea-
surement point and the spectrometer was manufactured from PMMA 
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fiber with a 2 mm core (Fibrochem, Poland). 

2.3. Photoluminescence quantum yields for europium(III) complexes 

Photoluminescence quantum yield (PQY) determinations (using the 
spectrofluorometer FluoroMAX 4Plus from Horiba, Kyoto, Japan) were 
conducted using a comparative method using quinine sulphate in 0.5 
mol/L H2SO4 (fluorescence max 456 nm, useful excitation range 
275–400 (max 350) nm, absolute PQY = 0.546 in 0.5 mol/L H2SO4) as a 
standard (Figs. S17–18) [65]. All solutions were prepared in absorption 
range 0.05–0.1 (310 nm) in order to eliminate concentration quenching 
effects and L-42 optical filter (340–420 nm) was employed. The samples 
were excited at 310 nm and the luminescence spectra were acquired 
between 350 and 750 nm. The PQY was calculated as: 

Φ = Φst
n2
(
1 − 10− Ast

) ∫
Iemdv

n2
st

(
1 − 10− A

) ∫
Ist

emdv  

where: 

Φ and Φst – the quantum yield of a sample and the standard 
A and Ast – absorption of a sample and the standard at 310 nm 
∫

Iemdv and 
∫

Iemstdv – integral of fluorescence intensity of a sample 
and the standard 
n and nst – the refractive index of solvent used for a sample and the 
standard. 

2.4. Sample preparation 

Samples for the Fluorescence Probe Technology (FPT) photo-
polymerisation studies were prepared in dark amber glass vials in a dark 
room by dissolving the photoinitiator: diphenyliodonium hexa-
fluorophosphate (HIP) or 2,2-dimethoxy-2-phenylacetophenone 
(OMEGA) and each europium(III) complexes in the monomer accord-
ing to the following proportions in order to obtain the concentration of 
1.0% by weight photoinitiator and 0.1% by weight europium(III) com-
plexes. Prepared samples in glass vials containing the composition were 
individually wrapped in aluminium foil and stored in a dark storage area 
to protect from incidental exposure to daylight. Before measurement, 
two drops of the composition were placed in the middle of a microscope 
slide (75 mm × 25 mm × 1 mm), equipped with two 0.09 mm thick 
spacers located on the slide sides. Then, the slide was covered with 
another microscope slide to form a sandwich structure. These slides 
were compressed with clips over both slides. Afterwards, it was placed in 
the measurement chamber. Prior to measurement, the sample was 
thermostated for five minutes at 25 ◦C. Necessary microscope slides of 
26 mm × 76 mm × 1 mm from Menzel-Glaser were used to prepare thin 
film samples according to ISO 8037/I. Moreover, multiple spacers of 
adhesive paper were used and finally, the thickness of the samples was 
measured using an electronic micrometre. 

2.5. Monitoring luminescence changes 

The FPT apparatus consisted of a sample chamber equipped with a 
SilverNova miniature CCD spectrometer (StellarNet, Inc., USA) con-
nected to a microcomputer for data acquisition and UV-LED emitting 
wavelengths of λmax = 320 nm (UVTOP315-BL-TO39, Roithner Laser-
Technik GmbH, Austria) incorporated in the sensor head. All FPT pho-
topolymerisation reaction experiments were conducted under 
controlled thermostatic conditions. 

For this purpose, a specially designed measuring chamber, imper-
vious to daylight, was equipped with a high accuracy (±0.1 ◦C) ther-
mostatic head. An electronically controlled Peltier cell was used as a 
heat pump to maintain the set temperature inside the chamber. 
Depending on the temperature difference between the inside of the 
chamber and the environment, the cell transfers heat either outside or 
inside the chamber. The measuring head, chamber base, and thermo-
static head were constructed from aluminium, while the walls were 
composed of a piece of 4-inch stainless steel tubing with an outer 
diameter of 101.6 mm and a wall thickness of 2 mm. Besides, Teflon was 
used as a heat insulator inside the chamber and a diode sensing head was 
attached to the base of the chamber. The composition sample was 
directly adjacent to the diode. UV light from the LED illuminated an 
approximately 5 mm spot within the thin film sample. The light from the 
spot was transmitted to the spectrometer via a 2 mm diameter PMMA 
optical fiber. The UV LED was supplied with a constant current of 23 mA 
(~1 mW) from a suitable stabilized DC source. The free radical and 
cationic photopolymerisation processes were conducted at an ambient 
temperature of 25 ◦C using an ITC4020 thermostat (Thorlabs Inc., USA). 
The instrumentation of the measurement system mentioned above has 
already been published previously [66]. 

2.6. Monitoring the photopolymerisation processes by real-time FT-IR 

The cationic and radical photopolymerisation was investigated using 
the real-time FT-IR method along with FT-IR i10 NICOLET™ spec-

Eu(BTA)3(PPP) Eu(NTA)3(PPP)

Eu(BTA)3(Bpy) Eu(NTA)3(Bpy)

Eu(BTA)3(PBT) Eu(NTA)3(PBT)

Eu(BTA)3(PIP) Eu(NTA)3(PIP)

Fig. 1. Structures of the europium(III) complexes.  
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trometer with a horizontal adapter (from Thermo Scientific, Waltham, 
MA, USA). The compositions for photopolymerisation measurements 
were prepared by dissolution of [4-phenyl-2,6-bis(2-pyridyl)pyridine) 
tris(4,4,4-trifluoro-1-phenylbutane-1,3-dione)europium(III)] (Eu 
(BTA)3(PPP) (0.1% w/w)/diphenyliodonium hexafluorophosphate 
(HIP, Alfa Aesar) (1% w/w) in the TEGDVE and TMPTA monomers. All 
compositions were prepared in dark glass vials and stored in dark until 
utilization. Because the decrease of absorption of the peak area is 
directly proportional 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 Eq. (1) 

CFT − IR [%] =

(

1 −
AAfter

ABefore

)

*100% (1)  

where: ABefore - is an area of the absorbance peak characteristic for used 
monomer and type of photopolymerisation before polymerisation pro-
cess, and AAfter - is an area of the same absorbance peak, but after 
polymerisation process. 

The experiments were carried out in laminate, the formulations (25 
μm thick) were sandwiched between two polypropylene films to reduce 
the oxygen inhibition. The values of the characteristic absorbance peak 
for studied monomers were given below for each type of photo-
polymerisation. The evaluation of vinyl group content was continuously 
followed at about 1634 cm− 1 for 900 s (Fig. S45), acrylate group content 
was continuously followed at about 1634 cm− 1 for 900 s (Fig. S46). The 
light source for the real-time FT-IR method for the polymerisation of 
TEGDVE and TMPTA monomers was a diode from Thorlabs Inc., Tampa, 
FL, USA (350 mA, 0.5 mW/cm2). The UV-LED was started 10 s after the 
start of spectral registration. The distance between the irradiation source 
and formulation is 2.1 cm. 

3. Results and discussion 

3.1. Spectroscopic properties of europium(III) complexes 

According to the first step of the conducted experiments, the ab-
sorption and emission characteristics of europium(III) complexes in 
acetonitrile were investigated. The absorption spectra of the analysed 
compounds are presented in Fig. 3, showing that in acetonitrile the 
europium(III) complexes have absorption characteristics in the UV 
range up to 400 nm. Differences in the structure of the europium(III)- 
coordinated ligands are responsible for the varying absorption 

maxima. To demonstrate the exact characterization, the obtained 
spectral data are summarized in Table 1. From the acquired results, it 
was observed that the europium(III) complexes exhibit two absorbance 
bands; one short-wave band found in the range of 200–300 nm, and the 
other long-wave band found in the range of 300–400 nm. 

Fig. 4 illustrates the absorption spectra of europium(III) complexes 
containing the same diketone (4,4,4-trifluoro-1-phenylbutane-1,3-dione 
(BTA) in Fig. 4(A) and 4,4,4-trifluoro-1- (2-naphthyl)butane-1,3-dione 
(NTA) in Fig. 4(B) together with different stabilizing ligands. Then, it 
was observed that the type of stabilizing ligand does not affect the shift 
value of the absorption spectrum, but only its intensity. The highest 
absorbance values are achieved by europium(III) complexes conjugated 
with the stabilizing ligand PBT (Eu(BTA)3PBT and Eu(NTA)3PBT). It is 
about 80,000 [dm3 mol− 1 cm− 1]. On the other hand, the lowest absor-
bance values are reached by europium(III) complexes conjugated with 
the stabilizing ligand PPP (Eu(BTA)3PPP and Eu(NTA)3PPP). 

Furthermore, Fig. 5 shows the changes in absorbance properties due 
to the change of diketone in the structure of europium(III) complexes, 

TEGDVE TMPTA PEGDA 200

HIP OMEGA

O
OO

O

OO

O
OO

O
n

O

O
O

O

PF6
I+

O
O

O

Fig. 2. Chemical structures of the monomers and photoinitiators.  

Fig. 3. UV–visible absorption spectra of the europium(III) complexes in 
acetonitrile. 
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represented by (4,4,4-trifluoro-1-phenylbutane-1,3-dione) and 4,4,4-tri-
fluoro-1-(2-naphthyl) butane-1,3-dione, respectively. The bathochrome 
effect can be observed for all complex compounds coordinated by (2- 
naphthyl)butane-1,3-dione diketone - NTA upon analysis of these data. 

In conclusion, the type of stabilizing ligand in the structure of the 
complex does not contribute to the shift of the absorption spectrum, but 
only to the intensity. On the other hand, the type of diketone in the 
structure of europium(III) complexes affects the value of the absorption 
spectrum shift, and to a small extent the intensity. 

Moreover, the luminescence characteristics of the europium(III) 
complexes were analysed at two different excitation wavelengths: λmax 
= 320 nm and λmax = 365 nm. The following Fig. 6 shows that the 
structure of the analysed europium(III) complexes has an extremely 
significant effect on the luminescence intensity. Each of the obtained 
complexes exhibits europium(III) characteristic red luminescence upon 
irradiation with a UV lamp of maximum wavelength 320 nm. Besides, 
the europium(III) complexes have narrow emission peaks characteristic 
for rare earth complexes. The luminescence intensity of these complexes 
strongly depends on the type of diketone ligand and the stabilizing 
ligand implemented into the structure of the complexes. 

The emission of europium(III) complexes comes from electronic 
transitions within the f shell (4f → 4f). The efficiency of Eu(III) ion 
emission in these compounds depends on the efficiency of LMCT tran-
sition (ligand-metal charge transition), as well as on the electron-donor- 
acceptor properties of the substituents in the structure of ligands coor-
dinated with the central metal. Emission peaks that occur at wave-
lengths: 580 nm, 592 nm, 612 nm, 652 nm, 703 nm correspond to 
electronic f-f transitions. These transitions are: 5D0-7F0 (usually highly 
prohibited), 5D0 ⇨ 7F1, 5D0 ⇨ 7F2, 5D0 ⇨ 7F3, 5D0 ⇨ 7F4, 5D0 ⇨ 7F0, 5D0 ⇨ 
7F0. Of these, the dominant emission occurs at the dipole transition (5D0 
⇨ 7F2) at 612 nm. Nevertheless, the type of built-in diketone substituents 
affects the value of luminescence intensity: in each case, the europium 
(III) complexes coordinated with the BTA diketone generally have a 
higher luminescence intensity than the europium complexes coordi-
nated with the NTA diketone and the same stabilizing ligand 
(Figs. S9–S16). In addition, the PPP stabilizing ligand in the structure of 
the europium(III) complexes has a slight effect on the shift of the 
emission spectrum towards longer wavelengths (Fig. 7). 

Another important luminescent property of the lanthanide complex 
is the quantum yield, defined as the ratio of the number of emitted 
photons to the number of photons absorbed during the excitation of the 
sample. The quantum yield of the studied europium(III) complexes was 
calculated against the standard. In the relative method, the quantum 
yield of the unknown europium complex is compared with that of the 
reference sample, which is selected so that its photophysical properties 
resemble those of the sample. To determine the quantum yield of the 
luminescence of the studied europium(III) complexes, quinine sulphate 
in 0.5 mol/L H2SO4 as a standard was used [65]. The standard must emit 
in the same spectral region as the lanthanide ion. Most of the reference 
materials are organic compounds which show broadband emission, 
while the lanthanide ions show line-like emission. The calculated values 
of relative quantum yield ranged from 13.4% for [(2,2′-bipyridine)tris 
(4,4,4-trifluoro-1-phenyl)butane-1,3-dione)europium(III)] (Eu 
(BTA)3(Bpy)) to as much as 64.7% for [(2-(2-pyridyl)imidazo[1,2-a] 
pyridine)tris(4,4,4-trifluoro-1-(2-naphthyl)butane-1,3-dione)europium 
(III)], (Eu(NTA)3(PIP)). Interestingly, the europium complexes coordi-
nated with tris (4,4,4-trifluoro-1- (2-naphthyl) butane-1,3-dione) euro-
pium (III)] (NTA) generally have correspondingly higher quantum 
yields than complexes coordinated with the same ligands having the tris 
(4,4,4-trifluoro-1-phenylbutane-1,3-dione) europium (III) (BTA) sub-
stituent. The different quantum yield of the obtained europium(III) 
complexes confirms the different intensity of the luminescence of these 
complexes. 
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Fig. 4. UV–visible absorption spectra of the europium(III) complexes consist of the same diketone (A) (4,4,4-trifluoro-1-phenylbutane-1,3-dione) in acetonitrile and 
(B) (4,4,4-trifluoro-1-(2-naphthyl)butane-1,3-dione) in acetonitrile. 

Fig. 5. UV–visible absorption spectra of the europium(III) complexes consist of the same stabilizing ligand (A) PPP in acetonitrile; (B) Bpy in acetonitrile; (C) PBT in 
acetonitrile and (D) PIP in acetonitrile. 
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3.2. Applicability of europium(III) complexes for monitoring cationic 
photopolymerisation 

3.2.1. Changes of luminescence intensity upon cation photopolymerisation 
of TEGDVE monomer 

The potential application of the europium(III) complexes to monitor 
the cationic photopolymerisation using Fluorescence Probe Technology 
(FPT) has been discussed. For this purpose, the model monomer used for 
this purpose was triethylene glycol divinyl ether (TEGDVE), and the 
cationic photopolymerisation initiator was a commercially available - 
diphenyliodonium hexafluorophosphate (HIP). Measurements of 
changes in the intensity of luminescence spectra of europium(III) com-
plexes compounds in the composition were made during the cationic 
photopolymerisation process of vinyl monomer. For measurements UV- 
LED diode with emission wavelength λmax = 320 nm was used. This 
diode was chosen as compatible with the absorption characteristics of 
the commercial photoinitiator diphenyldionium hexafluorophosphate 
(HIP) and the europium(III) complexes. 

Following the results acquired from monitoring the changes in the 

intensity of luminescence spectra during the cationic photo-
polymerisation of the vinyl monomer (TEGDVE) process, a common 
trend was observed for all complexes (Figs. 8 and Fig. S9–S24). All of the 
complexes show a significant change in luminescence intensity. In each 
case, the luminescence intensity after the photopolymerisation process 
is lower than before this process. It is due to the partial decomposition of 
europium(III) complexes in direct relation to the release of a strong 
protic acid at the initiation stage, in this case, hexafluorophosphoric acid 
(HPF6). The pH change to a strongly acidic environment negatively in-
fluences the europium(III) complexes occurring in the polymerisation 
composition. The generated strong protic acid contributes to the 
degradation of a significant part of these compounds. Therefore, the 
investigated europium(III) complex compounds have the potential to 
prove effective as an optical sensor for monitoring the first step of 
cationic photopolymerisation, i.e., initiation, and can probably provide 
information about the rate of protic acid generation during this process 
and can also give information about the released strength during the 
acid initiation step. To confirm these hypotheses, kinetic data of the 
cationic photopolymerisation process were conducted. According to the 

Fig. 6. Luminescence spectra of europium(III) complexes with acetonitrile (A) in excitation 320 nm and integration time 50 s; (B) acetonitrile in excitation 365 nm 
and integration time 400 s. 

Fig. 7. Normalized luminescence spectra of europium(III) complexes with acetonitrile (A) in excitation 320 nm and integration time 50 s; (B) in excitation 365 nm 
and integration time 400 s. 
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results, a significant decrease in luminescence intensity was observed in 
all complexes when monitoring the photopolymerisation of the vinyl 
monomer TEGDVE. The lowest luminescence intensity after the cationic 
photopolymerisation of vinyl monomer (TEGDVE) was observed for the 
compounds [(2-(2-pyridyl)imidazo[1,2-a]pyridine)tris(4,4,4-trifluoro- 
1-phenylbutane-1,3-dione)europium(III)] (Eu(BTA)3(PIP)), and [(2-(2- 
pyridyl)imidazo[1,2-a]pyridine)tris(4,4,4-trifluoro-1-(2-naphthyl) 
butane-1,3-dione)europium(III)] (Eu(NTA)3(PIP)), respectively Imax-A =

759 [a.u.] which is 99.0% of the initial value for Eu(BTA)3(PIP), and 
Imax-A = 1413 [a.u.] representing 98.0% of the initial value for Eu(NTA) 
3(PIP). Their structure is characterized with the same stabilizing ligand 
(PIP) and, respectively for Eu(BTA)3(PIP) diketone (4,4,4-trifluoro-1- 
phenylbutane-1,3-dione) (BTA) and for Eu(NTA)3(PIP) containing in its 
structure 44,4,4-trifluoro-1- (2-naphthyl) butane-1,3-dione) (NTA). This 
means that the least stable complexes are those made of a stabilizing 
ligand in the form of PIP. 

Luminescence normalized intensity (Imax/I0) found at the emission 

maximum at 614 nm peak was used as a parameter of photo-
polymerisation process progress. From Fig. 9, the stability of the studied 
europium(III) complexes to changes in environmental parameters dur-
ing cationic photopolymerisation of the TEGDVE monomer can be 
established. However, it should be noted that the use of this parameter 
does not eliminate the influence of the thickness of the measuring layer 
on the acquired results, thus when using this parameter all measure-
ments should be performed in one standard setting of instrumentation. 

Moreover, depending on the type of substituents in the complexes, it 
was shown that these compounds exhibit different sensitivity and sta-
bility to the changes occurring during the cationic photopolymerisation 
of vinyl monomer, which can be determined by the parameter Imax/I0. 
To compare in a quantitative way what kind of ligands in europium(III) 
complexes affect their sensitivity, the relative sensitivity of the obtained 
compounds was defined using the sensitivity parameter (S). 

S =

⃒
⃒
⃒
⃒
⃒

(
Imax
I0

)

after
−

(
Imax
I0

)

before

⃒
⃒
⃒
⃒
⃒

(
Imax
I0

)

before

⋅100% (2)   

(Imax/I0)after − (Imax/I0)before for the composition after the 
photopolymerisation. 
(Imax/I0)before – value Imax/I0 for the composition before 
photopolymerisation 

Furthermore, a sensitivity analysis of the obtained europium(III) 
complexes was performed, and an additional parameter of relative 
sensitivity was introduced, defining it as the ratio of the sensitivity value 
of the europium(III) complex to the sensitivity value of the most sensi-
tive compound (Eu(BTA)3(Bpy)). The list of acquired data is presented 
in Table 2. Analysis of the sensitivity value of europium(III) complexes 
leads to the conclusion that it is preferable to introduce a stabilizing 
ligand 2,2′-bipyridine (Bpy), into the structure, because Eu(BTA)3(Bpy), 
Eu(NTA)3(Bpy) complexes show the highest sensitivity. The introduc-
tion of other studied ligands such as 2-(2-pyridyl)-1,3-benzothiazole 
(PBT) and 2-(2-pyridyl)imidazo[1,2-a]pyridine (PIP), 4-phenyl-2,6-bis 
(2-pyridyl)pyridine (PPP) reduces sensitivity. 

Fig. 8. Changes of luminescence spectra during cationic photopolymerisation of the TEGDVE monomer under irradiation of 320 nm for (A) Eu(BTA)3(PPP) and (B) 
Eu(NTA)3(PPP). 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40 50

I m
ax
/I 0

Time [s]

Eu(BTATT )₃(PPP)

Eu(NTATT )₃(PPP)

Eu(BTATT )₃(Bpy)

Eu(NTATT )₃(Bpy)

Eu(BTATT )₃(PBT)

Eu(NTATT )₃(PBT)

Eu(BTATT )₃(PIP)

Eu(NTATT )₃(PIP)

Fig. 9. Results of monitoring the cationic photopolymerisation of TEGDVE 
monomer under conditions 320 nm by FPT using the europium(III) complexes 
as fluorescent sensor and the Imax/I0 parameter. 
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3.3. Applicability of europium(III) complexes in free-radical 
photopolymerisation processes 

The possibility of application of europium(III) complexes as optical 
chemical sensors in photopolymerisation proceeding according to the 
radical mechanism was also investigated. As a photoinitiator of free 
radical polymerisation 2,2-dimethoxy-2-phenylacetophenone (OMEGA) 
was proposed. The behaviour of the studied europium(III) complexes was 
checked in the acrylic trimethylolpropane triacrylate monomer (TMPTA). 
Monitoring of the free -radical photopolymerisation process was carried 
out using UV light with a maximum wavelength of 320 nm for all euro-
pium(III) complexes in acrylic monomer (TMPTA). For these purposes, 
the solutions consisted of appropriate europium(III) complexes with 
molar concentrations in the range 1.06 ⋅ 10− 5–9.65 ⋅ 10− 6 mol/L, which 
accounted for 0.1% by weight relative to the whole mixture and the 
photoinitiator - OMEGA with concentration of 1% by weight were pre-
pared. An analysis of changes in the intensity of luminescence spectra for 
europium(III) complexes with the TMPTA monomer was carried out 
during the free-radical photopolymerisation process. During the irradia-
tion of the europium(III) complex compounds, it was observed that they 

showed a maximum emission in the range of 612–616 nm. Based on 
Figs. 10; S25–S30 and Table 3 showing the dependence of the change in 
luminescence intensity on the wavelength, it can be stated that the highest 
luminescence intensity after the polymerisation process in acrylic mono-
mer (TMPTA) is achieved by [(2,2′-bipyridine)tris(4,4,4-trifluoro-1-(2- 
naphthyl)butane-1,3-dione)europium(III)] (Eu(NTA)3(Bpy)) (3953 [a. 
u.]), On the other hand the lowest value of luminescence intensity after 
the polymerisation process is [4-phenyl-2,6-bis(2-pyridyl)pyridine)tris 
(4,4,4-trifluoro-1-phenylbutane-1,3-dione)europium(III)] (Eu(BTA)3(PP 
P)) (329 [a.u.]), which in its structure has 4-phenyl-2,6-bis(2-pyridyl)pyr-
idine (PPP) as a stabilizing ligand and a (4,4,4-trifluoro-1-phenylbutane- 
1,3-dione)europium(III) (BTA). Europium(III) complexes do not show any 
shift in the luminescence spectrum during the photopolymerisation pro-
cess of the acrylic TMPTA monomer. Only Eu(BTA)3(PPP) shows a very 
negligible luminescence shift at 614 nm of only 0.3 [nm]. For this reason, 
the idea was born to study the obtained compounds as sensors for 
determining the thickness of polymer coatings. Table 3 summarizes the 
most important parameters of the recorded luminescence band at 
maximum emission is presented. 

Table 2 
Changes in luminescence spectra of the complexes after cationic photopolymerisation of TEGDVE monomer.  

Compound symbol λmax-B [nm] Imax-B [a.u.] λmax-A [nm] Imax-A [a.u.] |ΔImax| [a.u.] ΔImax [%] Δλmax [nm] (dI0/Imax)/dt t [s] S Swzg 

Eu(BTA)3(PPP)  616.9  46,535  617.3  2848  43,687  94  0.5  0.231  14.6  71.8  0.67 
Eu(NTA)3(PPP)  616.9  39,308  618.2  1709  37,598  96  1.4  0.124  12.7  79.0  0.74 
Eu(BTA)3(Bpy)  615.0  29,301  616.4  2230  27,071  92  1.4  0.197  12.2  107.5  1.00 
Eu(NTA)3(Bpy)  614.6  36,144  616.4  2215  33,929  94  1.8  0.205  13.7  94.7  0.88 
Eu(BTA)3(PBT)  615.0  19,880  616.9  1507  18,373  92  1.8  0.200  9.1  87.9  0.82 
Eu(NTA)3(PBT)  615.0  22,229  616.4  2368  19,861  89  1.4  0.146  10.7  85.4  0.79 
Eu(BTA)3(PIP)  615.0  56,878  617.1  759  56,119  99  2.1  0.619  13.8  89.8  0.83 
Eu(NTA)3(PIP)  615.0  58,427  616.4  1413  57,014  98  1.4  0.304  11.6  85.1  0.79 

λmax-B – position of the maximum luminescence before photopolymerisation process [nm]. 
Imax-B – luminescence intensity for λmax-B [a.u.] 
λmax-A – position of the maximum luminescence after photopolymerisation process [nm]. 
Imax-A – luminescence intensity for λmax-A [a.u.] 
|ΔImax| = Imax-before − Imax-after – difference in luminescence intensity before and after the photopolymerisation process at λmax-B and λmax-A, respectively [a.u.] 
ΔImax – relative change of luminescence intensity [%]. 
Δλmax – position of the maximum fluorescence before and after the photopolymerisation process [nm]. 
(dI0/Imax)/dt – slope of the kinetic curve. 
t – induction time [s]. 
S – sensitivity calculated based on Eq. (1). 
Swzg – ratio of the sensitivity value of the europium(III) complex to the value of the most sensitive compound. 

Fig. 10. Changes of luminescence spectra during free-radical photopolymerisation of the TMPTA monomer (A) under irradiation of 320 nm for Eu(BTA)3(Bpy) and 
(B) under irradiation of 320 nm for Eu(NTA)3(Bpy). 
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3.4. Influence of polymer composition thickness on the free-radical 
photopolymerisation process 

The effect of thickness measurements of polymeric composition 
during free-radical photopolymerisation on the luminescence intensity 

of selected europium(III) complexes was studied. Four europium(III) 
complexes were selected to investigate the thickness of the fabricated 
compositions. The first compound used for this analysis was the Eu 
(NTA)3(PPP) complex, containing 4-phenyl-2,6-bis(2-pyridyl)pyridine 
in its structure. The next compound selected for studies on the 

Table 3 
Changes of luminescence spectra of the complexes studied upon free-radical photopolymerisation of TMPTA monomers.  

Compound symbol λmax-B [nm] Imax-B [a.u.] λmax-A [nm] Imax-A [a.u.] |ΔImax| [a.u.] ΔImax [%] Δλmax [nm] 

Eu(BTA)3(PPP)  613.9  399  614.2  329  70  17.5  0.3 
Eu(NTA)3(PPP)  614.5  2978  614.5  3272  294  − 9.9  0 
Eu(BTA)3(Bpy)  612.7  1681  612.7  1724  43  − 2.6  0 
Eu(NTA)3(Bpy)  612.7  3703  612.7  3953  250  − 6.8  0 
Eu(BTA)3(PBT)  613.0  3694  613.0  3468  226  6.1  0 
Eu(NTA)3(PBT)  613.0  2644  613.0  2726  82  − 3.1  0 
Eu(BTA)3(PIP)  612.7  2765  612.7  2798  33  − 1.2  0 
Eu(NTA)3(PIP)  612.7  2255  612.7  2429  174  − 7.7  0 

λmax-B – position of the maximum luminescence before the photopolymerisation process [nm]. 
Imax-B – luminescence intensity for λmax-B [a.u.] 
λmax-A – position of the maximum luminescence after photopolymerisation process [nm]. 
Imax-A – luminescence intensity for λmax-A [a.u.] 
|ΔImax| = Imax-before − Imax-after – difference in luminescence intensity before and after the photopolymerisation process at λmax-B and λmax-A, respectively [a.u.] 
ΔImax – relative change of luminescence intensity [%]. 
Δλmax – position of the maximum fluorescence before and after the photopolymerisation process [nm]. 

Fig. 11. Dependence of luminescence intensity on coating thickness (A) for Eu(NTA)3(PPP) complexes before and after photopolymerisation of TMPTA monomer; 
(B) for Eu(NTA)3(Bpy) complex before and after photopolymerisation of TMPTA monomer; (C) thickness for Eu(NTA)3(PBT) complex before and after photo-
polymerisation of TMPTA monomer and (D) for Eu(NTA)3(PIP) complex before and after photopolymerisation of TMPTA monomer. 
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thickness of the obtained compositions was the Eu(NTA)3(Bpy) complex. 
Its structure is characterized by the content of a diketone substituent 
with a naphthyl group conjugated to a stabilizing ligand, which was 2,2′- 
bipyridine. The third compound selected for testing the layer thickness 
of the obtained compositions was Eu(NTA)3(PBT). Its structure is 
characterized by the content of the diketone substituent and the pres-
ence of a stabilizing ligand, which was 2-(2-pyridyl)-1,3-benzothiazole. 
The last compound selected for the study of the thickness was the Eu 
(NTA)3(PIP) complex. Its structure is characterized by the content of a 
stabilizing ligand, which was 2-(2-pyridyl)imidazo[1,2-a]pyridine. 

Micrometre screw gauge was used to prepare precise layers with a 
precisely defined coating thickness. Moreover, all of the measurement 
parameters, such as the excitation light intensity and excitation wave-
length, europium(III) complex concentration, geometric measurement 
parameters, etc. were kept constant. The thickness of the sample was 
changed from 0.01 mm to 0.35 mm using different spacers. 

A series of measurements using Fluorescence Probe Technology was 
carried out after exposing the measuring system to a UV-LED diode 
emitting radiation with wavelength λmax = 320 nm in order to evaluate 
the possibility of using selected europium(III) complexes as thickness 
sensors. Fig. 11 shows the relationship between the thickness of the 

polymer sample and the luminescence intensity of the complexes 
emitted both before the photopolymerisation process (blue line) and 
after the photopolymerisation process (pink line). In Fig. 12, the rela-
tionship between luminescence intensity and coating thickness is 
nonlinear with probe concentration. It can be considered linear only at 
small thicknesses, below 5 μm. This nonlinearity is due to the fact that 
the intensity of the excitation light decreases along the coating thickness 
as a result of light absorption. Less luminescence intensity is generated 
from layers far from the coating surface than near the illuminated 
surface. 

Fortunately, the exact relationship between luminescence intensity 
(IL) and coating thickness (b) can be expressed by Eq. (3). 

IL = k⋅фL I0⋅
(
1 − 10− εL ⋅b⋅CL

)
(3)  

where: 

k - proportionality coefficient 
фL - luminescence efficiency 
I0 - the incident light intensity [a.u.] 

Fig. 12. Dependence of luminescence intensity (IL) on the fraction of light intensity absorbed by the sample (1–10− A) (A) for Eu(NTA)3(PPP) complex in TMPTA 
monomer; (B) for Eu(NTA)3(Bpy) complex in TMPTA monomer; (C) for Eu(NTA)3(PBT) complex in TMPTA monomer (D) for Eu(NTA)3(PIP) complex in 
TMPTA monomer. 
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εL - extinction coefficient of the luminescing species at the excitation 
wavelength, in [dm3 mol− 1 cm− 1], 
CL - molar concentration of the luminescing species in [mol dm− 3]. 

Thus, at constant probe concentration (CL), constant excitation light 
intensity (I0), and constant measurement conditions (i.e., the same k) 
where the absorbance (A) gets low, the luminescence intensity (IL) is a 
linear function of the coating thickness (b) 

IL ≅ (2.303k⋅I0⋅εL⋅CL)⋅b (4) 

In order to verify the correctness of the general Eq. (3) at high ab-
sorbances, the absorbance of europium(III) complexes was calculated at 
320 nm (which was the dominant wavelength of light emitted by the UV 
diode used). 

The measurements made it possible to correlate the thickness of the 
polymer coating with the luminescence of the sensor, taking into ac-
count the absorption level of the studied complexes in the TMPTA 
monomer and based on Lambert-Beer's law a curve between 1 and 10− A 

and the metal emission intensity was plotted. The luminescence in-
tensities measured for different sample thicknesses and plotted as a 
function of 1–10− A are shown in Fig. 12. In each case, a linear depen-
dence of luminescence intensity on 1–10− A was obtained for all euro-
pium(III) complexes tested with a high correlation coefficient above 
0.95 at least 7 data points. 

The complex compounds Eu(NTA)3(PPP), Eu(NTA)3(Bpy), Eu 
(NTA)3(PBT) and Eu(NTA)3(PIP) presented above, as well as all others, 
which show low variability of the luminescence intensity parameter at 
the maximum emission of 614 nm during free-radical photo-
polymerisation processes can be added to various compositions. After 
applying the sample and measuring its luminescence, information about 
the thickness of its coating is obtained without measuring the thickness 
with specialized equipment. 

Another application of the europium(III) complex is their use as in-
ternal markers for organic probes to make the measurement indepen-
dent of sample thickness. Based on the obtained results, it can be seen 
that the same trend remains during the measurements. Namely, the 
europium(III) complexes can serve as internal markers, because 
regardless of whether the spectra presented above are before the pho-
topolymerisation process or after the photopolymerisation process, the 
trend is stabled. The europium (III) complexes can be applied as po-
tential internal probes. They can be used as probes due to luminescence 
stability during free-radical photopolymerisation and lack of lumines-
cence spectrum shift during the process. 

3.5. Mechanism of the europium(III) complexes during cationic 
photopolymerisation 

Encouraged by these interesting results, the experiments were sub-
sequently carried out, which should explain the decrease in lumines-
cence intensity during the cationic photopolymerisation of TEGDVE 
monomer and the stability of europium complexes during radical pho-
topolymerisation (Figs. 13 and S39–45). 

For this purpose, four different compositions were prepared and 
measured by FPT techniques. The first sample was the standard pho-
tocurable composition based on fluorescent sensors - [4-phenyl-2,6-bis 
(2-pyridyl)pyridine)tris(4,4,4-trifluoro-1-phenylbutane-1,3-dione) 
europium(III)] (Eu(BTA)3(PPP)), the diphenyliodonium hexa-
fluorophosphate photoinitiator and triethylene glycol divinyl ether as 
vinyl monomers (sensor/HIP/TEGDVE); the second sample had sensors 
dissolved in only vinyl monomer (sensor/TEGDVE); the third sample 
was based on the investigated sensor with the cationic photoinitiator 
dissolved in the non-reactive monomer polyethylene glycol diacrylate 
(sensor/HIP/PEGDA200); and the fourth composition consisted of only 
the sensor Eu(BTA)3(PPP) and the monomer polyethylene glycol dia-
crylate (Fig. 14). 

The first composition, probe/HIP/TEGDVE is a standard composition 

used for monitoring the measurements of the kinetics of the cationic 
photopolymerisation process. The second composition did not contain a 
photoinitiator, iodonium salt, and thus the composition could not 
polymerize. The third composition contained the HIP photoinitiator and 
the non-reactive monomer PEGDA200. In this case, the composition 
cannot be polymerized due to the lack of a reactive monomer. The fourth 
composition is consisted only of the sensor and the non-reactive PEGDA 
200 monomer. All four types of compositions were irradiated with a UV- 
LED diode with a maximum emission of 320 nm (1 mW cm− 2) for 100 s. 
In the case where no photoinitiator was used (sensor/TEGDVE and 
sensor/PEGDA200) a slight decrease in the luminescence intensity of the 
europium complex was observed, which is directly caused by the slight 
photolysis of the europium complex. When the irradiating composition 
consisting of (sensor/HIP/PEGDA200) the decrease in luminescence 
intensity was observed. During this process, the polarity and viscosity of 
the system did not change (Figs. 14–15). Therefore, the changes in 
emission spectra had to be caused by the release of a strong protic acid 
from the diphenyliodonium hexafluorophosphorane (HIP) photo-
initiator during exposure, the photoinitiator photocleaved according to 
a previous report [24]. 

The change in the luminescence intensity of the europium complexes 
with the addition of the HIP photoinitiator can be explained by the 
formation of keto and enol forms of dicarbonyl groups in the europium 
complexes depending on the pH. It is known that the complexation of 
carbonyl groups with rare earth metals is difficult and depends on the pH 
and the concentration of the buffer. Dicarbonyl groups in europium 
complexes exist as an equilibrium between keto and enol forms 
depending on the solvent and pH [67]. In acidic solutions, the ketone 
form prevails and complexation is not possible. As the pH increases, 
complexation is easier but depends on the buffer concentration. 

Fig. 16 shows the kinetic profiles of the composition consisting of 
sensor/HIP/TEGDVE and sensor/HIP/PEGDA200 after reducing the ef-
fect of the photolytic decomposition of the sensor by irradiating it with a 
UV-LED diode with a maximum emission of 300 nm. For this purpose, it 
was assumed that the decrease in the luminescence intensity of the Eu 
(BTA)3(PPP) sensor in the last 20 s of the process results only from the 
photolysis of the sensor. Then, with the help of appropriate kinetic 
models of the photolysis reaction and based on the basic dependencies 
characterizing the phenomenon of luminescence, the change in lumi-
nescence intensity caused by the phenomenon of photolytic sensor 
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decay as a function of the time of exposure of the sample to ultraviolet 
light was determined. The reasoning and the corresponding mathe-
matical transformations for the photolysis process are presented below. 

Photolysis as a first-order reaction can be described by the kinetic Eq. 
(5): 

−
d[S]
dt

= k [S] (5) 

By dividing the variables, Eq. (6) is obtained 

−
1
[S]

d[S] = kdt (6) 

After integration, the dependence of the concentration of the sensor 
in the sample on the time of the photolysis process is obtained (the time 
of the photolysis process was further assumed to be equal to the expo-
sure time of the sample) (Eq. (7)): 

− ln[S] = kt (7)  

[S] = exp ( − kt) (8) 

On the other hand, the dependence of the sensor emission intensity 
as a function of its concentration can be described by the following 
relations: 

I = k
(
1 − 10− A) (9)  

A = εlc (10)  

where: 

A – absorbance. 
ε – molar absorbance coefficient [dm3 mol− 1 cm− 1]. 
l – layer thickness [cm]. 
c – sensor concentration [mol/dm3]. 

The determined dependence of the probe concentration on the 
emission intensity is as follows: 

[S] = c =

⎛

⎜
⎜
⎝

log
(

1 − I
k

)

− εl

⎞

⎟
⎟
⎠ (11) 

For the sake of simplicity, it can be assumed that the dependence of 
the sensor concentration [S] on the sensor emission intensity can be 
described by the following equation: 

[S] = kl (12) 

Substituting the above equation into the relationship ln[S] = − kt 

ln(k1l) = − Kt (13) 

By introducing the sensor emission intensity at time t = 0 [s], the 
following is obtained: 

ln
k1I
k2I0

= − Kt (14)  

ln
(

I
I0

)

= − Kt − ln
(

k1

k2

)

(15) 

Meaning − K = b; − ln
(

k1
k2

)

= a 

ln
(

I
I0

)

= a+ bt (16)  

I
I0

= exp(a+ bt) (17)  

whereby for t = 0 [s]: → I
I0 = 1 → a = 0. 

Due to the slight changes in the luminescence of the sensor due to the 
polymerisation of the composition (change in viscosity, polarity), the 
slope of the curve (coefficient b) was determined using the Eq. (14). Eq. 
(14) was a linear fit for the coefficient a ∕= 0, and then it was reduced to a 
value equal to 0. 

In the time interval from 80 s to 100 s of exposure to the sample, on 
the basis of the known values of ln (I/I0), the value of the coefficient b in 
the equation (Eq. (16), for each of the tested samples) was determined. 
Then, based on Eq. (17), assuming the coefficient a = 0, the change of 
luminescence caused by sensor photolysis was determined for the entire 
time range of exposure of the sample (from 0 s to 100 s). By mathe-
matically subtracting the kinetic profiles of the photolysis reaction from 
the temperature profiles of the photopolymerisation reaction, the exact 
temperature profiles of the photopolymerisation reaction were obtained 
after the compensation of the photolysis effect of the sensor, which is 
shown in Fig. 16. 

After the mathematical reduction of the photolysis effect, it can be 
observed that the blue profile is responsible only for the release of a 
strong protic acid from the HIP photoinitiator. 

3.6. Europium complexes as the “naked eye” sensor to monitor cationic 
photopolymerisation 

The next stage of the research was to carry out the cationic photo-
polymerisation process using the Real-Time FT-IR technique. For this 
purpose, a composition consisting of Eu(BTA)3(PPP)/HIP/TEGDVE was 
irradiated with a UV-LED diode with a maximum wavelength of 300 nm. 

A significant decrease in the luminescence intensity of the studied 
europium complex during cationic photopolymerisation can be used to 
monitor the degree of hardening of the polymer coating. During the 
cationic photopolymerisation process, a change in the colour of the 
europium complex from red to orange (after 10 s), pink (after about 300 
s) to complete photobleaching of the composition (after 900 s) is 
observed. After complete curing (90% conversion), complete photo-
bleaching of the europium complex were observed (Fig. 17). Therefore, 
this complex can be used as a “naked eye” sensor to determine the de-
gree of coating polymerisation. 

On the other hand, it is worth noting that the europium complexes 
are stable in the TMPTA monomer. No significant colour changes of the 
europium complexes were observed during exposure of the composition 
consisting of the europium complex, OMEGA initiator, and TMPTA 
monomer (Fig. 18). Therefore, these complexes can be used as sensors 
for the thickness of polymer coatings on acrylate monomers. 

4. Conclusion 

Herein, novel europium(III) complexes suitable as molecular probes 
for monitoring the cationic photopolymerisation of the vinyl monomer 
TEGDVE have been reported. During this process, no shift in the emis-
sion spectrum has been observed, but only a decrease in the lumines-
cence intensity. Therefore, monitoring of the photopolymerisation 
process of the TEGDVE monomer is possible using the Imax/I0 parameter, 
found at the emission maximum corresponding to the transition between 
5D0-7F2. Furthermore, these probes are primarily responsive to the 
concentration of acid generated during photoinitiation, while changes in 
the polarity and viscosity of the medium have only a minor effect on the 
intensity of the luminescence spectra. 

Finally, in this paper, the application of europium(III) complexes as 
polymer coating thickness sensors in the free radical photo-
polymerisation of TMPTA monomer using FPT technology has been 
introduced. Therefore, the results presented in this paper extend their 
potential application to the coating industry involving destructive and 
waste-generating methods. 
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