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Real-time dielectric and infrared measurements were performed to follow the 
photopolymerization reaction of a pentaerythritol triacrylate-based resin. Monomer and polymer 
conversions were followed by Fourier transform infrared spectroscopy (FTIR). Changes in charge 
carrier mobility were analyzed by dielectric relaxation spectroscopy. The measurements were 
made over a range of frequencies between 2 and 107 Hz, with irradiation times varying from 4 to 84 
minutes. The complex electric functions impedance (Z*), complex modulus (M*) and conductivity, 
were used to investigate the relaxation processes. A Cole–Cole model was used to analyze the 
relaxation parameters and the distribution of relaxation time.  
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Polymers with reactive groups are widely used for 
coupling reactions with functional compounds with 
valuable properties such as catalytic activities, 
biological activities and electro-optical properties [1]. 
In situ real-time monitoring of chemical and physical 
changes during processing of reactive polymer-
forming materials is of crucial importance to 
scientists and engineers [2]. Many dielectric studies 
of photopolymerizable resin systems have been 
reported, with several groups trying to relate the 
changes in dielectric properties to chemical and 
physical phenomena that occur during the reaction 
[3-6]. The study of the evolution of the dielectric 

properties of a system undergoing a 
photopolymerization reaction requires a suitable 
technique for monitoring in situ polymeric material 
processing [7]. However, it has become apparent 
that these studies are also able to provide a better 
understanding of the molecular dynamics and 
diffusion processes in these systems [8-12]: 
Electrical spectroscopy of a photopolymerization 
medium measures the total response of changes of 
mobility of various dipole species and ions, which 
contribute to real and imaginary parts of the 
electrical constant on different time scales of 
electrical spectra. The evaluation of the complex 
electrical parameters (impedance Z*, complex 
modulus M*, conductivity) as functions of frequency 
permit detection of the presence of relaxation 
processes in the photopolymerizable resin. In this 
work, we investigate infrared and electrical 
properties during photopolymerization. 
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Figure 2. Infrared spectrum of a photopolymerizable resin 
at room temperature (t = 20 min). 

Figure 3.  FTIR spectra, at the wavenumber range 1550 - 
2000 cm-1, of photopolymerizable resin at different 
irradiation times. 
 

 

 
Figure 1. Molecular structures of the different components 
of the photopolymerizable resin: (a) Eosin Y, (b) MDEA 
and (c) PETIA 

Methods 
 
The photopolymerizable resin used in this study was 
a mixture of three basic components: a sensitizer dye              
Eosin Y (2', 4', 5', 7'- tetrabromofluorescein disodium 
salt, 0.1% w/v, fig. 1a), a cosensitizer N-
methyldiethanolamine (MDEA, 5% w/v, fig. 1b), and 
a multifunctional acrylate monomer pentaerythritol 
triacrylate (PETIA, fig. 1c) which was the solvent of 
the two other reactants. The in situ 
photopolymerization experiment was carried out 
using a 50W halogen lamp. Samples maintained 
contact with air during irradiation. The infrared 
spectrum was recorded in the 400 – 4000 cm-1 range 
using a Perkin-Elmer FT-IR 1000 spectrometer, using 
samples pressed in spectroscopically pure KBr 
pellets. Impedance spectroscopy was performed 
using pellet discs of about 12 mm in diameter and 
1.05 mm in thickness, and measured with a Novo 
Control apparatus working in the frequency range 2 -

107 Hz.  
 
Results and Discussion 
 
Infrared absorption spectroscopy 
 The infrared spectrum of the photopolymerizable 
resin obtained after 20 minutes of irradiation is 
reported in fig. 2. Assignments were made on the 
basis of references [13-16].  
     The peak around 2964 cm−1 corresponds to the C-
H stretching vibration. The intense band observed at 
1730 cm−1 is assigned to the antisymmetric stretching 

vibration of C=O group. Bands at 1636 and 1618 
cm−1 are assigned to the antisymmetric stretching 
vibration of the C=C group. The bands at 1470 and 
984 cm-1 can be assigned to the (–CH) in-plane 
deformation. The bands observed between 1270 and 
1060 cm−1 are ascribed to C–O stretching mode. The 
=CH2 out-of-plane deformation appears at 808 cm−1. 
The spectra, plotted on an absolute absorbance 
scale in the range of 1550 - 2000 cm-1, were 
recorded after 4, 20 and 60 minutes of irradiation 
(fig. 3).  

The reaction of photopolymerization is 
characterized by decrease of the C=C band intensity 
which is proportional to the monomer formation 
rate in the mixture. During the polymerization 
reaction, the area of band appearing at around 1618 
and 1636 cm-1 decreases while the area of band that 
appears at 1730 cm−1 shows no evident change [14]. 
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Figure 4.  Simulation of the C=C band (t = 20 min). 

 
 
Figure 5. Impedance spectra of photopolymerizable resin 
for different times of photopolymerization. 

The C=C antisymmetric stretching vibration band, 
observed at 1618 and 1636 cm-1, was simulated by 
two Lorentzian bands:  The experimental data agree 
well with calculated predictions (fig. 4).  

 
The area of simulated bands decreased with 
increased light exposure time, which improved the 
progress of the photopolymerization reaction. Area 
values of simulated bands registered at several 
irradiation times have been evaluated and listed in 
table 1. 
 
Table 1. Wavenumber at several irradiation times 
 

Wavenumber 
(cm-1) 

Area  at 4 
min 

Area  at 
20 min 

Area at 
60 min 

1618 1141 509 499 
1636 569 560 472 

  
 
Impedance spectroscopy 
Figs. 5a and 5b show the complex impedance spectra 
of the photopolymerizable resin at several irradiation 
times. These spectra are characterized by the 
appearance of semicircle arcs whose pattern, but not 
shape, changes when irradiation times are raised. 
This pattern yields information about the electrical 
processes occurring within the sample and their 
correlation with the sample microstructure when 
modeled in terms of an electrical equivalent circuit 
[17-19]. The equivalent circuit configuration for the 
impedance plane plot is the resistance Rs (contact 
resistance), resistance Rp (polarization resistance) 
and in terms of complex elements: constant phase 
elements (capacity of the fractal interface CPE). The 
impedance of CPE is:  

        (eq.1) 

ZCPE is usually considered to be a dispersive 
capacitance, α is the measure of the capacitive 
nature of the element: if α=1, the element is an ideal 
capacitor, if α=0, it behaves as a frequency-
independent ohmic resistor. 

The real and imaginary components of the whole 
impedance of the circuit were calculated according 
to the following expressions: 

 
 

(eq.2) 

 
 

(eq.3) 
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Figure 6.  Variation of Z' with frequency for 
photopolymerizable resin at different irradiation time. 
 

 
Figure 7. Variation of Z" with frequency for 
photopolymerizable resin at different irradiation time. 

 
Figure 8.  Irradiation time dependence of Ln(σ). 
 

The values of Rs and Rp can be determined from the 
high and low frequency limits of the measured 
impedance spectra, respectively: 
Rs = lim |Z|, ω→∞, Rs + Rp = lim |Z|, ω→ 0. 

The parameter α can be estimated by measuring 
the angle between the line, which passes by centre of 
circle of impedance spectra and origin mark, and the 
real axis. 

The curves of Z' and Z" versus frequency, 
registered at several irradiation times, are fitted by 
eqs. (2) and (3), respectively.  figs. 6 and 7 show the 
variation of Z' and Z" versus frequency at various 
irradiation times, respectively, together with fits to 
the equivalent circuit. All fitted curves at each 
irradiation time shows good conformity between 
calculated lines with the experimental data, 
indicating that the suggested equivalent circuit 
describes the sample–electrolyte interface 
reasonably well. 

The parameters Rp, Rs, A0 and α have been 
simulated using a mean square method. All the 
capacitance values fell in the range of pF. The 
values of equivalent circuit elements have been 
evaluated and listed in table 2.  
 
Table 2. Values of equivalent circuit elements 
 

t (min) Rp(Ω)107 A0(F)10-11 α 
4 
7 

16 
24 
29 
34 
39 
44 
74 
84 

4.405 
32.38 
77.27 
88.38 
91.76 
333.4 
403.1 
513.3 
801.4 
14432 

1.681 
1.241 
1.004 
0.989 
0.863 
0.777 
0.801 
0.975 
0.803 
0.801 

0.947 
0.960 
0.966 
0.967 
0.969 
0.970 
0.971 
0.964 
0.966 
0.971 

 
The electrical conductivity, σp = e/RpS, (where S 

is the electrolyte–electrode contact area and e is the 
thickness of the sample) plotted against the 
irradiation time is shown in fig. 8. This figure shows 
a decrease of the conductivity as the 
photopolymerization reaction progresses: 2.11x10-8 
and 1.16x10-10 Ωcm-1 for 4 and 84 minutes, 
respectively. This result is correlated with the 
previously reported increase in viscosity [20]. Next, 
the change of the conductivity with an irradiation 
time shows two regions below and after 30 minutes. 
The first (t < 30min.), related to the monomer 
motion, is explained by the abundance of the 
monomer in this sample. After 30 minutes, the 
conduction imposed by the polymer became 
abundant with increasing irradiation times. 
However, all parameters remained approximately 
constant at great irradiation times indicating the 
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Figure 9.  Irradiation times dependence of the constant 
phase element (A0). 

 
Figure 10. Irradiation times dependence of the fractional 
exponent α. 
 

 
Figure 11. Plots of normalized (M"/M"max) versus log(f). 

 
Figure 12. Dependence of Ln(fp) on Irradiation times 
for photopolymerizable resin. 
 

end of the photopolymerization reaction. In fact, the 
IR spectroscopy study shows the decrease of the 
monomer abundance in sample, which can reduce 
the material conduction. The variation of the A0 (fig. 
9) and fractional exponent α (fig. 10) at various 
irradiation times confirmed the occurrence of the 
changes of the resistance σp at t=30 minutes.  

3.3. Modulus analysis 
 
The modulus formalism is particularly suitable to 
extract phenomena such as electrode polarization 
and conductivity relaxation times [21,22]. The 
complex electric modulus can be represented by the 
following equation:  

    (eq.4) 
In this equation, C0 is the vacuum capacitance of the 
cell. fig. 11 shows the variation of normalized 
imaginary part of the electrical modulus M"/M"max as 

a function of frequency for photopolymerizable 
resin at several irradiation times. M"/M"max shows a 
slightly asymmetric peak at each irradiation times. 
The peak shifts toward smaller frequencies with 
increasing irradiation times. At the peak the 
relaxation is defined by the condition: ωmτm = 1, 
where τm is relaxation time at the peak. 

fig. 12 gives the irradiation time-dependence of the 
frequency relative to M"/M"max.  

     (eq.5) 
The change of the relaxation frequency fp with an 
irradiation time shows two regions below and after 
30 min. The first (t < 30min), related to the 
monomer motion, and the second one connected to 
the polymer. This result was confirmed by 
impedance analysis. 
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Conclusion 
 
In this paper, the photopolymerization and the 
electrical properties of the photopolymerizable resin 
were studied at different irradiation times. The 
reaction of photopolymerization was 
spectroscopically monitored as the decrease of the 
C=C band. The analysis of the frequency dispersion 
of the real and imaginary components of the complex 
impedance allowed us to determine an equivalent 
electrical circuit for the electrochemical cell with 
photopolymerizable resin. The variations of the 
values of the elements corresponding to equivalent 
circuit with irradiation time confirmed the 
occurrence of the change in the conductivity at 30 
minutes. We attribute this to the decrease in 
monomer abundance in the sample.  
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