
HAL Id: hal-03092617
https://hal.science/hal-03092617v1

Submitted on 4 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Effect of Light Intensity on the Free-Radical
Photopolymerization Kinetics of 2-Hydroxyethyl

Methacrylate: Experiments and Simulations
T. Luu, Z. Jia, Andrei Kanaev, L. Museur

To cite this version:
T. Luu, Z. Jia, Andrei Kanaev, L. Museur. Effect of Light Intensity on the Free-Radical Photopolymer-
ization Kinetics of 2-Hydroxyethyl Methacrylate: Experiments and Simulations. Journal of Physical
Chemistry B, 2020, 124 (31), pp.6857-6866. �10.1021/acs.jpcb.0c03140�. �hal-03092617�

https://hal.science/hal-03092617v1
https://hal.archives-ouvertes.fr


1 
 

The Journal of Physical Chemistry B 2020 124 (31), 6857-6866 

DOI: 10.1021/acs.jpcb.0c03140 

Effect of Light Intensity on the Free Radical 

Photopolymerization Kinetics of 2-Hydoxyethyl 

Methacrylate (HEMA): Experiments and 

Simulations 

T.T.H. Luu a, Z. Jia a,b,  A. Kanaev b, L. Museur a* 

 

a) Laboratoire de Physique des Lasers CNRS UMR 7538, Université Sorbonne Paris Nord, F-93430, 

Villetaneuse, France. 

b) Laboratoire des Sciences des Procédés et des Matériaux  CNRS UPR 3407, Université Sorbonne 

Paris Nord, F-93430, Villetaneuse, France. 

 

Corresponding Author 

* luc.museur@univ-paris13.fr 

00 33 1 49 40 37 24 



2 
 

ABSTRACT 

The effect of UV light intensity on the kinetics of free radical polymerization 2-hydoxyethyl 

methacrylate (HEMA) triggered with phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) 

photoinitiator was investigated experimentally and theoretically. The temporal evolution of the 

conversion yield and polymerization rate was followed by Raman spectroscopy. The experimental 

data were treated with a kinetic model, which takes into account significant diffusion controlled 

processes and termination pathways including bimolecular reaction and primary radical termination. 

This model showed a very good agreement with the experiment in a large range of the UV light 

intensities and shed light on the termination process. In particular, it was show that the primary 

radical termination is dominant for relatively low light intensities below 1 mW/cm², when the 

photoinitiator is weakly consumed during the polymerization process.  
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1. INTRODUCTION 

Nowadays, polymers became key materials in the development of advanced technologies1-4. 

The free radical polymerization (FRP) is one of the main processes currently used for the production 

of polymers or polymers based composites. This reaction is triggered by the production of primary 

radicals as a result of the thermal or photoexcitation of initiating molecules 5.  Compared to 

thermally induced polymerization, photopolymerization leads to shorter curing times and allows the 

spatial control of the reaction. 2D and 3D structures with submicrometer resolution can be thus 

fabricated 6. The FRP mechanism is the result of a complex interplay between initiation, propagation 

and termination reactions. All these reactions occur simultaneously. Their rate constants vary 

significantly as the reaction goes from zero to the complete conversion, resulting in a gradual 

increase in the viscosity of the reaction mixture by several orders of magnitude. The termination 

reactions stop the growing of macroradicals, or living radicals, formed during the propagation step. 

This occurs either by bimolecular reactions as combination, disproportionation or primary radical 

termination (PRT) either by unimolecular reaction such as radical trapping 5. The relative proportion 

of these different mechanisms depends on the functionality of the monomers and is supposed to 

vary during the formation of the polymer network. Mathematical modeling of the polymerization 

kinetics and subsequent comparison with experimental measurements enable a better 

understanding of the interplay between these processes. It gives also access to information difficult 

to obtain through experiments, such as the evolution of the concentrations of radical species during 

the FRP reaction. Numerous models have been developed to quantify the effect of diffusion-

controlled phenomena on the kinetics of polymerization reactions 7-16. All these models attribute the 

autoacceleration of the polymerization rate to the progressive hindering of macroradicals 

movements by diffusional limitations, resulting in a drastic decrease in the termination rate. 

Similarly, the autodeceleration observed at higher conversion yield when the reactive medium 

approaches glass transition, is assigned to the diffusional control of the propagation reaction.  
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However, most of these models do not take into account the competition between different 

termination processes, considering only bimolecular processes between macroradicals. Studies 

analyzing details of the termination modes during FRP process are rare 17-18. From experimental point 

of view, common ways for monitoring the FRP kinetics are based on differential scanning calorimetry 

(DSC) or dilatometry, which are indirect approaches and offer response times of typically 1 second. 

Conversely, the spectroscopic techniques, such as real-time IR or Raman spectroscopies, allow to 

monitor the polymerization process by observation of the C=C double bonds opening during the 

monomer conversion. Their time resolution can be as low as 10 ms allowing polymerization reactions 

occurring in a fraction of a second to be studied 19. Moreover, the confocal Raman spectroscopy can 

also provide a spatial resolution allowing to probe only a few cubic micrometers of the reaction 

medium 20.  

The poly 2-hydoxyethyl methacrylate (pHEMA) is a biocompatible material with many 

applications in biomedicine for fabrication of artificial coronae, contact lenses, drug delivery systems 

or tissue engineering 3, 21-23. Combined with an inorganic component, it is also used to synthesize 

photoactive hybrids with applications in optoelectronics or sensors technology 24-28. The FRP of the 

monomer 2-hydoxyethyl methacrylate (HEMA) with different types of crosslinkers and 

photoinitiators has been therefore studied for a long time and remains today a topical issue 29-31. 

Recently, the ultrafast polymerization of HEMA initiated by high pressure in absence of any initiator 

molecules, in order to obtain material of ultra-high purity, has been demonstrated32-33. Despite its 

many fields of applications, there are very few studies devoted to the analysis and modelling of 

HEMA FRP kinetics at high conversion yield.  In fact, only Bowman's group has proposed a kinetic 

model, based on the free volume theory, to describe the polymerization kinetics of HEMA 11-13. In this 

model, diffusion controlled phenomena are considered in the expressions of termination and 

propagation rate constants. A method is also proposed for experimental measurements of key 

kinetic parameters 34. This approach has recently been successfully used by Achilias et al 35 to study 

the thermally activated polymerization of HEMA at different temperatures (
gT T ) by means of DSC. 
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However, the validity of this model has never been tested for a large range of initiation rates. The 

influence of different termination processes and their evolution when FRP kinetics becomes 

controlled by diffusion phenomena has never been considered either. 

In this article we present the experimental analysis and mathematical modeling of bulk free 

radical photopolymerization kinetics of HEMA. The aim of this study was analyzing both (i) influence 

of UV light intensity on FRP kinetics and (ii) competition between the different termination pathways. 

The FRP process was monitored via Raman spectroscopy in situ, during UV light irradiation of the 

reactive medium. The rate of initiation was varied over more than two orders of magnitude by 

changing the UV intensity. To study how different termination pathways change with the UV light 

intensity, a detailed kinetic model is proposed, including diffusion controlled initiation, propagation, 

and termination reaction. It also considers spatiotemporal variations of the photoinitiator and 

monomer concentrations. All kinetics parameters used in the model were either estimated 

experimentally or taken from accurate independent measurements found in literature. Thanks to 

these simulations we quantitatively evaluated concentrations of species in the reaction medium and 

analyzed how incident light intensity affects termination reactions. 

 

1. METHODS 

1.1. Materials  

Liquid HEMA with purity >99%, was purchased from Aldrich. Before use, oxygen was removed by 

repeated freeze /thaw cycles. Liquid HEMA is frozen using liquid nitrogen, then pump under vaccum 

for few minutes while it is frozen. No further purification has been carried out. Phenylbis(2,4,6-

trimethylbenzoyl)phosphine oxide (BAPO, 97%) purchased from Sigma-Aldrich was used as 

photoinitiator without further purification. It was mixed with HEMA at concentration 0.5 wt% under 

controlled atmosphere.  
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1.2. Experimental methods. 

The photopolymerization kinetics was studied by means of Raman spectroscopy. The monomers 

solution is placed, under controlled atmosphere, between two glass plates separated by L = 250 µm 

using a 1x1 cm adhesive gene frame (Thermo Scientific). This procedure allows avoiding the 

continuous diffusion of atmospheric oxygen trough the sample during the experiment. The UV light 

source was a high repetition rate (10 kHz) UV laser delivering pulses of 7 ns at 355 nm and a 

maximum mean power of 10 mW (CNI MPL-F-355). The laser beam was expended to irradiate the 

whole surface of the sample (figure S1.a). The UV mean power was adjusted by a set polarizers and 

measured by thermopile laser power sensor (Coherent PS 10).  

All Raman spectra were measured at room temperature in backscattering configuration using a 

HR800 spectrometer equipped with a Peltier-cooled CCD detector (Horiba JobinYvon) with spectral 

and spatial resolutions of 0.25 cm-1 and 5 m, respectively. Raman measurements were carried out 

in-situ by focussing the probe beam at 640 nm in the middle of the sample (see figure S1.a in 

Electronic Supplementary Information ESI). 

The FRP of HEMA was monitored from the progressive decrease of intensity of the C=C bond 

stretching band at 1640 cm−1 of the monomer, simultaneously accompanied by the increase in the C-

CH2 band (1455 cm−1) intensity. The spectra were normalized to the intensity of the C=O band at 

1730 cm−1, which was not involved in the polymerization process (figure S1.b in ESI). After the fitting 

of each Raman spectra with a multi peak function, the  conversion yield (CY) of monomer was 

calculated as 36: 

                                          
 

 
0

/
1

/

C C C O t

C C C O t

I I
CY

I I

 

  

                                                         (1) 

where IC=C and IC=O are, respectively, the areas of the (C=C) and (C=O) Raman bands before 

irradiation and at irradiation time t. To calculate the rate of polymerization the CY is first smoothed 
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using rlowess algorithm37. The normalized rate of polymerization is then obtained directly from the 

smoothed conversion yield by the expression: 

 p

d CY
R

dt
                                                                (2) 

In order to have a real time monitoring of the FRP reaction, the Raman spectra were 

registered each 0.5 s. The spectra were treated in automatic mode by Matlab software and the 

extracted bands intensities were used to calculate CY. Each experimental series was repeated at least 

two times to ensure reproducibility of the observed kinetics. 

1.3. Computational methods 

The set of differential equations describing the modeling of the polymerization reaction has 

been implemented in MATLAB and numerically solved using ode23s solver. The CY was directly 

calculated from the concentration of monomer at time t and the rate of propagation from equation 

(2) 

2. MODELLING 

2.1. Kinetics and mechanisms 

Numerous models have been developed to model the kinetics of polymerization reactions 7. 

Basically the polymerization of a monomer M initiated by the excitation of a Norrish type-I 

photoiniator PI can be divided in three main steps 

Initiation:                                 
h

A BPI R R                                                                  (3) 

                                                  1

A
ik

AR M P                                                              (4) 

                                                   1

B
ik

BR M P                                                              (5) 
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Propagation :                             1

pk

n nP M P 

                                                          (6) 

Bimolecular termination by combination or disproportionation: 

                                               ,t bk

n m n mP P D 

  or n mD D                                            (7) 

where 
AR  and 

BR  are the primary radicals formed by the photodissociation of PI, 
nP  represents 

the macroradicals containing n monomer units also called “living” polymers, and Dn denotes the 

“dead” polymer chain also containing n monomers units. The processes described above form the 

basic model of photoinduced free radical polymerization. To account for the experimental results 

presented later, additional termination pathway involving primary radical has been also considered. 

Actually, the primary radicals can also react with the macroradicals by the so called primary radical 

termination process: 

,
or ort PRTk

A B n A n B nR R P R P R P                                                        (8) 

or react with their equivalent to form unreactive dimers, or also recombine to yield PI again: 

  .R R R R     with  orA BR R R                                           (9) 

 
  A BR R PI                                                              (10) 

2.2. Diffusion –controlled reactions  

Termination and propagation. Bowman et al. 12-13, 34 have proposed a model to account 

for the progressive diffusion control of the termination and propagation processes during the 

polymerization reaction. Actually, diffusion control means that kp and kt,b are sensitive to the 

different factors that can affect the viscosity of the reaction medium, such as conversion yield. 

Actually, the bimolecular termination process is diffusion controlled from the very beginning of the 

reaction 38. This reaction is considered to occur in three steps (1) contact between two living radicals 

as a result of translational diffusion (2) segmental reorientation to bring reactive chains ends in close 
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proximity and (3) termination reaction itself. At low conversion, the termination rate is controlled by 

segmental diffusion39. The present model has the advantage of being simple and allowing the 

experimental determination of the different parameters introduced. It is based on the fractional free 

volume 
f which represents the fraction of unoccupied volume in the reaction medium. This volume 

decreases as the reaction proceeds according to: 

     , ,0.025 1f M g M M P g P MT T T T                             (11) 

                            with   
 

1

1
M

M P

CY

CY CY  


 

 
                                                    (12) 

In the above expressions P and M stands for polymer and monomer respectively,   denotes the 

coefficient expansion, Tg the glass transition temperature,   the density and M is the volume 

fraction of monomers. The corresponding values for HEMA are given in table S1 in ESI. The 

expressions of the propagation (kp) and bimolecular termination (kt,b) rate constants are then given 

by :  

 
0

0

,

1 1 1

1 1
exp

p p

p p

f f cp

k k
k A

 

 
  
     

  

                                           (13) 

, , 0

, , 0

,

1 1 1

1 1
exp

t b t b

t res t b t

f f ct

k k
k k A

 

 
  

      
  

                                      (14) 

In these expressions,  kp0 and kt,b0 stands for initial rates constants, i.e. at the very beginning of the 

reaction. The exponential factors Ap and At govern the rate at which propagation and termination 

rate constants decrease with viscosity. Finally, the bimolecular propagation and termination 

processes become diffusion-limited when the fractional free volume reaches the values 
,f cp  and 

,f ct  respectively. In equation (14) kt,res describes the contribution of the reaction-diffusion process 
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on the termination rate constant. Indeed, when macroradical chains are immobilized due to the 

increase of viscosity, the radical sites can continue to propagate through unreacted double bonds 

until they encounter another macroradical. A normal bimolecular termination reaction (eq.(7)) then 

occurs between the two radicals.  The corresponding rate constant ,t resk  is proportional to the 

propagation rate constant and double bond concentration: 

 , [ ]t res rd pk R k M                                                             (15) 

where  Rrd is the reaction-diffusion parameter. In equation (14), the rate constant kt,b is considered 

for bimolecular terminations since the mode of termination, by combination or disproportionation, 

does not influence the kinetics. Moreover, the polydispersity of macroradical chains length should 

lead to a large spread of termination rates. The termination rate constant kt,b considered in this 

modelling is therefore an average over all macroradicals chain-length. All these parameters can be 

determined experimentally from the measurement of the polymerization rate 34.  

Initiation. The polymer network growth affects the initiation reactions (eq. (4) and (5)), 

which  underwent diffusional limitation. Since these processes involve the diffusion of a small radical 

molecules, their rate constants  A

ik  and B

ik  are considered to have the same form as kp (eq.(13)) 11-

12. Thus, we assume that 
i pA A  and 

, ,f ci f cp  . The values of the intrinsic initiation rate 

constants 
0

A

ik  and 
0

B

ik  found in literature are given in table S1 in ESI. 

 Primary radical termination.  The primary radical termination mechanism also involves 

the diffusion of small molecules.  Using the same argument as above, the rate constant 
t PRTk  can be 

considered to have the same form than kp (eq.(13)) 11-12. Therefore, we assume that 
TPR pA A  and 

, ,f c TPR f cp  . Moreover, the primary free-radical termination process is supposed to be diffusion 

controlled from the very beginning of the reaction. Its initial rate constant (kt,PRT 0) is therefore set 

equal to the diffusion constant (kdiff 0) given by : 
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 , 0 0

0

8
t PRT diff

RT
k k


                                                           (16) 

where T is the temperature, R is gas constant and 0 is the macroscopic viscosity of the initial 

monomer solution.   

The detailed material balances equations corresponding to processes described by eq.(3)-(8) 

are given in ESI (table S2).    

3. RESULTS. 

3.1. Experiments 

Photopolymerization experiments have been carried out for UV light intensities covering a 

broad range from 0.01 mW/cm2 to 3 mW/cm2. Under this irradiation, BAPO dissociates to form 

phosphinoyl (
AR ) and benzoyl (

BR ) radicals, which react with monomers initiating the 

polymerization reaction (eqs (4)-(5)). The initiation by each of these radicals takes place at different 

stages of the process because of much different rate constants 7 1 1

0 6 11x10A

ik M s    and 

5 1 1

0 0.9x10B

ik M s   40 and phosphinoyl is consumed first. The effect of incident light intensity on 

the measured conversion yield (CY) and rate of polymerization Rp are respectively reported in figures 

1 and 2 respectively.  Our results showed that the maximum conversion yield CYmax = 0.72  0.03 

does not depend on the light intensity. On the other hand, as figure 2 shows, relatively low 

intensities ≤1 mW/cm² accelerate the reaction kinetics, which results in attaining CYmax at earlier 

times. In contrast, at relatively high intensities above 1 mW/cm2, the rate of polymerization 

approaches a constant value (shown in inset of figure 2). In the frame of the steady state 

approximation, and considering only bimolecular macroradicals termination mechanisms, the rate of 

polymerization Rp  scales with the square root of the initiation rate: 

                                  

0.5

0 0

[ ] /2

[ ]    with  2 [ ]
2

i
p p i

t

PI LR
R k M R f PI I e

k




 

  
 

                  (17) 
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where iR  is the local rate of initiation at the position x = L/2 inside the reaction medium,  the 

dissociation quantum yield of the photoinitiator, f0 the initiator efficiency, α the photoinitiator 

absorption coefficient and I0 the incident UV light intensity.  The experimentally measured rate of 

polymerization deviates from this ½ power law and saturates when UV light intensity exceeds 

0.5mW/cm2. Since the rate of PRT process is independent of light intensity, the observed limitation 

of Rp can be assigned to a growing contribution of primary radicals on the termination reactions 

(eq.(8)) 11, 18.  

The reaction autoacceleration, characteristic of the polymerization process, can be also 

observed in figures 1 and 2. In fact, in the process beginning the polymerization rate is almost 

constant and then increases much faster. This effect is generally attributed to a progressive 

restriction of the segmental and translational mobility of the macroradicals in course of the 

polymerization process, while the mobility of the small monomers is conserved. A consequent 

decrease of the termination rate leads to an accumulation of macroradicals and, therefore, to an 

increase of the propagation rate up to a maximum value Rp, max. At higher conversion yield, an 

increase of viscosity and vitrification of medium restrict the mobility of monomers. In these 

conditions, the rate constant kp decreases as well as the rate of polymerization. 

Compared to differential scanning calorimetry, the use of spectroscopic approaches to probe the 

kinetics of polymerization reaction, as NIR absorption or Raman scattering, cannot ensure that 

isothermal conditions are met because of the absence of temperature control. However, in the 

present experiments we suppress the temperature variations by using a thin slab sample (of 250 

microns thickness) and relatively low UV light power (<3mW/cm2), which sets the reaction half-times 

(time to reach 50% of conversion) to 40 s or longer. Two experimental observations support the 

assumption of small temperature variations in the reaction media. (i) The variation of CY with time is 

the same wherever the sample is analyzed, even close to the interface where convection cooling is 

most efficient. (ii) The maximum conversion yield CYmax does not depend on the UV light power, 
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indicating that the polymerization reactions occur at similar temperatures. Moreover, simulations 

and experiments performed by other groups also support the assumption of a low temperature 

increase in our experimental experiments. For example, Lecamp et al. 41 have simulated the heat 

transfer during the polymerization reaction in a 200 µm thin film of dimethacrylate monomers with 

polymerization enthalpy of 115 J/g. They have concluded that the temperature increase in the film 

does not exceed 1 °C when the reaction half-time is longer than 10 s. By studying polymerization of 

the same dimethacrylate monomer, Kerbouc’h et al. 42  have reported the temperature increase by 5 

°C in a sample of 2 mm thickness irradiated at 365 nm with 1 mW/cm2 power. Although, the 

polymerization enthalpy of HEMA is higher (420 J/g), the heat release is compensated by a slower 

release of heat (half-time of reaction ranging from 40s to 300s) and a finer sample, allowing a low 

temperature increase to be assumed in the present experiments. 

3.2.  Simulations 

In this modeling, the UV pulsed laser used to initiate the reaction is considered as a CW light 

source. Indeed, the rate of side reactions between primary radicals, which might occur during 

irradiation with high intensities, is negligible. Given a mean laser power of 10 mW and a repetition 

rate of fL = 10kHz, the maximum concentration of radicals generated in one laser pulse can be 

estimated to 
7[ ] 3.10 MR  . The reactions between primary radicals (eqs. (9) and (10)) are 

diffusion controlled and their rate can be expressed as 2[ ]rad rad diffR k R

  , whereas the rate of 

initiation is
0 [ ][ ]i iR k R M . Assuming diffusion and initiation rate constants equal to 910diffk   

and 5

0 10ik   M-1.s-1 respectively, we conclude that i rad radR R  . In the range of fluencies used in 

this experiment, a primary radical is therefore more likely to react with a highly concentrated 

monomer double bond C=C ( 0[ ] 8.25M M ) than with any another primary radical. Moreover, 

considering a propagation rate constant 310pk   M-1.s-1 and assuming a living radical concentration 
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of 1[ ] 10nP M  ,  one can see that the characteristic time of disappearance of monomers

 
1

[ ]p nk P


  is much larger than the time between two laser pulses 1/ Lf  . 

The mathematical model used to describe the photopolymerization reaction requires knowledge 

of several process parameters. Some of these data, listed in table S1 in ESI, were found in literature 

and another were obtained directly in present experiments. The rate constants 
0pk  and 

, 0t bk  

governing the evolution of the polymerization rate in the process beginning can be evaluated at low 

conversion yields, when the photoinitiator concentration and propagation and termination kinetics 

rate constants can be assumed to be constant 35. In these conditions, integration of eq. (17)  results 

in:  

 
0

0.5

0 0 0
0

, 0

[ ] /2

[ ]
ln 1 witheff eff p

t b

PI L

f PI I e
CY k t k k

k




 

    
 
 

                     (18) 

A linear fit of ln(1-CY) as function of time for different intensities I0 , allows to obtain 

0 0 , 0/p t bk f k , as shown in figure 3, since values of all the other parameters in eq. (18) are 

known (see table S1 in ESI). For intensities ranging from 0.01 to 1 mW/cm2, this value is constant 

1 1 1/2
0 0 , 0/ 0.72 ( )p t bk f k M s   . Using the rate constant of propagation measured by 

Buback et al. 1 1

0 1288pk M s   43, f0 = 1 and 0.5  44-45, the termination rate constant  

6 1 1

, 0 1.60.10t bk M s  can be estimated. This value is very close to that proposed in Ref. 34. For UV 

intensities higher than 1mW/cm2 this same ratio decreases. Since the intrinsic rate constants 
0pk , 

, 0t bk  and quantum yield of photoinitiator dissociation   are not expected to change, we concluded 

that the radical efficiency factor f0 decreases when UV intensity increases. This means that a larger 

fraction of radicals formed in the primary step of the initiator decomposition participates in side 

reactions that do not lead to formation of the polymer chains. The values 0 0.73f   and 0 0.41f   

have been respectively obtained for the light intensities 2 and 3 mW/cm2. Since primary radical 
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recombination reaction are unlucky in our experimental conditions, the so-called induced 

decomposition of initiator could be responsible of the wastage of photoinitiator molecules 5. In this 

chain transfer reaction, the attack of initiators by propagating radicals leads to the formation of one 

radical 'n nP PI P R R    . The rate of this process is proportional to the concentration in living 

radicals [ ]nP  and increases with the rate of initiation. However, due to the lack of data for the 

photoinitiator and monomer considered in this study, further experiments are required to confirm 

the exact role of this process.  Complementarily to the above rate constants, kinetic parameters rdR

pA , tA , 
,f cp and 

,f ct  describing the diffusion controlled propagation and termination reactions 

were determined and compared in a large range of UV light intensities. This was done following a  

procedure proposed in  34-35 and described in ESI. The obtained kinetics parameters are shown in 

figure 4 and summarized in table S3 of ESI.    As explained above, these kinetics parameters are also 

used in the expressions of the initiation and PRT rates constants.  

The calculated CY and rate of polymerization pR  based on the above determined kinetic 

parameters are shown in figures 1 and 2, including (continuous line) and not (dash line) the PRT 

mechanism. For low UV light intensity 0.1 mW/cm2, both simulations well predict variations of CY 

and Rp with time. However, when the intensity increases the difference between the two predictions 

becomes significant. We notice that neglecting PRT process, the simulation tends to overestimate the 

conversion yield in the vicinity of glassy transition. In contrast, our modelling including PRT 

successfully described CY and Rp with a tolerance of few percent in the whole range of UV intensities. 

 

4. DISCUSSION 

According to figure 4, the reaction-diffusion constant Rrd is the only parameter strongly affected 

by the UV light intensity: it increases almost a factor of 10 to the end of the process. On the other 

hand, tA  and  
,f cp  slightly decrease, and 

pA and 
,f ct seem not affected by the change of UV 
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intensity. The propagation kp and bimolecular termination kt,b rate constants calculated using 

parameters of table S3 (ESI) as function of the CY are plotted in Figure 5. In order to validate the 

results of these simulations, the rate constants kp and kt,b were also measured experimentally in a 

series of independent experiments combining steady state and non-steady state analysis 46-47 (see 

ESI). The values obtained when the UV light intensity is equal to 1 mW/cm2, are represented by 

symbols in figure 5.  They are in good agreement with the rate constants calculated from the model. 

The variation of rate constants during the polymerization reaction can be discussed as follow. The 

propagation rate constant kp remains constant as long as the mobility of the monomers is not 

impeded by the formation of the polymer network; it then decreases when the glass effect occurs. 

One can see that higher is the light intensity higher is the conversion yield value, from which the 

monomers mobility is reduced. This can be related to the molecular weight of the produced 

polymers. The kinetics chain length 
0 /p iM R R  , i.e. the number of time a radical participates in a 

propagation reaction, decreases when the rate of initiation increases. Thus, short and more 

numerous polymers chains formed at high UV intensities have a smaller effect on the monomers 

mobility compared to the longer chains formed at low UV intensities. The rate constant of 

bimolecular termination kt,b in figure 5 shows a more complex behavior. However, the diffusion 

control of the reaction also in this case occurs at higher conversion rate when the intensity increases. 

Consequently, large concentrations of short macroradicals chains (generated at high light intensities) 

facilitate bimolecular termination reactions. From its initial value kt,b0 the rate constant of 

termination drops by two orders of magnitude at CY ≥ 0.25 – 0.3, when the movement of radicals 

becomes the rate-determining step leading to an increase of the polymerization rate. The rate 

constant of termination is then proportional to the rate constant of propagation and monomers 

concentration (eq. (15)). At higher CY, kt,b further decreases proportionally to kp when the 

propagation becomes fully diffusion controlled.  
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When the UV intensity increases the reaction-diffusion constant Rrd  increases from 0.5 to 3.7 

L/mol (figure 4). This last value is in agreement with the value 4rdR  L/mol reported in 13 for 

photopolymerization of HEMA carried out under UV (365 nm) light intensity of 4 mW/cm2.  

Nevertheless, the evolution of the reaction-diffusion constant Rrd with the intensity deserves an 

additional discussion. Russell et al. have proposed two limiting equations for the estimation of Rrd  
48. 

The first equation gives a minimum value Rrd, min supposing that polymer chain ends are rigid and the 

second equation predicts a maximum value Rrd, max when chain ends are supposed totally flexible:   
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
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
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

                                                   (19) 

Here a is the root-mean-square end-to-end distance per square root of the number of monomers 

units,  is the Lennard-Jones diameter of the monomer and jc is the distance between entanglement 

in monomer units, where jc is related to the entanglement spacing in pure polymer jc0 by the relation 

0 / (1 )c c mj j   49. These parameters are tabulated in literature and their values are reported in 

table S1 of ESI. The use of eq. (19) results in 
, min 0.36rdR   and 

, max 9.15rdR   in case of HEMA. The 

values of Rrd found in the present work lie between these two limits. . The observed increase of Rrd 

with the light intensity may indicate a transition from rigid to flexible chain ends. The reaction-

diffusion constant can be consequently considered as a measure of the radical mobility, related to 

the kinetics chain length varied from 80000 at 0.01 mW/cm2 to 4000 at 3 mW/cm2. We notice that 

polymerization experiments performed with thermally activated initiator may support this 

interpretation. Indeed, the decrease of the reaction diffusion constant and, therefore, transition to a 

more rigid system were observed when the reaction temperature increases 35, 50.   This a priori 

counterintuitive effect, correlates well with the reduction of the kinetic chain length when the 

temperature, and the rate of initiation, increase.   
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The modelling allowed understanding the evolution of reactive species in the polymerized 

medium, which generally escape in situ observations. In the following we discuss changes in the 

termination mechanism when the rate of initiation increases. Resuming our previous considerations, 

two different termination reactions can occur during FRP: (1) bimolecular reactions between two 

macroradicals, either by combination or disproportionation mechanisms, leading to the formation of 

dead polymers chains Dn (eq.(7)), and (2) reactions between a macroradical, 
nP  and a primary 

radical, 
AR  or 

BR , leading to dead polymer chains denoted 
A or B nR P  (eq.(8)).  At the end of the 

process, remaining nonreacted macroradicals 
nP  are trapped by occlusion in the polymer network 

underwent vitrification 17.  The evolution, of fractions of macroradicals 
nP , terminated species Dn  

and B nR P , as well as the relative BAPO concentration [BAPO]/[BAPO]0 are represented in figure 6 as 

a function of conversion yield, traced until the maximum experimental value of CYmax =0.72. Because 

of much higher initiation reaction constant (
0 0

A B

i ik k ), phosphinoyl radicals AR
radicals are mainly 

consumed in initiation reactions and mainly benzoyl radicals BR
 participate late in PRT reactions. 

This assumption was confirmed by modelling showed that the concentration of [ ]B nR P  is three 

orders of magnitude higher than that of [ ]A nR P  (figure S3 of ESI). Therefore, the very low proportion 

of A nR P species is not represented in figure 6. As one can see, when CY < 0.55 the polymerization 

reaction essentially produces polymer chains Dn terminated by bimolecular reactions. The PRT 

process is not effective in this range of low conversion yields. A small decrease of the amount of Dn 

chains in this range is explained by a progressive diminution of the propagation rate constant kp and, 

therefore, termination rate constant kt,b (see Figure 5). Since no other termination process is 

efficient, the decrease of Dn concentration is correlated with the increase of macroradicals 
nP  

concentration. This decrease of [Dn] weakened at higher UV light intensities, when the diffusional 

limitation of kp occurred at higher values of CY (figure 5). The PRT process becomes efficient only on 

the last stage of the polymerization process. Indeed, independently on the light intensity the fraction 



19 
 

of B nR P chains increases continuously from CY = 0.55. Table 1 reports fractions of terminated species 

and macroradicals at the end of polymerization process when CY attains CYmax =0.72. Surprising, the 

final fraction of macroradical continuously decreases as the UV intensity increases. Indeed, because 

of a faster medium vitrification, an higher light intensity is supposed to promote radical trapping 51. 

One would also expect B nR P  chain fraction to increase at UV high light intensities, due to a higher 

concentration of primary radicals. Instead, it increased between 0.01 and 0.1 mW/cm2, remained 

stable up to 1 mw/cm2 and decreased when Iuv = 3 mw/cm2.  There is also no marked trends in the 

evolution of the polymer chains fraction Dn: it varied very little when Iuv increased from 0.01 to 1 

mW/cm2 (28-35%), and increased up to 69% when Iuv = 3 mW/cm2. As explained below, fractions of 

terminated species critically depend on the photoinitiator concentration at the end of the process. 

Since the initial value of the rate constant of the primary radical termination process is higher 

than that of bimolecular termination process , 0 , 0t PRT t bk k , it may seem surprising that the primary 

radical termination becomes the main termination pathway only at high conversion yield.  Actually at 

the beginning of the reaction primary radicals  AR
 and BR

 are mainly involved in initiation reactions, 

because the concentration of monomers is high compared to those of radicals: 

,[ ][ ] [ ][ ]i t PRT nk M R k P R   .  Only when the bimolecular termination process becomes strongly 

limited by diffusion, leading to an increase of the living radicals concentration [ ]nP , the primary 

radicals termination process can become significant. More precisely, the effectiveness of PRT process 

depends on two factors: (i) consumption of photoinitiator molecules and (ii) competition between 

PRT and initiation reactions. This last factor can be expressed by a ratio between PRT and initiation 

rates 17:  

, , 0

0

[ ][ ] [ ]

[ ][ ] [ ]

t PRT n t PRT nPRT

i i i

k P R k PR

R k M R k M

  


                                            (20) 
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where 
AR R   or 

BR . In frame of the proposed model, initiation and PRT kinetics are controlled by 

the rate constants ik  and 
,t PRTk  functionally varying in the same way during polymerization process. 

In these conditions, the ratio  /PRT iR R  is nearly proportional to the concentration of macroradicals

[ ]nP . Figure 7 depicts variation of /PRT iR R  for benzoyl radical 
BR  as a function of conversion yield. 

For a given conversion yield, the ratio /PRT iR R  increases when UV light intensity increases from 0.01 

to 1 mW/cm2. However, when IUV = 3 mW/cm2 this ratio begins to decrease. This affects the 

production of 
BR  radicals, and consequently of macroradicals, which falls at high conversion yields 

when UV light intensity increases (see figure S4.b in ESI). Consequently, the benzoyl primary radical 

concentration decreases as it is shown on the insert of figure 7. Accordingly, ratio /PRT iR R  

decreases as well. The PRT reactions stopped when the photoinitiator is fully consumed. The 

remaining macroradicals then slowly recombine through still active bimolecular terminations. As a 

result, their fraction decreases while that of polymer chains Dn increases. Our calculations also 

confirmed that ratio /PRT iR R  for phosphinoyl radicals 
AR  is extremely low (figure 7) and these 

radicals are not involved in the PRT process. 

 Christmann et al. 17 have recently calculated photopolymerization kinetics of diacrylate 

monomer initiated by type-1 photoinitiator. They have underlined an importance of the diffusion 

control reactions and photoinitiator consumption on radical termination processes pathways, which 

confirm results of the present study. On the other hand, they have concluded that bimolecular 

termination is always remained the major termination reaction. Our results show that the situation 

can be more complex in case of a photoinitiator, which decomposition leads to the formation of two 

radicals with strongly different initiation activities. In these conditions, the more active radical mainly 

participates in the initiation reactions, while the radical with a smaller activity is involved in the 

termination reactions taking place at the late stage of the polymerization process. This effect should 

be taken into account by choice of a photoinitiator molecule.  
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We notice that many side reactions could complete modeling of the polymerization process, 

as e.g. macroradicals trapping, chain transfer to monomer, etc. This however may introduce a 

number of unknown parameters, which cannot be directly measured. Our model used a significant 

set of processes sufficient for the description of FRP kinetics. Another point to notice is the beneficial 

using high UV light intensities. We showed that while final conversion yield does not depend on the 

intensity, the polymer composition strongly depend on it. In practice, the use of high UV light 

intensities allows to reduce the fraction of trapped radicals in the polymer sample, which can be of 

interest for biomedical applications. 

 

5. CONCLUSION. 

In this work, kinetics of free radical photopolymerization of HEMA was studied 

experimentally and theoretically modelled in a broad range of UV light intensities from 0.01 to 3 

mW/cm2. The in situ measurements of the monomer conversion yield were performed by Raman 

spectroscopy. The kinetic model was taken into account major diffusion controlled reactions 

(initiation and termination) and termination pathways (bimolecular and via primary radical); all 

process parameters used in the modelling were found in literature and experimentally measured in 

this work. A very good agreement between the experiment and modelling was obtained. The results 

confirm an enhancement of the diffusion control chains propagation and termination processes with 

an increase of the light intensity, which was assigned to a decrease of the kinetic chain length. The 

diffusion controlled propagation and termination reactions and consumption of photoinitiator are 

two main mechanisms affecting the process kinetics. Moreover, the primary radical termination 

becomes the principal termination process if photoinitiator is not completely consumed during the 

reaction. Our results show that phosphinoyl and benzoyl radicals released following BAPO 

photoinitiator decomposition affect respectively mainly initiation and termination reactions because 

of their much different chemical activities. We showed that composition of final polymer strongly 
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depend on the light intensity, effectively reducing amount of trapped radicals in the polymer sample 

at high UV light intensities.    

 

SUPPORTING INFORMATIONS 

Scheme of experimental arrangement, values of physical parameters used in the modelling, materials 

balance equations, rate of polymerization vs conversion yield at different UV intensities, method of 

determination of kinetics parameters, values of kinetic parameters, evolution of the concentrations 

of terminated species and macroradicals vs time at different UV intensity, concentration of 

macroradicals and photoinitiator as function of conversion yield. 
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UV intensity 
(mW/cm2 ) nD  (%)  B nR P (%) nP (%) 

0,01 28 39 33 

0,1 27 56 17 

1 35 56 9 

3 59 36 5 

 

Table 1: Relative fractions of terminated species and macroradicals at the end of 

polymerization process.   
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Figure 1: : Temporal variation of double bond conversion yield at several UV intensities. 

Simulations results with (solid line) and without (dashed line) PRT process are also indicated. 
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Figure 2 : Comparison of experimental and simulated rates of polymerization vs time. Insert 

shows maximum rate of polymerization vs UV intensity. The dashed line traces 1/2 power 

variation of intensity. 
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Figure 3: Factor 0 0 0/p tk f k   (calculated in the process beginning using experimental data) vs UV 

light intensity. 
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Figure 5: Variation of propagation kp and bimolecular termination kt rate constants estimated from 

eqs (13) and (14) vs conversion yield at different UV intensities. The symbols () and (O) show the 

experimentally measured rate constants (IUV = 1 mW/cm2) (see the text for details).  
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Figure 6. Fraction of terminated species and macroradicals as a function of conversion yield. Relative 

concentration of photoinitiator is also shown. 



34 
 

 

0,0 0,1 0,2 0,5 0,6 0,7 0,8
0

2

4

6

8

10

0,0 0,1 0,6 0,7 0,8
0,00

0,01

0,02

0,03

Phosphinoyl radicals R
A

3 mW/cm2

1 mW/cm2

0,1 mW/cm2

0,01 mW/cm2

 

R
t,

 P
R

T
 /
 R

i

Conversion Yield

x100

Benzoyl radicals R
B
 

1 mW/cm
2

0,1 mW/cm
2

3 mW/cm
2

0,01 mW/cm
2

 

B
e

n
z
o

y
l 
ra

d
ic

a
l 
R
° B
 c

o
n

c
e

n
tr

a
ti
o

n
  

(
m

o
l/
L

)

Conversion yield

 

Figure 7: Evolution of ratio /PRT iR R   for benzoyl (solid line) and phosphinoyl (dotted line) radicals 

as a function of double bond conversion at different UV intensities. Insert shows variation of benzoyl 

radical concentration as function of conversion yield. 
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