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Abstract 

High-temperature polymerization of acrylates involves numerous reactions. A reliable 

quantitative understanding of these reactions allows for producing high quality polymers, and for 

reliably designing, optimally operating, and intensifying the processes that produce the polymers. 

This paper presents an experimental and theoretical study of self-initiated thermal bulk 

polymerization of ethyl acrylate (EA) at 140, 160, 180, 200, and 220 °C. It reports kinetic 

parameter values for five important reactions of high-temperature EA homopolymerization. 

Before this study, only rate coefficients for secondary-radical propagation had been reported for 

EA. Guided by the family type behavior of acrylates, chain transfer to monomer from secondary 

and tertiary �✁✂✄☎✁✆✝✞ ✟-scission, backbiting, and monomer self-initiation reaction rate 

coefficients were estimated from measurements of monomer conversion and polymer average 

molecular weights. The resulting mechanistic model was found to predict monomer conversion 

and polymer average molecular weights satisfactorily over the wide temperature range. The 

estimated values of the EA self-initiation and chain-transfer-to-monomer reaction rate 

coefficients are in good agreement with those predicted by computational quantum chemistry. 
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1. Introduction  

Ethyl acrylate (EA) is used as a monomer, a co-monomer, and a chemical intermediate 

for the synthesis of industrial products. Also, EA is used in the production of other chemicals 

such as dimethylaminoethyl acrylate1, which has applications in pharmaceuticals, dental 

composites, surfactants, and water treatment agents2-4. Poly (ethyl acrylate) (PEA) is an 

industrially important polymer with low glass transition temperature, high elasticity, and 

excellent resistant against breakage. It is used in numerous applications such as water-based latex 

paints and coatings, construction and pressure-sensitive adhesives, coating for textiles, wood and 

paper processing, leather finishing resin, plastic manufacturing, non-woven fibers, and medical 

devices5-7.  

The U.S. Environmental Protection Agency regulations has placed tight limits on the 

volatile organic components of paints and coatings, which has forced the industries to produce 

solvent-borne paints and coatings with a solvent content of less than 300 g·L-1 8-10. To ensure the 

brushability and sprayability8, 11 of these paints and coatings, these industries have had to lower 

the average molecular weights of polymers in their paints and coatings. High-temperature 

polymerization has been conducted widely to produce low-average molecular weight polymers12. 

At high temperature, secondary reactions such as monomer self-initiation, ✟-scission, and 

inter/intra-molecular chain transfer contribute to polymerization appreciably11, 13-19. Monomer 

self-initiation lowers the average molecular weights and decreases the need for conventional 

initiators in free-radical polymerization. 

Reaction kinetics of acrylates in free radical polymerization strongly affect the properties 

of the final polymer products19. Rate coefficients of several reactions such as propagation and 

backbiting in free-radical polymerization of n-butyl acrylate (n-BA) were obtained through the 
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pulsed laser polymerization (PLP) technique20-22. Recently, Vir et al.23-24 conducted high 

temperature PLP (below the boiling point of the monomer) to determine the ✟-scission reaction 

rate coefficient of n-BA. However, at very high temperatures (above the boiling point of the 

monomer) PLP may not yield an accurate value for the ✟-scission reaction rate coefficient23-28. In 

addition, molecular weight distributions (MWDs) of polymers have been analyzed using pulsed 

laser techniques and reversible addition-fragmentation chain transfer chain length-dependent 

termination (RAFT-CLD-T)26 to determine the rate coefficient of free-radical propagation. The 

occurrence of intermolecular transfer to polymer reactions at high temperatures significantly 

lowered the accuracy of PLP-determined acrylate polymerization rate coefficients 19, 29.  

The task of determining polymerization reaction mechanisms and kinetic parameter 

values can be helped with the use of techniques such as nuclear magnetic resonance (NMR) 

spectroscopy, matrix-assisted laser desorption ionization (MALDI)30, spray ionization-Fourier 

transform mass spectroscopy, the free volume theory, and reversible addition-fragmentation 

chain transfer chain length-dependent termination (RAFT-CLD-T)26. Other researchers have 

used a combination of experimental studies and mathematical modeling to determine the rate 

coefficient values 31-33. 

Electronic-level modeling (computational quantum chemistry)34 has great potential for 

predicting reaction mechanisms and kinetic parameter values. Mechanistic modeling can also be 

used to estimate reaction kinetic parameters from measurements of monomer conversion and 

molecular weights, if reaction mechanisms and rate equations are all known. This latter approach 

was applied to estimate kinetic parameters of several reactions of methyl acrylate (MA) and n-

BA10,35-36. It was used to estimate frequency factors and activation energies of n-BA and MA 

self-initiation reactions from monomer conversion measurements 8, 11.  
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This paper presents an experimental and theoretical study of constant-temperature self-

initiated thermal bulk polymerization of EA at 140, 160, 180, 200, and 220 °C, which are above 

the boiling point of EA. The theoretical study involves mechanistic modeling and reaction 

kinetic parameter estimation from measurements of monomer conversion and polymer average 

molecular weights. Before this study, for EA, only rate coefficients for secondary radical 

propagation had been reported. Furthermore, compared to other monomers, substantially much 

less experimental studies on EA have been reported. Based on the family type behavior (FTB) of 

alkyl acrylates, we first obtained reasonable ranges for unknown rate coefficients of EA chain 

transfer to monomer from secondary and tertiary radicals✞ ✟-scission, backbiting, and self-

initiation reactions. These rate coefficients within the ranges were then estimated from the 

measurements. EA self-initiation and transfer-to-monomer rate coefficients are compared with 

the values predicted by computational quantum chemistry. The mechanistic model predictions of 

monomer conversion and polymer average molecular weights are also compared with 

measurements.  

 

2. Experimental Procedures 

EA monomer (>99.5%) stabilized with 20 ppm inhibitor (MEHQ|140-88-5 

MFCD00009188) was purchased from ACROS Co. Stainless steel tubes with 4.8 mL capacity 

(L: 101.6 mm, ID: 7.0 mm, and OD: 9.0 mm) were used as batch mini reactors (Swagelok Inc., 

Huntingdon Valley, PA, USA). Both ends of the mini-reactor tubes were capped with stainless 

steel Swagelok caps, which can tolerate pressures up to 3,300 psig. Before polymerization, the 

monomer containing 20 ppm MEHQ was purified by passing it through an inhibitor removal 

column DHR-4 (Scientific Polymer Products of Ontario, New York), and the inhibitor-free EA 
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was collected in a glass flask. Before loading the mini-reactors with the monomer, the monomer 

in the glass flask capped with a rubber septum was bubbled with ultra-high purity nitrogen 

(>99.999%) for 4 hours to remove any trace of oxygen. To ensure that oxygen did not penetrate 

into the nitrogen-bubbled monomer through the septum, the glass flask was sealed with an 

aluminum foil, and the aluminum foil then was fixed with a rubber band. To load reactors with 

the monomer, a glove box (LC Technology Solution, Salisbury, USA) with an oxygen 

concentration of less than 1 ppm was used. First, all equipment, including the sealed flask 

containing nitrogen-bubbled EA, the reaction tubes, the caps and pipette, were purged by means 

of vacuum-nitrogen purge cycles. Second, the equipment was moved to the main chamber of the 

glove box to load the reactors with the monomer. Third, inside the glove box, 2.5 mL of the 

monomer was loaded into each reaction tube, and the caps were closed and tightened. Fourth, the 

loaded mini-reactors were weighed, and the weights were recorded. Fifth, two mini-reactors were 

placed inside a constant-temperature fluidized sand bath at the same time. The fluidized sand 

bath (Techne F946H SBL-2D manufactured by Alundum and Overspill Flange, USA) has an 

electrical heating element connected to a temperature controller. The desired sand bath 

temperature was set several hours before starting the polymerization to ensure that the sand bath 

has reached its steady-state temperature. The sand bath temperature monitored continuously and 

was found to vary within ±2 °C of the desired steady-state temperature. Our previous studies had 

shown that the temperature of the content of a mini-reactor reaches the sand bath temperature in 

about one minute 8, 11. A heat transfer analysis showed that the heat generated by EA 

polymerization is transferred to the sand very quickly due to the high thermal conductivity (18 

J·K-1.s-1) of the alumina ceramic sand, the high air flow rate (35 cm·s-1), the high thermal 

conductivity of the stainless walls of the mini-reactors37-38, and the high surface/volume ratio of 
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the reactors. Sixth, the two tubes (mini-reactors) were taken out after a desired reaction time and 

were quenched rapidly in a cold-water bath. Seventh, when the temperature of the reactors 

reached the water bath temperature, each reactor was dried and weighed again to ensure that the 

reactor did not have any leakage during the reaction. In the case of a tube leakage, the tube was 

discarded, and the experiment was repeated. Eight, the content of each mini-reactor was emptied 

into a previously weighed aluminum dish. To remove unreacted monomer from the obtained 

polymers, the content of each reactor was dissolved in toluene and dried in a vacuum oven at 40 

°C 8, 11, 17. Ninth, the gravimetric method was used to measure the conversion of monomer to 

polymer [Eq. S1, in Supporting Information (SI)] 8, 11. Tenth, number-average molecular weight 

(Mn) and weight-average molecular weight (Mw) of each sample were measured using gel 

permeation chromatography [Shimadzu High Performance Liquid Chromatography (LC-20AD)] 

with tetrahydrofuran as the mobile phase (SI). 

3. Results and Discussion 

3.1. Experimental Results 

Self-initiated thermal polymerization of EA was conducted in the batch mini-reactors at 

constant temperatures of 140, 160, 180, 200, and 220 °C. Monomer conversion and molecular 

weights of the samples were measured at reaction times of 55, 110, 165, and 220 min at each 

temperature. Figures 1 shows that monomer conversion increases with temperature. At 140 and 

160 °C after 220 min, the conversions of 0.008 and 0.028 were obtained, respectively. At 180 

and 200 °C after 220 min, the conversion increases significantly to 0.217, 0.549, respectively, 

and at 220 °C to 0.8. Also, we conducted self-initiated thermal polymerization of EA at 120 °C. 

However, no conversion of monomer to polymer was observed at this temperature. 
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values and rate equations for n-BA and MA polymerization reactions are given in Ref.8, 11, 39-40. 

Acrylate monomers share significant similarities in terms of polymerization reactions. The same 

reactions occur in the free-radical polymerization of different members of the alkyl acrylate 

family.  

For EA, only the activation energy and frequency factor of the secondary radical 

propagation [2.69×107 L·mol-1.s-1 and 18.80 kJ·mol-1 30, 41] and  a value of  0.72 (L ·

mol☛�. s☛�)✁.✂ for ✞✄ · ✞☎
☛✁.✂ at 25 °C 42 is already available. Bamford et al.42 reported that 

termination by combination reaction rate coefficient can be obtained from gelation observations, 

and termination occurs mostly (✆83.6% at 25 °C) by combination. Fehervari et al.43 also reported 

that for EA the probability of chain termination by disproportionation is 9.6% at 50 °C. While 

high-frequency PLP has provided reliable values for the propagation rate coefficients, ✞✄, of 

many monomers at high temperatures 30, 41, there is no experimental technique yet to determine 

rate coefficients of other polymerization reactions of EA reliably at high temperatures. Both 

secondary and tertiary radicals contribute to chain propagation in high-temperature 

polymerization of EA44. However, no rate coefficient value for EA tertiary radicals chain 

propagation, ✞✄
☎ , has been reported yet.  

The following relationship between the tertiary and secondary propagation rate 

coefficients has been reported for the acrylates family 11, 45:  

✞✄
☎ = ✞✄ × 10☛✝                                                                  (1) 

where ✞✄ is the secondary-radical propagation rate coefficient. Due to the unavailability of a 

reliable value for ✞✄
☎  of EA, we used Eq.1 and the EA secondary-radical propagation rate 

coefficient reported in Ref.30, 41 and calculated ✞✄
☎  for EA. Furthermore, for EA, no values have 
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been reported for the rate coefficients of the other reactions such as ✞☎ (termination of secondary 

radicals), ✞☎,
☎☎  (termination of tertiary radicals), and ✞☎☛,� (chain-transfer-to-polymer). To address 

this problem, we invoked the FTB relationships11, 45 and estimated ✞☎, ✞☎
☎☎ , and ✞☎☛,� rate 

coefficients. Furthermore, we used the FTB relationships to obtain initial estimation guesses for 

chain transfer to ✁✂✄✂✁☎� ✆�✂✁ ✝☎☎✂✄✂✁�✝ ✁✄✂ ✞☎�✞✄✁�✝ �✁✂✄☎✁✆✝✞ ✟-scission, and backbiting rate 

coefficients (✞☎☛,✟, ✠✡☞,✌
✡ , k✍, and ✞✎✎, respectively) and then searched for optimal estimates of 

✞✏, ✞✎✎, ✞☎☛,✟, and ✠✡☞,✌
✡  within ±20% of their FTB values. For example, as ✞✄,✑✒/✞✄,✓✔✒ is close 

to one (0.91–0.93 at 413–493 K), we considered the FTB value of ✞✄ for EA to be approximately 

equal to the ✞✄ value for n-BA11, 45, and searched for an optimal value of ✞✎✎ for EA between 

80% and 120% of the ✞✎✎ value for n-BA.  

The gel and glass effects play a significant role in bulk free-radical polymerization. At 

high monomer conversions, the viscosity of the reaction medium is very high, rendering 

propagation and termination reactions diffusion limited, and thus lowering propagation and 

termination reaction rates. To describe the effects of reaction-medium viscosity increase on the 

polymerization rate coefficients, several different models have been reported46-49. The glass 

transition temperatures of acrylates such as n-BA, EA and MA are very low (–53, –24 and 10 °C, 

respectively50). Since the glass temperature (–24 °C) is lower than the reaction temperature (140–

220 °C), the glass effect was not considered in this study51. However, the gel effect, which is 

reflective of the decline of apparent EA termination rate coefficients with increased reaction 

medium viscosity52-54, cannot be ignored55-57. To account for this drop in the apparent EA 

termination rate coefficients, we used the empirical gel effect model introduced in our previous 

work17: 
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✞☎☞ · ✞☎
☛�

= ✒1 +
✒�
☛✁✒✂ (✞✒✄☎ ✌ 1)✆ exp✒ ☛✒�

☛✁✒✂ (✞✒✄☎ ✌ 1)✆                        (2) 

✞☎☞☎☎ · ✞☎
☎☎☛� = ✒1 +

✒�
☛✁✒✂ (✞✒✄☎ ✌ 1)✆ exp✒ ☛✒�

☛✁✒✂ (✞✒✄☎ ✌ 1)✆                        (3) 

where ✞☎☞  and ✞☎☞☎☎  are the apparent termination rate coefficients, and ✞☎  and ✞☎
☎☎  are the true 

termination rate coefficients. The model parameters (✝�,✝✟, and ✝✝) depend on temperature 

linearly11:  

       ✠✡ =  ✍✡ +  ✎✡✏,      ✑ = 1, 2, 3,    ✠✓ > 0, ✠✔ + ✏ > 0, ✠✕ > 0                                  (4)   

where ✖✗ and ✘✗ are constants.  

Given the set of acrylate polymerization reactions in Table 1 and the method of moments 

rate equations in Ref.58, we derived ordinary differential equations that describe the dynamics of 

the batch mini-reactors. 

To estimate the reaction kinetic and the gel-effect-model parameters from the monomer 

conversion, ✙✓ and ✙✚ measurements, the ordinary differential equations of the mechanistic 

model were integrated with MATLAB8. At each of the specific temperatures (Tj = 140, 160, 180, 

200, and 220 °C),  ✛�,✛✟,✞✗,✟, ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏,✝�, ✝✟, and ✝✝ were estimated by 

minimizing the following sum of squared relative residuals (SSRRs✤) using the ga command of 

MATLAB11: 

 

SSRRs✤ = ✥  ✦✛�,✤ × ✧☎★ ✩☎✗ ,☛✪✫☛☎✬✩☎✗ ,☛✪✫
☎✬ ✩☎✗ ,☛✪✫ ✭

✟
+✛✟,✤ × ✧✮✯,★✩☎✗ ,☛✪✫☛✮✯,✬✩☎✗ ,☛✪✫

✮✯,✬✩☎✗ ,☛✪✫ ✭
✟

+ (1✌✛�,✤ ✌
✰✪
✗✱�

✛✟,✤) × ✧✮✲,★✩☎✗ ,☛✪✫☛✮✲,✬✩☎✗ ,☛✪✫
✮✲,✬✩☎✗ ,☛✪✫ ✭

✟
✳                                                                                 (5) 

where 

 

      ✴✮✵✶✷ ,✸✤✹ = ✴✮✺✻✼✽✵✶✷ ,✸✤ ,✞✗,✟,✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏ ,✝�,✝✟,✝✝✹                                             (6) 
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✙✓,✮✵✶✷ ,✸✤✹ = ✙✓,✮✺✻✼✽✵✶✷ ,✸✤ , ✞✗,✟, ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏,✝�,✝✟,✝✝✹                                       (7) 

✙✚,✮✵✶✷ , ✸✤✹ = ✙✚,✮✺✻✼✽✵✶✷ ,✸✤ , ✞✗,✟, ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏ ,✝�,✝✟,✝✝✹                                      (8) 

 ✴✑✵✶✷ ,✸✤✹, ✙✓,✑✵✶✷ ,✸✤✹, and  ✙✓,✑✵✶✷ ,✸✤✹ are the experimental measurements of monomer 

conversion, ✙✓, and ✙✚ at time ✶✷ and temperature ✸✤, respectively. ✞✤  is number of the samples, 

taken at temperature ✸✤ . ✛�,✤ and ✛✟,✤ are weights with:  

0 < ✛�,✤ < 1,       0 < ✛✟,✤ < 1,  0 < ✛�,✤ + ✛✟,✤ < 1. 

✴✮✵✶✷ ,✸✤✹, ✙✓,✮✵✶✷ ,✸✤✹ and  ✙✚,✮✵✶✷ ,✸✤✹ are, respectively, the values of conversion, ✙✓, and 

✙✚ at time ✶✷ and temperature ✸✤ predicted by the model with ✞✗,✟, ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏ ,✝�, ✝✟, 

and ✝✝ values. 

The parameters ✞✗,✟, ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏,✝�, ✝✟, and ✝✝ were estimated from the measurements 

by following the steps: 

1. ✞✗,✟ , ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏ , ✝�, ✝✟, and ✝✝ at 140 °C were estimated via minimizing the 

SSRRs. The rate coefficient estimates were searched for within [80%, 120%] ranges of 

their corresponding FTB values (if applicable). 

2. ✞✗,✟ , ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏ , ✝�, ✝✟, and ✝✝ at 220 °C were estimated via minimizing the 

SSRRs. The rate coefficient estimates were searched for within [80%, 120%] ranges of 

their FTB values (if applicable). 

3. The activation energy and frequency factor of each of the reactions were calculated from 

an Arrhenius plot of the 140 and 220 °C rate coefficients of the reaction. 

4. ✞✗,✟ , ✞☎☛,✟, ✠✜✢,✣✜ , ✞✎✎ ,✞✏ , ✝�, ✝✟, and ✝✝ at 160 °C were estimated via minimizing the 

SSRRs. The rate coefficient estimates were searched for within [80%, 120%] ranges of 

their 160°C values obtained from the Arrhenius equations obtained in Step 3. 
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Table 1. EA Self-Initiated Polymerization Reactions58. 
Monomer self-initiation 

3✞
☛☞
✆  �✁

✂✂ + �✄
✂✂ 

Backbiting 

�☎
✂✂

☛✝✝
✒✟  �✌☎

✂✂✂  

Chain transfer to polymer 

�☎
✂✂ + ✠✡

✡☛✍✎,✏
✒✑✑✑✟  ✠☎ + �✡

✂✂✂ 

�☎
✂✂✂ + ✠✡

✡☛✍✎,✏
✍

✒✑✑✑✟  ✠☎ + �✡
✂✂✂ 

�✌☎
✂✂✂ + ✠✡

✡☛✍✎,✏
✍

✒✑✑✑✟  ✠☎ + �✡
✂✂✂ 

Propagation 

�☎
✂✂ + ✞ 

☛✓
✒✟  �☎✔✁

✂✂  

�☎
✂✂✂ + ✞ 

☛✓
✍

✒✟  �☎✔✁
✂✂  

�✌☎
✂✂✂ + ✞ 

☛✓
✍

✒✟  �☎✔✁
✂✂  

�☎
✂✂ + ✕✡

☛✖✗✘
✒✑✑✟  �☎✔✡

✂✂✂  

�☎
✂✂✂ + ✕✡

☛✖✗✘
✍

✒✑✑✟  �☎✔✡
✂✂✂  

�✌☎
✂✂✂ + ✕✡

☛✖✗✘
✍

✒✑✑✟  �☎✔✡
✂✂✂  

✙-Scission 

�✌☎
✂✂✂

☛✚
✒✟  �✡

✂✂ +  ✕☎✛✡ 

�✌☎
✂✂✂

☛✚
✒✟  �☎✛✡

✂✂ +  ✕✡ 

�☎
✂✂✂

☛✚
✒✟  �✡

✂✂ +  ✕☎✛✡ 

�☎
✂✂✂

☛✚
✒✟  �✜✛✡

✂✂ +  ✕✡ 

Termination by disproportionation 

�☎
✂✂ + �✡

✂✂
☛✍✢
✒✟  ✠☎ + ✕✡ 

�☎
✂✂ + �✡

✂✂
☛✍✢
✒✟  ✠✡ + ✕☎ 

�☎
✂✂ + �✡

✂✂✂
☛✍✢
✍

✒✟  ✠☎ + ✕✡ 

�☎
✂✂ + �✡

✂✂✂
☛✍✢
✍

✒✟  ✠✡ + ✕☎ 

�☎
✂✂ + �✌✡

✂✂✂
☛✍✢
✍

✒✟  ✠✡ + ✕☎ 

�☎
✂✂ + �✌✡

✂✂✂
☛✍✢
✍

✒✟  ✠☎ + ✕✡ 

�☎
✂✂✂ + �✡

✂✂✂
☛✍✢
✍✍

✒✟ ✠☎ + ✕✡  

�☎
✂✂✂ + �✡

✂✂✂
☛✍✢
✍✍

✒✟ ✠✡ + ✕☎  

�☎
✂✂✂ + �✌✡

✂✂✂
☛✍✢
✍✍

✒✟ ✠✡ + ✕☎  

�☎
✂✂✂ + �✌✡

✂✂✂
☛✍✢
✍✍

✒✟ ✠☎ + ✕✡  

�✌☎
✂✂✂ + �✌✡

✂✂✂
☛✍✢
✍✍

✒✟ ✠☎ + ✕✡  

�✌☎
✂✂✂ + �✌✡

✂✂✂
☛✍✢
✍✍

✒✟ ✠✡ + ✕☎  

Chain transfer to monomer 

�☎
✂✂ + ✞

☛✍✎,✖
✒✑✑✟  ✠☎ +  �✁

✂✂ 

�☎
✂✂✂ + ✞

☛✍✎,✖
✍

✒✑✑✟  ✠☎ +  �✁
✂✂ 

�✌☎
✂✂✂ + ✞

☛✍✎,✖
✍

✒✑✑✟  ✠☎ +  �✁
✂✂ 

 

Termination 

by combination 

�☎
✂✂ + �✡

✂✂
☛✍✘
✒✟ ✠☎✔✡ 

�☎
✂✂ + �✡

✂✂✂
✄☛✍✘

✍

✒✑✟ ✠☎✔✡ 

�☎
✂✂ + �✌✡

✂✂✂
✄☛✍✘

✍

✒✑✟ ✠☎✔✡ 

�☎
✂✂✂ + �✡

✂✂✂
☛✍✘
✍✍

✒✟  ✠☎✔✡ 

�☎
✂✂✂ + �✌✡

✂✂✂
✄☛✍✘

✍✍

✒✑✟  ✠☎✔✡ 

�✌☎
✂✂✂ + �✌✡

✂✂✂
☛✍✘
✍✍

✒✟  ✠☎✔✡ 

De-propagation 

�☎✔✁
✂✂

☛✣✓
✒✑✟ �☎

✂✂ + ✞ 

Chain transfer to macromonomer 

�☎
✂✂ + ✕✡

(✡✛✁)☛✍✎,✏
✒✑✑✑✑✑✑✟  ✠☎ +  �✡

✂✂✂ 

    �☎
✂✂✂ + ✕✡

(✡✛✁)☛✍✎,✏
✍

✒✑✑✑✑✑✑✟  ✠☎ +  �✡
✂✂✂ 

�✌☎
✂✂✂ + ✕✡

(✡✛✁)☛✍✎,✏
✍

✒✑✑✑✑✑✑✟  ✠☎ +  �✡
✂✂✂ 

Chain transfer to solvent 

�☎
✂✂ + ✤

☛✍✎,✥
✒✑✟  ✠☎ + �✦

✂  

�☎
✂✂✂ + ✤

☛✍✎,✥
✍

✒✑✟  ✠☎ + �✦
✂ 

�✌☎
✂✂✂ + ✤

☛✍✎,✥
✍

✒✑✟  ✠☎ + �✦
✂ 

 

5. The same task of item 4 was conducted for 180 and 200 °C. 

6. The final activation energy and frequency factor of each of the five reactions were 

calculated from an Arrhenius plot of the rate coefficient of each reaction at the five 

temperatures. Figure 4 shows an Arrhenius plot of the EA self-initiation reaction with 

✧✗,✟ = 187 ± 2.4 kJ·mol–1 and, ln 
★✗,✟ = 18.6 ± 0.64 (★✗,✟, L·mol–1·s–1). Arrhenius plots of 
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Using density functional theory (DFT), our group had already studied the EA self-

initiation and chain transfer to monomer reactions10, 34, 59-60. Table 4 compares the estimates of 

the EA self-initiation rate coefficient at the five temperatures obtained in this work with the 

values predicted by computational quantum chemistry (PBE0/6-31G)61; it show that the 

mechanistic-model-estimated and the DFT predicted values agree well 10, 60. Kinetic parameters 

of EA chain-transfer-to-monomer reaction had also been predicted using DFT with the B3LYP, 

X3LYP, and M06-2X functionals and the basis sets 6-31G(d), 6-31G(d,p), 6-311G(d) and 6-

311G(d,p)10, 60. The DFT predicted activation energies, frequency factors, and rate constants for 

these two EA-polymerization reactions are compared with the values estimated in this work in 

Tables 5. The table indicates that the estimates of chain-transfer-to-monomer rate coefficients 

obtained in this work are in good agreement with those predicted using M06-2X.  

 

Table 3. Estimates of  ✝�, ✝✟, and ✝✝  at the five temperatures. 

Temperature (°C) 140 160 180 200 220 

✝� (K) 93.11 87.02 78.40 69.93 61.15 

✝✟ (K) 1.61 2.13 2.60 3.22 3.56 

✝✝(✌) 6.21 5.33 4.20 3.14 2.42 

 

 

Table 4. Comparison of EA self-initiation activation energies (✧✗,✟), frequency factors (✞✡,✌), and rate 

coefficients (✞✗,✟) with values predicted by computational quantum chemistry (PBE0/6-31G)61. 

  ✧✗,✟ 

 (kJ mol-1) 

ln ★✗,✟ 

(�☛,✁ , L·mol-1.s-1) 

✞✗,✟  (L·mol-1.s-1) at Temperature (°C) 

 140 160 180 200 220 

PBE0/6-31G61   115.0 1.0 2.5E-15 1.2E-14 4.8E-14 1.7E-13 5.8E-13 

This work  187 18.7 1.5E-16 5.2E-15 2.7E-14 1.9E-13 1.5E-12 
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Table 5. Comparison of EA ✧☎☛,✟, ★☎☛,✟, and ✞☎☛,✟ estimates obtained in this work with predictions 

made by computational quantum chemistry (B3LYP/6-31G, X3LYP, and M06-2X) 10.  

         

Level of theory 
✧☎☛,✟  

(kJ·mol-1) 

ln ★☎☛,✟ 

(✞☛�,✁, L·mol-1.s-1) 

                 ✞☎☛,✟ at Temperatures (°C) 

                  (L·mol-1.s-1) 

 Functional Basis set                    140 160 180 200 220 

D
F

T
 

B3LYP 10 

6-31G(d) 56 12.57 0.02 0.05 0.10 0.20 0.34 

6-31G(d,p) 54 12.80 0.05 0.11 0.20 0.40 0.69 

6-311G(d) 60 12.37 0.01 0.01 0.03 0.06 0.11 

6-311G(d,p) 57 12.78 0.02 0.05 0.10 0.20 0.33 

X3LYP 10 

 

6-31G(d) 57 12.54 0.02 0.04 0.07 0.14 0.26 

6-31G(d,p) 50 12.37 0.11 0.22 0.41 0.71 1.19 

6-311G(d) 56 12.25 0.02 0.04 0.07 0.14 0.24 

6-311G(d,p) 54 11.75 0.02 0.04 0.07 0.14 0.24 

M06-2X 10 

6-31G(d,p) 41 11.75 0.83 1.44 2.40 3.78 5.76 

6-311G(d) 40 11.74 1.10 1.90 3.07 4.81 7.27 

6-311G(d,p) 44 11.78 0.36 0.65 1.11 1.81 2.85 

 This work  35 15.40 2.06 3.25 4.91 7.17 10.17 

 

Tables S1a-h (SI) compare the EA reaction kinetic parameter values obtained in this 

work for each of the five reactions with the lower and upper limits obtained for the same 

reactions using the FTB and parameter values reported in Ref. 16, 28, 39-40, 45, 62-66. As it was required 

in the constrained parameter estimation, the EA rate coefficient values obtained in this study are 

within ±20% of their nominal FTB values at 140, 160, 180, 200, and 220 °C.  

Figures 5, 6 and 7 compare model-predictions and measurements of conversion and the 

average molecular weights. They indicate that the model can predict the properties accurately 

within the wide temperature and time ranges. Figure 8 shows the best conversion predictions that 

without and with the gel effect model, the mechanistic model can make at 220 °C. The prediction 
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without the gel effect model was obtained with kinetic parameter estimates that minimized the 

sum of the relative residuals in the absence of the gel effect model, while the other prediction 

was obtained with kinetic parameter estimates that minimized the sum of the relative residuals in 

the presence of the gel effect model. It is clear that the mechanistic model without the gel effect 

model is unable to predict reliably even with the optimal adjustment of the reaction rate 

coefficients. Figure 9 shows how the ✞☎☞ · ✞☎
☛�

 ratio described by the gel effect model with the 

A1, A2 and A3 estimates, varies with temperature and monomer conversion. As monomer 

conversion increases (temperature increases), the  ✞☎☞ · ✞☎
☛�

 ratio decreases (increases) 

monotonously. 
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4. Conclusions  

Self-initiated thermal bulk polymerization of EA was carried out in mini-batch reactors at 

constant temperatures of 140, 160, 180, 200, and 220 °C. The monomer conversion and polymer 

average molecular weights were measured at different reaction times and temperatures. Kinetic 

parameters of the five EA polymerization reactions were estimated from monomer conversion 

and polymer average molecular weights measurements. In view that eight parameters were 

☎✝✞✄✁✁✞☎✂ ✁✞ ☎✁☎� ✞☎✁✁☎�✁✞✂�☎✞ ✁✄✂ ✟-scission and backbiting are series reactions, these parameter 

estimates were constrained to the ranges obtained from the family type behavior of acrylates. 

The mechanistic polymerization reactor model was found to predict the polymer properties 

satisfactorily. In addition, the estimated values of the rate coefficients of the EA self-initiation 

and chain transfer to monomer reactions were found to be in good agreement with the values 

predicted by computational quantum chemistry. The kinetic parameter values obtained in this 

study enable simulation of polymerization processes, which use EA as a monomer or co-

monomer. The reliable quantitative understanding of the EA polymerization reactions allows for 

designing and producing high quality polymers using intensified processes with optimal 

operating conditions. 
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Acronyms 

DFT Density functional theory 

EA Ethyl acrylate 

FTB Family type behavior 

FRP Free-radical polymerization 

n-BA Normal butyl acrylate  

MA Methyl acrylate 

MWD Molecular weight distribution 

MALDI Matrix-assisted laser desorption ionization 

NMR Nuclear magnetic resonance 

PLP Pulsed laser polymerization 

 

Notations 

Symbol Unit Definition 

✝� K Gel effect model parameter 

✝✟ K Gel effect model parameter 

✝✝ - Gel effect model parameter 

Ei,m kJ·mol-1 Activation energy of reaction i 

✞✄ L.mol-1.s-1 Secondary radical propagation rate coefficient 

✞✄
☎  L.mol-1.s-1 Tertiary radical propagation rate coefficient 

✞☎ L.mol-1.s-1 Termination by secondary radicals 

✞☎
☎☎  L.mol-1.s-1 Termination by tertiary radicals 

k✍ s-1 ✟-scission rate coefficient 

✞✎✎ s-1 Backbiting rate coefficient 

✞☎☛,✟ L.mol-1.s-1 Transfer-to-monomer from secondary radical 

✞☎☛,✟
☎  L.mol-1.s-1 Transfer-to-monomer from tertiary radical 

✞✗,✟ mol-1.s-1 Self-initiation rate coefficient 

✞☎☞  L.mol-1.s-1 Apparent termination rate coefficients by secondary 

radicals 

✞☎☞☎☎  L.mol-1.s-1 Apparent termination rate coefficients by tertiary 

radicals 

✙✓ g.mol-1 Number-average molecular weight 

✙✚ g.mol-1 Weight-average molecular weight 

✙✓,✑ g.mol-1 Measurement of ✙✓  

✙✚,✑  g.mol-1 Measurement of ✙✚ 

✙✓,✮ g.mol-1 Model-predicted ✙✓ 

✙✚,✮ g.mol-1 Model-predicted ✙✚  

✞✤  - Number of polymer samples 

✶✷  min Sampling time instant 

✸✤  K Temperature 
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✛� - Weight factor 

✛✟ - Weight factor 

✴✑ - Measurement of monomer conversion 

Zi - Frequency factor of reaction i 

 

Supporting Information 

Gravimetric Method 

Molecular Weights Measurements  

Figure S1. The GPC calibration curve. 

Figure S2. Arrhenius plots of (a) k✍, (b) ✠☛☛, (c) ✠✡☞,✌, and (d) ✞☎☛,✟
☎ . 

Table S1a. Comparison of the estimates of EA ✠☛☛, (s-1) obtained in this study with the minimum 

and maximum values of EA ✠☛☛ obtained from FTB. 

Table S1b. Comparison of the estimates of EA k✍ (s
-1) obtained in this study with the minimum 

and maximum values of EA k✍ obtained from FTB. 

Table S1c. Comparison of the estimates of EA ✠✡☞,✌ (L.mol-1.s-1) obtained in this study with the 

minimum and maximum values of EA ✠✡☞,✌ obtained from FTB. 

Table S1d. Comparison of the estimates of EA ✞☎☛,✟
☎  (L.mol-1.s-1) obtained in this study with the 

minimum and maximum values of EA ✞☎☛,✟
☎  obtained from FTB. 

Table S1e. Comparison of the estimates of EA ✠✡ (L.mol-1.s-1) obtained from FTB and used in 

this study with the minimum and maximum values of EA ✠✡ obtained from FTB. 

Table S1f. Comparison of the estimates of EA ✞☎,
☎☎  (L.mol-1.s-1) obtained from FTB and used in 

this study with the minimum and maximum values of EA ✞☎
☎☎ obtained from FTB. 

Table S1g. Comparison of the estimates of EA ✞✄
☎  (L.mol-1.s-1) obtained from FTB and used in 

this study with the minimum and maximum values of EA ✞✄
☎  obtained from FTB. 

Table S1h. Comparison of the estimates of EA ✠✡☞,� (L.mol-1.s-1) obtained from FTB and used in 

this study with the minimum and maximum values of EA ✠✡☞,�  obtained from FTB. 
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