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A B S T R A C T   

There is a great interest in replacing traditional oil-based monomers with more renewable bio-based ones. 
However, their replacement in current formulations is not straightforward. Herein, we investigate the origin of 
the microstructural differences of the homopolymers of 2-octyl acrylate (2-OA, bio-based) and its isomer 2-ethyl-
hexyl acrylate (2-EHA, oil-based) synthesized by emulsion polymerization through Density Functional Theory 
calculations (DFT) and a kinetic Monte Carlo study. DFT calculations show that hydrogen abstraction from the 
polymer backbone in 2-EHA homopolymer is predominant comparing to the chain transfer to polymer reaction in 
the side chain, while this trend is inverse for 2-OA homopolymer. The Monte Carlo model is able to fit well the 
experimental data of both homopolymerizations, and predicts the microstructural differences between the two 
systems, namely; higher amount of gel and molar mass of the gel in 2-OA homopolymerization.   

1. Introduction 

Climate change and depletion of natural resources are the driving 
forces for the development of more sustainable solutions in the pro-
duction of polymeric materials. For instance, in the coating and adhesive 
industry, there has been a shift from solvent-borne to water-borne 
products to reduce the emission of volatile organic compounds. This 
has led to the development of techniques such as emulsion polymeri-
zation in industrial scale. Yet, there is still the challenge of transitioning 
from the traditional petroleum based monomers to the more sustainable 
and renewable bio-based ones [1]. 

There are many sources of bio-based monomers. Plant oils, terpenes, 
carbohydrates and lignin derivatives are among the most abundant 
sources for bio-based molecules that can be chemically transformed to 
produce monomers [2]. A very common method to produce bio mono-
mers is to separately obtain a bio-based unsaturated acid and a bio based 
alcohol, and then carry out an esterification reaction to obtain the 
monomer. Like this, some monomer families such as itaconates, mal-
eates, fumarates or crotonates can be produced 100 % from renewable 
sources [3–5]. However, using these monomers can be a great challenge, 
as more often than not, their low propagation rates and unfavorable 

reactivity ratios with other monomers make them not suitable to pro-
duce the desired polymers [6]. Acrylates and methacrylates on the other 
hand offer great reactivity, but they are not easy to obtain completely 
from bio-based sources. Acrylic and methacrylic acid can be completely 
produced from biomass in lab scale [7,8], but they are still no readily 
available in commercial scale, so in most cases the petroleum-based 
acids are used instead. Thus, partially bio-based acrylates and methac-
rylates (produced from oil-based (meth)acrylic acid and a bio-based 
alcohol) can offer an acceptable compromise between their bio- 
content and their availability and industrial applicability (at least until 
the bio-sourced routes are commercially available). 

Within this strategy, 2-octyl acrylate (2-OA) is a promising candidate 
to be used in the production of (partially) bio-based adhesives and 
coatings [9–11]. The production of this monomer via (trans)esterifica-
tion of acrylic acid (or derivative esters) with bio-based 2-octanol has 
already been industrialized and commercialized [12,13], and the final 
monomer has around 73% of bio-sourced carbon. Structurally, it is an 
isomer of the widely used commercial oil-based monomer 2-ethylhexyl 
acrylate (2-EHA) and the only difference between their structure lies on 
the position and length of the branch on the ester, as showed in Fig. 1. 

Due to their structural similarity, it could be tempting to assume that 
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their behavior during the polymerization would be the same. However, 
Badía et al. showed that there are significant differences on the micro-
structure of the pressure sensitive adhesives formulated with bio-based 
2-OA instead of 2-EHA [9]. The pressure sensitive adhesives (PSA) in the 
mentioned work were synthesized by semibatch emulsion polymeriza-
tion at 70 ◦C in which bio-based monomers 2-OA and isobornyl meth-
acrylate replaced a typical formulation of the PSA (2EHA:MMA:AA 
(84:15:1 wt%)). They reported a higher gel fraction (degree of cross-
linking) and soluble molar mass in the bio-based system, which forced 
them to use chain transfer agents to control the microstructure. Later, 
Barrenetxe et al. did a more systematic comparison between the emul-
sion homopolymerization of these two monomers, as well as with their 
methacrylic equivalents [14]. They observed that despite the similar 
overall polymerization kinetics (in terms of conversion), the final 
microstructure was different. Once again, they found that the gel frac-
tion was higher for 2-OA, but not only that, the molar mass corre-
sponding to this population was higher too. Interestingly, the total 
degree of branching (calculated quantifying the quaternary carbon by 
13C NMR) was higher for 2-EHA. 

All the microstructural differences were attributed to chain transfer 
to polymer reactions (inter and intramolecular). Acrylates are known for 
having intra and intermolecular hydrogen abstraction on the main chain 
[15–17], which can lead to short and long chain branching and cross-
linking points in the polymer. However, these two monomers each have 
an additional labile hydrogen in the methine (CH) group on the side 
chain after polymerization (see Fig. 1), that can also be abstracted by 
intermolecular chain transfer to polymer reaction. The authors argued 
that this hydrogen should be more labile in 2-OA compared to 2-EHA, 
because it is closer to the oxygen, and that this explains that both the 
gel fraction and molar mass of the gel are higher for 2-OA homopolymer. 

In this work, we assess the above hypothesis on the origin of the 
microstructural differences between 2-EHA and 2-OA using Density 
Functional Theory (DFT) calculations. The activation energy of 
hydrogen abstractions by intermolecular chain transfer to polymer re-
actions in the polymer backbone and side chains of the homopolymers of 
2-OA and 2-EHA as well as the ratio between the corresponding rate 
coefficients were calculated. In light of the DFT results, a Monte Carlo 
model for seeded semibatch emulsion polymerization was used to fit the 
experimental data. Modeling these two monomers is challenging, as 
there is a notable lack of reported rate coefficients for most of the re-
actions. Therefore, in this approach we borrow some of the missing rate 
coefficients from similar monomers such as n-butyl acrylate and esti-
mate the most sensitive parameters to fit the kinetics, branching density 
and complete molar mass distribution of the polymer. Note that herein 
we do not intend to report accurate values for the estimated kinetic 
parameters, but to explain the origin of the microstructural differences 
between these two similar monomers. 

2. Synthesis and characterization of the latexes 

The experimental data of the homopolymerizations of 2-EHA and 2- 

OA by seeded emulsion polymerization was obtained from ref 14 (see 
Supporting Information section S.1 for a summarized description). Here, 
briefly the polymerization conditions and characterization methods are 
described. For more details, the reader is referred to the mentioned 
work. 

The polymerizations were carried out at 70 ◦C by seeded semibatch 
emulsion polymerization. The seed was made of polystyrene (81 nm), to 
avoid chain transfer to the seed polymer chains. A thermal water-soluble 
initiator (potassium persulfate, KPS) was used to initiate the polymeri-
zation. The acrylate monomer was fed to the reactor during 3 h and an 
additional hour of postpolymerization was allowed. The latexes had a 
final solids content of 30% and particle sizes of around 250 nm. During 
the polymerization, small aliquots (2–3 mL) were withdrawn for 
characterization. 

Conversion was calculated from measuring the unreacted monomer 
by gas chromatography. Z-average particle size diameters were 
measured by Dynamic Light Scattering. The branching density (BD, 
defined as the number of quaternary carbons to nonbranched carbons) 
was measured by quantifying the percentage of quaternary carbon by 
solid-state 13C NMR following previously reported procedures [18–20]. 
It was calculated as the ratio between the quaternary carbon at 48 ppm 
to the methyl peak at 13 ppm (see Equation 1) and the standard devi-
ation (SD) of the measurement was calculated as reported by Cas-
tignolles et al. using equation 2 [19]. 
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where I(Cq) refers to the integral of the quaternary carbon peak, I(CCH3) 
refers to the integration of the methyl peak in the side chain, SNR is the 
signal-to-noise ratio and Δfq and ΔfCH3 are the width of the spectral 
range of I(Cq) and I(CCH3), respectively. The signal-to-noise ratio was 
calculated using the SNR calculation script in MestReNova (v. 
11.0.4–18998) using the region between 200 and 220 ppm for the 
baseline. 

Absolute molar mass of the complete molar mass distributions were 
measured by Asymmetric-Flow Field-Flow Fractionation (AF4) in com-
bination with Multi Angle Light Scattering (MALS) and Refractive Index 
(RI) detectors (all from Wyatt Technology, Santa Barbara, CA). The gel 
content was measured by two methods: soxhlet extraction and from the 
Refractive Index chromatogram of the AF4 measurements. Soxhlet 
extraction was carried out for 24 h using THF in reflux as solvent and the 
gel fraction was calculated gravimetrically and defined as the non- 
soluble fraction [15,16]. In the AF4 method, the gel was measured by 
integrating the area of the Refractive Index chromatogram of the sol 
(low molar mass mode) and gel (high molar mass mode) fractions and 
calculating their relative weight. The criterion to choose the integration 
limits was that all polymer with weight average molar mass (Mw) higher 

Fig. 1. Chemical structure of poly(2-octyl acrylate) (left) and poly(2-ethylhexyl acrylate) (right) with marked labile H atoms.  
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than 108 g mol− 1 was considered gel. This criterion was selected so the 
results could be compared to gel fraction in the Monte Carlo model, 
which considers the high molar mass modality of the full molar mass 
distribution as gel which is equivalent of considering the limit of 
108 g mol− 1.A detailed example of the calculation of the gel content by 
the AF4/MALS/RI data is explained in section S.2 of the Supporting 
Information (SI). 

3. Monte Carlo model of the seeded semibatch emulsion 
homopolymerizations of 2-OA or 2-EHA 

Several works have shown the use of Monte Carlo models to simulate 
the (semi)batch (mini)emulsion polymerization in different systems 
considering mono [21–25] or polydispersed particle size distribution 
[26,27]. Herein, Monte Carlo (MC) simulations previously reported [25] 
for miniemulsion polymerization were upgraded and used for the seeded 
semibatch emulsion polymerization. Here, we present a brief explana-
tion of the important aspects of the simulation, for more details the 
reader is referred to the mentioned reference. The kinetic Monte Carlo 
algorithm proposed by Gillespie [28] was implemented in the model in 
which the experimental rate coefficients are transformed into stochas-
tical rate coefficients using a control volume and Avogadrós number. 
The propensity of each reaction is its rate. The probability of each re-
action is defined as its rate over the sum of all reaction rates. Using 
random numbers and the probabilities, the next reaction and time in-
terval between two reactions are calculated. In this simulation 
approach, the initial control volume is defined by the seed particle 
volume (a monodisperse seed latex and no secondary nucleation is 
considered in the model, the later assumption is supported by the 
experimental evolution of the number of particles through the reaction, 
see Figure S.4) and the growth of the seed particles during the semibatch 
emulsion polymerization was accounted in the model. One particle with 
its corresponding water phase is considered in the simulations. The 
solids content defines the control volume of the water phase. The control 
volume of the water phase and organic phase updates at each time in-
terval according to the feeding rates. Each particle exchanges matter 
with its own water phase. Monomer partitioning was calculated using 
partition coefficients, which are considered constant trough the reac-
tion. The model accounts for reactions in both aqueous and particle 
phases, entry and exit of radicals were considered as well as calculation 
of the average number of the radicals per particle, in each simulation 
only one particle with its water phase was simulated. Radical entry was 
considered to occur by diffusion of surface active oligoradicals and by 
precipitation of oligoradicals when they become insoluble. Molar solu-
bility of all species in the aqueous phase was followed using the 
approach proposed by Zubitur et al. [29] as described in reference [25]. 
In order to get results with statistical meaning, the simulation were 
repeated 20 times, which is equivalent of simulating 20 particles. The 
model was coded in Fortran under Linux and simulation of each particles 
takes about 5–6 h in a PC with 16 cores Intel(R) Xeon(R) CPU E5620 
@2.40 GHZ. A more detailed description of the kinetic scheme, pa-
rameters and kinetic coefficients is presented in section S.3 of the Sup-
porting Information. 

4. Details of the DFT calculations 

The usefulness of quantum chemistry in the determination of reac-
tion kinetics in radical polymerizations has been previously established 
[30–34]. 

In this work, all geometry optimizations were carried out within 
density functional theory (DFT) using the M062X functional [35] com-
bined with the 6–31 + G(d) basis set [36] in gas phase. To confirm that 
the optimized structures were minima or transition states on the po-
tential energy surfaces, frequency calculations were carried out at the 
same level of theory. These frequencies were then used to evaluate the 
zero-point vibrational energy (ZPVE) and the thermal corrections, at T 

= 343.15 K, in the harmonic oscillator approximation. Single-point 
calculations using the 6–311++G(2df,2p) basis set [37] were per-
formed on the optimized structures in order to refine the electronic 
energy. All the calculations were performed with the Gaussian 16 suite 
of programs [38]. The molecular models used in the simulations consist 
of one monomer unit. The kinetic rate coefficient was calculated with 
the Eyring equation from transition state theory [39,40] (Eq. (3)): 

k(t) = κ(T)
kbT
h

(
c0)1− mexp

[

−
ΔG‡

RT

]

(3)  

where T is the absolute temperature, R is the universal gas constant, kb is 
the Boltzmann constant, h is the Plancḱs constant, c0(= PR

T ) is the stan-
dard unit of concentration, m is the molecularity of the reaction, ΔG‡ is 
the Gibbs free energy of the activation and κ(T) is the tunnelling 
correction factor defined by Eq. (4): 
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(4)  

where ν‡ is the imaginary frequency in the transition state and ΔE0 is the 
electronic barrier height. 

5. Results and discussion 

5.1. DFT calculations 

Fig. 2 presents the intermolecular chain transfer reaction mecha-
nisms simulated for the homopolymerization of 2-OA and 2-EHA with 
the model molecules. For each monomer, 2 scenarios of the intermo-
lecular chain transfer to polymer were considered: the abstraction of the 
hydrogen from the polymer backbone (referred as kpol

tr1) and the second 
one which is the abstraction of the hydrogen from the side chain 
(referred as kpol

tr2). The polymer chain in the molecular models for the DFT 
calculations were substituted by a methyl group. 

Fig. 3 shows the potential surface energy (PES) of the two possible 
hydrogen abstraction reactions in 2-OA (Fig. 3a) and 2-EHA (Fig. 3b) 
homopolymerizations. Starting from the isolated reactants, the first step 
is the formation of a complex and then the hydrogen abstraction reac-
tion goes through transition state (TS) to generate a tertiary radical 
(Intermediate). It can be seen that the barrier of the TS is very similar in 
both cases of hydrogen abstraction of 2-OA homopolymerization, i.e. 
23.67 kcal/mol and 23.36 kcal/mol for the hydrogen abstraction from 
the main backbone and side chain, respectively. However, the inter-
mediate of the hydrogen abstraction from the chain backbone shows to 
be more stable (3.05 kcal/mol for kpol

tr1 compared to 12.06 kcal/mol for 
kpol

tr2). In order to calculate the activation energy comparable to the 
experimental activation energy of the reaction, it is preferred to use the 
electronic barrier height, instead of the Gibbs free energy. The electronic 
barrier for kpol

tr1 is calculated as ΔE0 = 9.32 kcal/mol (39.0 kJ/mol) which 
is lower than the value calculated for kpol

tr2 ΔE0 = 11.27 kcal/mol (47.13 
kJ/mol). 

Using the Gibbs free energy of the barrier of the transition states, the 
rate coefficients were calculated for each possible reaction. The absolute 
values of the rate coefficients are presented in the Supporting Informa-
tion (Table S.3 in section S.4). As the absolute values are highly 
dependent on the level of theory used in the calculations, the relative 
values were used as guide in this work rather than using the calculated 
rate coefficients by DFT. Despite higher electronic barrier for the 
hydrogen abstraction from the side chains of the polymer, the entropic 
contribution let to higher rate coefficient of this reaction compared to 
the hydrogen abstraction from the backbone polymer chain. The ratio of 
the calculated chain transfer to polymer coefficients is:kpol

tr1/kpol
tr2 = 0.68, 

which shows that the abstraction of the hydrogen from the side chain is 
more favourable in the case of 2-OA polymerization. 
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The same analysis has been done for 2-EHA intermolecular chain 
transfer to polymer. It can be seen that the barrier of the TS are 26.27 
kcal/mol and 27.35 kcal/mol for kpol

tr1 and kpol
tr2, respectively, showing 

slightly higher barrier in Gibbs free energy for the transition state of kpol
tr2. 

The same trend is observed for the electronic barriers calculated for 2- 
EHA, showing higher activation energy for kpol

tr2 (ΔE0 = 12.06 kcal/mol 
(50.45 kJ/mol)) compared to kpol

tr1 (ΔE0 = 9.22 kcal/mol (38.55 kJ/mol)) 
although with higher difference. The ratio of the calculated chain 
transfer to polymer coefficients shows that the transfer to polymer from 
the chain backbone is more favourable (kpol

tr1/kpol
tr2 = 5.32) in the case of 2- 

EHA (see absolute values in Table S.3). 
Both kpol

tr1 and kpol
tr2 show higher activation energies in 2-EHA compared 

with 2-OA. In addition, the overall rate coefficient of intermolecular 
chain transfer to polymer (kpol

tr = kpol
tr1 + kpol

tr2) for 2-OA shows higher 

values than 2-EHA (kpol
tr,2OA > kpol

tr,2EHA). These findings are in line with the 
reported experimental results showing higher gel content for 2-OA. 

Having two abstractable hydrogens in both monomers can affect the 
overall chain transfer to monomer rate coefficient compared to other 
acrylate monomers with only one abstractable hydrogen such as n-butyl 
acrylate. To the best of our knowledge, there is no data available on the 
chain transfer to monomer coefficient of 2-EHA, however in the litera-
ture the experimental data on the molar mass of 2-EHA was well rep-
resented using the chain transfer to monomer of n-butyl acrylate [41]. In 
the case of 2-OA, there is a complete lack of kinetic data as it is relatively 
new monomer. Herein, we study the two possible reaction paths of chain 
transfer to monomer in 2-OA by DFT calculations. Fig. 4 shows the re-
action routes simulated. The polymer chains in the molecular models for 
the DFT calculations were substituted by a methyl group. 

Fig. 5 shows the potential surface energy of two reaction paths of 
transfer to monomer in 2-OA. Starting from reactants, the reaction goes 

Fig. 2. Possible reaction mechanisms of intermolecular chain transfer to polymer reaction in homopolymerizations of a) 2-OA and b) 2-EHA.  
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through formation of a complex which is less stable than the reactants in 
both cases. The reactions then go through a transition state which is 
shown to be more energetic in Gibbs free energy for the hydrogen 
abstraction from the hydrogen in the double bond (37.59 kcal/mol and 
28.80 kcal/mol for kmon

tr1 and kmon
tr2 , respectively), and also the forming 

intermediate is less stable. The electronic barrier for kmon
tr1 is calculated as 

ΔE0 = 18.85 kcal/mol (78.86 kJ/mol) which is much higher than the 
value calculated for kmon

tr2 ΔE0 = 12.43 kcal/mol (46.5 kJ/mol). It can be 
concluded that the chain transfer to monomer reaction mainly goes 
through the reaction path of abstraction of the hydrogen from the side 
chain at moderate reaction temperatures. 

As it was mentioned before, higher degree of branching was observed 
experimentally for 2-EHA [14]. This experimental finding can have the 
origin on the higher backbiting rate coefficient of 2-EHA compared to 2- 
OA (see Figure S.7 for the reaction mechanism of backbiting for 2-OA 
and 2-EHA homopolymers). To shed light on this, the electronic bar-
rier of the backbiting reaction was calculated by DFT which led to very 
similar values, ΔE0 = 65.6 kJ/mol and ΔE0 = 63.3 kJ/mol for 2-OA and 
2-EHA, respectively. The potential surface energy (shown in Figure S.6, 
section S.5) also shows very similar Gibbs free energy barrier of the 
transition states for both monomers leading to stable intermediates, 
which indicates very similar backbiting rate coefficient for both 2-EHA 
and 2-OA monomers. 

Fig. 3. Potential energy surface for the hydrogen abstraction in intermolecular chain transfer to polymer reactions: a) 2-OA b) 2-EHA. kpol
tr1 is the rate coefficient of the 

hydrogen abstraction from polymer backbone and kpol
tr2 is the rate coefficient of the hydrogen abstraction from the side chain. Calculated at the M062X/6-311++G 

(2df,2p)//M062X/6-31+G(d) level of theory. 
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5.2. Kinetic Monte Carlo modelling 

In light of the ratio between two possible intermolecular chain 
transfer to polymer rate coefficients given by the quantum chemistry 
calculations for the 2-EHA and 2-OA homopolymerizations, the two 
systems were simulated using the Monte Carlo model described above. 
The full kinetic schemes and kinetic rate coefficients considered for both 
monomer systems are described in the Supporting Information (Scheme 
S.1, Table S.2, section S.3). Briefly, initiation, propagation, termination 
and secondary reactions of the acrylates, namely, backbiting and 
intermolecular chain transfer to polymer were considered in the model. 
As the reactions were performed at moderate temperature (70 ◦C), 
β-scission, and as a result, the production of macromonomers which are 

more relevant at elevated temperatures [42,43], were neglected in the 
model. The rate of radical absorption was considered to be proportional 
to the radius of the particles (ka = rp × k*

a) and the desorption rate co-
efficient was considered proportional to the inverse of the second power 
of the radius of the particle (kd = r− 2

p × k*
d) [25]. As the absorption and 

desorption rate coefficients are highly correlated, the desorption rate 
parameter (k*

d) was considered equal to the value reported for the 
homopolymerization of butyl acrylate [44] and the absorption coeffi-
cient was adjusted to fit the polymerization kinetics. A monodisperse 
particle size distribution of the polystyrene seed with dp = 81 nm was 
considered in the model. 

Being a relatively new monomer, there is a complete lack of kinetic 
data for 2-OA. Even the propagation rate coefficient of the secondary 

Fig. 4. Possible reaction mechanisms for chain transfer to monomer reaction in homopolymerizations of 2-OA.  

Fig. 5. Potential energy surface for the hydrogen abstraction in chain transfer to monomer reactions of 2-OA. kmon
tr1 is the rate coefficient of the hydrogen abstraction 

from double bond hydrogen and kmon
tr2 is the rate coefficient of the hydrogen abstraction from the side chain. Calculated at the M062X/6-311++G(2df,2p)//M062X/6- 

31+G(d) level of theory. 
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radical, the most common kinetic parameter, is not reported to the au-
thors’ best of knowledge. Even more, and despite its wide industrial use, 
there is also a notable lack of kinetic parameter data regarding the 2-eth-
ylhexyl acrylate, especially at high temperature. This is mainly due to 
the inherent experimental difficulties associated with the side reactions 
that are characteristic of acrylates. Namely, intramolecular chain 
transfer (backbiting) reactions affects both the rate of polymerization 
and polymer molar mass distribution, and can induce errors when the 
rate coefficient is measured by pulsed laser polymerization-size exclu-
sion chromatography technique (PLP-SEC). To reduce the effect of 
backbiting reaction on the measurement of propagation rate coefficient 
of the secondary radicals, Junkers et al. used high frequency PLP-SEC to 
measure the most accurate propagation rate coefficient of the secondary 
radicals to date for 2-EHA, kp = 9.1 × 106exp(15.8/RT) [45], 3.85 × 104 

Lmol− 1s− 1 at 70 ◦C. Other kinetic parameters such as the backbiting rate 
coefficient (kbb) are even more challenging to measure. Lena et al. used 
electrospray-ionization (ESI) mass spectrometry (MS) combined with 
13C NMR to estimate kbb reporting 4.46 × 108exp(-35.9/RT), 1535 s− 1 at 
70 ◦C[46]. On the other hand, Quintens et al. used PLP-SEC data to es-
timate kbb = 1.46 × 107exp(–32.2/RT), 183 s− 1 at 70 ◦C [47] by fitting 
the apparent kp in a PLP-SEC experiment. As can be seen, there is a 
significant scatter in the data that can be obtained on the rate coefficient 
of the backbiting reaction, with constants that differ in an order of 
magnitude. On the other hand, the data available in the literature for the 
propagation rate coefficient of the tertiary radicals was estimated in a 
work combining PLP-SEC data and a model, using a correlation between 
average apparent propagation rate coefficient, backbiting and propa-
gation rate coefficient of secondary and tertiary radicals [47]. 

Herein, the propagation rate coefficient of the secondary radicals of 
2-EHA determined via high frequency (500 Hz) PLP-SEC available in the 
literature was used for both monomer systems [45]. Due to high cor-
relation of kbb and kp

ter, they typically need simultaneous determination. 
In this work, the kp

ter was set as the value corresponding to the n-butyl 
acrylate and backbiting parameter was used as an adjusting parameter 
to fit the final branching density of the polymer. Chain transfer to 
monomer rate coefficient of n-BA was used for 2-EHA [41] and also for 
2-OA as in the DFT calculations, it was shown that one of the chain 
transfer to monomer reaction routes is less favoured to occur. Therefore, 
it was assumed that the overall rate coefficient is not affected by the 
presence of two abstractable hydrogens in 2-OA. Termination rate co-
efficients of secondary and tertiary radicals corresponding to n-BA were 
used in the model. 

The absorption parameter (k*
a) together with the backbiting (kbb) and 

the overall intermolecular chain transfer to polymer (kpol
tr1 + kpol

tr2) were 
used as fitting parameters for 2-EHA homopolymerization. The rate 
coefficients of intermolecular chain transfer to polymer from the back-
bone (kpol

tr1), and the side chain (kpol
tr2) were later calculated using the 

overall estimated intermolecular chain transfer to polymer and the ratio 
between the coefficients obtained in the DFT calculations. The above- 
mentioned adjusting parameters were used to fit the experimental 
data on instantaneous conversion, final branching density, the evolution 
of the molar mass distribution (MMD) and gel content. In the case of 2- 
OA, due to the similarity on the monomer structure, adjusted absorption 
parameter for 2-EHA were considered also for 2-OA homopolymeriza-
tion. In addition, in light of the DFT results which showed very similar 
activation energies and potential surface energy of the backbiting of 
both monomer systems, the adjusted backbiting constant for 2-EHA was 
used in the 2-OA homopolymerizations model despite the differences 
seen in the final experimental branching density. As a result only one 
parameter was adjusted in case of 2-OA homopolymerizations, i.e. 
overall intermolecular chain transfer to polymer. Using this estimated 
value and the ratio between the coefficients obtained in the DFT cal-
culations, the rate coefficients of intermolecular chain transfer to poly-
mer from the backbone (kpol

tr1) and the side chain (kpol
tr2) were calculated. 

In summary, considering all the unknown parameters and 

uncertainties on the kinetic parameters in both monomer homo-
polymerization systems, herein we tried to reduce the number of the 
unknown parameters by using these parameters from BA homo-
polymerization and estimate only the most sensitive parameters to fit 
the gathered experimental data on the microstructure; mainly the 
branching density, MMD and the gel content. 

Figs. 6 and 7 show the comparison of the model prediction and the 
experimental results of the homopolymerizations of 2-EHA and 2-OA for 
the evolution of monomer conversion, particle size, branching density, 
evolution of MMD and gel content. The adjusting parameters used in the 
model are reported in Table 1. 

The model predicts reasonably well the kinetics of the polymeriza-
tion of 2-EHA and the final branching density. Due to high instantaneous 
conversion of the experiments, the branching density shows high values 
from the beginning of the reaction and increases slightly during the 
reaction. The estimated value for the kbb of 2-EHA is 525.5 s− 1 at 70 ◦C 
which is in between the two reported values of kbb: 1.46 × 107exp 
(–32.2/RT) [47], 183 s− 1 at 70 ◦C and 4.46 × 108exp(-35.9/RT), 1530 
s− 1 at 70 ◦C [46]. The first one was estimated for this monomer by fitting 
the apparent kp in a PLP-SEC experiment. It is worth mentioning that no 
data on branching level was used in the estimation of this parameter due 
to inherent experimental limitation of measuring branching level at very 
low polymer concentration. The estimated value is comparable to the n- 
BA reported rate coefficients of backbiting at the same temperature 
(7.41 × 107exp(–32.7/RT) [48], 779 s− 1 at 70 ◦C and 3.2 × 1010exp 
(-52.3/RT) [49], 349 s− 1 at 70 ◦C). 

Fig. 6c shows the evolution of the MMD measured by AF4/MALS/RI. 
It can be seen that from early hour of the reaction a bimodal distribution 
has been formed with a population at high molar masses that corre-
sponds to the gel fraction. This population moves to higher molar masses 
through the reaction, i.e. increasing the gel fraction and corresponding 
MM. The model predicts well the trend in the evolution of the molar 
mass distribution showing a completely bimodal distribution; each 
mode corresponding to sol and gel fractions, respectively (Fig. 6d). In 
the model, the high molar mass mode of the full molar mass distribution 
is considered as gel, which is equivalent to considering polymer chains 
with molar mass higher than 108 g/mol as gel. The gel content experi-
mentally was measured by two methods: Soxhlet extraction and by using 
the refractive index signal after fractionation in the AF4/MALS/RI (see 
Supporting Information section S.2). The comparison in Fig. 6e shows 
that the gel fraction obtained from the RI signal after fractionation of the 
sample in the AF4 shows higher gel contents than the Soxhlet data with a 
significant difference at the beginning of the reaction, however, this 
discrepancy reduces through the reaction and the final gel fraction 
measured by both methods are close. It is worth mentioning that the gel 
fraction measurement in Soxhlet is based on the solubility of the poly-
mer in THF. At the beginning of the reaction, although the high molar 
mass mode has been formed and can be seen in the AF4/MALS/RI MMD, 
part of this population can be soluble. Along the reaction the gel molar 
mass increases and this population becomes more and more insoluble 
and therefore the AF4/MALS/RI and Soxhlet measurements of the gel 
fraction become closer. The gel fraction predicted by the model, shows 
high fraction of the gel from early hour of the reaction and evolves 
slowly during the reaction. The fraction of the gel from 2 h on and the 
final gel content fits very well with both experimental gel fractions. This 
discrepancy on the predicted gel fraction at the beginning of the reaction 
in the seeded semibatch emulsion polymerization of 2-EHA has been 
reported before.[41]. 

Fig. 7a and 7b show the comparison of the evolution of the instan-
taneous conversion, particle size and branching density for 2-OA 
homopolymerization. The model fits well the kinetics of the reaction 
while higher branching density is predicted. It is worth recalling here 
that in light of the DFT calculations, the same rate coefficient of back-
biting was used in the model (that estimated for 2-EHA), although lower 
experimental branching density of the final sample for 2-OA (measured 
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at final conversion of 94.1 %) was reported in reference 14 compared to 
the one for 2-EHA (measured at final conversion of 94.9 %). Lovell et al. 
[50] studied the branching density of a series of alkyl acrylates in semi- 
batch emulsion homopolymerizations. The acrylate polymers with non- 
linear side-groups showed clearly higher branching level compared to 
the n-alkyl acrylate homopolymers. It is shown that 2-EHA and iso-octyl 
acrylate homopolymers showed higher branching density compared to 
the n-octyl acrylate homopolymer. However, no significant difference 

was reported between non-linear isomers; i.e., 2-EHA and iso-octyl. This 
data confirms finding of the DFT calculations. 

The evolution of MMD measured by AF4/MALS/RI and predicted by 
model are shown in Fig. 7c and 7d. Bimodal distributions that increase 
the molar mass and amount of the high molar mass mode are also 
observed for 2-OA. Comparing with the 2-EHA, the gel population has 
higher molar mass and the gel fraction is higher. These microstructural 
differences are very well captured by the model, i.e. predicting higher 

Fig. 6. Comparison of the model prediction and the experimental results of the homopolymerizations of 2-EHA a) monomer instantaneous conversion and particle 
size; b) branching density; c) experimental evolution of MMD by AF4/MALS/RI; d) predicted evolution of MMD by Monte Carlo simulation; e) evolution of the 
gel content. 
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percentage of gel (Fig. 7e) as well as higher molar mass of the gel 
population (Fig. 7f) for 2-OA compared to 2-EHA. Similar to the case of 
2-EHA, the evolution of the gel fraction is well captured after 2 h of the 
reaction compared to both experimental results. The calculated value for 
the kpol

tr1 (using the estimated rate coefficient for the overall intermolec-
ular chain transfer to polymer and the ratios of kpol

tr1/kpol
tr2 obtained by the 

DFT simulations), shows slightly higher values for 2-EHA 63.34 
(Lmol− 1s− 1) compared to 54.84 (Lmol− 1s− 1) for 2-OA, however it can be 
seen that the main difference lies on the values of intermolecular chain 
transfer coefficient from the side chain, kpol

tr2, which was estimated to be 

Fig. 7. Comparison of the model prediction and the experimental results of the polymerizations of 2-OA a) monomer instantaneous conversion and particle size; b) 
branching density; c) experimental evolution of MMD by AF4/MALS/RI; d) predicted evolution of MMD by Monte Carlo simulation; e) evolution of the gel content; f) 
comparison of the predicted MMD of the gel in the final sample of 2-EHA and 2-OA polymers. 

Table 1 
Adjusted parameters used in the model in the homopolymerization of 2-OA or 2- 
EHA at 70 ◦C.  

Parameter Adjusted value 

2-EHA 2-OA 

kbb(s− 1) 525.5  525.5 

kpol
tr1(Lmol− 1s− 1) 63.34  54.84 

kpol
tr2(Lmol− 1s− 1) 11.90  80.06 

k*
a(s− 1dm− 1

) 1.1× 107  1.1× 107  
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higher in the case of 2-OA. 

6. Conclusions 

The origin of the previously reported differences on the micro-
structure of bio-based and oil-based C8 alkyl polyacrylates synthesized 
by emulsion polymerization was assessed by a combined mathematical 
model effort. The emulsion polymerization process was simulated by a 
Monte Carlo model that includes mechanisms of intramolecular chain 
transfer (backbiting), intermolecular chain transfer to polymer 
(considering the transfer in both backbone and side chain labile hy-
drogens) as well as chain transfer to monomer that were analyzed in 
detail by DFT calculations, to shed light on the differences of the kinetic 
rate coefficients for both monomers (i.e. 2-OA and 2-EHA). 

2-EHA and 2-OA homopolymers synthesized by seeded semibatch 
emulsion polymerization were studied in this work. These monomers 
both possess two labile hydrogens. DFT calculations showed that the 
hydrogen in the side chains of 2-OA is more labile than the backbone 

hydrogen (kpol
tr1

kpol
tr2

= 0.68), while completely different trend was calculated 

for 2-EHA (kpol
tr1

kpol
tr2

= 5.32). It was found that the activation energies of both 

intermolecular chain transfer to polymer reactions are higher in 2-EHA 
than in 2-OA resulting in higher overall rate coefficient of intermolec-
ular chain transfer to polymer for 2-OA than for 2-EHA. In addition, the 
chain transfer to monomer via hydrogen abstraction of both labile hy-
drogens in the monomer was studied. It was found that the activation 
energy of chain transfer to monomer of 2-OA on the monomer side chain 
(kmon

tr2 ) is comparable to the one for the n-butyl acrylate while kmon
tr1 

showed very high activation energy, concluding that the chain transfer 
to monomer reactions mainly go through the reaction path of abstrac-
tion of the hydrogen from the monomer side chain. Despite the differ-
ences observed experimentally in the branching density of the 2-EHA 
and 2-OA, the DFT calculation showed very similar barrier of the tran-
sition states in Gibbs free energy and similar activation energies for both 
monomer systems. 

In light of the findings of the DFT calculations, a kinetic Monte Carlo 
model was used to predict the kinetics and microstructure of the ho-
mopolymers of 2-EHA and 2-OA. The rate coefficients of the backbiting, 
overall intermolecular chain transfer to polymer and radical absorptions 
coefficients were considered as adjusting parameters in the model. In 
both polymerization systems, the model was able to fit well both kinetics 
and microstructure properties including the branching density, evolu-
tion of the MMD and the gel content and also the microstructural dif-
ferences between two systems, namely; higher amount of gel and molar 
mass of the gel. It was demonstrated that the microstructural differences 
on gel fraction and MMD lies on the different overall values of inter-
molecular chain transfer coefficient for homopolymers under study. This 
difference mainly originated from the different contributions of the 
chain transfer to polymer from the side chain, kpol

tr2, which is shown to be 
higher in 2-OA (80.06 Lmol− 1s− 1), compared to 2-EHA (11.90 
Lmol− 1s− 1). The estimated value of backbiting reaction rate coefficient 
of 2-EHA and 2-OA is in the range of the scattered values reported for 2- 
EHA monomer. 
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