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ABSTRACT
Fluoropolymers cover a wide range of industrial applications, due to their valuable mechanical and thermal properties. The mi-
crostructure of the final product is the key to controlling its end-use properties and to making them as close as possible to those 
required by the market. In this work, a model was proposed to evaluate the main average microstructural properties of the poly-
mer, such as the number-average molecular weight and the number of the different chain ends per polymer chain, resulting from 
formulation parameters like the quantity of initiator, chain transfer agent, and crosslinking agent and corresponding addition pol-
icies. A representative kinetic scheme was proposed, involving an iodinated degenerative transfer agent and a crosslinking agent. 
The combination of these two additives allows tuning iodine incorporation within the chains, a key feature for the product post-
processing. The model was first calibrated by fitting appropriate experimental data, then validated by exploiting additional data 
obtained under different operating conditions. Finally, the model was applied to determine the best feed policies for initiator, chain 
transfer agent and crosslinker ensuring the desired average properties of the final product. The reliability of the designed recipes 
was verified by comparison with experimental data obtained by implementing the addition policies predicted by the model.

1   |   Introduction

Still today, fluoropolymers represent the materials of choice 
for applications in hostile environments due to their unique 
properties, such as remarkable resistance to chemicals, flame, 
and oxidative environments [1]. Among such materials, indus-
trial sectors such as, chemical, aerospace, aircraft, petroleum, 
and energy often require the use of fluoroelastomers, due to 
their extraordinary sealing capabilities in corrosive and high-
temperature environments [2].

The kinetics of the free radical polymerization of Tecnoflon, a 
vinylidene fluoride-hexafluoropropylene-tetrafluoroethylene 
(VDF-HFP-TFE) fluoroelastomer, is examined in this work. 

Using the so-called branching and pseudo living technology [3], 
that is in the presence of a pseudo-living agent (di-iodine trans-
fer agent [4–8]) and a crosslinking agent (diolefin), a remark-
able control of the polymer microstructure becomes possible. 
In particular, the incorporation of iodine at the chain ends is 
crucial for the post-processing of the latex obtained during an 
emulsion polymerization. On the other side, the diolefin favors 
the branching of the chain, with important implications in the 
mechanical properties of the fluoroelastomer. It turns out that a 
fine-tuning of the produced polymer microstructure is critical 
and affects the behavior of the rubber during post-processing, 
such as injection and compression molding, as well as the final 
mechanical properties of the cured item. Even though a de-
tailed characterization of the polymer microstructure could be 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). Polymer Engineering & Science published by Wiley Periodicals LLC on behalf of Society of Plastics Engineers.

https://doi.org/10.1002/pen.70211
https://doi.org/10.1002/pen.70211
https://orcid.org/0009-0002-3840-6121
mailto:
https://orcid.org/0000-0002-8130-6495
mailto:mattia.sponchioni@polimi.it
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpen.70211&domain=pdf&date_stamp=2025-11-04


299Polymer Engineering & Science, 2026

performed by measuring the complete molecular weight distri-
bution (MWD) as well as the branching and chain end group dis-
tributions, average values of the same properties are more often 
the available information at the industrial site and targets are set 
on these same average properties.

Therefore, starting from a comprehensive kinetic scheme of the 
reaction, a simplified model able to predict the main average mi-
crostructural properties, that is the number average molecular 
weight and the average number of different types of chain end 
groups per chain is developed in this work. The model was cal-
ibrated and validated using experimental data from pilot scale 
reactions, including polymerization rate and the mentioned av-
erage properties measured at different concentrations of initia-
tor, chain transfer agent and crosslinker, and reactor pressure. 
Notably, in addition to evaluating the impact of the different ad-
ditives on the polymer microstructure, the number of tetrafunc-
tional branching points (or “bridges,” BR) has been tracked, given 
the ability of such a feature to increase the number of iodinated 
chain ends per chain forming bridges between macromolecules.

After validation, the model was applied to design optimal addition 
policies of initiator, chain transfer and crosslinking agents aimed 
at controlling the polymer microstructure not only in terms of final 
values but, most importantly, in terms of consistency all along the 
reaction. Taking advantage of the model simplicity, analytical ex-
pressions of the addition rates could be obtained. The predicted 
addition laws was finally verified through specific experiments, 
confirming the model potential as a design tool for process opti-
mization when the polymer quality is the primary requirement.

2   |   Experimental Section

2.1   |   Materials

The monomers, vinylidene fluoride (CH2 = CF2; purity 99.9% , gaseous
), 

hexafluoropropylene 
(

CF3CF = CF2; purity 99.9% , gaseous
)

, and 
tetrafluoroethylene 

(

C2F4; purity 99.9% , gaseous
)

 have been 
used as produced by Syensqo, as well as the di-iodine transfer 
agent 

(

C4F8I2; purity > 99% , liquid
)
(

C4F8I2; purity > 99% , liquid
)

 
and the diolefin (CH2CH

(

CF2
)

6
CHCH2; purity 

99.9%, liquid). The thermal initiator, ammonium persulfate 
(

(NH4

)

2
S2O8; purity 98.5% ; Titolchimica) has been used as re-

ceived. Deionized and demineralized water has been used as re-
action medium.

2.2   |   Reaction Conditions

All the reactions have been performed at 80°C and a constant 
pressure of 26 bar, with a single exception at 31 bar (run 6 in 
Table 1). In all cases, a constant composition terpolymer was 
produced, with VDF/HFP/TFE content equal to 70/20/10 mol%. 
A standard thermal initiator (ammonium persulfate, APS) was 
always used. Since enough latex stability is provided by the 
surface fixed charges introduced by the initiator fragments, 
the reactions could be run without emulsifier [9–14].

The recipes of all the experiments are reported in Table 1.

All the polymerizations have been carried out in a 10 L pilot plant 
reactor (Syensqo, Bollate, Italy) comprising a stainless-steel vessel 
equipped with two baffles and a stirrer. The stirring speed has 
been set to 545 rpm, large enough to ensure a chemical regime 
(negligible gas–liquid transport limitations [2]). A total of 5.6 L 
of water was used for each experiment reported in Table 1. The 
monomer mixture at the same composition as the desired ter-
polymer was continuously supplied to the reactor using a Hofer 
membrane pump, able to compress the gas up to a maximum of 40 
bars, to maintain the reactor pressure constant and slowly enough 
to ensure fully starved conditions, that is minimal monomer ac-
cumulation in the reactor. This way, the resulting terpolymer is 
characterized by a constant composition all along the process and 
equal to that of the monomer mixture feed [15]. Indeed, all the 
reactions have been characterized by total instantaneous con-
version during the entire process. Given the starved operating 
conditions and the negligible monomer solubility in water, the 
monomer feed flowrate is practically equal to the polymerization 
rate, thus becoming a very practical way of on-line conversion 
monitoring. The target mass of produced polymer was 2.5 kg in all 
the tests. As soon as this specific mass of monomer mixture was 
fed to the reactor, the reaction was quenched by rapid cooling. 
As shown in Table 1, the values of the actual mass of produced 
polymer slightly exceeded the target, due to the polymerization of 
the monomer mixture initially charged to pressurize the vessel. 
The temperature has been controlled through an external jacket 
in which water at 15°C or steam at 150°C has been used as cool-
ing or heating fluid, respectively. The three monomers, stored 
separately, are subsequently mixed in the storage vessel at the 
desired composition in the gaseous state. Indeed, under the op-
erating temperature and pressure, polymerization occured under 
supercritical conditions. A schematic representation of the setup 
employed in this work is shown in Figure 1.

Initiator and degenerative transfer agent (DTA) have been 
added as a single shot at the beginning of the reaction. For 
the diolefin, instead, a multi-shot (discretized additions) pol-
icy was employed. Each reaction was repeated multiple times 
and interrupted at different conversions, in order to provide the 
time evolution of the measured properties (conversion, number 
average molecular weight, Mn, and average number of differ-
ent chain ends per unit mass of polymer). The results of the 
first three runs in Table  1 at increasing content of crosslink-
ing agent have been used for model calibration. The validation 
experiments, runs 4 to 6, have been performed until complete 
conversion, thus providing only final values of the same prop-
erties. While run 5 has been carried out with the same addi-
tion policy of the calibration reactions, the addition of di-iodine 

Summary

•	 Emulsion polymerization model for a fluoroelastomer.

•	 Kinetic scheme with degenerative chain transfer agent 
and crosslinking agent.

•	 Recipe optimization to achieve target average micro-
structural properties.

•	 Addition policies designed to ensure homogeneous 
properties along the polymerization.

•	 Experimental validation of an optimized recipe sug-
gested by the model.
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agent has been performed using two more shots after the initial 
one for runs 4 and 6. The experimental values of the average 
polymer properties have been reported in this work normal-
ized with respect to the final weight of produced terpolymer.

2.3   |   Polymer Characterizations

The terpolymer microstructure has been evaluated in terms of 
average polymer properties.

The polymer molecular weight distribution (MWD) has been 
measured by gel permeation chromatography (GPC) equipped 
with a refractive index detector (Waters model 2414). The 
measurements were performed in anhydrous tetrahydrofuran 
(≥ 99.9%, 250 ppm BHT as inhibitor, Merck) at 35°C at a con-
stant flowrate equal to 1 cm3/min controlled by a dual-stroke 
piston pump (Waters; model 590). A set of four PLgel columns 
from Agilent with porosity 103, 104, 105, and 106 Å, have been 
used, respectively. The system was calibrated using polysty-
rene (PS) standards from Agilent. The MWD of branched poly-
mers cannot be correctly evaluated through a single detector 
GPC; however, due to the very limited degree of long chain 
branching of the polymer under examination, this measure-
ment was considered reliable enough [3]. The referred paper 
discusses a procedure for MWD evaluation validated consider-
ing fractionated and unfractionated samples and, as explained 
in Section 5, the reported results were considered significant 
and have been used in this study to quantify the contribution of 
diolefin to the formation of tetrafunctional branching points.

The average number of the different polymer chain end groups 
was measured by proton nuclear magnetic resonance (1H NMR) 
spectroscopy (500 MHz), using Agilent DirectDrive System 500 
operating at 499.86 MHz and acetone-d6 (Merck; purity 99.9%) 
as solvent. The signal assignment and calculations on the NMR 
spectra have been performed following procedures already 
detailed in literature [16–18]. From these values, the average 
number of chain ends per macromolecule has been calculated 
through the ratio with the corresponding Mn. The final eval-
uation of experimental number average molecular weight has 
been performed through the universal calibration correction, 
as detailed in Section 1 of Supporting Information.

3   |   Kinetic Scheme

The kinetic scheme sketched in Figure  2 was considered, 
where I2 represents the thermal initiator in water phase, M 
monomer, DO and DTA the diolefin (crosslinking agent) and 
degenerative transfer agent (living agent), respectively, and 
Mpol the polymerized monomer. Note that in the figure each 
reaction is sketched twice, first specifying the chemistry of 
the species involved and then using the notation which will 
be adopted in the discussion of the model equations. These 
symbols will be explained in the following section (Model 
Development).

Even though three different monomers are involved, a simpli-
fied kinetic scheme has been exploited. Indeed, considering the 
more favored reactions based on mechanistic considerations T
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[2], supported by the NMR analyses of main chain end types, 
the simplified, single-component kinetic scheme in Figure  2 
has been used. Vinylidene fluoride has been selected as the rep-
resentative monomer, i.e., the terminal unit of the active radical 
chains is more likely to derive from VDF than from the other co-
monomers, as confirmed by calculations reported in Section 2 
of Supporting Information, where it emerges that the probabil-
ity of having a terminal radical unit originated from VDF is 
> 0.94, as supported by the reactivity ratios among the three 
monomers and the composition of the monomer feed. Based on 
this, reactions such as chain transfer to monomer, termination 
by disproportionation and chain transfer to polymer are based 
on the abstraction of hydrogen atoms from this species, involv-
ing in particular the CF∙2 radical type, which is the dominant 
one in these polymerization systems [2]. Accordingly, it should 
be emphasized that the estimated rate coefficients are only 
effective values, whose applicability is limited to the specific, 
constant terpolymer composition under examination.

Moreover, in Figure 2 the main chain end groups are also re-
ported to identify the corresponding formation and consump-
tion rates. Firstly, the hydroxide terminal group 

(

CH2OH
)

 is 
generated in the radical formation reactions and, more specifi-
cally, by hydrolysis of the sulfur trioxide chain end group formed 
by propagation of the APS fragment with a monomer unit [19]. 
Then, the chain end groups generated by reactions involving the 
monomer are the methyl group 

(

CH3

)

, from chain transfer to 
monomer, and fluorine hydrogenated groups 

(

CF2H
)

 by chain 
transfer to polymer, backbiting and bimolecular termination 
by disproportionation, based on the considered kinetic scheme. 
On the other hand, terminal double bonds (TDB) are generated 
by chain transfer to monomer and bimolecular termination 
through hydrogen β-abstraction from the reacting radical [17].

As additional microstructural details, specific groups are 
shown useful to quantify the chain architecture. Namely, a 
mid-chain radical is formed by chain transfer to polymer, thus 
leading to the formation of a trifunctional branching point 
[20, 21] (BP). The same branching points are also formed by 

propagation to terminal double bond. In contrast to the short 
chain branching (SB) generated by the backbiting reaction, 
these trifunctional branching points form long chain branches 
along the chain.

The chain end groups formed by the reactions of the two main 
additives, di-iodine agent and diolefin, are also shown in the fig-
ure. Fluorine iodinated groups 

(

CF2I
)

 are formed by degenera-
tive transfer to the living agent. Notably, further transfer events 
do not change the overall number of fluorine iodinated groups 
incorporated in the polymer and, therefore, they are not rele-
vant. On the other hand, the diolefin contributes to two different 
reactions: (i) the diolefin propagation reaction, in which a diole-
fin molecule (DO) reacts with a generic active chain, leading to 
the formation of a mid-chain group called pendant double bond 
(PDB); (ii) tetrafunctional branching points (BR) are formed by 
further propagation to the pendant double bond of a reacting 
radical chain.

Finally, the number of chains (C) and radical functionality (θ) 
are also tracked.

4   |   Model Development

4.1   |   Constitutive Equations

Given the simplified nature of the model, specific assumptions 
have been considered as summarized in the following.

1.	 As already mentioned, a pseudo-homopolymerization 
approach is applied [22], i.e., the copolymerization is de-
scribed as a homopolymer considering a set of kinetic 
constants evaluated as composition-average of the values 
specific of each component. Since the terpolymer composi-
tion is constant during the reaction, these effective values 
are also constant [23].

2.	 The quasi-steady-state assumption (QSSA) has been used 
for radical species.

FIGURE 1    |    Pilot plant scheme adopted for the emulsion polymerization of the terpolymer VDF/HFP/TFE.
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3.	 Chain length and property distributions are not accounted 
for, limiting the model outputs to average values such as 
average values of molecular weight and average number of 
chain end groups.

4.	 Pseudo-bulk conditions are considered, that is estimated 
values of the average number of radicals per particle re-
sulted always larger than 0.5 [24] (cf. Section 3: Figure S1 
of the Supporting Information): accordingly, the compart-
mentalized nature typical of the emulsion polymerization 
vanishes and the same equations typical of bulk polymeri-
zation can be used.

5.	 Monomer solubility in water has been neglected [25–27], 
due to the highly hydrophobic nature of all the monomers. 
Therefore, the particles become the dominant locus of the 
propagation reactions [28–30].

6.	 Vinylidene fluoride was selected as the representative 
monomer due to its predominant concentration in the 

three-component system and the marked prevalence of its 
corresponding radical species during the propagation stage.

7.	 Between the two possible propagation reactions typical 
of VDF, according to the quantum chemical simulations 
of Mavroudakis et al. [31], and to the results obtained in 
previous works [2, 32], the reactions forming head-type 
radicals occur much faster than those forming tail-type 
ones. For the system under evaluation, the probability of 
having head-type radicals is found to be larger than 90% 
and, therefore, only CF∙2 radical type has been considered 
as active species.

8.	 Semi-batch, constant pressure, perfectly stirred and iso-
thermal reactor is assumed, also neglecting any monomer 
diffusion limitation [2].

According to the notation in Figure 2, the material balances 
have been written with reference not only to the species but 
also to the corresponding “properties.” As an example, the 
polymer produced is expressed in terms of total number of 
chains, C, active, dormant and terminated, but an active chain 
brings also its radical end, indicated as �. In this frame, NC 
and N� are the corresponding total number of chains and ac-
tive sites, respectively. This approach is especially effective to 
track the different chain-terminating and branching groups, 
the main focus of the model.

With reference to semi-batch, well-stirred and isothermal re-
actor with continuous addition of monomer and additives, 
the mass balances have been summarized in Table  S4 of the 
Supporting Information using time as independent variable. 
Actually, the same equations can be conveniently reformulated 
using the extent of reaction (i.e., the number of moles of polym-
erized monomer, NMpol

) as evolutionary variable. These equa-
tions are readily obtained by dividing each material balance by 
the overall polymerization rate and the resulting set of ordinary 
differential equations (ODEs) is shown in Table 2. The detailed 
derivation of Equation 1 from Equation S5 and S6 is reported in 
the Supporting Information, Section 4, as an example.

In these equations, the following notation has been used:

–	 Nx = overall number of moles of species x;

–	 yx = ratio between the overall number of moles of species x 
and of polymerized monomer, Nx ∕NMpol

;

–	 � i = effective kinetic ratios, expressed as ratios between the 
rate constant of the i-th reaction and of propagation, ki ∕kp , 
with the exception of the initiator decomposition (all the ra-
tios are defined in Table S5);

–	 q̂x = molar feed flowrate of species x specific to the number 
of moles of polymerized monomer, q̃x ∕

dNMpol

dt
.

The model is finally complemented by the following auxiliary 
algebraic equations:

–	 Monomer concentration in particle phase—According 
to the assumption of phase equilibrium inside the re-
actor, the monomer concentration in the particles at 
equilibrium has been evaluated through the Henry law, 
CM = HP, where P denotes the total pressure. Given 

FIGURE 2    |    Kinetic scheme considered in this work for the emulsion 
terpolymerization of VDF/HFP/TFE.
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the multicomponent nature of the system, the constant 
H has been estimated as the average of the single 

component values as H =
Nmon
∑

i= 1
xiHi [33], being xi the mole 

fraction of the i-th monomer in the gas mixture. 
Neglecting the monomer solubility in water, the over-
all  number of moles of monomer has been 
evaluated  as:

TABLE 2    |    Material balances with reaction extent, NMpol
, as evolutionary variable.

Initiator

Degenerative transfer agent

Diolefin

Polymer chain

OH-end group

CF2H-end group

CH3-end group

CF2I-end group

Terminal double bond

Trifunctional point (branching)

Short branch

Pendant double bond

Tetrafunctional point (bridge)

(1)
dNI2

dNMpol

= − �I2

√

yI2MWM
�

f �polyM

+ q̂I2

(2)
dNDTA

dNMpol

= −
2

yM
�DTAyDTA + q̂DTA

(3)
dNDO

dNMpol

= −
2

yM
�DOyDO + q̂DO

(4)

dNC

dNMpol

= 2f�I2

√

yI2MWM
�

f �polyM

+
2

yM
�DTAyDTA + � fm −

1

yM
�TDByTDB −

1

yM
�PDByPDB

(5)
dNOH

dNMpol

= 2f�I2

√

yI2MWM
�

f �polyM

(6)
dNCF2H

dNMpol

=
1

yM
� fp +

MWM

yM�pol
�bb +

�

f yI2MWM

√

�polyM
�I2

(7)
dNCH3

dNMpol

= � fm

(8)
dNCF2I

dNMpol

= 2

(

2

yM
�DTA

)

yDT

(9)dNTDB

dNMpol

= � fm +

�

f yI2MWM

√

�polyM
�I2 −

1

yM
�TDByTDB

(10)
dNBP

dNMpol

=
1

yM
�TDByTDB +

1

yM
� fp

(11)
dNSB

dNMpol
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where the volume of the particles is given by:

with MWM average molecular weight representative of the 
monomer mixture and �M and �pol density of monomer mixture 
and polymer, respectively.

–	 Active chains in particle phase—The radical chains (active 
sites) can be estimated from the molar balance on N� 
imposing the quasi steady state assumption:

where kd represents the initiator thermal decomposition rate 
constant, f  the radical efficiency [34] and ktd the rate constant of 
bimolecular termination by disproportionation.

It is worth noting that DTA does not influence the number of 
active sites, since radical desorption as well as the retardation 
effect are expected to be negligible.

The numerical solution of Equations (1–16) provides the evolution 
of all the unknowns as a function of NMpol

; if the time profiles are 
desired, the relationship between the number of moles of polym-
erized monomer and time is readily evaluated by integration of 
the corresponding material balance (Equation (S5) in Table S4).

Only the values of three out of eight effective kinetic ratios have 
been found in the literature, (specifically �I2, �DTA, � fp). The re-
maining five ratios have been estimated as follows:

–	 Given the similar chemical nature, the diolefin propaga-
tion rate constant has been assumed equal to monomer 
propagation, therefore �DO = 1;

–	 The four other parameters (specifically �TDB, �PDB, � fm, and 
�bb) have been estimated by fitting the model predictions 
to experimental results. Namely, an optimization approach 
has been used based on hybrid genetic algorithm, obtained 
combining the function ga with the hybrid function fmin-
con in MATLAB.

4.2   |   Control Problem: Target Properties 
and Optimal Flowrates

To design the operating conditions required to ensure the de-
sired values of selected average properties as well as their con-
sistency along the reaction, the model equations are now further 
worked out.

The model in Table 2 is made of 13 ODEs along with three al-
gebraic Equations (14–16); the corresponding unknowns are 19 
(15 overall number of moles of each species/property Nx, the 
particle volume Vp and three specific molar flowrates, q̂I2, q̂DTA, 
and q̂DO). Then, three degrees of freedom remain, and they have 
been saturated by setting the desired polymer quality. Three tar-
get properties are identified and required to remain constant all 
along the polymerization, namely the number average degree 
of polymerization, DPn, the average number of iodinated end 
groups per chain, and the average number of bridges per chain. 
The latter two properties have been selected because of their im-
pact on the polymer quality: the iodinated groups represent the 
preferential sites of crosslinking by oxidative reactions during 
post-processing, while the tetrafunctional branching points im-
pact the mechanical properties of the final product. Note that 
these two properties are interconnected, being the average num-
ber of iodinated end groups per chain affected by the extent of 
crosslinking, that is by the number of bridges per chain.

All the three selected properties can be conveniently quantified 
in terms of corresponding yx values. Namely:

–	 Number average degree of polymerization

(14)NM = CMVp = HP Vp

(15)Vp =MWM

(

NMpol

�pol
+
NM

�M

)

(16)N� =

√

f kdNI2
Vp

ktd

(17)DPn =
NMpol

NC

=
1

yC

TABLE 3    |    Kinetic model parameters.

Parameter Numerical value 95% confidence interval Units Source

kd 1.08 × 10−3 — [s−1] [34]

kp 2.10 × 103 — [L mol−1 s−1] [2]

kex,1 = kp — [L mol−1 s−1] [2]

kfp 2.8 × 10−5 kp — [L mol−1 s−1] [2]

ktd 25.7 kp — [L mol−1 s−1] [2]

kDOp = kp — [L mol−1 s−1] This work

kTDBp
8.6 × 10−2 kp [4.7 × 10−2 ÷ 1.2 × 10−1] kp [L mol−1 s−1] This work

kPDBp
6.9 × 10−3 kp [1.7 × 10−3 ÷ 1.2 × 10−2] kp [L mol−1 s−1] This work

kfm 1.6 × 10−4 kp [1.2 × 10−4 ÷ 1.9 × 10−4] kp [L mol−1 s−1] This work

kbb 3.6 × 10−4 kp [7.0 × 10−5 ÷ 6.5 × 10−4] kp [s−1] This work
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305Polymer Engineering & Science, 2026

–	 Average number of iodinated chain end groups per chain

–	 Average number of tetrafunctional branching points per 
chain

In order to ensure constant values of all these properties through-
out the entire polymerization, the corresponding y values should 
also stay constant, a constraint which is fulfilled providing that:

Given the general form of the material balances in Table 2, the 
latter equation reduces to:

thus providing an explicit relationship between the value of the 
required property yx, the reaction terms and the specific feed 
flowrates q̂x. Accordingly, given target values of the selected 
average properties and the corresponding y values through 
Equations (17–19), the optimal feed flowrates are readily evalu-
ated using Equation (21) with x = I2, DTA, and DO.

5   |   Results

5.1   |   Model Calibration

The calibration of the model has been performed by exploiting 
three sets of experimental data, each one obtained from repeated 
reactions stopped at different conversions, so as to track the vari-
ables of interest as a function of the reaction coordinate. This 
approach was adopted owing to the impossibility of performing 
reliable and safe sampling of the latex from the reactor while 
at high temperatures and pressures of fluorinated monomers. 
Considering both the technical limitations of the facility and the 
applicable safety and prevention regulations, online sampling of 
the reaction mixture was therefore deemed unfeasible.

The model calibration has been performed using some parameter 
values from the literature and evaluating the remaining ones by 
fitting the experimental data, as already mentioned in Section 4. 

(18)
NCF2I

NC

=
yCF2I

yC

(19)
NBR

NC

=
yBR
yC

(20)d

(

Nx

NMpol

)

= 0 that is
dNx

dNMpol

=
Nx

NMpol

≡ yx

(21)yx = −
x

Mpol

+ q̂x

FIGURE 3    |    (a) Produced polymer mass as a function of time, (b) Number average molecular weight, (c) CF2I chain end groups per mass of poly-
mer, (d) CF2I chain end groups per chain. Experimental data: run 1 = red squares, run 2 = blue circles, run 3 = black triangles. Continuous curves: 
model results, same color as the corresponding experimental data. In (a) and (c) red and blue curves are overlapped to the black one and hence not 
visible.
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306 Polymer Engineering & Science, 2026

The final values of the parameters involved in the model are re-
ported in Table 3, with most of the pseudo-kinetic rate constants 
set equal to the values reported by Apostolo et al. [2, 35].

Using this set of rate constants, the model simulations for the 
calibration experiments (runs 1–3 in Table 1) are compared with 
the measured properties. Specifically, in Figure 3a, experimen-
tal data of produced polymer mass vs. time are reported. Due to 
the negligible contribution of the diolefin to the polymerization 
rate, the three curves calculated by the model are practically 

superimposed. Keeping in mind that each value is the result of a 
different experiment, the agreement between model and exper-
iments is quite good. Moving on to the average properties, the 
main focus of the work, the values of number average molecular 
weight, Mn = DPn ⋅MWM, are shown in Figure 3b. As expected, 
higher diolefin contents lead to an increase in Mn because of the 
formation of crosslinking among the chains. However, such ef-
fect is quite weak because of the small amount of diolefin used 
in all cases together with the branching mitigation associated 
with the degenerative di-iodine transfer agent.

FIGURE 4    |    (a) CF2H chain end groups per mass of polymer, (b) CF2CH3 chain end groups per mass of polymer, (c) CF2OH chain end groups 
per mass of polymer, (d) CF2H chain end groups per polymer chain, (e) CF2CH3 chain end groups per polymer chain, (f) CF2OH chain end groups 
per polymer chain as a function of produced polymer mass. Experimental data: run 1 = red squares, run 2 = blue circles, run 3 = black triangles. 
Continuous curves: model results, same color as the corresponding experimental data. In (a–c) red and blue curves are overlapped with the black 
ones and hence not visible.
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307Polymer Engineering & Science, 2026

The iodine content in the polymer, expressed as number of CF2I 
chain end groups per mass of polymer, is shown in Figure 3c: 
as expected, the three model curves are fully overlapped due to 
the identical content of di-iodine transfer agent in the three ex-
amined recipes. It is worth noting that the experimental values 
of incorporated iodine indicated a lack of iodine relative to the 
nominal amounts specified in Table 1. Across all the runs, the 
average value of such discrepancies is 29.57% ± 2.9%: therefore, 
a constant iodine loss of 30% was assumed for all the simula-
tions. This loss reflects the known effect of thermal initiation 
on iodofluorocarbon compounds, which degrade free iodine 
leaving inert species no longer able to contribute to the degen-
erative transfer reactions [7, 36]. The selected value of the per-
centage loss was estimated using a large set of experimental 
data collected by the industrial partner and represents a reliable 
estimate.

Together with Mn and iodine chain ends, the model can be ex-
ploited to track other end groups coming from the initiator or 
from the specific radical termination. In Figure  4a, experi-
mental data for runs 1, 2, and 3 of CF2H per mass of produced 
polymer has been reported. These data were particularly useful 
for the estimation of the backbiting kinetic rate constant, since 
the other kinetic parameters involved in the formation of these 
specific groups have been selected by literature. In Figure  4b, 
both the experimental and model results for CF2CH3 chain end 
groups are reported. This chain end group is only related to chain 

transfer to monomer reaction, according to the kinetic scheme 
considered in this work. Finally, the CF2OH chain end group 
per mass of polymer has been tracked during time to verify the 
consistency of the initiator decomposition rate constant kd, as 
reported in Figure 4c. In Figure 4d,e, the same end groups are 
reported as average values per polymer chain for completeness.

The propagation to pendant double bond rate constant kPDBp  has 
been evaluated by taking advantage of the experimental number 
of tetrafunctional branching points reported in the literature to 
be equal to 0.1 [3]. Since the terpolymers analyzed in the referred 
article are the same studied in this work (same composition and 
similar contents of di-iodine agent and diolefin), this experimen-
tal value has been considered meaningful. It is worth highlighting 
that the work by Maccone et al. [3] was carried out under micro-
emulsion polymerization conditions and was modeled by Apostolo 
et al. [35] using a segregated approach. To exploit this experimental 
dataset consistently, a modified model accounting for radical seg-
regation was employed, as detailed in Section 4 of the Supporting 
Information. As a result of the optimization process, the model 
was able to accurately reproduce the final BR∕NC content.

5.2   |   Model Validation

After model calibration, its validity was demonstrated by pre-
dicting the evolution of three additional experiments (Table 1, 

FIGURE 5    |    (a) Produced polymer mass as a function of time, (b) Number average molecular weight, (c) CF2I chain end groups per mass of poly-
mer, (d) CF2I chain end groups per chain as a function of produced polymer mass. Experimental data: run 4 = red circles, run 5 = black circles, run 
6 = blue circles. Continuous curves: model results, same color as the corresponding experimental data.
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308 Polymer Engineering & Science, 2026

runs 4, 5, and 6). Since only final values of the average properties 
are experimentally available in this case, the comparison with 
the model predictions is carried out for the entire time evolution 
only for the produced polymer mass. Moreover, given the valida-
tion nature of this comparison, the parameter values estimated 
in the previous section have been used without modification, 
that is in a genuinely predictive mode.

The reaction kinetics are shown in Figure 5a for all the reactions 
and the agreement between the model and experiments is quite 
good in all cases. The prediction is equally good for the average 
properties, even though final values were only available. The 
calculated evolutions of number average molecular weight are 
reported in Figure 5b, where the profiles are consistent with the 
additions of degenerative transfer agent. For runs 4 and 6, after the 
initial injection, the di-iodine agent has been further added at two 
intermediate conversions. Such shots generate an instantaneous 
decrease in average molecular weight due to the sudden increase 
in the number of chains. On the other hand, DTA was only initially 
injected in run 5 where, in fact, the regular, linear increase in mo-
lecular weight, typical of living polymerization reactions, is found.

In Figure 5c,d, the predicted profiles of iodinated chain end groups 
CF2I per mass of polymer and per chain, respectively, are reported. 
The agreement with the final experimental values is still good and, 
once more, the discretized addition policy of the DTA results in an 
almost instantaneous increase in the incorporated iodine.

Similarly good agreement between model and experiments 
has been verified for other average properties, namely CF2H, 
CF2CH3, and CH2OH end groups. Such comparisons are shown in 
Figure S2. Overall, these results provide a convincing validation of 
the reliability of the estimated parameter values, thus supporting 
the use of the model to explore different recipes and feed policies.

5.3   |   Optimal Feed Flowrates

To evaluate the potential of the proposed model in the develop-
ment of reaction recipes allowing a fine tuning of the polymer 
quality, an applicative example was considered by targeting the 
following values of the properties of interest:

This set of values characterizes a product with suitable micro-
structural properties, including a moderate molecular weight, 
an appropriate number of iodine atoms per chain to enable effec-
tive post-polymerization crosslinking, and a limited number of 
branching points per chain. The latter ensures that the final ma-
terial remains processable. Not only was the target placed on the 
values of these properties, but the aim was also preserving their 
consistency all along the reaction. From these constraints, the 
corresponding optimal flowrates are readily calculated through 
Equations (22–24), obtained by taking advantage of Equation (21):

Mn = 75 kg∕mol CF2I ∕NC = 1.8 BR∕NC = 0.07

FIGURE 6    |    Calculated values of (a) Number average molecular weight, (b) CF2I chain end groups per mass of polymer, and (c) BR chain end 
groups per chain as a function of produced polymer mass. (d) Calculated conversion vs. time. Black curve = optimal feed flowrates; red and blue 
curves = initial APS shot equal to 25% and 50%, respectively.
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These relationships provide the constant q̂x values suitable to 
ensure consistent value of the corresponding yx equal to the 
setpoint. The detailed expressions linking the specific molar 
flow rates of the operating variables to the target values y∗

k
 

(with k = C
(

i. e. ,Mn

)

, CF2I, BR) are provided in Section 6 of the 
Supporting Information.

The model-predicted flowrates corresponding to the selected 
target properties listed above are as follows.

Using these flowrates, the resulting polymer quality is then eval-
uated in Figure  6a–c (black lines). As expected, the target val-
ues of the three properties are achieved from the beginning of 
the reaction, and preserved until the end, thus ensuring fully 
homogeneous product. However, the reaction rate, as shown in 
Figure 6d (black curve) is definitely too low, with final conver-
sion reached only after more than 1 day of reaction. This too long 
reaction duration comes from the implemented feed flowrate of 
initiator: using this flowrate, the desired average chain length 
is indeed maintained from the beginning but at the expenses of 
such a small radical concentration that negligible polymerization 
rates are obtained for most of the reaction.

Therefore, to overcome this limitation, an effective strategy we 
adopted was to modify the initiator addition policy by adding a 
given fraction of the predicted cumulative amount of APS at the 
beginning of the polymerization and the remainder using the pre-
dicted optimal flowrate. The time at which the feed is started is 
simply evaluated as the time at which the APS fraction initially as-
sumed would be cumulatively fed using the optimal flowrate. This 
empirical modification of the calculated feed policy is expected to 
accelerate the reaction, thus reducing the reaction time. On the 
other hand, this may also impact the homogeneity of the polymer 
quality. To verify its impact, in Figure 6 we simulated two different 
initial shots of initiator, namely 25% (red curves) and 50% (blue 
curves) of the cumulative amount. Following this initial shot, a sig-
nificant acceleration of the reaction can be observed (Figure 6d) at 
the expenses of an initial discrepancy between target and actual 
properties in all cases (Figure 6a–c). Such discrepancy is negligi-
ble in terms of final, cumulative property (all curves converge to 
the same plateau value equal to the target) but reveal some hetero-
geneity with respect to the optimal, fully homogeneous case. To 

quantify such heterogeneity, the parameter H(y) has been calcu-
lated for each property y as:

where Nf
Mpol

 is the final value of moles of polymerized monomer 
and yopt the target value of the same property. The resulting values 
are 5% and 9% when the initial fraction of APS is 25% and 50%, re-
spectively, whatever is the examined property: therefore, a limited 
extent of heterogeneity is introduced in all cases.

To conclude, the optimal feed flowrates are proved fully ef-
fective in producing the desired polymer quality with perfect 
homogeneity. On the other hand, the issue of too long reaction 
time is easily handled by the initial injection of a fraction of 
the predicted initiator amount while the remaining initiator 
is later fed according to the predicted optimal law. This en-
ables much shorter reaction time, although at the expenses of 
a slight heterogeneity of the polymer.

5.4   |   Addition Policies: Constant Properties (CP) 
vs. Pseudo-Living (PL)

The first three experimental runs in Table 1 were carried out ac-
cording to the previously mentioned branching and pseudo living 
technology, with initial addition of iodinated agent and initiator 
and distributed addition of the crosslinking agent. Accordingly, 
as typical of living reactions, the number average molecular 
weight increases almost linearly with conversion, while all 
the chain end groups monotonically decrease. Therefore, even 
though the final properties exhibit the target values, these are 
not constant with the reaction extent. In contrast, the optimal 
feed flowrates proposed above ensure these same values of the 
average properties all along the reaction.

To illustrate these considerations, two comparative experi-
mental runs were conducted using the same recipe, which was 
derived using the approach discussed in the previous section 
but with different addition policies (Run 7 and 8 in Table 1): 
the conventional pseudo-living approach (PL, Run 7) and the 
optimal approach discussed in this work (defined “constant 
properties,” CP, Run 8) and based on model-predicted flow-
rates q̂I2, q̂DTA, and q̂DO. In the latter case, an initial APS shot 
equal to the 50% of the predicted total initiator amount was 
used to make the reaction time reasonably short. The results 
of these experiments are compared with the model predictions 
in Figure 7.

The number average molecular weight (Figure 7a) was contin-
uously increasing with conversion in the PL case, as expected, 
while it remains practically constant all along the reaction 
using the designed continuous feed flowrates. Indeed, the im-
plementation of optimal feed rates affects the polymerization 
mechanism, which is no longer pseudo-living. This is due to 
the different chain formation dynamics: in the PL case, the 
number of chains is mainly determined by the initial DTA 
shot, leading to a monotonic increase of Mn with conversion, 

(22)q̂I2 = yI2 + �I2

√

yI2MWM
�

f �pyM

(23)q̂DTA = yDTA

(

1 +
2

yM
�DTA

)

(24)q̂DO = yDO

(

1 +
2

yM
�DO

)

q̂I2 =5.02×10
−4

[ molI2
molpol

]

q̂DTA=1.10×10
−3

[

molDTA
molpol

]

q̂DO=7.14×10
−4

[

molDO
molpol

]

(25)H(y) =
∫
N
f
Mpol

0
y dNMpol

yoptN
f
Mpol

× 100
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whereas under continuous feed conditions the constant avail-
ability of the chain transfer agent allows new chains to be 
steadily generated, proportional to the conversion, resulting in 
a constant Mn and the loss of pseudo-living character. Notably, 
the target value is quickly approached from the beginning 
in the latter case, despite the initial APS shot implemented 
to speed up the reaction. The homogeneity of the molecular 

weight is even clearer after looking at the experimental mo-
lecular weight distributions (MWD) reported in Figure S3a,b 
for the two cases. Apart from the increase of area below the 
peaks due to the conversion increase, the distributions remain 
in the same position in the CP case, while they shift along the 
horizontal axis in the PL case.

The completely different behavior of the average properties 
in the two cases is even more visible in Figure 7b, where the 
amount of iodinated chain end groups per mass of polymer 
is shown as a function of conversion. Even though the final 
values differ in the two cases because of the different incor-
poration efficiency, the much more homogeneous behavior 
established in the CP case is quite clear, both in terms of 
experimental data and model predictions. This marked ho-
mogeneity in the content of iodinated chain end groups per 
mass of polymer is directly linked to the continuous addition 
of DTA proportional to the conversion profile (cf. Section  6 
of Supporting Information). As a result, its incorporation re-
mains consistently aligned with polymer formation. In con-
trast, the evolution of Mn is influenced by the development 
of the number of chains, which is inherently affected by the 
initial APS shot.

Quite surprisingly, the number of iodinated end groups per 
chain reported in Figure 7c are instead quite similar but this is 
only due to a fortuitous compensation. As a matter of fact, the 
number of iodinated end groups per chain can be expressed as:

Accordingly, the increasing molecular weight on one side and 
the decreasing iodine content on the other make their product 
almost constant, even though the polymer remains heteroge-
neous in terms of chain lengths.

6   |   Conclusions

The terpolymerization of vinylidene fluoride (VDF), hexaflu-
oropropylene (HFP), and tetrafluoroethylene (TFE) has been 
carried out in the presence of two significant compounds, 
in addition to the thermal initiator: a degenerative transfer 
agent, as a perfluorinated di-iodinated species, and a cross-
linking agent, i.e., a perfluorinated diolefin. The combination 
of these additives characterizes branching and pseudo-living 
polymerization technology, a technique that facilitates the 
design and optimization of the iodinated chain-end group 
density per polymer chain, a crucial parameter for subsequent 
curing processes.

In this study, we established a simplified model enabling 
the design of emulsion polymerization recipes ensuring the 
achievement of target values for number-average molecular 
weight, number of iodine end groups and branching points, 
as the properties affecting the most the polymer quality in 
this case, as well as their consistency along the reaction. The 
model was calibrated by fitting three sets of experimental data, 
through an optimization procedure aimed at determining the 

(26)
NCF2I

Nc

=
NCF2I

NMp

NMp

Nc

=
NCF2I

NMp

Mn

FIGURE 7    |    (a) Number average molecular weight, (b) CF2I chain 
end groups per mass of polymer, (c) CF2I chain end groups per chain as 
a function of produced polymer mass. Experimental data: pseudo-living 
reaction = black symbols; constant properties = red symbols. Model pre-
dictions: continuous curves, black for pseudo-living and red for con-
stant properties.
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unknown kinetic constants. The contribution of the degener-
ative transfer agent was considered based on existing litera-
ture and prior research. Particular attention was given to the 
formation of tetrafunctional branching points, resulting from 
diolefin reactivity.

Upon model calibration and validation, an analytical formula-
tion was developed to estimate an optimal recipe and addition 
strategy for initiator, DTA and DO. The primary objective of 
the model is to ensure the highest homogeneity of the poly-
mer in relation to the target properties from the earliest stages 
of the polymerization process. According to the model, this 
strategy leads to limited control over the reaction time, often 
resulting in an excessively prolonged polymerization process. 
From a practical perspective, the reaction kinetics can be 
managed by introducing a small initial dose of initiator, which 
accelerates the system, preventing prolonged phases with low 
conversion rates.

This approach results in a trade-off between product homo-
geneity and productivity demands. Still, by adding 50% of the 
planned initiator amount at the beginning, a heterogeneity of 9% 
only was achieved.

Finally, a polymer with desired target average properties has 
been selected and produced experimentally following the addi-
tion policy proposed by the model. The model predictions were 
found to align closely with experimental results in terms of Mn 
and chain end groups.

Additionally, a comparison was made with a pseudo-living pro-
cess, using the same overall additive content. While the poly-
mer average quality at the end of the process was very similar 
as that obtained with the continuous additive feeding as pre-
dicted by this model, the homogeneity could be preserved from 
the early stages of the polymerization. This benefit is particu-
larly relevant in practical scenarios, such as when production 
lines must be shut down due to technical issues or safety con-
cerns, ensuring that the product is already at the desired speci-
fications and can be extracted, stored, and used without waste.

Nomenclature

APS	 ammonium persulfate

BP	 branching points

BR	 bridges

C	 chains
(

CF2CH3

)

	 CH2CH3 end groups
(

CF2H
)

	CF2H end groups
(

CF2I
)

	 CF2I end groups
(

CH2OH
)

	 CH2OH end groups

CP	 constant properties

DO	 diolefin

DPn	 number average degree of polymerization

DTA	 degenerative transfer agent

f 	 radical efficiency from initiation

GPC	 gel permeation chromatography

H	 Henry constant of the monomeric mixture

HFP	 hexafluoropropylene

Hi	 Henry constant of i-th monomer

kbb	 backbiting reaction rate constant

kd	 initiator decomposition rate constant

kdes	 desorption rate constant

kex,1	 degenerative transfer reaction rate constant

kfm	 chain transfer to monomer rate constant

kfp	 chain transfer to polymer rate constant

kp	 monomer propagation rate constant

kDOp 	 diolefin propagation rate constant

kPDBp 	 addition to pendant double bond rate constant

kTDBp 	 addition to terminal double bond rate constant

ktd	 termination by disproportionation rate constant

M	 monomer concentration

Mn	 number average molecular weight

Mpol	 mass of polymer

MWD	 molecular weight distribution

MWM	 monomer mixture molecular weight

Nx	 number of moles of species x

P	 pressure

PDB	 pendant double bond end group

PL	 pseudo-living

q̂x	 molar specific flowrate of species x

Mpol	 polymerization rate

x	 kinetic rate of chemical event involving species x

T	 temperature

t 	 time

TDB	 terminal double bond end group

TFE	 tetrafluoroethylene

VDF	 vinylidene fluoride

Vp	 particle volume

yx	 ratio between the overall numbers of moles of species x and of 
polymerized monomer

Greek Letters

� i	 effective kinetic ratios

�	 active sites (radicals)

�M	 monomer mixture density

�pol	 polymer density
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mer mass. Experimental data: run 4 = red circles, run 5 = black circles, 
run 6 = blue circles. Continuous curves: model results, same color as the 
corresponding experimental data. Figure S3: Experimental MWD at 
different conversion values (run 7, Table 1). (a) Constant Properties reac-
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