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Poly(vinylidene fluoride) (PVDF) is among the most produced fluoropolymers,
second only to polytetrafluoroethylene. Despite its popularity, the complex
microstructural properties achieved during the polymerization are not well
documented in the literature. In particular, available models only track the
chain length distribution of the polymer, while neglecting the distribution of
other important properties, affecting the final behavior of the product. In this
work, a 2D kinetic model, evaluating not only the chain length but also the
number of terminal double bonds (TDBs) per chain, is developed. The
numerical solution of the model is achieved by fractionating the population of
polymer chains into classes with a specific number of TDBs and using the
method of moments for each class. The model results are compared with
experimental evidences for the amount of produced polymer, moles of main
chain-ends, number, and weight average molecular weight as well as full
molecular weight distribution. Based on this comparison, kinetic parameters
are estimated by optimization using genetic algorithm. The model reliability is
finally verified using additional experimental data at different temperatures

1. Introduction

Fluorinated polymers, which are high-
value, specialty polymers, find applications
in many different areas due to their im-
portant and unique properties such as high
resistance to aging and oxidation, thermal
stability, and high hydrophobicity (due to
their low surface tension), being inert to
acids, bases, oils and solvents.['* Fluo-
rinated polymers cover a wide range of
materials like thermoplastics, elastomers,
semi-crystalline and amorphous materials.
Due to these properties, they are used
in many industrial sectors including con-
struction, industrial coating and painting,
aerospace, automotive, petrochemistry, and
photonics.!13#71

Poly(vinylidene fluoride) (PVDF) reached
the second largest volume, following poly-

and amounts of initiator.
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tetrafluoroethylene, among fluoropolymers

due to its processability and excellent

combination of properties.*#! Industrially,
PVDF is mostly produced by suspension and emulsion
polymerization.) A wide literature is available to interested
readers providing the mechanistic picture of such heteroge-
neous polymerization processes.[1®1¢ Homopolymers of vinyli-
dene fluoride (VDF) are long-chain macromolecules with semi-
crystalline form, and contain 3.2 wt% hydrogen, and 59.4 wt%
fluorine atoms. Even though PVDF is used in various high-tech
applications, there are also some disadvantages: for example,
high melting temperatures cause processing costs to be large, it is
hardly soluble in common organic solvents and it is complicated
to be cured.!!]

In order to overcome these limitations, a good knowledge of
its microstructure is important to understand the behavior of
PVDF based on the specific applications. Unfortunately, due to
the complexity of the reactions taking place in the high-pressure,
semi-batch reactors working with gaseous VDF, and to the
multi-phase nature of the reacting system, accurate models
for the detailed description of the polymer microstructure are
missing in the literature.['”] Therefore, a comprehensive ki-
netic scheme including all the reactions involved in the VDF
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polymerization process and especially an accurate estimation of
the corresponding rate constants is urgently required.!®]

The main aim of this work is the development of a kinetic
model accounting for the main reactions involved in the produc-
tion of PVDF by emulsion polymerization and able to predict the
detailed microstructure of the product. Namely, the molecular
weight distribution as well as the distribution of the terminal dou-
ble bonds are calculated along with average values of other chain
end groups and long branches. As a result, each polymer chain
is characterized by two parameters, which are the number of re-
peating units and terminal double bonds (TDBs), the latter being
responsible for chain branching. This further expands the under-
standing of the heterogeneity of the polymer obtained during the
emulsion polymerization and the main factors contributing to it.
For the selected reaction pathways, the evaluation of the involved
kinetic constants is carried out comparing the model predictions
with experimental data of a reference reaction for the amount
of produced polymer, chain-ends and molecular weight distribu-
tions. Moreover, the model reliability is confirmed by comparing
its predictions for additional experiments at different tempera-
ture and initiator concentration. With this 2D model, the accurate
prediction of multimodal molecular weight distributions, typi-
cally associated to the branching reactions taking place during
these processes, is feasible.

2. Model Development

With reference to the emulsion polymerization of VDF in a semi-
batch reactor, the following main assumptions have been consid-
ered for model development:['#]

1) Negligible mass-transport limitations: during the polymeriza-
tion, the interphase partitioning of the monomer and chain
transfer agent (CTA) is assumed to be at equilibrium.

2) For the radical species, quasi-steady-state assumption (QSSA)
is considered.

3) Due to the large molecular weights involved, the dependence
of the chain composition on chain length is neglected (long-
chain assumption, LCA).

4) Given the different nature of the radicals in the system (de-
termined by the arrangement of the last monomer unit in the
chain) the nature of the terminal unit of active chains is ac-
counted for and it is assumed that only such unit determines
chain reactivity.

5) Negligible water solubility for the monomer.

6) Pseudo-bulk system: the rate of polymerization is assumed
independent of the particle size and number. This means the
system is non-compartmentalized, and the polymerization
can be described as a bulk process due to the large number
of radicals per particle. Accordingly, the particle size distribu-
tion is not accounted for in the model. This key assumption
will be validated in Section 3.1.

[1,19,20]

2.1. Kinetic Scheme

The main reactions expected to take place in the studied system
are reported in Table 1 with the notation used in the model. For
clarity, the chemical structure of all species mentioned in the
table is explicitly reported in Table S1 (Supporting Information).

Macromol. React. Eng. 2024, 2400023 2400023 (2 of 12)

www.mre-journal.de

Table 1. Kinetic Scheme of VDF Polymerization.
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As shown in Table 1, the thermal initiator (di-tert-butyl perox-
ide, DTBP, indicated in the scheme as 1,), is decomposed into two
tert-butoxy (TBO, I°) radical fragments. This species further de-
composes into acetone which acts as a chain-transfer agent (CTA,
T) and a different radical fragment (CH;, S°*) which is actually
starting the active chains.[*2!]

Three different propagation reactions take place in the system,
where VDF reacts with either a radical fragment S* produced by
initiation, the radical from the CTA (T*) or with a growing active
chain with any length (R’ ), thus producing a chain with one more
monomer unit.

Chain transfer to monomer reactions occur between an active
chain of any length and VDF. We differentiated among two dif-
ferent reactions. In one case, a hydrogen from the active chain is
abstracted and attached to the monomer, causing it to become a
monomeric radical (R;), while a dead polymer chain containing
a TDB is formed (P7). The second case occurs when a monomer
loses one hydrogen atom forming a radical (R;~). This is consid-
ered as a TDB in the model since it will remain at one end as
the polymer grows. On the other hand, the active chain which
captured the hydrogen terminates to dead polymer (P,).

The TDB mentioned in the previous paragraph can also be
formed by bimolecular termination (disproportionation). In this
case, two active chains get into contact and one hydrogen is trans-
ferred from one to the other forming two chains of dead polymer,
out of which only one (the one that lost the hydrogen) contains a
TDB.

Notably, such TDB can react like any other double bond in the
system by propagation: this reaction consumes TDB (propaga-
tion to TDB) and takes place when a dead polymer with a TDB re-
acts with an active chain forming a mid-chain radical. It should be
noted that this reaction is the only one combining two chains in
the considered kinetic scheme, and hence has a potential of caus-
ing a step growth of the chain if two chains with similar length
undergo this type of reaction.
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The chain transfer to CTA takes place between an active chain
of any length and the CTA, where one hydrogen atom from the
CTA is abstracted by the active chain producing a dead polymer
as well as a radical fragment from CTA.

In the chain transfer to polymer, a dead chain P,, reacts with
an active chain R; resulting in the abstraction of hydrogen and
the formation of the same type of species with reversed lengths
(R and P,, respectively).

Back-biting reactions do not cause a change in the length of
the chains but cause a radical located at the end of the chain to
move to a backward position along the chain, thus forming a mid-
chain radical (R , ) and a very short branch, whose impact on
the polymer behavior can be considered negligible.

Unlike some of the previous works,[**! which assumed bi-
molecular termination reactions occur only by recombination,
bimolecular termination is assumed to happen only by dispro-
portionation just like experimentally proven by Apostolo et al.[*8]
Namely, the average number of chain-ends coming from initia-
tion was measured slightly larger than one, while two chain-ends
of this type are expected when recombination is the dominant
termination reaction. Note that a value slightly larger than one is
fully reasonable because other reactions, such as propagation to
TDB, combine chains, thus resulting in chains with more than
one initiation-type chain-end.

An additional complication is related to the different arrange-
ment of the monomer units along the polymer chain. As a matter
of fact, two different chain-ends for the active chains are possible:
“tail type”, where the chain ends with CH;, and “head type” where
the chain ends with CF;.["*%18] Therefore, four possible propaga-
tion reactions were considered:

k
Head to head addition RCH,CF, + CH,CF, - RCH,CF,CH,CF, (1)
[
Head to tail addition RCH,CF; + CH,CF, - RCH,CF,CF,CH, (2)
k
Tail to head addition RCF,CH;, + CH,CF, = RCF,CH,CH,CF, (3)

k
Tail to tail addition RCF,CH, + CH,CF, = RCF,CH,CF,CH, (4

As indicated by previous experimental works!*®! and by quan-
tum chemical simulations,/?”) the addition reactions occur in
large favor of producing CF; (head type) radicals rather than the
tail type. Accordingly (further discussed in Section 3.1), it can be
seen that the rate constants for the reactions producing head type
radicals (k. and kgy;) are much larger than those producing tail
type ones (k- and k;;). Once the values of the rate constants are
available, the fraction of radicals of head or tail type can be es-
timated from the corresponding rate constants by the following
equations (5) and (6):

kry
= TH 5
Pu (kTH + kHT) ®)
$r=1-¢y (6)

Note that, in agreement with this approach, all the rate con-
stants of the reactions in Table 1 are actually “composition-
average rate constants”, which take both head and tail type radi-
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cals into account, with the exception of the back-biting reactions
only. In fact, these reactions play a major role in the production
of CF,H and CH, chain-ends, in case a head or tail type radical is
involved, respectively: therefore, to properly track the formation
of such end groups, the two reactions have been differentiated in
this case.

2.2. Material Balances

The gaseous monomer (VDF), represented by M, is continuously
fed to the reactor in order to keep the reaction pressure con-
stant. Its equilibrium concentration in the polymer phase is de-
scribed by the Henry-type relation in Equation (7), where H is the
Henry constant for the monomer in polymer and P is the abso-
lute pressure. The overall rate of polymerization, R, (mol min™"),
is obtained by Equation (8), which is calculated by multiplying
the propagation rate constant, k,,, with the concentration of
monomer, M, and the total moles of active chains, A,. Finally,
the differential equation used to predict the volume of produced
polymer, V,,, is reported in Equation (9), where M,,, ,,, represents
the molecular weight of monomer, and p, and p,, represent the
density of polymer and monomer, respectively.

M = HP (7)
R, =k, MA, )
d Vp Mwl, mon

dr MM R ©)

) P
wt,_mon
Pm

2.3. Method of Classes and Moment Equations

Pp(l_

Different approaches can be used to derive the population bal-
ance equations for the active and dead polymer chains.l'#231 A 1D
model, tracking only the chain length, could be one of the sim-
plest ways to represent the system and the corresponding com-
putational cost could be very low. However, a 1D model would
fail to provide a detailed description of the system, in particular
when highly-branched material is present, as in our case.

In this work, a 2D approach, referred to as “method of
classes”[?*) is used. With this approach, the total polymer pop-
ulation is divided into different “classes”, each one defined by a
specific chain property. Since the number of TDBs per chain is a
crucial property for the developed model, to reliably track chain-
ends and molecular weight distribution, each class has been de-
fined based on the number of TDBs per chain. In other words,
class 0 would have chains with no TDBs, class 1 would contain
chains with 1 TDB only and so on. The population balance equa-
tions are derived so that the chain length and the number of TDBs
per chain are tracked for polymer chain and those equations are
reported in the Supporting Information (Equations S1 and S2,
Supporting Information).

The numerical solution of the resulting population balances
has been carried out by the method of moments.!?*] In particular,
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moments are defined with respect to the chain length for each
single class, that is for each value of TDBs per chain:

A () = i WR,, (10)
i (f)=Y WP, (11)
n=0

where 4;(t) and p;(t) are the moments of order j for active and
dead chains, respectively, containing ¢t TDBs per chain, while n
is the number of repeating units. The moments of each class are
expected to be especially effective to reconstruct the correspond-
ing chain length distribution given the homogeneity achieved by
fractionating the chain population in families characterized by
the same number of TDBs per chain. The moment equations for
the active chains and dead polymer are shown by Equations (12)
and (13).

d A ()

- <2fkdl +ijM2/10 +—T2/10 )to

o0 _] .
+ <ka2M > (r)> By + M Y, <{L) A, )
r=0 h=0

=k MA; (t) — ko MA; () —

)

- ﬁx () ) 4 (1) (12)

P r=0

/4]+1 Z Ao (r

d p; (t) k ad
djt = kpy MA; (= 1) + kp, MA; () — =ty

Tzl () +

Z (1) = /4]+1 (®) 2 Ao (r

ky - k S
+%71 (t—l)ZAo(r)-F% Y, A0 (13)

In these equations, n represents the chain length, j the order
of moment, R is used for active chains and P for dead polymer,
and the number of TDBs is shown by the letter t. § is used for
the Kronecker Delta Function, which is equal to 1 for the spec-
ified value and 0 for any other case. As typical for well-behaved
chain length distributions,[?*2° the moments of the first three
orders (zero-th, first and second orders) have been calculated for
both the active chains, 4, and the dead polymer, u. When higher
order moments are involved (typically the third order moment of
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the dead polymer in the chain transfer to polymer reaction), the
closure formula reported by Equation (14) is used.*"

(1 0)" sy () )

)= 2 T T

(14)

If reconstruction of the molecular weight distribution (MWD)
is of interest, it is achieved using again the approach from Hul-
burt and Katz.*% Limiting the formula to the first three terms,
the distribution as a function of chain length, n, and number of
TDBs, t, could be obtained by Equation (15):

7 (0 = T 200 exp 2 ) 0 (15)
12 (1)
12 (o (=43 (1)

where, a(t) = 21—8 b(t) =
0

2.4. Chain-Ends and Branches

In order to track chain-ends and branches formed in the polymer,
dedicated material balances were introduced. In particular, due
to the head-tail nature of the monomer, two different chain-ends
(CF,H and CH,;) can be formed depending on the specific ar-
rangement of the monomer unit at the end of the growing chain,
as shown in Equations (16) and (17).

dCF,H ¥k k
- = 1% p2g, +
t v, 2V,

k
R
i Dobp+ Ky Aopr by + - TA¢y (16)

Vo

dCH ke 1k kﬂ'
T} > = vp NP1 + Ky Aoprrdbr + 3 ‘;d A2¢T Vp —TApr
+ kpMMS' + kpMMT° (17)

Both chain-ends are formed by chain transfer to polymer, back-
biting, termination and chain transfer to CTA. In addition, the
CH, type chain-ends are also formed by propagation from the ini-
tiator fragment S°. In these equations, A, represents the sum of
Ao(t) of all the classes, and similarly y, represents the sum of y, (t)
of all the classes. The terms are multiplied by the probabilities of
having head and tail type radicals, which were already defined in
Section 2.1. The probabilities of having a specific sequence of ter-
minal monomer units (whose knowledge is useful to evaluate the
back-biting reactions) have been defined as in Equations (18-21).
For example, p,, is the probability of having a head type radical
from a chain which was tail type.

kryy
bry=7—"—+ (18)
" (kTH + kTT)
krr
Prr=—"—"""+ (19)
" (g + kTT)
kin
Doy = ——HH (20)
T (ks + i)

© 2024 The Author(s). Macromolecular Reaction Engineering published by Wiley-VCH GmbH

858017 SUOWILLIOD 3A1Te81D) 3|qeol[dde 8Ly Aq peusanob ke sejole YO 88N JO S9INJ 10§ A%euq8UIIUO /8|1 UO (SUOHIPUOD-PLR-SLLBYWIOD A8 | 1M AlRIq 1 [BU 1 |UO//SdNY) SUORIPUOD pue SWie | 8u) 89S *[1202/2T/0E] uo AriqiTauliuo A(1M ‘ONY 1IN 1a ODINOILITO Ad £20007202 UeW/Z00T OT/I0p/L00" A3 | 1M ARe.q 1 |Bul [Uo//:SAny Wouy pepeojumod ‘0 ‘8E€8298T


http://www.advancedsciencenews.com
http://www.mre-journal.de

ADVANCED
SCIENCE NEWS

‘H\/H'olecular

Reaction Engineering

www.advancedsciencenews.com

kyr
Pur=—7"—"""< (21)
- (R + kHT)

The developed model does not track the distribution of branch-
ing points as a function of the chain length; however, an aver-
age value can be easily estimated. Since the number of TDBs
per chain is closely related to the number of branches per chain
(number of TDBs must not be greater than two more of number
of branches), such average value can be compared with the aver-
age number of TDBs per chain to provide better understanding
of the (average) chain microstructure. Such average values can be
obtained using Equations (22) and (23).

d BP kﬂ’ krpp

- V H1lN + _Ao Z by (¢ (22)
d TDB krpp <
= kng MAG + ko MA, — TPAO t; tu, (1)
k
4L hu LA (23)
P

According to the kinetic scheme (Table 1), only chain trans-
fer to polymer and the propagation to TDB lead to the forma-
tion of long branches and, as such, are considered in the for-
mation of branching points. Even though the back-biting reac-
tions are producing mid-chain radicals, they are not considered
in the balance of the branching points since they will produce
very short chain branches only. On the other hand, the balance for
TDBs contains four terms: both of the chain transfer to monomer
reactions, termination by disproportionation and propagation
to TDB, the first three forming and the last one consuming
TDBs.

2.5. Numerical Solution

To summarize, the developed model is made of 6N +11 ordi-
nary differential equations, where N, represents the number of
classes. The numerical solution of this system has been per-
formed using the integrator ode15s in MATLAB. The estimation
of missing parameter values was carried out using genetic algo-
rithm, with a maximum number of generations of 100 and a pop-
ulation size of 200. To make sure the best agreement is achieved,
a nonlinear optimizer (fmincon function of MATLAB) is used as
a hybrid function. The optimization is allowed to change the pa-
rameters inside a given upper and lower bound limit, which is se-
lected according to the parameters taken from the literature for
similar systems. Initially, all the parameters were allowed to be
optimized within an order of magnitude; in case the agreement
was not good enough, the constraint of upper and lower limits
were expanded to two orders of magnitude only for some spe-
cific parameters which are believed to play crucial role for having
a good prediction. All the experimental data available are used in
order to have the best possible estimation, and the fitness func-
tion is selected to use relative errors (Equation (24)). It is worth
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mentioning that the calculated error reaches very high values for
the experimental data close to 0, this is due to the presence of the
experimental values in the denominator of the equation. When
this happens (for the two ends of the molecular weight distribu-
tions), the values causing large errors are neglected in order to
have better results for the optimization.

Yexp = Ymodel :
E relative = Z (p—> (24)

Yexp

3. Results and Discussion

As anticipated, the method of classes was used to fractionate the
population of polymer chains and apply the method of moments
to each set of chains with specific number of TDBs. To implement
this approach, the first step is to determine how many classes
are needed for accurate model predictions. In theory, the number
of classes N, has to be infinite, as it is for the possible number
of TBDs that a chain could present. However, simulations at in-
creasing values of N, clearly showed that the amount of polymer
in the last classes is decreasing: this is logical due to the finite
value of the maximum chain length when crosslinked polymer
cannot be formed. Therefore, all the simulations were run using
N. =50, where the amount of produced polymer in the last class
is always smaller than a threshold value (typically = 0.1% w/w,
with respect to the total polymer produced).

Another important aspect on the experimental gel permation
chromatography (GPC) data has to be mentioned. From inde-
pendent runs, it is found that a fraction of polymer is insolu-
ble in the solvent used for GPC in all samples, whose value lies
in the range 5-10% of the total polymer. Such values are ran-
domly distributed and show no visible trend with respect to the
amount of produced polymer. Accordingly, a constant, average
value of 8% of the polymer is assumed to be insoluble in the sol-
vent and all the comparisons with the experimental GPC data
have been performed properly considering this loss of sample
mass. We assumed that classes containing highly-branched ma-
terial are responsible for the insoluble polymer fraction. There-
fore, after the simulation is completed, the amount of polymer
corresponding to 8% w/w of the produced one is “separated” as
insoluble part starting from the highest order classes. The molec-
ular weight distribution (MWD) was then obtained by summing
the MWDs of each class until the end of the soluble polymer. At
the selected experimental conditions, the soluble polymer frac-
tion is made of the first 15 classes (92% of the total polymer) only
and the rest is the insoluble part. Therefore, all the comparisons
between model and experimental number- and weight-average
molecular weights as well as MWDs have been performed con-
sidering the classes representing the soluble polymer only. On
the other hand, we did not observe insoluble polymer in the
solvent used for nuclear magnetic resonance (NMR) analysis
(i-e., deuterated acetone), hence the comparison of chain-ends
and branches accounts for the whole mass of polymer sample.
We consider this an evidence that gelation does not take place
in our system, which is predicted by the model as well (diver-
gence of the estimated moments for branched polymer is never
observed).
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Table 2. Modified Arrhenius Law Parameters for the Different Possible Propagation Reactions!??] and Values of the Rate Constants at the Upper and

Lower Temperature Extremes of the Range used in.['%]

Rate Constant ko a E,/R k at 40 °C k at 90 °C
[L mol~" min~] [L mol~" min™] K] [L mol~" min~] [L mol~" min™]
Kpmy 1.99 x 10 2.14 2468 8.31x 10* 3.38 x 10°
ket 5.22 x 107 2.09 2189 5.32 x 10* 1.90 x 10°
kry 9.96 x 107 1.48 1567 7.16 x 10° 1.78 x 108
krr 2.44 x 107 1.43 3197 9.62 x 10? 4.85 x 10°

Table 3. Literature Parameter Values and Corresponding Source.

Parameter Value or Equation Unit
ky 1311 1.94 % 10”exp(—%) min~
Kipy 1321 9.54 x 102 (T [K])™2%° exp(—%) min~!
H 8l 3.1x 1072 mol L=1 atm™!

3.1. Parameter Estimation

According to the quantum chemical simulations of Mavroudakis
et al.l?2l for the four different propagation reactions according
to the last unit of the growing chain and the way the monomer
is incorporated (mentioned in Section 2.1), the modified Arrhe-
nius law parameters appearing in Equation (25) are reported in
Table 2.

_ T [K]\" E,

From the values of the rate constants at the upper and lower
temperature extremes of the range used in the prior work (40—
90 "C),!*8] the reactions forming head type radicals (k;;; and k)
occur much faster than those forming tail type ones (kyr and k7).

The values of the kinetic parameters at the reaction tempera-
ture used in this work are calculated accordingly and, using Equa-
tion (5), the probability of having head-type radicals is found to
be larger than 85%, which suggests most of the active chains
end with CF, radical. It is worth mentioning that these differ-
ent values of propagation rate constants are used for estimating
the probabilities and hence the different end groups formed dur-
ing the reaction. On the other hand, the model considers a single
value for the propagation rate constant, which is calculated by
parameter optimization as discussed later on. Even though there
are no restrictions to the values of the different parameters, the
estimated propagation rate constant is very close to the k;;;; and
ky;r values reported by Mavroudakis et al., thus confirming that
head type radicals are much more probable than tail type ones.

The model developed in this work was calibrated in terms of
rate constants by fitting the experimental results of conversion
and concentration of specific end-groups during time using a ge-
netic algorithm. The parameter values taken from the literature
and used without any modifications are reported in Table 3. These
include the initiator dissociation rate constant k;,, the rate con-
stant for the decomposition of the initiator fragment k;,, and the
VDF Henry constant describing its solubility in the correspond-
ing homopolymer.

Macromol. React. Eng. 2024, 2400023 2400023 (6 of 12)

Table 4. Parameters Optimized in This Work for Fitting of the Experimental
Results.

Parameter ko E,/R

L mol~" min~" or min~!

[ ] (K]
Kona 6.05 x 1010 4539141
krpg 6.51x 108 4539
kep 1.58 x 10° 453904]
ke 3.40 x 10" 9020141
Ky 6.74 x 10'° 253304l
ker 3.92 x 10 4539141
ka2 2.12x 10" 9020141
Ky 6.55 x 101 8815
Kppz 1.20 x 10™ 8298

On the other hand, the parameters tuned for fitting of the ex-
perimental results are listed in Table 4. There are two impor-
tant considerations for this work with respect to literature. First,
an additional chain transfer to monomer reaction (rate constant
k), not considered in previous works,!*'®! is added to the ki-
netic scheme. Second, even though one single back-biting rate
constant has been used in previous literature,'®! two separate
back-biting reactions (and then the two corresponding rate con-
stants) are used in this model to predict the experimental CF,H
and CH, end-group concentration with accuracy. It is worth not-
ing that, in this work the effect of having head-to-tail addition is
taken into account by the use of corresponding probability term,
Pyt (as shown in Section 2.4). This was not considered in the lit-
erature, therefore while comparing the values of the back-biting
rate constants, one should multiply the value reported in the lit-
erature by the probability of having a tail type radical from a head
type.

The activation energies reported in Table 4 are mostly
taken from the literaturel* for the polymerization of the same
monomer. The referred work uses a single value of activation en-
ergy for propagation and chain transfer to polymer and to chain-
transfer agent due to the similarities of these reactions. Since the
propagation to TDB is not considered in that work, we assume
that the activation energy of the propagation to TDB is equal to
that of chain transfer to polymer, due to similarity of the reac-
tions. Another assumption is made for the activation energy of
the bimolecular termination reaction: even though the referred
work considers terminations occur only by combination, we used
this same value for the bimolecular termination occurring by dis-
proportionation considered in the model (due to experimental
evidence mentioned in Section 2.1). Finally, the activation energy
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Figure 1. A) Conversion versus Time. Solid line: Model prediction. Squares: Experimental data. B) Plot of logarithm of average number of active chains
per particle versus logarithm of rate of entry to termination. Solid line: straight line with slope 0.5. Squares: Experimental data.

Table 5. Values of Kinetic Parameters at 40, 90 °C, and the Literature Values.

Parameter Value at 40 °C  Value at 90 °C Literature Unit
Value [18]
kpM 3.05 x 10* 2.25x 10° 1.26 x 10° L mol~" min~!
k1pg 3.28 x 102 2.42 % 103 117%x10° L mol" min™
ke 7.96x 1077 586x10°  3.53x10°  Lmol"! min~!
kv 1.04 x 10° 5.50 x 10! 8.19% 10" Lmol~" min~!
ksy 2.06 x 107 6.28 x 107 3.24x 106 Lmol™" min~!
kﬂ— 1.97 x 10? 1.45 x 10° 1.39 x 10° L mol~" min™!
ka2 6.47 x 1072 3.43 x 10° Not available L mol~" min~"
K1 3.85x 10! 1.86 x 10° 1.64 X 102 min~!
Kypz 3.68 x 107 1.42 % 10* 1.64 x 102 min~!

values for the back-biting reactions, not accounted for in the work
of Pladis et al.l*] as two separate reactions, have been determined
by fitting the chain-ends data at different reaction temperatures
(according to results to be shown in Section 3.5).

Starting from the literature values as first guess, the model pa-
rameters have been estimated by fitting the model predictions to
the experimental data. Such fitting was carried out solving the
corresponding optimization problem by the genetic algorithm
function available in MATLAB. Based on the results of the op-
timization and the activation energy values reported in Table 4, a
set of pre-exponential factors are calculated in this work and are
reported in the same table.

To make a comparison and assess the reliability of the esti-
mated rate constants, a similar system close to the reaction condi-
tions presented in this work is selected. [*®) Using the optimized
value of the initiator efficiency (fj of 8% and the set of parame-
ters reported in Table 4, the rate constants are estimated at the
lower and the upper temperatures (40 and 90 "C) of the literature
work!'®l and are reported in Table 5.

By looking at Table 5, one can see the agreement of the es-
timated rate constant with respect to the values reported in the
literature. All of the rate constants reported in the literature lie
within the range of values predicted at 40 and 90 "C using the
pre-exponential factors estimated in this work, with the excep-
tion of bimolecular termination, chain transfer to monomer, and

Macromol. React. Eng. 2024, 2400023 2400023 (7 of 12)

one of the back-biting rate constants (k,;,,), which remains any-
how still comparable. Given the general lack of experimental data
for the system under consideration, such an overall agreement is
considered good enough.

From this set of parameter values, the model results in terms of
conversion during time are compared with experimental data in
Figure 1A. The accelerating increase in the amount of polymer
formed, typical for pseudo-bulk conditions, can be appreciated
from both experimental and model results.

Given the relevance of the assumption of pseudo-bulk system,
its actual applicability has been validated by experimental data
of polymerization rate and particle size. The average number of
radicals per particle 7 is calculated by Equation (26):

v,
dt NA Vw

kn HPy Ny

n=

(20)

M . .
where —= represents the rate of polymerized monomer, k,, is

the propagation rate constant, H is the Henry constant, P is
the absolute pressure, y is used for the molar fraction of the
monomer in the gas phase, N, is the Avogadro’s number, Vy,
is used to represent the volume of water and N, is the number of
particles. Then, the classical Smith-Ewart diagram(3*! is obtained
by plotting log, ;7 against the ratio of radical entry to termination
(parameter a) calculated by Equation (27). In that equation, fis
used for the efficiency of the decomposition of the initiator, and
k, represents the rate constant for the decomposition of the ini-
tiator, N; is the number of moles of initiator, v, is the volume of
a single particle and k,; is the termination by disproportionation
rate constant.

2
_ 4fk,;N,N?; ) @)
kaNp 7

The resulting plot is shown in Figure 1B: with the exception
of one single experimental value (which has been assumed to be
an outlier), all the data show good agreement with respect to a
straight line with slope of 0.5. This evidence and also the fact
that all the 7 values are above 0.5, as reported in Table S2 (Sup-
porting Information), legitimate the adoption of the pseudo-bulk
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Figure 2. MWD of each polymer chain class.

assumption in model development,[*}] which means that the par-
ticle number is not playing any role on the rate of polymerization.
In fact, the large number of radicals per particle makes the sys-
tem act as if it would be bulk polymerization.

3.2. Molecular Weight Distributions

Experimental molecular weight distributions are obtained by
GPC. As already mentioned in Section 3.1, the used solvent can
dissolve 292% of the total polymer, being the insoluble fraction
filtered out. In order to have a fair comparison with experimen-
tal data, we removed the same mass fraction from the predicted
distributions. To make clear the effect of removing the insoluble
polymer fraction on the MWD, a figure comparing the results of
the model without such removal (total polymer amount) and sol-
uble polymer only is reported in Figure S2 (Supporting Informa-
tion). Since more branched macromolecules are the most likely
to form the insoluble fraction, the soluble part of the polymer was
evaluated by accumulating the mass of produced polymer start-
ing from the first class until 92% w/w of the produced polymer
is collected, corresponding to the first 15 classes. Given the num-
ber of soluble classes, only the molecular weight distributions of
those classes have been compared with the results of the GPC
measurements. Accordingly, the predicted MWD of the polymer
is obtained by summing the MWDs of each class for the soluble
part. The MWDs of each class are reported in Figure 2.

It can be observed that most of the produced polymer belongs
to class 1, hence having 1 TDB per chain. This is followed by class
0 where no TDB is present. From class 2 on, the intensity of the
different distributions becomes smaller as the number of classes
increases. Another observation is that the peaks shift to larger
molecular weight as the number of classes increases, as expected
for highly branched chains exhibiting larger numbers of TDBs.

The comparison of the MWD at different conversions (the area
of each curve is proportional to the corresponding amount of
produced polymer) stacked on top of each other are reported in
Figure 3 (derivation of the formula used to obtain weight frac-
tion versus log,,(MW) is reported in Equation S3 (Supporting
Information). In all the cases, the model successfully predicted
the location of the main peak, but also it successfully predicted
the formation of a shoulder at large molecular weight. The only
discrepancy between the predictions and the experiment comes
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from the magnitude of the shoulder at large conversion, which
is slightly underestimated by the model. Given the limited ac-
curacy of the experimental technique (~ +15%), this agreement
was considered good enough. One important note to mention is
that, as reported in Section 5, polystyrene (PS) standards have
been used for GPC calibration. In order to make a fair compari-
son, the raw experimental data is corrected for PVDF using the
Universal Calibration concept**¢! along with literature values of
the Mark-Houwink parameters for PS and PVDF in the specific
solvent used for GPC analysis (dimethyl acetamide, DMAC).*”]
These parameter values and the derivation of the correction fac-
tor are reported in Table S3 and Equation S4 (Supporting Infor-
mation), respectively.

From the simulated MWDs, the number- and weight-average
molecular weight are calculated and compared to the experimen-
tal results. According to Figure 4, both number and weight aver-
age molecular weight values are well predicted by the model, with
some underestimation in the case of the first quantity (number
average molecular weight). Given the well-known stronger reli-
ability of GPC in terms of weight-average quantities, this agree-
ment was also considered good enough.

3.3. Chain-Ends

Due to the head-tail nature of the monomer, two main chain-ends
can be identified, namely CF,H and CH;. Both chain-ends are
formed Dby the reactions that are producing a dead chain accord-
ing to the kinetic scheme in Table 1. Specifically, those reactions
are: i) chain transfer to polymer, ii) termination, and iii) chain
transfer to CTA. Besides these reactions, back-biting reactions
also produce a short branch, hence they also contribute to the
production of chain-ends. Unlike the CF,H type chain-end, the
CH, type chain-end can also be produced by the propagation reac-
tions of the initiator fragment. The balances for both chain-ends
are reported in Equations (16) and (17), and the comparison with
experimental NMR data are shown in Figure 5A,B, respectively.
As can be seen, the experimental data are quite constant dur-
ing the reaction. According to the model equations and the used
parameters, this behavior is expected and nicely predicted by the
model. Moreover, the main reactions affecting the number of
chain-ends of both types are the back-biting reactions, further
supporting the need of having separate rate constants for each
type of chain-end to accurately predict the experimental data.

3.4. Long Branches

Even though there is no experimental data on branches and
TDBs, the model predicts such quantities. This information is
used to check the self-consistency of the model: since TDBs can
be formed at the end of a branch, the maximum number of TDBs
is limited by the number of branches plus two (those of the back-
bone), in other words the relation TDB < LCB + 2 has to be ful-
filled. According to the kinetic scheme in Table 1, the branching
points, that is, the molecular locations from which the long chain
branches (LCBs) can grow, are produced by transfer to polymer
and propagation to terminal double bond reaction. The model
results are reported in Figure 6. By looking at the results, during
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Figure 3. Conversion corrected stack of MWDs for (A) experimental data and (B) model predictions at different conversions. Black: 11%. Red: 17%.
Green: 26%. Dark blue: 41%. Light blue: 53%. Purple: 73%. Yellow: 88%. Brown: 100%.
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Figure 4. A) Number and B) weight average molecular weight. Solid lines: Model predictions. Squares: Experimental data.

the initial stage, the average number of TDBs is larger than that
of LCBs, meaning mostly linear chains bearing some TDBs are
formed. One important thing to mention is that the constraint
between the moles of TDB and LCB discussed above is not vio-
lated since the difference between moles of LCB and TDB is not
larger than 2. After the initial stage, the moles of LCB gets rela-
tively closer to the moles of TDB until the end of the operation,
which guarantees that the constraint is fulfilled throughout the
reaction.

Moles -CH; Chain End / 10,000 Monomer Units

0 50 100 150 200
Reaction Time (min)

As already mentioned, the main advantage of the model re-
ported herein is that the properties that define the classes (in our
case the number of TDBs per chain) can be tracked as a func-
tion of the chain length, thus resulting in a 2D distribution of
the microstructural properties, chain length and number of ter-
minal double bonds. Such detail is lost using a conventional 1D
model which would provide one single average value representa-
tive of the entire population of macromolecules. The distribution
of TDBs, TDB(n), with respect to the molecular weight is shown

70 T T T

60 1
) P R R —
40 1
30+ 1

201 .

0 50 100 150 200
Reaction Time (min)

Moles -CF,H Chain End / 10,000 Monomer Units

Figure 5. A) CH; chain-end. B) CF,H chain-end. Solid line: Model predictions. Squares: Experimental data.
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Figure 6. Comparison of LCB and TDB. Solid line: Long-chain branches.
Dotted line: Terminal double bonds.
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Figure 7. Distribution of TDBs as a function of molecular weight (solid
line). Dotted line: population-average value.

in Figure 7, compared with the corresponding number-average
value, TDB,,. The expressions used to calculate the distribution
of TDBs and the average value are reported in Equations (28) and
(29), respectively. In the equations, tis used to represent the num-
ber of TDBs, f{n, ) is the distribution for a given chain length and
number of TDBs as calculated by Equation (15), and TDB is used
for the total moles of TDBs (calculated by Equation (23)) and g,
represents the total moles of produced polymer.

X2 (tf ()
TDB(n) = ————= 28
(n) = F o (28)
TD B, = DB (29)
Ho

Using a single average value for the distribution, in this case
0.93, one would lose an important information, as a broad distri-
bution of TDBs is obtained in this system, influencing the behav-
ior of the polymer. According to the calculations, the short chains
bear no (or very small number of TDBs), by far less than one per
chain. However, as the chain gets larger, the number of TDBs

Macromol. React. Eng. 2024, 2400023 2400023 (10 of 12)
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Table 6. Experimental Conditions of Experiments used for Model Valida-
tion.

T/T e DTBP
[ [mL/kg
monomer]
Run 1 0.96 11.93
Run 2 0.97 11.65
Run 3 1.00 10.13
Run 4 1.00 10.66
Run 5 1.03 9.25
Run 6 1.03 9.25
Run 7 1.04 8.59

per chain starts to steeply increase, which is expected since larger
chains would have much larger probability to undergo branching
reactions as well as reactions that produce TDBs. Long chains ex-
hibit high heterogeneity, as it can be seen from the very high slope
of the curve in Figure 7.

3.5. Model Validation

In order to check the reliability of the model predictions, an addi-
tional set of experiments using the same recipe of the reference
reaction used for parameter evaluation (Run 3) and different tem-
peratures and initiator amounts has been conducted, as summa-
rized in Table 6. Note that the values in the table are expressed as
ratio with respect to the reference experiment for confidentiality
constraint.

Differently from the reference case, only final values of conver-
sion and polymer properties (end groups and molecular weights)
are available in this case, corresponding to a conversion of 100%
Therefore, the comparison with the model prediction is carried
out as a function of temperature (more precisely, with respect
to the ratio of the reaction temperature to the reference temper-
ature). In addition, it is assumed that the difference of DTBP
amount in Run 3 (reference) and Run 4 is small enough, so they
could be considered as identical runs.

In Figure 8A, the time required to reach the final conversion at
the different reaction conditions is reported. Even though some
discrepancy between experiments and model is present, the ex-
pected trend of decreasing reaction time at larger temperatures
is well predicted. Given the usual irreproducibility of the time be-
havior of radical polymerization reactions at the industrial scale,
such an agreement is believed to be good enough.

On the other hand, the model predictions are definitely good in
terms of chain-ends, as shown in Figure 8B,C. This agreement is
especially welcome given the impact of the temperature variation
on the entire set of polymerization reactions.

Finally, the comparison in terms of number and weight aver-
age molecular weight is reported in Figure 8D,E. Just like the
reference case reported in Figure 4, the model underestimates
the number average molecular weight and is able to predict the
weight average molecular weight nicely at different reaction con-
ditions. Once more, this agreement is convincingly supporting
model reliability and its prediction power with respect to relevant
reaction parameters such as temperature and initiator amount.
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Figure 8. A) End of reaction at different reaction conditions. B) CH; and C) CF,H chain-ends at different reaction conditions. D) Number and E) weight
average molecular weight. Solid lines: Model predictions. Squares: Experimental data.

4, Conclusion

In this work, kinetic investigation of the emulsion polymeriza-
tion of VDF is investigated. A reliable kinetic scheme with a set
of reactions that are expected to take place in the system, and the
kinetic constants for each of these reactions are presented. A 2D
model, keeping track of the chain length as well as the number
of terminal double bonds per chain is developed. Numerical so-
lution of the model is achieved by method of moments, and the
predictions are compared with experimental data.

In order to estimate reliable kinetic constants, a parameter
optimization (using genetic algorithm) is carried out. The opti-
mized parameters showed good agreement with the kinetic con-
stants reported in the literature for similar systems, as well as the

Macromol. React. Eng. 2024, 2400023 2400023 (11 of 12)

model predictions when comparison for the amount of produced
polymer, main chain-ends, number and weight average molecu-
lar weights as well as molecular weight distributions for different
amounts of produced polymer are carried out. The good agree-
ment of the model predictions is achieved not only for a refer-
ence reaction, but also for a set of validation experiments which
are carried out at different temperatures and different initiator
amounts.

One of the main values of this work is the prediction of the
TDB distribution, which shows the heterogeneity of the system.
This precise prediction is useful especially when the final applica-
tion is considered. Using the 2D model mentioned in this work,
we were able to predict full MWD nicely. It is worth mentioning
that this approach can be further deepened. In other words, in
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case more precise predictions are needed, for example, if the dis-
tribution for the branching points is required, one can increase
the dimension of the model.

5. Experimental Section

Experimental Setup: The polymerization reactions are carried out us-
ing a stainless-steel reactor. The temperature was kept constant at the de-
sired value using an external jacket. The reactor is first filled with 3.7 L
of water per unit mass (1 kg) of monomer, then the system is heated to
the reaction temperature and vented. The desired pressure is reached by
feeding the gaseous VDF in the system. Once the pressure is stable at the
target value, 14.3 mL of di-tert-butyl peroxide (DTBP), used as initiator, per
unit mass of monomer are fed into the reactor as a single shot. The igni-
tion time is estimated as the one corresponding to a pressure decrease
of 0.1 bar below the target value. Then, the monomer feed is started in
order to keep the pressure constant and the reaction is run until the de-
sired amount of VDF has been injected. At this point, the reactor is cooled
down at room temperature, the system is slowly vented and the latex is
recovered.

Characterization of the Polymer. The MWD of the produced polymer
is measured by gel permeation chromatography (GPC). The analysis is
performed using dimethyl acetamide (DMAc) using the following details:

Columns: Styragel HT6, HTS5, HT4, HT3, Styragel DMF Guard Col-
umn 4.6 X 30 mm St; Test Temperature: 45 °C; Calibration standards:
polystyrene standards having MW between 1700 and 4000,000 Da; In-
jected volume: 100 pl; Flow rate: 1 ml min~; Detector: Refractive index
detector; Evaluation of the insoluble polymer fraction: Centrifugation at
20000 RPM for 1 h at 10 °C and drying at 150 °C for 48 h.

The chain-ends are measured by nuclear magnetic resonance spec-
troscopy (NMR) performed on an Agilent DirectDrive System 500 oper-
ating at 499.86 MHz for 'H and 470.29 MHz for 'F NMR. The polymer
is dissolved in deuterated acetone. 'H and "’F NMR spectra are used
for analyzing the concentration of the chain-ends per 10000 monomer
units.
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