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ABSTRACT: Controlled free-radical polymerization is an emerging technique which can in principle
produce macromolecules with well defined microstructure, possibly tailored to specific applications. This
work describes the application of such a process to the production of several hundreds of tons of a
fluorinated copolymer per year. The aim is to control the microstructure of the product and, in particular,
to produce branched macromolecules with relatively uniform chain lengths. The process operates in
microemulsion and is complicated by the presence of branching reactions. A complete kinetic model is
developed to identify the most appropriate operating conditions to produce copolymers with desired

characteristics.

1. Introduction

In a previous paper, we investigated the free-radical
emulsion copolymerization of vinylidene fluoride (VDF)
and hexafluoropropylene (HFP).1 On the basis of the
relatively small number of polymer samples accurately
characterized in terms of molecular weight distribution,
MWD, chain end groups, and branching degree, a
reliable kinetic scheme for VDF—HFP copolymerization
was formulated, and all of the involved kinetic param-
eters were estimated. According to the experimental
results reported there, the copolymer produced without
any chain transfer agent exhibited a significant degree
of branching, with a polydispersity value around 5 and
a calculated number of long branches per macromolecule
around 1.4 at final conversion. These long branches are
formed by chain transfer to polymer and propagation
to terminal double bond (TDB). To reduce the degree of
long chain branching in the system and, therefore, the
broadness of the MWD, a chain transfer agent was used,
thus obtaining a final polydispersity close to 3 and an
average number of long branches per macromolecule
around 0.4. However, the use of a chain transfer agent
resulted in a significant reduction of the final average
chain length, with a value around half of the one
obtained without a chain transfer agent even when
using a larger partial pressure of monomer to increase
the probability of propagation. This work is focused on
the experimental and modeling analysis of an alterna-
tive approach to obtain this MWD narrowing but
without reducing the average molecular weight, based
on the use of a controlled (or living) free-radical process.
This is probably the first application of such a poly-
merization technique to an industrial process producing
several hundreds of tons of polymer per year.

Free radical living polymerization provides a tool for
controlling the microstructural properties of a polymer
during its synthesis.2 Through such a reaction mode,
polymers and copolymers with well defined and homo-
geneous microstructure, i.e., narrow distributions of
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molecular weight, monomer sequences, chain ends,
degree of branching, etc., are obtained. This process is
readily feasible for anionic and cationic polymerizations
of alkenes, ring-opening polymerizations, and various
other ionic polymerizations.? In these cases, termination
by combination is naturally prevented by the polarity
of the chain ends, and transfer is the only irreversible
chain-stopping event. More recently, free-radical living
polymerizations were reported (cf. ref 2). Because in this
case irreversible coupling terminations cannot be avoided,
living conditions can only be approached by properly
reducing termination, and therefore, these systems are
sometimes referred to as pseudo-living polymerizations.
Free-radical living polymerizations can also be used to
build “tailor-made” block or graft copolymers.

Many different kinetic mechanisms that make living
free-radical polymerization feasible are nowadays ac-
cessible and comprehensive reviews are available (cf.
refs 2 and 4). Among these mechanisms, the so-called
degenerative transfer is considered here, because it has
been shown that it can be used in radical segregated
systems while preserving large rates of polymerization.®
In this case, a chain transfer agent is added to the
system which does not affect the radical concentration,
which is kept low by simply using very small amounts
of initiator. The degenerative transfer reaction shifts the
radical activity from chain to chain according to the
following transfer reaction:

kex
R, +R X —=RX+R, 1)

where R, indicates a radical of length n and RpX
indicates the corresponding reversibly terminated chain.
This continuous exchange of radical activity results in
an intermittent growth of the polymer chains which
lasts for the entire process and increases the chain
length homogeneity. In this work, this mechanism is
exploited to establish living conditions when copolymer-
izing the fluorinated monomers mentioned above using
transfer agents containing iodine. These compounds
have been indicated as effective by Oka and Tatemoto.®
The energy of the carbon—iodine bond is low enough to
transfer iodine from chain to chain according to reaction
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1. In particular, di-iodine substituted fluorinated mol-
ecules with general formula 1—(CF;),—1 efficiently sup-
port living polymerization conditions. Moreover, to
reduce irreversible bimolecular terminations as much
as possible, a reduced amount of initiator, smaller than
that typical of an ordinary free-radical emulsion poly-
merization by about 2 orders of magnitude, was used.
The resulting low number of active chains per particle’
leads to slow polymerization rates. Therefore, to obtain
acceptable polymerization rates, the polymerization was
performed in a microemulsion,® so as to compensate for
the low reaction rate per particle by increasing the
particle concentration. The microstructure of the result-
ing copolymer was characterized in terms of MWD, end
groups, and degree of branching.

At the same time, we extended the kinetic model
originally developed for the standard emulsion process?!
to living free-radical polymerization in microemulsion.
The system is complicated by the presence of polymer
branching reactions, which are typical of fluorinated
polymers® and have to be accounted for in the model.
This feature is unique with respect to all previous
papers dealing with modeling of molecular weight
distribution (MWD) and kinetic behavior of free-radical
living homogeneous and heterogeneous polymerization,
which only considered linear polymers.1° The peculiarity
of these systems is that a polymer chain can be
reactivated not only by exchange but also by branching
reactions. Therefore, no irreversible termination is
present because even bimolecular termination or trans-
fer to monomer do not prevent polymer chains from
growing further. However, although degenerative ex-
change narrows the MWD, branching broadens the
distribution. Thus, a mathematical model is needed to
(i) identify the main features of such polymerization
systems and (ii) analyze in a quantitative way the
process response to variations of operating conditions
and reaction recipe.

2. Experimental Section

2.1. Apparatus and Chemicals. The polymerization reac-
tions were carried out in the pilot plant reactor described by
Apostolo et al.! The reactor was a 1072 m? volume, stainless
steel vessel, equipped with two baffles and a stirrer with two
three-bladed turbines. The stirring speed was always 550 rpm,
a value sufficient to avoid monomer transport resistances from
gas to liquid phase. During the reaction, a gaseous monomer
mixture of suitable composition was continuously fed to the
reactor in order to keep the pressure constant while producing
a copolymer with constant composition.*! Because the mono-
mer accumulation in the three phases inside the reactor (gas,
water, and particles) is negligible, the monomer feed flow rate
is practically equal to the reaction rate, and the composition
of the feed mixture is the same as that of the desired copolymer
(VDF/HFP at molar ratio equal to 79/21). Therefore, because
the instantaneous conversion is practically equal to 100% all
along the process, the amount of produced copolymer has been
used as evolutionary coordinate instead of conversion; that is,
all experimental results are reported as a function of weight
concentration of produced copolymer.

Vinylidene fluoride (CH,=CF; purity 99.98%), hexafluoro-
propylene (CFsCF=CF; purity 99.70%), and the iodine trans-
fer agent (CgFi2lz; purity 98%) were used as produced by
Ausimont. The free-radical initiator, (NH,), S,Os (Fluka; purity
98%), was used as received. The water was deionized and
demineralized before usage.

The reaction was carried out in microemulsion.® Before
starting the reaction, a thermodynamically stable dispersion
of droplets, or micelles, of a fluorinated oil (Galden DO2 oil;
purity 99%) and a fluorinated surfactant (Galden ammonium
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Table 1. Polymerization Recipe

pressure 2.2 MPa
temperature 353 K
water volume 6.5 x 1073 m3
microemulsion

volume 6.5 x 1075 m3

water 58 Y%V

oil 15 %V

surfactant 27 %V
(NH,)2S20g concentration 0.05 kg m—3
CeF12l2 concentration 2.9 kg m—3
gas feed composition

HFP 21 mol %

VDF 79 mol %
particle number 7.3 x 10% m—3
final polymer amount

runl 100 kg m—3

run 2 200 kg m—3

run 3 400 kg m—3

carboxylate, MW = 570 g/mol; purity 99%) in water is prepared
with the composition detailed in Table 1. The initial diameter
of these micelles was typically between 8 and 10 nm. Then,
the reactor was charged with 6.5 x 1075 m?® of microemulsion
and 6.5 x 1073 m? of water. It was pressurized by charging
the monomers and the polymerization was started by initiator
addition. Under such diluted conditions, the resulting disper-
sion was no longer thermodynamically stable. However, the
growth of droplet volume by coagulation and diffusion was
much slower than the polymerization rate and can be ne-
glected. Additional details on the microemulsion preparation
and usage can be found in ref 8.

2.2. Polymer Characterization. The MWD of the VDF/
HFP copolymer was measured by gel permeation chromatog-
raphy (GPC). The analyses were performed in tetrahydrofuran
(Baker; RPE grade) at 30 °C using a constant flow rate of 1
cm®/min supplied by a piston pump (Waters; model 590). Four
Ultrastyragel styrene-divinylbenzene columns of porosity cor-
responding to 103, 104, 105, and 10° A, respectively, were used.
A detector based on refractive index measurement (HP 1047A)
was adopted. In general, GPC with a single detector is
inadequate to evaluate the MWD of branched polymers.1?
However, this procedure was effective for this specific copoly-
mer,*® mainly because of the limited long chain branching. In
the referred paper, the procedure for MWD measurement is
discussed and validated by the combined use of both fractioned
and unfractioned samples. Moreover, the calibration was
carried out using a series of copolymer standards of the same
copolymer under examination (VDF/HFP, molar ratio 79/21),
specifically synthesized.*

Type and average number of polymer chain end groups were
measured by NMR. The measurements were performed using
a Varian Unity 300 instrument, operating at 300 MHz. The
polymer samples were dissolved in acetone-d6 (Aldrich; purity
99.6%). 'H NMR spectra were used to determine the average
number of chain ends per macromolecule. This was calculated
by dividing the chain end concentration by the average number
molecular weight (provided by GPC analysis). The overall
average number of chain ends per macromolecule, diminished
by two, provided the average number of branches per macro-
molecule.

The amount of iodine in the polymer was measured by
wavelength-dispersive X-ray fluorescence spectrometry applied
to polymer samples dissolved in methyl iso-butyl ketone (Carlo
Erba; RPE grade).

The particle number was evaluated by light scattering using
a Spectra Physics 2020 argon-ion laser operating at 514.5 nm
with a BI2030AT correlator and a BI200SM goniometer
(Brookhaven Instruments Co.). The reported values were
measured at final conversion. Because the nucleation stage is
very fast, this value is considered constant throughout the
reaction when estimating the average number of active chains
per particle.
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initiation reaction
k
I =5 2Ry

bimolecular termination by entry
Rw 2% Py

propagation

e
Rui+ M =5 Ry Ky, =% kutifi
chain transfer to monomer
Kem e
R.;+M - P+ Rip Kpm =i kma¢ifi
chain transfer to polymer
K
Rui+ Py =% Poi+ R Kpp =Y kpatia
propagation to TDB
= K
Roi+ Py = Rpymis K, =%k
degenerative transfer to di-iodine agent
Kex
T+ Ry =3 Rij+ Pain Kegr = Y ka1,
degenerative transfer to dormant chains
Kes
Roi+ Py == Ry + P Kew = % Kez it

desorption

Rig 4 Ry
Figure 1. Kinetic scheme of VDF/HFP copolymerization along
with the definition of the pseudo-kinetic rate constants, K. f;
= mole fraction of monomer i in the residual monomer mixture;
¢i = probability of a terminal unit of monomer i in the active
polymer; zi = mole fraction of monomer i in copolymer.

3. Kinetic Scheme

The kinetic scheme of VDF/HFP living copolymeri-
zation is shown in Figure 1, where | indicates the
initiator in agueous phase, M indicates the monomer
in particle phase, T, indicates the di-iodine exchange
agent in particle phase, Ry indicates the active oligo-
mers in aqueous phase, and Ry and P, ; indicate the
radical and terminated chains containing n monomer
units and i iodine chain ends in particle phase, respec-
tively, whereas P, ; indicates a polymer chain with a
terminal double bond in the particle phase. Note that
Pn,o corresponds to the terminated chains without iodine
end atoms. This species, in contrast with Py for i > 0,
cannot be reactivated by degenerative transfer. On the
other hand, both types of terminated chains can be
reactivated by chain transfer to polymer or propagation
of the terminal double bond, if they happen to have one.

All reactions in Figure 1 have already been considered
when modeling the standard (nonliving) emulsion proc-
ess,! with the exception of degenerative transfer reac-
tions, termination by radical entry into the particles,
and radical desorption from the particles. Let us briefly
comment on these additional kinetic terms.

In a previous work,” we studied the effect of radical
entry and desorption for this same polymerization
system, which is characterized by small amounts of
initiator and small particle sizes, as we will see quan-
titatively in the following. Numerical values of the
average number of active chains per particle in the
range 0.11—-0.40 were estimated under these conditions.
As a consequence, this system can be classified as
“Smith—Ewart Case I” (cf. ref 15), which implies radical
loss by desorption and instantaneous termination by
entry. This last termination is included in Figure 1 by
merging the two consecutive events, entry and bimo-
lecular termination, in a single step, the rate of which
is equal to the entry rate. Note that this termination
event actually involves a long chain radical and a very
short radical just entered and, therefore, it would be
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regarded as a monomolecular termination with respect
to the final MWD. On the other hand, under these
conditions, the combination between two long chains is
prevented, and therefore, the corresponding reaction is
not included in Figure 1. The desorption rate constant,
kg, has been evaluated through the relation:

kg == (2

where r is the polymer particle radius and a is a
parameter. Because monomers with very poor solubility
in water are considered here, the following expression
for a applies:

K, 39,
A=K, m+ 20,0, ®)
P Dl p

where m is the partition coefficient between particles
and aqueous solution, and %, and ¥, are the diffusion
coefficients of the monomeric radical in aqueous and
particle phase, respectively. Equation 2 corresponds to
the limiting case of complete reentry for the desorption
law proposed by Asua et al.*® Because the dependence
of &, on conversion can be ignored because in the
particular case of constant pressure under examination
the monomer-to-polymer ratio inside the particles re-
mains constant, also a remains constant during the
reaction.

About the transfer agent, fluorescence and NMR
measurements performed on polymers produced at
different conversions indicated that the amount of iodine
found in the polymer chains is about 70% of the total
iodine charged to the reactor. This is because under
thermal initiation the decomposition of the iodofluoro-
carbon results in the production of some free iodinel”
and leaves an inert species no longer able to act as
transfer agent. The rate constant of the reaction of
abstraction of an iodine atom from the transfer agent,
Kexi, is different from that of iodine abstraction from a
terminated polymer chain, K¢ The iodine transfer
agent is a low molecular weight species, and it is
therefore more mobile than a polymer chain. Because
the chemical bonds are very similar, K¢ should be
greater than K.

The concentration of polymer chains with a TDB,
P:i, is expressed as a fraction, a,i, of the overall
concentration of terminated chains, Py ;. The developed
model assumes that such a fraction is independent of
chain length and number of iodine terminal units, which
means P ; = oPp; with a < 1. An implicit assumption
underlying this approximation is that no chain contains
more than one TDB. To account for the distribution of
terminal double bonds, the approach recently proposed
by Zhu and Hamielec!® could be applied. However, in
the system under examination, the presence of macro-
cross-linkers, i.e., macromolecules with two or more
pendant double bonds, is negligible because of the
relatively low degree of branching, as verified later
experimentally.

Let us now consider the set of elementary reactions
that constitute the overall kinetic scheme, together with
the chain end groups that are left by each. As mentioned
above, this set of reactions is equivalent to that consid-
ered in the earlier study® with the addition of the
exchange reactions and termination by entry (besides
the correction of misprints appearing in Figure 2 of ref
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1 related to the backbiting reactions). The rate of chain
transfer to polymer is proportional to chain length,
because hydrogen abstraction can occur at any point of
the terminated chain. Similarly, because degenerative
transfer can occur through any of the j iodine ends of a
terminated chain, Py, its rate is proportional to j.

initiation reaction

— kI — HZO
SO, + CH,=CF, — "CF,CH,0S0,  —
"CF,CH,OH

chain transfer to monomer

RCH,CF," + CH,—CF, ™ RCH=CF, + 'CF,CH,

chain transfer to polymer

kfp,ll

RCH,CF," + RCH,R — RCH,CF,H + RC'HR
propagation by addition to TDB
e
R" + RCH=CF, — RC'HCF,R
bimolecular termination by entry (disproportionation)

ke
R, — RCH=CF,
degenerative transfer to di-iodine agent

kexl‘l

CeFy,l, + RCF, —% *CF,C,F,CF,l + RCF,|

degenerative transfer to dormant chains

kex
R,CF,l + R,CF,” —*>R,CF," + R,CF,|

backbiting reactions

k
RCF,CH,CH,CF,CH,CF," —>
RCF,C’"HCH,CF,CH,CF,H

K,
RCF,CH,CH,CF,CF,CH," —>
RCF,C"HCH,CF,CF,CH,

The first type of chain end (CH,OH) actually derives
from the sulfate groups which fully react in the aqueous
medium. The bimolecular termination by disproportion-
ation after entry is assumed to produce a very low MW
species originated by the collision between the short
radical, Ry, and a long chain. Although the short chain
is neglected with respect to the evaluation of the
polymer microstructure, the long one is accounted for
and its end group contains a TDB.

The backbiting reactions are considered only when
calculating the chain ends but not when computing the
polymerization Kinetics; therefore, they are not included
in Figure 1. The length of the formed branches is in fact
so small to preclude their detection by the techniques
typically used for long branches, such as GPC with
multiple detectors (cf. ref 13). These backbiting reactions
also do not affect the length of the chain and thus the
MWD. Backbiting can occur only in active chains where
the sequence of the last three monomer units is one of
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the two indicated in the last two reactions of the scheme
above. The end of the growing chain must have a
sequence of three VDF units where the third before the
last, or the third before the last and the last, are
inverted (head—head addition).

CFl chain end groups are produced by degenerative
transfer to the di-iodine agent. Degenerative transfer
to a dormant chain does not change the total number
of CF,l, because one is consumed and one is formed.
However, when the degenerative exchange to a dormant
chain involves an active chain with the last VDF unit
inverted (head—head addition), the obtained chain end
is CHzl. This aspect will not be treated further in this
work, and CF;l indicates the sum of CF,l and CH3l. The
only end group that can be “consumed” in the above
scheme is the TDB.

4. Model Development

This section presents the model used to simulate the
evolution of the living microemulsion copolymerization
under examination. The material balances of the mono-
mers, as well as monomer interphase partitioning
equations, were reported by Apostolo et al.> This model
uses the pseudo-kinetic approach,!® so that the kinetic
evolution of the system is described in terms of an
equivalent homopolymer whose kinetic constants are
suitable averages of the true copolymerization param-
eters. The main assumptions of the model are as
follows: 1. negligible inter- and intraparticle mass
transport limitations, 2. quasi-steady-state and long
chain assumptions for the growing radicals, 3. average
number of active chains per particle well below 0.5, 4.
homogeneous particles, and 5. negligible water solubility
of monomers.

The third assumption is actually the result of the
analysis reported in ref 7, whereas the others have been
discussed in ref 1. In the first work, a wide set of values
of the average number of active chains per particle, n,
has been measured under largely different conditions
in terms of initiator and particle concentration. By
fitting these values using the Smith—Ewart equations,
n was always well below 0.5 under operating conditions
close to those considered in this work (i.e., small particle
sizes and initiator concentrations). This behavior is in
contrast to that of standard emulsion polymerization,!
where the average number of radicals per particle is
well above 10 and each particle behaves like a pseudo-
bulk. In this case, the active chains are segregated in
the polymer particles, and bimolecular terminations are
restricted to pairs of short—long chains, as discussed
above. This is represented in the kinetic scheme in
Figure 1 by the additional termination by entry, whereas
the classical bimolecular terminations are neglected.

4.1. Balance Equations and Monomer Partition-
ing. The mass balance equation for the generic ith
monomer in a system of N, monomer species in a
semibatch reactor is given in ref 1:

dMiT Kp.iM; .
_QWI_ _QWI_YI |:1, ey Nm
(4)

dM; > i KoM,

In the equations above, the independent variable is the
molar concentration of consumed monomer, M, instead
of time. Note that the mass of produced polymer per
unit volume of water phase is given by Mc{MW,, where
MW, is the molecular weight of the average monomer
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unit in the copolymer chain (82.1 g/mol). Because of the
very limited compositional drift in the reaction under
examination here (a variation of copolymer composition
with conversion below 1% mol was measured), this last
quantity is considered constant during the process.
Furthermore, all concentrations are conventionally
referred to the unit of volume of water phase, the only
volume inside the reactor which remains constant
during the entire reaction. I\/IiT represents the overall
molar concentration of the ith monomer in the reactor,
Q represents the overall monomer feed flow rate specific
to the amount of produced polymer (i.e., moles of
monomer mixture fed per mole of consumed monomer
mixture), w; represents the monomer mole fraction in
the feed, M; represents the ith monomer concentration
in the polymer particles, Y; represents the copolymer
instantaneous composition, and K,; represents the
average propagation rate constant. The latter, according
to the pseudo-kinetic approach, is evaluated as follows:

Nm

being kp ;i the true propagation rate constants and ¢;
the probability of having an active chain with terminal
unit constituted by monomer j. The probability ¢; is in
turn calculated as a function of the instantaneous
composition of the monomer mixture in the polymer
particles and the true cross-propagation rate constants,
as described elsewhere.’®

The molar concentration of the ith monomer in the
gas phase, MY, is calculated as follows:!

L9y (6)

where P represents the reactor pressure, y;i represents
the monomer molar fraction in the gas phase, V,, and
Vy represent the volumes of water and gas phase,
respectively, z represents the compressibility factor, R
represents the ideal gas constant, and T represents the
reactor temperature. The value of z has been estimated
using the Peng—Robinson equation of state.?° The
partitioning of the monomers between gas phase and
polymer particles is described using a simple linear law:

MMW,
M, =hPy——— i=1,..N, (7

c

where h; represents the Henry constant of the ith
monomer and p. represents the polymer density.

We assume that the di-iodine transfer agent is
insoluble in the aqueous phase and the initiator is
insoluble in the organic phase. Both of these assump-
tions are justified by the chemical nature of the two
compounds. The mass balance equations for both of
these species are given below:

dTZ - _ Kex,lTZ (8)
dMm, K,M
dl kil ﬁ )

dM,  K,MYg, V.

w

where T, and I indicate the transfer agent and initiator
concentration per unit volume of water phase, k; rep-
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resents the initiator decomposition rate constant, and
Kex1 and K, represent the average exchange and
propagation rate constants as defined in Figure 1,
respectively.

4.2. Population Balance Equations. The popula-
tion balance equations for active and terminated chains
in polymer particles are obtained from the kinetic
scheme shown in Figure 1. As mentioned above, we are
assuming that desorbed radicals do not react in the
water phase and completely reenter the particles. Ac-
cordingly, the overall rate of radical entry, ¢2,, can be
expressed as follows:

Hy =k RyN = %/'+ A4 (10)

where ¢,' indicates the rate of production of new
radicals by initiator decomposition (= 2k;ly) and %,
the overall desorption rate (= kqYo,0). Note that this
equation corresponds to the quasi-steady-state version
of the material balance of the chains growing in agueous
phase. According to eq 10, the rate of radical entry is
given by the sum of the two rates on the right-hand side,
which are both independent of the concentration of the
active species in the aqueous phase. Therefore, the
actual concentration Ry does not need to be computed
and the rate constant of radical entry, ke, is no longer a
model parameter.

Three different balances are considered, two for the
newly born radicals with zero and one terminal iodine
atoms, R p and Ry 1, respectively, and one for the generic
radical with chain length larger than 1, i.e., Rp;. This
reflects the different initiation mechanisms of the
polymer chains which can produce radicals either
through initiator decomposition, thus bearing no ter-
minal iodine atoms, or through abstraction of an iodine
atom from the transfer agent, thus with a terminal
iodine atom. Moreover, it is assumed that the only
species diffusing between particles and water phase is
R1,0, thus neglecting desorption and reentry of mono-
meric radicals with an iodine end atom, Rji:. This
assumption appears to be very reasonable because,
differently from the radicals produced by initiator
decomposition, the radicals coming from the transfer
agent have actually six carbon atoms and no polar end
group and therefore are much less soluble in the
aqueous phase.

The population balances are given by:

10 %N R R
dR —_¢ A(ﬁ _ YO,O) _ Y_l'0+ Cfm(l _ _1'0) _

dMC N NA 0,0 YO,O
R JeNa o (Pro_ QuoRuo) o QooRio
LN M M Yoo PTM Yo,
RlO-I—Z Pll 1,0 QOl
! [ b Rt [
2CeleOV0 M ex( M YOO M ﬁd (11)
de,l Rll C Rl,l /P/ENA
dMC YOO me0,0 b N
c (h_ﬁﬁ) _ g0 R
M M Yoo PTM Yo,
T2 IQl l) ( P12 I?l 1 QO 1)
2C 1 — o2 + ¢ 22 - S =0 (12
ele( YO,O ex YOO YO,O M ( )
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an,i _ Rnfl,i Rn,i Rn,i %eNA i
- - fm ni-
nd Y00 Y0,0 Y00 N
Pn i Ql,O Rn i " Q0,0 Rn,i
Cfp VTV Pa_
M M YOO M YO’O
" n-1i Rn ri— ] i+1
Chot ZZ —+Cex(| + 1)7—
e Rn,| T2 c Rn,i Qo,l 1 0 (13)
— — —=Cy—— n>1i=
eX1Y0'0 M exYO'O M

where N indicates the concentration of particles per
unit volume of water phase, Na indicates Avogadro’s
number, %, indicates the entry rate specific to the
molar amount of consumed monomer mixture,
ANVpl(KpMYo V), and g indicates the specific de-
sorption rate, %74Vp/(KoMYooVw). The parameters Cy
(with x = fm, fp, ex1, ex, and p) are defined as ratios
between the effective kinetic rate constant of the xth
kinetic event, Ky, and the overall propagation rate
constant, K. All of these parameters are defined in
Figure 1. Finally, Yn j and Qm; represent the mth order
moment with respect to chain length and the jth order
moment with respect to iodine chain ends of the active
and terminated chain distribution, respectively, and

they are defined by:
=S$n"SiR,. (14)
Z Z !

= anzijpn,i (15)

where, as usual, all quantities are referred to the unit
volume of water.

The population balance equations for the terminated
chains are

e

dpP R AN
ne = fm_np + n,0 2 +
dMm, Yoo o N

Ql,O Rn,O F)n,O * F)n,O
Cfp(v Yo’o —n M - Cp(l M n>1 (16)
dPn,i Rn,i Ql 0 n i
dM, Cfmm R, Tl M Y00 ™)
P, R Q P
Cat™ 4 26, Yno'ol + cex( s S _ 7o)

nzl,|>0(17)

These equations apply to the irreversibly terminated
chains (i = 0) and to dormant chains (i > 0), respec-
tively. The negative terms in the balance represent
reactivation mechanisms, namely, transfer to polymer,
terminal double bond propagation, and degenerative
transfer. However, in addition to reactivate chains,
transfer to polymer and terminal double bond propaga-
tion produce long chain branches.

The numerical solution of these infinite sets of
ordinary differential equations has been carried out
using the method of moments. The quasi-steady-state
assumption (QSSA) has been introduced for all radical
species. The final form of the model equations and the
corresponding numerical solution are discussed in the
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Appendix. Note that the zero-order moment of the active
chains of all types in the polymer particles, Yoo, is
calculated as follows:

dYo,o_f/l)’eN N
dM, N (NA

Voo =% (19

This equation is no other than the classical Smith—
Ewart equation for the number of particles with one
active chain in a zero-one system.

4.3. Equations for Chain Ends and Short and
Long Branches. In addition to the moments of the
MWD, the model calculates the concentration of chain
ends according to the kinetic scheme in Figure 1 through
the following balances:

d(CH,0H) Vv

= (19)
d(ill\:/lch) _ Cfp% ‘e, bﬁﬁzl’_vpv (20)
= Gt Gt~ 2 (1

d(;_h[jcB) _ %GNNAYOO + Cpy — C; % (22)

c

where &% (= %J/(KpMYg)) represents the initiation
rate specific to the amount of produced polymer, o (=
TDB/Qo,0) the average number of TDB per terminated
chain and 8 (= kpn/(Kob1 + Kpbz2)) the fraction of backbiting
reactions which leads to CF;H chain ends.

The evaluation of long and short chain branches, LCB
and SCB, is performed through the following relations:

d(LCB) Qio , ~« Qoo
dM, = Cyy M + Coo Ve (24)
d(SCB) 1V
dMC be V (25)

which reflect that LCBs are produced by chain transfer
to polymer and propagation to TDB while SCBs by
backbiting.

5. Experimental Validation of the Model

The model has been validated by comparison with the
experimental results of a living copolymerization reac-
tion of VDF and HFP carried out in microemulsion at
the composition 79:21 mol %. Both monomers are
gaseous at reaction conditions. Because of the difficulties
found to develop a reliable sampling procedure during
the reaction, three reactions with the same recipe have
been repeated but stopped at different final conversions.
The complete polymerization recipe is reported in Table
1.

5.1. Model Parameter Evaluation. The values of
the model physicochemical parameters and of some rate
constants used in the simulations are summarized in
Table 2 along with the corresponding sources. These
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Table 2. Values of the Physicochemical Model

Parameters

parameter numerical value ref
ki 9.0 x 10°° st 25
n 0.18 1
Kp,11/Kp,12 5 9
kpzz/kpyzl 0 9
oc 1800 kg m=3 26

1 2

hj 3.1 x 1077 4.8 x 1077 kmol Pal~ m=2 26
critical temperature 303.0 358.6 K 26
critical pressure 4.37 3.20 MPa 26
acentric factor 0.17303 0.35796 26

Table 3. Numerical Values of the Model Kinetic

Parameters

parameter numerical value ref

Kp 2.1 x 108 m?3 kmol~t st 1

Cim 6.5 x 107 1

Crp 2.8 x 1075 1

C’; 9.3 x 1073 1

Chob 1.3 x 1073 kmol m~3 1

p 0.85 1

Kq 5.0 x 107%7/r2 s~1 (r is particle 7

radius in m)

Cex1 1 this work
Cex 3.2 x 1072 this work

values have been in part taken from the literature and
in part independently measured at the Ausimont labo-
ratories. Note that the initiator efficiency value was
slightly adjusted with respect to the original one (from
0.20 to 0.18), whereas the k; value is different from the
one we used in a previous paper (ref 1; kj =17 x 1075
s71) because the pH under the reaction conditions
typical of microemulsion is close to neutrality, whereas
it is acid under standard emulsion conditions. The
values of all the remaining kinetic parameters, as
reported in Table 3, have been taken from our previous
works on standard emulsion polymerization (refs 1 and
7) without any adjustment, except for the rate ratios of
the exchange reactions, Cex1 and Cex, Which obviously
appear only in this work and have been estimated by
fitting the model predictions to the experimental data
of MWD and polymerization rate.

The estimated value of Cex is about 2 orders of
magnitude smaller than Cei, thus reflecting the fact
that it is easier to abstract iodine from the transfer
agent than from a dormant polymer chain. As discussed
in section 3, this difference should be ascribed to
diffusion limitations of the polymer chain rather than
to a difference in the intrinsic chemical reactivity of the
two species. Moreover, because of the large reactivity
of the transfer agent, comparable to that of the mono-
mer, the value of C¢; has been assumed equal to 1 (i.e.,
Kext = Kp). Larger values of Cea do not lead to any
variation in the calculated results.

Only MWD and the polymerization rate have been
used to fit the model adjustable parameters. Therefore,
the agreement of the measured concentrations of the
various chain end groups with the model predictions
provides an independent validation of the reliability of
the developed model.

5.2. Polymerization Rate and Active Chain Con-
centration. The experimental data of polymer mass
concentration vs time are compared with the model
predictions (continuous curve) in Figure 2. The shape
of this curve is significantly affected by radical desorp-
tion. Because the larger the particle size, the smaller
the radical loss by desorption, the predicted average
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Figure 2. Polymer mass concentration as a function of time.
Reaction recipe as in Table 1. Experimental data: O = run 1,
A =run 2; O=run 3.
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Polymer Concentration (kg/m®)

Figure 3. CF;H end groups per chain as a function of polymer
mass concentration. 0 = experimental data. Continuous
curve: model result. Dashed curves: contributions of back-
biting (bb) and transfer to polymer (fp).

number of active chains per particle ranges from 0.05
at the beginning to about 0.15 at the end of the reaction.
This increase of the average number of active chains
explains the initial increase of polymerization rate
observed experimentally. Moreover, in agreement with
the experimental results, the calculated rate slightly
decreases at the end of the polymerization reaction. This
corresponds to the depletion of the initiator by thermal
decomposition. To account for the loss of transfer agent
through the mechanism described in section 3, an initial
amount equal to 70% of the amount actually charged
has been considered (cf. Table 1).

5.3. Chain Ends and Branching Distribution. The
chain ends evolution as a function of conversion is
shown in Figures 3 and 4 for CF,H and CHs, respec-
tively. The good agreement between model predictions
and experimental data confirms the observation that in
this system terminations by disproportionation are quite
limited, whereas they were instead one of the main
sources of CF,;H chain end groups under standard
emulsion conditions.! In Figure 3, the contributions to
CF,H formation by each of the two possible mechanisms
in the kinetic scheme, i.e., backbiting (bb) and transfer
to polymer (fp), are evidenced. The first one appears to
be the most effective with this respect, in good agree-
ment with the expected low degree of long chain
branching in the final copolymer (cf. Figure 5). About
the CH3 end groups, they are almost completely formed
by chain transfer to monomer, as it is evidenced by the
dashed curves in Figure 4, which show the separate
contributions of chain transfer to monomer (fm) and
backbiting (bb).
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Figure 4. CH;end groups per chain as a function of polymer
mass concentration. O = experimental data. Continuous
curve: model result. Dashed curves: contributions of back-
biting (bb) and transfer to monomer (fm).
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Figure 5. Branches per chain as a function of polymer mass
concentration. O = experimental data. Continuous curve:
model result. Dashed curves: contributions of backbiting (bb),
transfer to polymer (fp) and propagation to terminal double
bond (p*).

The evolution of the number of branches per macro-
molecule as a function of conversion is shown in Figure
5. These experimental values were obtained by NMR
and, therefore, represent the sum of long branches
(formed by transfer to polymer, fp, and propagation to
TDB, p*) and short branches (produced by backbiting,
bb). Most branches are short, with long branches being
about 0.5 per chain at the end of the reaction.

5.4. lodine End Atoms Distribution. The CF:l
chain end groups predicted by the model are compared
with the experimental results in Figure 6. These data
can be interpreted by noting that, in the absence of
transfer to the monomer, propagation to TDB, and
termination by entry, the number of iodine end groups
per chain can be easily calculated through the following
equation:

2T

CFl=——2_
2 T 20

(26)

where T and 1° indicate the initial molar amounts of
transfer agent and initiator, respectively. This relation
follows from the fact that, after the complete depletion
of the initial amount of iodine transfer agent, all iodine
atoms are linked to polymer chains whose concentra-
tion is given by the sum of the concentration of the
“effective” initiator fragments and of the initial iodine
transfer agent. Because Tg > 2719, according to eq 26,
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Figure 6. lodine end atoms per chain as a function of polymer
mass concentration. O = experimental data. Continuous
curve: model result.
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Normalized Distribution

Figure 7. Calculated normalized distribution of iodine end
atoms per chain at final conversion. O = all mechanisms
accounted for; A = without chain transfer to polymer; & =
without propagation to TDB; O = without both chain transfer
to polymer and propagation to TDB.

the number of CF;I per chain should be very close to 2.
However, chain transfer to the monomer and propaga-
tion to TDB are present in the system under examina-
tion, and they have to be accounted for. The first
reaction reduces the number of iodine end groups per
chain by producing a polymer chain with a TDB and a
new active chain without an iodine terminal unit. In
contrast, propagation to TDB decreases the number of
chains, and then the number of CFzl terminal units per
chain increases. The combined effect of these reactions
leads to the behavior shown in Figure 6. At the begin-
ning of the polymerization, the number of iodine end
groups per chain is close to 2. However, for increasing
conversion values, transfer to the monomer prevails and
produces the observed decrease down to about 1.2.
The calculated distribution of iodine end atoms per
chain at final conversion is shown in Figure 7. The
maximum number of iodine atoms per chain, i, is about
6. Because all model calculations have been performed
with maximum number of iodine atoms per chain NI
=15 (cf. Appendix), the reconstruction of this distribu-
tion is sufficiently accurate. In the same figure, the
distributions calculated without chain transfer to poly-
mer (Cy = 0), without propagation to TDB (C; =0) and
without both these branching mechanisms (Cr, = C; =
0) are shown for comparison. It can be seen that in the
last case (no branching reactions), the distribution is
limited to a maximum value of i = 2, because chains
with larger numbers of chain ends cannot be formed.
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Figure 8. Calculated distribution of iodine end atoms per
chain at various weight percentage conversions. 0 = 1%; & =
25%; A = 50%; O = 75%; @ = 100%.
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Figure 9. Weight average molecular weight, M, as a function
of polymer mass concentration. O = experimental data.
Calculated results: continuous curve.

On the other hand, both branching mechanisms lead
to a broadening of this distribution, although to a rather
different extent. In particular, it can be seen that the
effect of propagation to TDB is much smaller, thus
indicating that the dominating mechanism with respect
to iodine group distribution is chain transfer to polymer.

The evolution of the same distribution as a function
of conversion is shown in Figure 8. Following the
discussion above, the frequency of macromolecules with
two CFzl end groups decreases with conversion; at the
end of the reaction, most chains have one or no CF,l
end groups. In particular, the increase of polymer chains
with no iodine chain end with conversion reflects the
continuos increase of the number of chains initiated by
chain transfer to monomer.

5.5. Molecular Weight Distribution. Figure 9
compares the experimental and calculated values of
weight average molecular weight, My, as a function of
conversion. The continuous increase of My, is typical of
living conditions.? A standard free radical polymeriza-
tion carried out in a system controlled by chain transfer
to monomer with no branching and constant monomer
pressure (i.e., constant monomer concentration in par-
ticle) would in fact lead to a constant value of M,, all
along the reaction. In this case, each chain during a
single growth period adds a number of units that can
be estimated as the ratio between the characteristic
times of propagation and degenerative transfer to
dormant chains, i.e., M/2CeT,, Where T, (= Tg) repre-
sents the total concentration of iodine groups per unit
volume of water. This ratio varies during the polymer-
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Figure 10. MWD polydispersity, Pq4, as a function of polymer
mass concentration. 0 = experimental data. Continuous
curve: model result.
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Figure 11. Copolymer MWD at increasing polymer mass
concentrations. Experimental data: O = 100 kg/m?3; O = 200
kg/m?; & = 400 kg/m3. Continuous curves: model results.

ization because of the change of particle size and ranges
from a very low value to a maximum of about 34 at the
end of the reaction. This value, when compared to the
overall chain length, is sufficiently low to guarantee a
high homogeneity among all of the chains in the system,
in agreement with the basic idea of living free-radical
polymerization.

Figure 10 shows the polydispersity ratio, Py, as a
function of conversion. In contrast to the case of living
polymerization of linear polymers,? after the initial
increase, the curve does not exhibit a decrease but a
slight increase with conversion. This behavior is the
result of the counteracting effects of degenerative
transfer, which produces a MWD narrowing, and trans-
fer to polymer and propagation to TDB, which result in
MWD broadening. In all cases, the resulting molecular
weight distributions are much narrower than those
obtained with nonliving free radical polymerization. As
already mentioned, when producing this same copoly-
mer in standard emulsion,! larger polydispersity values
are obtained, i.e., 3 to 6 in Figure 5B of ref 1 against
about 2 in Figure 10. The experimental and calculated
molecular weight distributions corresponding to the
average data shown in Figures 9 and 10 are compared
in Figure 11. The peak of the molecular weight distribu-
tion moves toward high molecular weights as conversion
increases, whereas the polydispersity index exhibits
only a weak increase.

6. Concluding Remarks

The feasibility of the controlled copolymerization of
fluorinated monomers (VDF and HFP) in microemulsion
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has been established. The livingness of the process has
been obtained by a degenerative transfer reaction with
a transfer agent containing iodine atoms which are
frequently transferred from chain to chain. The living
polymerizations have been performed in microemulsion
in order to obtain sufficiently large polymerization rates.
This living process requires in fact such a small amount
of initiator that, in standard emulsion polymerization
conditions, these would be exceedingly slow. The result-
ing polymerization rate was only about 4 times slower
than the standard emulsion process, thus exhibiting a
satisfactory productivity from the industrial viewpoint.

About the microstructure of the polymer, a significant
reduction of polydispersity was found, with a final value
around 2.3, which is a remarkably small value for a
system where various branching mechanisms are
present. This MWD narrowing is superior to that
obtained when using a chain transfer agent,® thus
indicating the effectiveness of the living process. The
efficiency of the trapping by the iodine atoms diminishes
somewhat during the process, just because of the
branching reactions. However, the living nature of the
reaction does not seem to be affected, as proved by the
reasonable linearity of the average molecular weight
with conversion.

These experimental results agreed well with those
calculated using a model with most of the parameter
values given a priori as estimated in previous works
(refs 1 and 7) and two adjustable parameters only, the
exchange rate constants.

Finally, on the basis of the living microemulsion
polymerization process presented here, Ausimont has
developed a new polymerization technology called
“branching & living”.2* This technology, successfully
scaled to the industrial production, is currently used to
produce hundreds of tons per year of special fluoro-
elastomer grades.

7. Appendix

The moment equations for the population balances
are obtained through the moment generating function
method.?! It should be noted that the distribution is
bivariate because two internal coordinates, i.e., the
number of monomer units, n, and the number of iodine
atoms, i, are considered. However, as the number of
iodine atoms per chain, NI, is low (usually less than 15),
the method of moments is applied only to monomer
units, whereas each distribution with a different num-
ber of iodine units is considered individually. In other
words, we write the MWD moment equations for
polymer chains with i =0, 1, ..., NI.

From egs 11—13, the following expressions are ob-
tained for Oth order moments of the active chain
distribution as a function of polymer conversion:

dyoo N N Yo,0
dM - N NA YOO +Cfml_m_

c

AeNp Oio Q10 Yoo
Yoo Cfp(ﬁ MY, e
T
C* Qo0 QOOE_ZC Yo.0 2

M Yoo Yoo M

Qo1 Yoo Qo1
CeX(V Yoo M) @7)
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dyo s Yo1 A1 Q1o You ANy
M, = Cirv, M M Yo VeI N
Cla y01(h_%) 4 Yoo %oa| _
YoolM M/ Yoo M
Yo1 Oo2  Yo1 Qo
ZCele(l m) + CEX(ZV m —) (28)
dyo; B Yo,i i Q1o Yoi AeNp N
dMm, ™ MM Y, Yoim
Yoi-jdoj Qoo Yo, Yoi T2
CZGZ e _2Cexl__+
=0 Yoo M M Yoo Yoo M
c i+ )QO i+1  Yoi Qos (i =2) (29)
G - i >
¢ Yoo M

where yo,i and o ; indicate the Oth order moment of the
distribution of active chains and dormant chains with i
iodine atoms, respectively.

Similarly, the first-order moment equations of active
chain distribution, yo, are given by:

dyio  “Na[ N YOo Y10
dm, N_A_YO'O Y00+Cfm1_m_

dM, N
QlOle i
™ Yoo

Ry + cfp(q20 —

« |90 Yoo y1,o(Qo,o B Qo,o) _
Co Yoo  YoolM M
Y10 T2 Oi1 Y10 Qo AN
2Ceay, M Cex(ﬁ Yoo V) w30
dy;; Yo1 Y11 01 Qio Y11
dM, ~ Yo, = Ciny -+ Col g~ ™ Yoo
Cla yll(h_%) 4 Yoa %10 | Yoo G
YOO M M YO,O M YO,O M
Y1,0 Yo,1 T, Y11
T ZCele(l v 0) +
G2 Y11 Qoa ZeNa
Cex(Zﬁ Yoo M ) el S
dyii Yo Yii Ooi  Quo Yui
= =Gt C|
dM, YO,O YO,O M M YO,O
o [ (Yri-iYos  Yoi-j Y, Qo0 Y1,i
Chat Z —+ —-—— -
= YOO M Yo,o M M YO,O
Yii T Auiv1 Yii Qoa
2C, g — + Co (i + 1 = 2 T2
0,0 Yoo M
ANy
Yii N (i=2) (32)

whereas the second-order moments are given as
follows:
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dy,o Nl N Yo,0 Y10
N N_A_Y°*°+ S L

dM, N Yo,o Yoo
Y20 O30 Q10 Yoo
Cfm(l Yo,o) + Cfp( M M Y, o) +
« |920 Yoo d10 Y10 yzo(Qoo_Qoo) B
UM Yoo T 2M Yoo YoolM M
Yoo T G212 Y20 Qo A Np
2Cex1w’0 v Cex(ﬁ Yoo V) Ao = Y20 N
(33)
dy,1  Yoa Y11 Va1 Os1  Qio Y1
dM, —m“voo‘cfmv—”fpV‘Vm *
« | Y 1(%0 B Qo, 0) « [ Y20 Yot Y10 1,1
C [Yoo M M + Cpa Yoo M + 2Yo,o M +
y Yoo %21 | ;Y11 %o | &%)
oM N M Y™
Yo 2@ _ Y21 Qoa| _
ele “Yoo) T PM TV, ™
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Ya1 eN (34)
dysi VYo Yii Yai Ozi Qo Yai
—=—— 12— Cpr— 1t Cy -
dM; Yoo Yoo Yoo M M Yo,
C’,;a Z Y2, @ N 2y1,i—j E N Yo,i-j E B
=\ Yoo M Yoo M Yoo M
Qoo Yai Yai To
M Yo, "Noo M
c i+ 1)Q2,i+1 Y2i Qoa SN (i>2) (35
i - — — Uz
ex M YO’O M y2,|

When the QSSA is applied, the system of differential
equations 27—35 reduces to a system of algebraic
equations.

In the case of terminated polymer chains, the follow-
ing set of equations is readily obtained from eqs 16 and
17:

dqo. Yo,i dii Qo Yo, « Yo,i
am, ~ G, Cfpﬁ‘vm “Gm
7 4T,
yO N exl IY M

qu yOI Q 1 R
cex( i+ o Yo, M) (i = 0) (36)

dqy; Yii Ooi  Quo Yui « i
M, ~ Yo, T CRM T M Yo/ OOM T
SN Yii- 1T2
yl N ex1 IY M +

Oy Yii-1 QO,l .
Cex(—lm + 6; Yo, M ) (i=0) (37)
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da. - _
_qz"— fmyZ,l C; &_%& _C* %4_
dM, YO,O P\ M M YO’O
Yoi-1 12 i Y2i-1 Qo1
2Cpadiy— +cex( TR vy
7 _
Vo (120) (38)

where 6j =1 fori > 0and 6; =0 for i = 0.

In the equations above, the third-order moments with
respect to the chain length gz; are needed. They have
been evaluated through the following closure formula,
based on the approximation of the unknown distribution
as a truncated series of Laguerre polynomials using a
gamma distribution weighing function:?2

do, 0 G20
— 20 _ 20 39
Gao = A0 %,oql’o (39)

This formula has been proved effective for the case of
nonlinear chains by Baltsas et al.?3

From the moments of the MWDs of each type of
polymer chains (i.e., with different number of iodine
units), the overall moments Y, j and Qmj are evaluated
as follows:

= k;)kjym,k; Qm,j — kZijqm,k (m'j =0

It should be noted that the values of Y0 and Qmo can
also be obtained by directly solving the equations
obtained by summing up for all i values eqs 27—29 and
36 for yo,i and qo,i. Besides Y given by eq 18, the overall
moments Y10, Y20, Qoo, Q1,0 and Q2o are obtained by
summing up for all i values equations 30—32, 33—35,
36, 37, and 38, respectively. The following equations are
thus obtained:

le,o ZAN NN Y10
= N_A_YO'O +1+Cll Yoo

. 3) (40)

dM, N
2Cex1—|l\—/| (1 o %) + Cex(% o ﬁ%) o Y1,0{;/?9%
(41)
ddYNZI'CO = %T\INA(N% - YO’O) +1+ 2%2 +
’% + 2%m + 2Cex1-||\_/|(1 -~ %) +
Cex(% - % %) Sg = Y20 /ZJ"NNA (42)
% =Cq — C’;a% + ZCexl,\j + Yooy 2 (43)
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9Quo_ o Y10 _ o (Qzo_ QuoYio| | o Quo
dM, — ™Y, TPIM M Y, PTM
Y1,0 2 Ql,l QO,l Y1,0 %)eNA
2Cony M T T M T Yo/ TN
(44)
dQZ,O Y2,0 QS,O Ql,O Y2,0 * QZ,O
Y A W VIR VIR B VI
YZ,O T2 Q2,1 QO,l Y2,0 7z, NA
ZCeXImM + Cex(_ ™ T ™ Yo, + Yoo
(45)

Finally, the values of the main average quantities of
the polymer MWD are obtained from the values of the
overall moments as follows:

_ Yl,o + Ql,o_ _ Yz,o + Qz,o.
" Yoot Qoo Y Y0t Que
where M, indicates the number average degree of

polymerization, My, indicates the weight average, and
Pg4 indicates the polydispersity ratio.

M
Py = M—W (46)
n

8. Nomenclature

a desorption parameter defined in eq 2, m?/s

Cy ratio of the effective rate constant, K,, to the
effective rate constant of propagation, Ky

(CFzH) concentration of CF,H end groups, kmol/m,,?

(CFzD) concentration of CF,l end groups, kmol/m,?

(CH,0OH) concesntration of CH,OH end groups, kmol/
My

(CH5) concentration of CH3 end groups, kmol/m,,?

Dy radig;al diffusion coefficient in water phase,
m?/s

Dy radical diffusion coefficient in particle, m?/s

h; Henry constant of the ith monomer, kmol/
Mpa/m,,?

| initiator concentration, kmol/my,3

Kpbi rate constant of back biting for the ith radical,
kmol/m;®/s

kg rate constant of radical desorption, 1/s

Ke rate constant of radical entry, my2/s/particle

Kex.i rate constant of degenerative transfer of radi-
cal i to transfer agent, kmol/m,3/s

Kex1 rate constant of degenerative transfer of radi-
cal i to dormant chain, kmol/my®/s

Kemij rate constant of chain transfer of radical i to
monomer j, kmol/my%/s

Ktpij rate constant of chain transfer of radical i to
polymer (monomer unit of type j), kmol/
m,°/s

Kk, rate constant of initiator decomposition, 1/s

Kp.ij rate constant of propagation of radical i to
monomer j, kmol/my%/s

Kbb effective (composition average) rate constant
of back biting, kmol/mp%/s

Kex effective (composition average) rate constant
of degenerative transfer to transfer agent,
kmol/mp3/s

Kex1 effective (composition average) rate constant
of degenerative transfer to dormant chain,
kmol/mp3/s

Kfm effective (composition average) rate constant

of chain transfer to monomer j, kmol/mg3/s

Na
Pn,i

qn,i

Qm,j

.
S

R
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effective (composition average) rate constant
of chain transfer to polymer (monomer unit
of type j), kmol/my®/s

effective (composition average) rate constant
of propagation, kmol/my%/s

effective (composition average) rate constant
of propagation to TDB, kmol/mg?/s

concentration of long chain branches, kmol/
my?

partition coefficient of radicals between water
phase and particles

concentration of monomer i in particle, kmol/
my,3

concentration of monomer i in gas phase,
kmol/m,,3

overall concentration of monomer i in the
reactor, kmol/m2

concentration of consumed monomer mixture,
kmol/m,,3

concentration of polymer particles, particle/
my3

Avogadro’s number, molecules/mol

pressure, MPa

concentration of dead chains with n monomer
units and i iodine terminal units, kmol/m,3

moment of the dead chain distribution of
order n with respect to monomer units and
with i iodine terminal units, kmol/m,,3

feed flowrate of monomer mixture, kmol/s

overall moment of the dead chain distribution
of orders m and j with respect to monomer
units and iodine terminal units, respec-
tively, kmol/m,?

particle radius, m
ideal gas constant, MPa m3/kmol K

concentration of active chains with n mono-
mer units and i iodine terminal units,
kmol/m,,3

concentration of active chains in water phase,
kmol/m,,3

overall desorpion rate, kmol/m,® s

overall entry rate, kmol/m,2 s

overall rate of initiator decomposition, kmol/
my3 s

desorpion rate specific to the molar amount
of consumed monomer mixture

entry rate specific to the molar amount of
consumed monomer mixture

rate of initiator decomposition specific to the
molar amount of consumed monomer mix-
ture

concentration of short chain branches, kmol/
my3

temperature, K

concentration of iodine transfer agent, kmol/
my°

concentration of terminal double bonds, kmol/
my?

volume of gas phase in the reactor, m3

volume of particle phase in the reactor, my®

volume of water phase in the reactor, m,?

mole fraction of monomer i in the feed

mole fraction of monomer i in the gas phase

moment of the active chain distribution of
order n with respect to monomer units and
with i iodine terminal units, kmol/m,,3

mole fraction of monomer i in the copolymer
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Ym,j overall moment of the active chain distribu-
tion of orders m and j with respect to
monomer units and iodine terminal units,
respectively, kmol/m,?

z compressibility factor of the gas mixture

Greek Letters

o average number of terminal double bonds in
the terminated chain

B fraction of backbiting reactions forming CF,H
chain ends

n initiator efficiency

D; probability of having an active chain with
terminal unit of monomer j

Pc copolymer density, kg/mg®
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