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Poly(vinylidene ﬂuoride) (PVDF) that is synthesized by precipitation polymerization in supercritical
carbon dioxide (scCO2) has a bimodal molecular weight distribution (MWD) and a very broad
polydispersity index (PDI) under certain reaction conditions. Different models have been formulated to
account for this behavior. This paper presents a homogenous model for a continuous stirred-tank
reactor (CSTR) that includes the change of the termination reaction from kinetic control to diffusion
control as the chain length of the polymeric radicals increases, and accounts for the change in the
termination rate constant with macroradical chain length in the diffusion-controlled region. The model
also includes the chain transfer to polymer reaction. Comparison of the model output with
experimental data demonstrates that changes of the MWD, including the development of a bimodal
distribution, with such reaction conditions as monomer concentration and average residence time are
successfully predicted. In addition, the model can capture the occurrence of gelation, which appears to
be responsible for a region of inoperability that was observed in the polymerization experiments. The
success of this homogeneous model is consistent with recent research demonstrating that the CO2-rich
phase is the main locus of polymerization for the precipitation polymerization of vinylidene ﬂuoride
and vinylidene ﬂuoride/hexaﬂuoropropylene mixtures in scCO2, at the conditions that have been
studied to date.
& 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Poly(vinylidene ﬂuoride) (PVDF) possesses unique properties
such as excellent chemical, thermal and mechanical stability in
addition to its pyroelectric and piezoelectric properties. Moreover,
it has low surface energy, low water absorptivity, excellent
weatherability and low ﬂammability (Lovinger, 1982; Scheirs,
1997). Consequently, PVDF is used in applications requiring the
highest purity, strength, and resistance to solvents, acids, bases,
and heat, in addition to low smoke generation during a ﬁre. Some
typical applications for PVDF include coatings and ﬁlms, cables,
pipes, tubing in plastic heat exchangers, column packing, valves,
and pumps. In addition, PVDF is an acceptable material for
biological systems (Klinge et al., 2002).
The homopolymerization of vinylidene ﬂuoride (VF2) in
supercritical carbon dioxide (scCO2) by both precipitation polymerization (Charpentier et al., 2000a, 1999; Galia et al., 2002; Liu
et al., 2005; Mueller et al., 2005a; Saraf et al., 2002a, 2002b) and
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dispersion polymerization (Galia et al., 2006; Mueller et al., 2006;
Tai et al., 2005a, 2005b, 2005c) has been reported in both
continuous (Charpentier et al., 2000a, 1999; Saraf et al., 2002a,
2002b) and batch (Galia et al., 2002, 2006; Mueller et al., 2006;
Tai et al., 2005a, 2005b, 2005c) reactors. The molecular weight
distributions (MWDs) of the PVDF synthesized in scCO2 exhibited
bimodal distributions under certain reaction conditions, in both
continuous (Saraf et al., 2002a, 2002b) and batch (Mueller et al.,
2005a) operation. The main features associated with these
bimodal MWDs (Saraf et al., 2002a) are: (1) the MWD changes
from perfectly unimodal at low monomer concentrations to
bimodal as the monomer concentration is increased at constant
average residence time (t), temperature and pressure; (2) the
average residence time has no effect on the molecular weight and
the MWD at low monomer concentration; (3) at high monomer
concentrations, the polydispersity index (PDI) increases signiﬁcantly with t; and (4) the molecular weights, PDI, and the extent
of bimodality decreases with increasing temperature.
High polydispersity indices and bimodality can contribute to
better ﬂow characteristics and processing behavior (Maccone
et al., 2000; Tervoort et al., 2000). Therefore, the production of
polymers with bimodal MWDs is potentially of commercial
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interest. Typically, broad and bimodal MWDs are obtained by
polymer blending, which usually requires a multi-step process
where low and high molecular weight fractions are synthesized
independently and then mixed together. On the other hand,
polymerization in scCO2 is a single step process. However, in order
to synthesize polymer with the desired properties, it is very
important to understand the origin of the bimodal MWD and
broad PDI, and to be able to control the relative amounts and
molecular weights of the two fractions.
Four different hypotheses have been proposed to explain the
MWD of PVDF synthesized in scCO2. The ﬁrst is imperfect mixing
in the continuous stirred tank reactor (CSTR) that was used in
some polymerizations (Saraf et al., 2002a). This hypothesis was
inﬂuenced by the work of Zhang and Ray (1997) in which it was
shown that broad MWDs with a shoulder can be generated by
imperfect mixing. However, experiments by Saraf et al., showed
that changing the agitation rate and/or agitator type during the
continuous precipitation polymerization of PVDF did not affect
the MWD signiﬁcantly (Saraf et al., 2002a).
The second hypothesis is that long chain branching, a result of
chain transfer to polymer, caused a second population of highly
branched chains (Saraf et al., 2002a). In order to explore this
possibility, Saraf et al. developed a homogeneous kinetic model
that included a chain transfer to polymer (CTP) reaction. This
model, which was based on the assumption that all the reactions
took place in the continuous phase, i.e., in the supercritical ﬂuid,
was successful in predicting the PDI variation with inlet monomer
concentration and residence time. In addition, the model
predicted a region of inoperability for the CSTR, coincided with
experimental results. However, bimodal MWDs could not be
generated with the model (Saraf et al., 2002a).
The third hypothesis is also based on the assumption that all
the reactions took place in the supercritical ﬂuid phase;
bimodality is attributed to the transition of the termination
reaction from a kinetically controlled regime to a diffusioncontrolled regime with increasing macroradical molecular weight
(Ahmed et al., 2004). Accordingly, the rate constant for termination decreases with chain length in the diffusion-controlled
regime, and the second mode of the MWD is a result of an
increased population of high-molecular-weight macroradicals. In
fact, the decrease in termination rate constant with radical chain
length was previously reported to produce bimodal MWDs for the
free-radical polymerization of methyl methacrylate in the presence of poly(methyl methacrylate) (Bogunjoko and Brooks, 1983).
In order to explore the third hypothesis, we previously
proposed a homogeneous kinetic model for VF2 polymerization
in a CSTR incorporating a termination rate constant that decreased
with macroradical-chain-length for long chains (Ahmed et al.,
2004). In this model, three termination reactions with different
rate constants were used to approximate the actual termination
scheme consisting of an inﬁnite number of reactions and rate
constants. The model captured the directional effect of the
operating parameters, such as monomer feed concentration,
residence time, and reaction temperature, on the MWD. However,
the model seriously underestimated the PDIs that were observed
in some experiments, and did not predict a region of inoperability.
Presumably, these deﬁciencies resulted from ignoring the CTP
reaction.
The fourth and ﬁnal hypothesis is that bimodality results from
simultaneous polymerization in both the supercritical ﬂuid and
the polymer phases (Mueller et al., 2005a; Saraf et al., 2002a,
2002b). Mueller et al. developed a mathematical model for the
dispersion polymerization of poly(methyl methacrylate) in scCO2
that accounted for simultaneous polymerization in both phases by
taking into account the transport of polymeric radicals between
the two phases (Mueller et al., 2004, 2005b). They then applied

this model to the precipitation polymerization of PVDF in scCO2
(Mueller et al., 2005a).
The ‘‘simultaneous polymerization’’ model included a large
number of parameters. Mueller et al. made a considerable effort to
estimate most of these parameters from independent sources.
Nevertheless, three parameters had to be adjusted to model VF2
polymerization; two of these parameters had a very signiﬁcant
impact on the existence or the non-existence of a bimodal MWD
(Mueller et al., 2005a). Mueller et al. compared the model
predictions to batch polymerization data for PVDF and found
reasonable agreement. That work establishes that the simultaneous polymerization in both the supercritical phase and the
polymer particles can lead to bimodal molecular weight distributions. However, it does not establish that ‘‘simultaneous polymerization’’ is the cause of, or even a major contributor to,
the bimodal MWDs that were observed for VF2 polymerization
in scCO2.
For precipitation/dispersion polymerization, two factors determine the importance of polymerization in the polymer phase
relative to that in the ﬂuid phase: (1) the time scale of the
termination reaction compared to that of macroradical precipitation and/or transport between phases; and (2) the concentration
of monomer dissolved in the polymer phase. Regarding the ﬁrst
factor, if the characteristic time for termination is much less than
that for precipitation/transport, the polymer chains will terminate
in the ﬂuid phase before macroradicals transfer to the polymer
phase and vice versa. Mueller et al. (2005a) introduced the
O-parameter, i.e., the ratio of the characteristic time for
interphase mass transport of radicals to that for termination, to
quantify this relationship. They neglected the precipitation of
macroradicals, which may be a more important means of radical
transfer to the polymer phase, especially for long chain lengths.
For precipitation polymerization of PVDF, the estimated values of
O in the polymer phase were negligible, {1, while the O
parameter for the continuous phase was smaller than one, except
for macroradicals with a very high degree of polymerization,
where O values very close to one were obtained. These predictions
suggest that both the polymer and ﬂuid phases are possible loci of
polymerization, at the conditions of the experiments. It is
important to recognize that these values for the O-parameter
depend on the speciﬁc interphase surface area of the polymer
particles. This is one of the key adjustable parameters in the
Mueller et al. (2005a) model, and has a signiﬁcant impact on
the model output. Small changes in the value of the total area of
the particles are sufﬁcient to completely change the MWD
predicted by the model (Mueller et al., 2005a).
The second factor that has a signiﬁcant impact on polymerization behavior is the solubility of VF2 in the polymer phase at
reaction conditions. Recently, the simultaneous equilibrium
sorption of CO2 and VF2 into PVDF has been studied experimentally by Galia et al. (2008). They showed that the concentration of
VF2 in the polymer particles is very low at the conditions used
during the polymerization of VF2 in scCO2. These results coincide
with a similar study by our research group showing that the
equilibrium partition coefﬁcient of VF2 between PVDF and CO2 is
negligible at high pressures (Kennedy, 2003; Saraf et al., 2002b).
The limited solubility of VF2 in PVDF in the presence of scCO2
suggests that any radical initiated or captured in the polymer
phase propagates under monomer-starved conditions that could
compensate the autoacceleration effect arising from the impeded
termination in the polymer phase (Galia et al., 2008), and lead to a
very low rate of polymerization in the polymer phase.
Mueller et al. (2005a) used the Sanchez–Lacombe equation of
state with the mixing rules proposed by McHugh and Krukonis
(1994) to describe the partitioning of VF2 between the ﬂuid and
polymer phases. Experimental data (Kennedy, 2003) were used to
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obtain the interaction coefﬁcients of VF2/CO2 and CO2/PVDF. For
VF2/PVDF, Mueller et al. neglected the entropic interaction
parameter and used the other binary interaction parameter as
an adjustable parameter. Unfortunately, their method of adjusting
this parameter to ﬁt the experimental data was not described.
However, the values of the VF2/PVDF interaction coefﬁcients used
in the Sanchez–Lacombe equation of state by Mueller et al. were
different from values reported by Galia et al. (2008) by ﬁtting their
experimental sorption data.
A ﬁnal concern about the use of the ‘‘simultaneous polymerization’’ hypothesis to account for the bimodal MWDs and high
PDIs observed for PVDF rests in a recent study (Ahmed et al.,
2009), which established that the precipitation homopolymerization of VF2 and the precipitation copolymerization of VF2 with
hexaﬂuoropropylene in scCO2 takes place primarily in the
continuous, CO2-rich ﬂuid phase, at the conditions that have been
studied experimentally. Analysis of experimental data has shown
that the measured rate of polymerization (Rp) and numberaverage molecular weight (Mn) are well described by a model
based on the assumption that all of the polymerization reactions
take place in the ﬂuid phase. Conversely, two models based on the
assumption that propagation and termination take place either on
the surface of the polymer particles or throughout the polymer
particles fail to describe the Rp and Mn data. On other hand, an
approximate deconvolution of the bimodal MWDs obtained by
Saraf et al. (2002a) for experiments at VF2 inlet concentrations of
2.8 and 3.5 mol/L showed that approximately 60–70% of the
monomer units are in the second, high molecular weight peak
(Ahmed et al., 2009). According to the ‘‘simultaneous polymerization’’ model, this fraction of the monomers reacted would have
been polymerized in the polymer phase. This is clearly inconsistent with the observed kinetics of VF2 polymerization (Ahmed
et al., 2009).
The objective of the current work is to demonstrate that a
homogenous model that accounts for both the CTP reaction and
the chain-length dependency of the termination rate constant can
capture all the important features of the MWDs of PVDF prepared
by continuous precipitation polymerization in scCO2. The experimental data for the precipitation polymerization of PVDF in scCO2
using a CSTR at 75 1C and 276 bar with diethylperoxydicarbonate
(DEPDC) initiator reported by Saraf et al. (2002a) are used to test
the performance of the model.

2. Modeling
2.1. Model development
The model is based on the reactions shown in Fig. 1. The ﬁrst
three steps are classical: initiator decomposition, chain initiation,
and chain propagation. Termination is solely by combination
(Saraf et al., 2002a) and is represented by three separate reactions
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between macroradicals of different chain lengths. This is perhaps
the simplest approximation that permits the termination rate
constant to be a function of macroradical chain length. When both
radicals are shorter than some critical chain length, ncr, the
termination reaction is assumed to be kinetically controlled and
the termination rate constant, kuu
t , is not chain-length dependent.
When either or both of the macroradicals contains more than ncr
monomer units, the termination reaction becomes diffusion
controlled and the termination rate constant is chain lengthdependent. Radicals containing up to ncr monomer units are
referred to as unhindered, while hindered radicals are those
containing more than ncr units. For radicals of chain length greater
than the critical value, the reduction in the termination rate due to
the diffusion limitations is approximated by two termination rate
hh
uh
describes
constants ðkuh
t Þ and ðkt Þ. The rate constant kt
termination by combination of an unhindered radical with a
hindered radical. The rate constant khh
t describes the combination
of two hindered radicals. This scheme is similar to the one used by
Bogunjoko and Brooks (1983). It is a major simpliﬁcation of the
actual chemistry, in that an inﬁnite number of reactions and rate
constants are lumped into three groups by creating two groups of
macroradicals. Even with this simpliﬁcation, the mathematics
required to solve for the MWD is tedious. The simplest extension
of this lumping approach would be to create three groups of
macroradicals, which leads to six termination reactions and rate
constants.
As an addition to our previous model (Ahmed et al., 2004), the
CTP reaction was taken into account. No diffusion limitations are
expected for radical propagation or CTP reactions or since these
reactions are slow compared to termination reactions (Odian,
2004).
The model is derived for polymerization in an ideal CSTR
operating at steady state with the following main assumptions
and characteristics:
(1) The continuous CO2 phase is the only locus of polymerization
(i.e. the rates of any reaction occurring in the polymer phase
are negligible compared to the rates in the ﬂuid phase).
(2) The quasi-steady-state approximation is valid. This assumption implies that the lifetime of radicals is very small
compared to the average residence time of the CSTR. Hence,
the radical outﬂow from the CSTR is neglected.
(3) In the CTP step, a hydrogen atom is extracted from any one of
the repeat units of the dead polymer. Therefore, the rate
constant is proportional to the chain length of the ‘‘dead’’
polymer molecule. Shielding of the inner portion of the
molecules, which is possible in the case of large, coiled
molecules, is neglected.
2.2. Model equations
Let Rn and Rh
n be the concentrations of the unhindered (n rncr)
and hindered (n4ncr) radicals containing n monomer units,
respectively. The steady-state material balances on live polymers
give
R1 ¼

2fkd I
D
kp M

ð1Þ

Rn ¼ D½Rn1 þ nPn F; 1o n r ncr

ð2Þ

h
Rh
n ¼ C½Rn1 þ nPn F; n 4 ncr

ð3Þ

where
Fig. 1. Proposed kinetic scheme for PVDF polymerization in scCO2. I, M, Rn , Rh
n and
Pn denote initiator, monomer, unhindered radicals, hindered radicals and dead
polymer, respectively.

ðRn ÞT ¼

ncr
X
n¼1

Rn

ð4Þ
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X

ðRh
n ÞT ¼

Rh
n

ð5Þ

n ¼ ncr þ 1

F¼

Volume of CSTR
Total volumetric flow rate
8
9
ncr
X
>
>
< kuu
ðRm Rnm Þ; ncr o n r 2ncr =
t
¼
m ¼ nncr
>
>
:
;
0;
n 4 2ncr

t¼

ktp ððRn ÞT þ ðRh
n ÞT Þ
kp M

ð6Þ
rpan

kp M
D¼
P1
 Þ þ 2kuh ðRh Þ þk
kp M þ2kuu
ðR
tp
t
t
n ¼ 2 nPn
n T
n T

ð7Þ

kp M
P1
 Þ þ 2khh ðRh Þ þk
kp M þ2kuh
ðR
tp
t
t
n ¼ 2 nPn
n T
n T

ð8Þ

C¼

where t is the average residence time:

Eq. (2) can be written as a ﬁnite sum of terms in Pn by using the
expression for R1 given by Eq. (1):


n1
X
2fkd I
Dn þ F
ðDnm ðm þ 1ÞPm þ 1 Þ; 1 on rncr
ð9Þ
Rn ¼
kp M
m¼1

rpbn ¼

8
nðn
cr þ 1Þ
X
>
>
>
ðRm Rh
> 2kuh
nm Þ;
t
>
<

9
>
>
ncr þ 1 on r2ncr þ 1 >
>
>
=

ncr
X
>
>
>
>
2kuh
ðRm Rh
nm Þ;
>
: t

n 4 2ncr þ 1

m¼1

n1
X

ðCnm ðm þ1ÞPm þ 1 Þ; n 4ncr

ð10Þ

rpc n ¼

hh

k
>
>
: t

nðn
cr þ 1Þ
X

ð11Þ

The total concentration of hindered radicals is obtained by
substituting Eqs. (10) and (11) into Eq. (5)

 ncr X
1
2fkd I
D
Þ
¼
Cn
ðRh
T
n
kp M
C
n ¼ ncr þ 1
(
nX
1
cr 1
X
þF
Cnncr
ðCncr m ðm þ 1ÞPm þ 1 Þ
n ¼ ncr þ 1

þ

m¼1

)

ðCnm ðm þ1ÞPm þ 1 Þ

ð13Þ

m ¼ ncr

Since D o1 and C o1, use of the binomial series reduces Eqs. (12)
and (13) to


ncr X
n1
X
2fkd I
D
ð1  Dncr Þ þ F
ðDnm ðm þ 1ÞPm þ 1 Þ
ðRn ÞT ¼
kp M 1  D
n¼2m¼1
ð14Þ




2fkd I
C
ncr
ðRh
Þ
¼
D
n T
1C
kp M
(
nX
1
cr 1
X
þF
Cnncr
ðCncr m ðm þ 1ÞPm þ 1 Þ
n ¼ ncr þ 1

þ

n1
X

m¼1

ð15Þ

m ¼ ncr

A steady state material balance on dead polymer gives
(
"
#)
n1
1
X
X
uu
 


h
ðRm Rnm Þ þ ktp Rn
ðmPm Þ  nPn ððRn ÞT þ ðRn ÞT Þ ;
Pn ¼ t kt
m¼1

>
>
;

1
X
ðmPm Þ  nPn ððRn ÞT þ ðRh
n ÞT Þ; n 4 ncr

ð20Þ

ð21Þ

2

M¼

I¼

Min  2fkd It
1 þ tkp ððRn ÞT þ ðRh
n ÞT Þ

ð22Þ

Iin
1þ kd t

ð23Þ

where Min and Iin are the feed concentrations of monomer and
initiator, respectively, and f and kd are the initiator decomposition
efﬁciency and decomposition rate constant, respectively.
These equations permit the performance of a CSTR operating at
a known set of conditions (T, P, t, Min, Iin) to be calculated. The
algorithm used to perform these calculations is outlined in the
Supplementary data. To perform these calculations, eight parauh
hh
meters must be known: kd, f, kp, ktp, ncr, kuu
t , kt , and kt .
2.3. Parameter determination
2.3.1. Initiator decomposition
The decomposition kinetics of DEPDC in scCO2 was studied by
Charpentier et al. (2000b). Their values, at 75 1C, f = 0.6 and
kd = 9.9  10  4 s  1, were used here.
2.3.2. Critical chain length
The model predicts that the location of the minimum between
the two peaks of a bimodal MWD is located at a chain length of
2ncr + 1. Therefore, the value of ncr can be estimated from the
experimental MWDs. Experimentally, the location of this minimum increases slightly as the monomer concentration increases
(Saraf et al., 2002a). However, for the sake of simplicity, a constant
value of 540 was used for MWDs at 75 1C.

m¼2

ð16Þ

2.3.3. Termination rate constants
The Russell (1994, 1995) model was used to describe the chainlength-dependence of the termination rate constant. Neglecting
reaction diffusion, which is important only at very high conversions, the dependence of the termination rate constant kt ði; jÞ on
chain length is given by
kt ði; jÞ ¼ 2ppspin ðDi þDj ÞsNA
(

Pn ¼ tðrpan þ rpbn þ rpc n þ rpdn Þ; n 4 ncr

n Z 2ncr þ 2

)

ðCnm ðm þ1ÞPm þ 1 Þ

1 o n r ncr

h
ðRh
m Rnm Þ;

ð19Þ

Finally, steady-state material balances on monomer and initiator
give

Substituting Eq. (9) into Eq. (4) gives the total concentration of
unhindered radicals:

 ncr
ncr X
n1
X
2fkd I X
Dn þ F
ðDnm ðm þ 1ÞPm þ 1 Þ
ð12Þ
ðRn ÞT ¼
kp M n ¼ 1
n¼2m¼1

n1
X

9
ncr o n o 2ncr þ2 >
>
=

m ¼ ncr þ 1

rpdn ¼ ktp ½Rh
n

m ¼ ncr

where Rncr is obtained from Eq. (9) by setting n = ncr:


nX
cr 1
2fkd I
Dncr þ F
ðCncr m ðm þ 1ÞPm þ 1 Þ
Rncr ¼
kp M
m¼1

>
>
>
>
>
;

m¼1

8
0;
>
>
<

Similarly, Eq. (3) can be rewritten in terms of Rncr :
nncr 
Rncr þ F
Rh
n ¼C

ð18Þ

ð17Þ

Di ¼

Dmon =ia ;

i r Xc

Dmon ðXc Þba =ib ;

i 4 Xc

ð24Þ
)
ð25Þ
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Here NA is Avogadro’s number; s is the capture radius of the
reaction (a value of 0.3 nm (Benson and North, 1959; Mahabadi
and O’Driscoll, 1977), typical for vinyl–vinyl combination, was
used here); pspin is the spin probability (since scCO2 at the reaction
conditions (276 bar and 75 1C) has a liquid-like density, a value of
0.25 was chosen (Russell, 1995)); Di is the diffusion coefﬁcient of
the growing chains; Dmon is the diffusion coefﬁcient of the
monomer (a value of 1.4  10  8 m2/s at 75 1C and 276 bar was
estimated for the diffusivity of vinylidene ﬂuoride monomer in
scCO2 using the method proposed by Riazi and Whitson (1993));
Xc is the crossover chain length at which the scaling law changes
from short- to long-chain diffusion, while a and b are the chainlength exponents (typical values lie in the range 0.5–0.6 for dilute
conditions (de Kock et al., 2001)).
The termination rate constants were estimated by using the
functional form of the chain dependence given by Eqs. (24) and
(25), but without a crossover chain length Xc (Buback and Kuchta,
1997; Deady et al., 1993). A single average chain-length exponent
of 0.55 was used. Weighted-average chain lengths of 285 and
39,000 monomer units were used to represent the average
unhindered and hindered radical, respectively, at 75 1C. These
values were obtained by a trial-and-error procedure. Using
assumed values, the three termination rate constants were
calculated as described above. The model code then was executed
using the parameters from a single experimental point (Min = 3.5
M, Iin = 0.003 M, t = 21 min, 75 1C, 276 bar) to obtain the complete
radical distribution. From the radical distribution, weightedaverage chain lengths were calculated and were compared to
the assumed ones. If necessary, the assumed values were adjusted
and the procedure was repeated.
There is no published value for the kinetic-controlled termination rate constant for the current system. Consequently, the value
used in the model was chosen to be less than the
of kuu
t
corresponding value of the diffusion-controlled termination rate
constant between unhindered radicals calculated from Russell
8
model (the value used is: kuu
t ¼ 3:47  10 L=mol s). The value of
uu
kt has only a minor effect on the ﬁrst mode in the MWD and
essentially no effect on the overall performance of the model. As
for the other two termination rate constants, the values obtained
8
from the Russell model were: 2kuh
t ¼ 1:91  10 L=mol s, and
7
¼
2:4

10
L=mol
s.
khh
t

2.3.4. Propagation rate constant
The value of kp was calculated from the reported values for
kp =/kt S0:5 for the precipitation polymerization of PVDF in scCO2
at 75 1C and 276 bar (Charpentier et al., 2000a), where /kt S (the
average macroscopic termination rate constant) was approximated from Eq. (26). A value of kp =2775 L/mol s was obtained
PP
/kt S ¼

i

 
kuu
t
j kt ði; jÞRi Rj

P  2
ð i Ri Þ

Pncr Pncr
i¼1

j¼1

Ri Rj þ 2kuh
t

Pncr P1
i¼1

j ¼ ncr þ 1

½ðRn ÞT

otherwise constant conditions. The model predicts the change
from a unimodal to a bimodal MWD very well. For the lowest
monomer concentration (0.77 M), the predicted MWD is perfectly
unimodal with a PDI of 1.5. As monomer concentration increases
to 1.7 M, the model predicts a slight inﬂection (shoulder) in the
MWD. This inﬂection is evident in the experimental MWD curve.
Finally, for the two highest monomer concentrations, the
predicted MWDs are bimodal, which coincides with the
experimental results.
The model captures many important features of the experimental data. Speciﬁcally, as the feed monomer concentration
increases: (1) the MWD changes from perfectly unimodal to
bimodal; (2) the area of the high-molecular-weight peak increases
relative to the area of the low-molecular-weight peak; (3) both
peaks shift to higher molecular weights; and (4) a long, highmolecular-weight tail appears for the highest feed monomer
concentration (3.5 M). However, the model tends to underpredict
the location of the molecular-weight peaks of the polymer at all
four inlet monomer concentrations. This issue will be discussed
later in the paper
Fig. 3 compares the model predictions for the PDI with the
experimental PDIs (Saraf et al., 2002a) at the various feed
monomer concentrations. The inclusion of the CTP reaction
allows the model to predict the experimental PDI, and its trend
with monomer concentration, reasonably well. In particular, the
abrupt increase in the PDI near the highest monomer
concentration is captured by the model. Note, however, that the
data point at the highest concentration was the one that was
used to determine some of the unknown kinetic parameters,
including ktp.
Figs. 4 and 5 show the predicted effect of t on the MWDs for
low and high monomer feed concentrations, respectively, along
with the corresponding experimental MWDs (Saraf et al., 2002a).
Essentially identical unimodal MWDs are predicted with
increasing t for the low monomer concentration (0.78 M). This
behavior matches that of the experimental MWDs. At the high
monomer concentration (2.8 M), the current model provides a
much better prediction for the experimental MWDs than the
original model without CTP (Ahmed et al., 2004). In particular, the
model captures the very long, high-molecular-weight tail that
appeared for the polymer produced at 25.5 min residence time.
This experiment was not used to evaluate any of the parameters in
the model.
Predictions for the effect of t on the PDI for low and high
monomer concentrations are shown in Fig. 6. For the low
monomer concentration (0.78 M), the model predicts that the
PDI is close to 1.5 over the whole range of residence times, in
agreement with the experimental values. At the high monomer
concentration (2.8 M), the model overestimates the PDI to some
hh
Ri Rh
j þ kt

2
þ ðRh
n ÞT 

2.3.5. Chain transfer to polymer rate constant
The rate constant for the CTP reaction was estimated by ﬁtting
the experimental PDI at Min =3.5 M, Iin = 0.003 M, t = 21 min, 75 1C,
276 bar. A value of ktp/kp = 1.5  10  3 was obtained.

3. Results and discussion
Fig. 2 shows the experimental MWDs (Saraf et al., 2002a) along
with the model predictions for a series of experiments with
monomer feed concentration varying from 0.77 to 3.5 M at
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extent. Nevertheless, the trend of the PDI, and particularly its
abrupt increase at higher residence times, is captured adequately.
The sharp increase in the PDI at higher residence times that
was observed experimentally and is shown in Figs. 3 and 6 is
believed to be caused by crosslinking resulting from the CTP
reaction plus termination by combination. During the polymerization experiments, a region of inoperability was observed,
where the CSTR could not be brought to steady state (Saraf
et al., 2002a). This inoperability region was associated with long
residence times and high inlet monomer concentrations, and was
attributed to gelation in the continuous phase due to polymer
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Fig. 2. Effect of monomer feed concentration on MWD: (a) experimental (Saraf et al., 2002a); (b) model: the y-axis is proportional to the experimental one. 75 1C, 276 bar,
Iin = 0.03 M, and 21 min average residence time.

Fig. 3. Effect of monomer feed concentration on PDI. 75 1C, 276 bar, Iin = 0.03 M, and
21 min average residence time.

crosslinking (Dotson et al., 1996; Odian, 2004; Tobita, 1993). The
ability of the model to predict a steep increase in the PDI for both
high monomer concentrations (Fig. 3) and high residence times
(Fig. 6) suggests its ability to capture the inoperability region that
was observed (Saraf et al., 2002a). However, no attempt was made
to predict the boundaries of the region with the present model.
Naturally, the predicted PDI is sensitive to the assumed value
of ktp. The value of (ktp/kp) used in this study at 75 1C (ktp/kp =
1.5  10  3 with kp =2775 L/mol s) is three orders of magnitude
higher than the value used by Mueller et al. (2005a) in their
‘‘simultaneous polymerization’’ model of VF2 polymerization
(ktp/kp = 1 10  6 with kp = 3870 L/mol s), at a somewhat lower
temperature (50 1C), and is at the upper end of the range of values
(10  6–10  3) provided in the literature (Odian, 2004). The capture
of the above-mentioned mechanism of crosslinking in the Mueller
et al. (2005a) model is uncertain in view of their very low value

of the CTP rate constant. Such a low value was obtained because
the presence of two polymerization loci contributes in increasing
the PDI, and reduces the value of ktp required to obtain a given
PDI. Finally, the ‘‘simultaneous polymerization’’ model did not
capture the long high-molecular-weight tails on the experimental
MWDs.
Although no calculations have been carried out, the current
model should be able to account for the decreasing bimodality of
the MWD with increasing temperature, as observed experimentally (Saraf et al., 2002a). The increase of temperature has little
effect on the intrinsic termination rate constant of radical
combination reactions because of the very low activation energy
of these reactions (Matyjaszewski and Davis, 2002). On the other
hand, the diffusion coefﬁcients of the macroradicals should
increase with temperature. This will cause kinetically controlled
termination to extend to a higher chain length (i.e. ncr will shift to
a higher value as temperature increases). Consequently, the
population of the unhindered radicals will increase at the expense
of the hindered radicals, which in turn will result in a decrease in
the bimodality.
The current model including the CTP reaction is a major
improvement over the original model (Ahmed et al., 2004),
especially for predicting the PDI, and the existence and behavior
of bimodality. Nevertheless, the present model still has some
deﬁciencies, which fall into two categories. The ﬁrst is drawbacks
generated from some of the model assumptions. The most
prominent example is that the low-molecular-weight peak is
unrealistically sharp when its maximum is located beyond ncr.
This sharp change reﬂects the assumption of a large step decrease
in the termination rate constant when the radicals reach the
critical length, rather than a gradual decrease with chain length,
which is physically more reasonable but much more difﬁcult
mathematically. This is one of the costs of the simple approximation of the decrease in the termination rate constant with chain
length.
The second category of drawbacks is the unsatisfactory
prediction of some of the experimental observations. This
includes underestimating the location of the peaks and hence
the average molecular weights, as shown by the parity plot in
Fig. 7. Only the number-average molecular weights are shown in
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Fig. 4. Effect of average residence time on the MWD for low monomer feed concentration with Min = 0.78 M: (a) experimental (Saraf et al., 2002a); (b) model: the y-axis is
proportional to the experimental one. 75 1C, 276 bar, and Iin = 0.03 M.

Fig. 5. Effect of average residence time on the MWD for high monomer feed concentration with Min = 2.8 M: (a) experimental (Saraf et al., 2002a); (b) model: the y-axis is
proportional to the experimental one. 75 1C, 276 bar, and Iin = 0.03 M.

this ﬁgure because the PDIs, the ratio of weight-average to
number-average molecular weight, are reasonably accurate.
Saraf et al.’s (2002a) homogeneous model that contained the
CTP reaction but did not account for the variation of kt with chain
length also underestimated the molecular weights of the PVDF.
They attributed this to one of the two possibilities. The ﬁrst was
uncertainty in the value of the DEPDC initiator efﬁciency (Saraf
et al., 2002a) reported by Charpentier et al. (2000b).This value
was obtained for the reaction between ethoxy radicals and
galvinoxyl radicals in the presence of CO2 only. The efﬁciency of
the reaction between ethoxy radicals and VF2 monomer in
the presence of CO2, VF2, and PVDF might not be the same. The
second possibility is that there was a systematic error in
the experimental values of the molecular weights obtained from

the GPC. In fact, the number-average molecular weights obtained
from nuclear magnetic resonance spectroscopy end-group analysis were lower than those measured using GPC and were closer to
the model predictions (Saraf, 2001).
Uncertainty in the experimental molecular weights for PVDF
also may contribute to the differences between the model and the
data. For example, the experimental procedure for PVDF polymerization in scCO2 involved extraction of the monomer and
initiator from the synthesized polymer using scCO2 after the
polymer collection (Saraf et al., 2002a). This extraction might have
removed some of the lowest-molecular-weight chains. Accordingly, the polymer that was analyzed with gel permeation
chromatography (GPC) would show higher average molecular
weights than the originally synthesized polymer. Another factor is
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where only two termination reactions and rate constants have
been used to approximate the hindered termination scheme that
consists of an inﬁnite number of reactions and constants.
However, the uncertainty in the experimental molecular weights
for PVDF also may contribute to the differences between the
model and the data.
The model presented here can provide a good description of
PVDF polymerization in scCO2. Despite its simplicity, the model
helps in understanding the origin of the bimodal MWDs observed
experimentally, in predicting the polymerization behavior and the
relative amount of polymer in each MWD mode, and in establishing safe control and operation for PVDF polymerizations in scCO2.
Finally, the hypothesis of homogeneous polymerization with two
regimes of termination can be extended to interpret the experimental results of copolymerization of VF2 with hexaﬂuoropropylene in scCO2. More details are in our recent contributions (Ahmed
et al., 2007, 2008, 2009).
4. Conclusions

Fig. 6. Effect of average residence time on PDI. 75 1C, 276 bar, and Iin = 0.03 M.
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Different hypotheses and models to account for the bimodal
MWDs of PVDF synthesized in scCO2 at certain conditions are
reviewed. In addition, an improvement of one of these models is
presented. This model is a homogeneous model that takes into
account the chain transfer-to-polymer reaction, as well as the
possibility that the termination reaction is either kinetically
controlled or diffusion controlled, depending on the size of the
participating macroradical. The diffusion-controlled termination
is approximated by two reaction constants: one for the termination of unhindered and hindered radicals, and the other for
termination of hindered radicals with each other.
The model can predict the occurrence of bimodal MWDs and
can capture the effect of the operating parameters, e.g., the effect
of monomer feed concentration and residence time on the MWD.
In addition, it can capture the steep increase of the PDI of the
synthesized polymers at high monomer concentrations and high
residence times. Thus, the model can account for the region of
inoperability observed experimentally during the continuous
polymerization of PVDF.

0
0
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Fig. 7. Parity plot showing ﬁt of number-average molecular weight experimental
data (Mn—experimental) (GPC, against poly(methyl methacrylate)) to the numberaverage molecular weight predicted from the model (Mn—model). Dotted line is
the best linear ﬁt for the data points.

that the molecular weights obtained by GPC were not absolute,
but were relative to poly(methyl methacrylate) standards. Moreover, these measurements were somewhat difﬁcult (Saraf, 2001),
since some PVDF samples included gelled fractions, especially at
high monomer concentrations and high residence times (Scanu
et al., 2005).
Finally, in the current model, the concentration of the initiator
in the ﬂuid phase was calculated with Eq. (23), which is based on
the assumption that all of the initiator is in the ﬂuid phase; i.e.,
there is no partitioning of the initiator between the polymer and
the ﬂuid phases. A lower concentration in the homogeneous phase
as a result of partitioning should result in higher molecular
weights.
In addition, among the second category of the model drawbacks, the model underestimates the size of the broad highmolecular weight peak for high monomer concentrations or high
residence times. This may be due to the simplicity of the model,
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