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ABSTRACT: The copolymerization of vinylidene fluoride with hexafluoropropylene (HFP) was carried out in
supercritical carbon dioxide by precipitation polymerization using a continuous stirred tank reactor. Copolymers
with ca. 10 mol % HFP were synthesized at’@and pressures in the range of 28000 bar using perfluorobutyryl
peroxide as the free radical initiator. The effects of feed monomer concentration and reaction pressure were both
explored at otherwise constant conditions. The rate of polymerizalRgnafid the number-average molecular
weight (M,) increased linearly with the total monomer concentration up to about 6 M, the highest concentration
investigated. Th&, and theM, were strongly influenced by the reaction pressure. An 80% increase irRgoth
andM, was observed when the reaction pressure rose from 207 to 400 bar. The molecular weight distributions
of the synthesized copolymer showed a long tail that increased to become a broad shoulder with increasing total
monomer concentration. This tail increased with increasing reaction pressure. The data suggest that the carbon
dioxide-rich fluid phase is the primary locus of polymerization.

Introduction to work toward eliminating these sources of exposure no later
than 20153 To date, no viable, alternative dispersing agent has

Supercritical carbon dioxide (scGDhas emerged as a been publicly identified. Polymerization in sc@@ the only

susta!nable alternative to the agueous and organic ".‘ed'a Ofter1<nown alternative that can eliminate the need for C8 in the
used in polymer processé&s® Supercritical carbon dioxide has 3

. T ; ; . : manufacturing process.
unique properties including being environmentally benign, ) . .
nontoxic, nonflammable, and inexpensive. Using se@© a A continuous process is essential to harness the advantages
polymerization medium allows additional benefits, including ©f Using scC@ as a polymerization medium for high-volume
inertness to free radicdlsvhich eliminates chain transfer to  Polymers. Relative to batch polymerization, continuous process-

solvent and high initiator efficienciés® as a result of its low g réquires smaller equipment per unit of throughput and
viscosity. therefore is less capital intensive. This is a particular advantage

for processes involving scG®ecause relatively high pressures

are intrinsic. In addition, continuous polymerization leads to a
more uniform product because of the time-invariant reaction
conditions and to easier recycle of unreacted monomer and CO
Moreover, continuous operation offers the potential to couple

From an industrial perspective, scg&ased polymerization
processes have many advantages over agueous suspension a
emulsion polymerization processes. First, the elimination of
water and organic solvents results in the reduction of undesirable

effluents from the processes. Second, the production of thepolymerization with continuous downstream processing. Finally,

polymer_ directly in a dry form potent|al_ly eliminates many . the startup of a commercial facility to produce various grades
separation steps and reduces the extensive energy consumption

; ; . e . - _of Teflon in scCQ by continuous polymerization underscores

associated with drying. Third, it may be possible to polymerize o 2 -
= . X : the potential industrial importance of the g@ased continuous

monomers that are difficult or even impossible to be used in an olymerization technolog15
aqueous system, either because of their solubility or because” y . . gy .
of their reaction with water. Fourth, the polymers produced may ~ Vinylidene fluoride-based copolymers, typically called PVDF
have some distinct physical or structural properties, which may copolymers, have become the products of choice in many
facilitate processing or open new applications for such poly- applications'® Copolymers of vinylidene fluoride (VF2) with
mers1011 Finally, the use of perfluorooctanoic acid (PFOA), hexafluoropropylene (HFP) are one of the most important PVDF
also known as “C8”, is eliminated. C8 is a perfluorinated anionic Copolymers.’ Low HFP content copolymers, also known as
surfactant used as a dispersing agent in the water-basedflexible PVDF”, are thermoplastic and semicrystalline cop_oly-
polymerization and copolymerization of many fluoropolymiérs, ~ Mers containing about-515 mol % HFP:*9They are used in
In 2003, the United States Environmental Protection Agency Many applications including tubing, valves and fittings, cable
(EPA) released a preliminary risk assessment of08.January and wire jacketlng, Ilthlum ion batteries, and membranes. When
2006, the EPA initiated a program to reduce PFOA releases the HFP content is higher than 120 mol %, the copolymers

and its presence in products by 95% by no later than 2010 andare amorphous and elastometié: The maximum theoretical
incorporation of HFP in the copolymer is restricted only to 50

mol % because of the reactivity ratio of HEP24 Most
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Figure 1. Different copolymers of VF2 with HFP with their main manufacturers and trade names.

amorphous polymer. The high HFP content copolymers are used

mainly as polymer processing aids to improve extrusion, blow
molding, and rotomolding and in sealing such as in gaskets and
O-rings. Figure 1 shows different poly(VFED-HFP) copoly-
mers with their main manufacturers and trade names.

Low HFP content copolymers are typically manufactured
commercially by aqueous emulsion or suspension polymeriza-
tion.26:27 Only aqueous emulsion techniques are used for the
high HFP content copolymei%?8-30 because of their tacky

nature3! Both processes generate a large quantity of wastewater £

and require a substantial quantity of energy for drying the
polymer product, if drying is require®.As a result of the ionic
end groups from the initiator (ammonium or potassium persul-
fate or the redox persulfate/sodium sulfite syst§mPVDF
copolymers tend to be self-emulsified for low solids content
polymerization$3 However, for high solids content processes,
PFOA salts are useéd Polymerization in scC&offers a “green”
solution to the above problems and challenges.

Our research group has reported a process for the continuous|

precipitation polymerization of chain-growth polymers in segCO
using a continuous stirred-tank reactor (CS?RJhis process
has been applied for the continuous precipitation polymerization
of both poly(vinylidene fluoride) (PVDRF>37 and poly(acrylic
acid) (PAA)10:3839Here, we report the continuous precipitation
copolymerization of low HFP content copolymers in sgCO
using a modified version of the above-mentioned continuous
process. To date, copolymerization of VF2 with HFP in seCO
has been reported only in batch reactr$? This paper will
underline the advantages of sc£43 a polymerization medium.

In addition, it is the first report of any continuous copolymer-
ization in scCQ.

Experimental Section

Materials. Carbon dioxide (SFC grade, 99.998%, maximum O
= 2 ppm), nitrogen (99.999%), and argon (99.9999%) were obtained
from National Specialty Gases. To completely remoydr@m the
CO,, three Alltech High Pressure Oxy-Trap traps were installed in
parallel between the CQanks and C@pump. Both VF2 (99%
minimum, balance B and HFP (99% minimum, balanceNvere
obtained from SynQuest Laboratories. An Alltech High Pressure
Oxy-Trap trap was installed between each monomer cylinder and
its corresponding pump. All other chemicals were obtained from
Fisher Scientific and used as received.

Initiator Synthesis. Perfluorobutyryl peroxide ([¢COQL,
PBP) was the initiator used in the copolymerization. The initiator
was synthesized in 1,1,2-trichloro-1,2,2-trifluoroethane (HPLC-
grade, 99.8%, Freon 113), as previously repoftedll manipula-
tions of the initiator were performed in a NaCll/ice bath, and the
final product was stored under dry ice. The iodine titration
technique, ASTM Method E 298-91, was utilized to determine the
concentration of the initiator in the solution. The initiator concentra-

PEP

N2

Figure 2. CSTR polymerization system. Al, A2, A3: continuous
syringe pumps; B1, B2, B3: syringe pumps; C: autoclave with stirrer;
D: dry ice/acetone bath; E1, E2: heat exchangers; F1: steady-state
filter; F2, F3: non-steady-state filters; G: bag filter; V1, V2, V3, V4,
V5, V6, V7: three-way valves; V8: two-way valve; Vc: control valve.

tion was reduced to 0.03 M by dilution with additional Freon 113
before use. After a second titration, the initiator solution was
introduced to the initiator pump under an argon blanket. The half-
life of PBP in Freon 113 is about 35 min at 4C.43

Polymerization Apparatus and Procedure.Figure 2 shows a
schematic of the continuous polymerization system. There are some
differences between the current system and the one reported
previously by us for the continuous polymerization of P\?BF37
and PAA103839The reactor (C) is a 100 mL high-pressure autoclave
(Autoclave Engineers) with a magnetically driven agitator (Auto-
clave Engineers). Three downward-pumping impellers were mounted
on the shaft of the agitator. The current autoclave has the same
length-to-diameter ratio as our previously reported 800 mL reactor
used for PVDE35-37 and PAA10:3839The smaller reactor allowed
more flexibility in the range of reaction parameters that could be
reached. In addition, a continuous syringe pump (A2, 260D Isco
dual-cylinder syringe pump) was used to inject nitrogen into the
effluent from the reactor (C). The nitrogen was cooled in a dry
ice/acetone bath before it was injected. The role of nitrogen was
(1) to increase the flow rate after the reactor to prevent settling of
the effluent copolymer particles in the lines, (2) to minimize the
solubility of low-molecular-weight or high-HFP polymeric chains
in the effluent mixture, thereby ensuring that all the synthesized
copolymer was collected in the high-pressure filters (F1, F2, F3),
and (3) to quench the reaction, dilute the effluent mixture, and
decrease the residence time in the filters to minimize postpolymer-
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Table 1. Effect of Inlet Total Monomer Concentration on the Continuous Copolymerization of VF2 with HFP in scCQ?

[M]in [FrrrlF—ea [Frrrlnvr (Rp)av [Mt]out-av (Mn)nmr (Mn)epc
no. (mol/L) (mol %) (mol %Y (102 mol/(L min))d (mol/L)e X (%) (kDay (kDa) PDI
1 1.96 10.74 8.75 0.83 1.80 8.16 19.0 19.7 1.5
2 2.61 10.65 8.60 1.34 2.34 10.34 29.8 31.1 1.7
3 3.92 9.97 8.42 1.94 3.53 9.95 43.4 43.8 3.2
4 5.23 9.77 8.13 2.38 4.76 8.99 60.2 56.8 3.6
5 6.53 9.55 7.73 3.04 5.92 9.34 87.0 79.2 3.9

aReaction conditions:P = 400 bar;T = 40 °C; r = 20 min; [I], = 0.003 M; HFP/VF2 molar feed ratie= 26.5/73.5° HFP incorporation in the
copolymer from fluorine elemental analysis (eq 3HFP incorporation in the copolymer from NMR (eq 4)Average molar rate of polymerization based
on the average of [irlr—ea and [Fueplnvir (€Q 1).© Average total monomer concentration inside the reactor and in the effluent based on the average of
[Furrlr—ea and [Rarrlnvir (€q 2).F Total conversiond Number-average molecular weight calculated from initiator end-group analysis by NMR (eq 5).

Table 2. Effect of Reaction Pressure on the Continuous Copolymerization of VF2 with HFP in scC®

[FHFrIF-EA [FrrrINVR (Rp)av [M1]out-av (Mn)nvr (Mn)epc
no. P (bar) (mol %) (mol %) (102 mol/(L min)) (mol/L) X (%) (kDa) (kDa) PDI
4 400 9.77 8.13 2.38 4.76 8.99 60.2 56.8 3.6
6 310 9.76 8.50 1.94 4.84 7.46 37.8 43.1 2.5
7 207 10.6 8.71 1.34 4.96 5.16 28.5 31.8 1.7

aReaction conditions: [Mi,= 5.23 mol/L;T = 40 °C; r = 20 min; [l]i, = 0.003 M; HFP/VF2 molar feed ratie- 26.5/73.5.

ization. This was especially important since PBP is a very active  Characterization. Gel permeation chromatography (GPC) was
initiator.#® In addition, two heat exchangers were used: one at the performed at 40C using a Waters 150-CV GPC equipped with
reactor exit (E1) and one after the filters (E2). A cold refrigerant Waters Styragel HR 5, 4, 2, and 0.5 columns and a refractive index
(—10 °C) was used in these heat exchangers to stop the initiator detector. Tetrahydrofuran was used as the mobile phase, and
decomposition and minimize postpolymerization. polystyrene standards were used for the calibration.

In a typical experiment for copolymerization of VF2 and HFP, ~ Hydrogen, carbon, and fluorine elemental analysis were per-
the reactor (C) and the high-pressure filters (F1, F2, F3) were purgedformed by Atlantic Microlab, Inc. Hydrogen and carbon analyses
three times with C@at 1500 psig to remove oxygen. Syringe pumps Were performed by combustion using automatic analyzers while
Al, A2, B1 (cooled by 15°C refrigerant), B2 (cooled by 15C fluorine analyses was performed by flask combustion followed by
refrigerant), and B3 (cooled by 7.5 °C refrigerant) were used to ~ i0n chromatography.
feed CQ, N,, VF2, HFP, and PBP solution in Freon 113, Fluorine-19 nuclear magnetic resonant®® NMR) spectra were
respectively. The speed of the reactor agitator was fixed to 2000 recorded on a Bruker Avance spectrometer operating at 470.6 MHz
rpm in all the runs. The outlet stream from the reactor, consisting using acetones (99.9%) as the solvent and trichlorofluoroethane
of the copolymer particles, GQand unreacted VF2, HFP, and PBP, (CFCk) as the internal reference. Pulse delay was 5 s, and-256
plus the nitrogen that was injected into the effluent from the reactor, 1024 scans were used.
was directed by a three-way ball valve (V1) either into the steady-  Differential scanning calorimetry (DSC) measurements were
state filter housing (F1) or to another three-way ball valve (V2) to conducted using a TA Instruments DSC-Q100. The instrument was
direct the stream to the unsteady-state filters (F2 and F3). All filters calibrated using indium. Samples were heated to°ZDét a heating
contained Jum stainless steel mesh filter media. During startup of rate of 10°C/min. The glass transition temperature, the melting
the reactor, before steady state was attained, the copolymer wasemperature, and the heat of melting were determined from the
collected in one of the unsteady-state filters (e.g., F2) until it was second heating curve.
filled (indicated by the pressure drop across the filter). Valves V2 Finally, a thermal gravimetric analyzer (TA Instruments TGA-
and V3 then were switched, so that the copolymer was being Q500) was used for determining the decomposition temperature
collected in the other unsteady-state filter (F3). The particles then (Ty) of the synthesized copolymers. Samples were heated to 850
were discharged from filter F2 by back-flushing with a £fream °C at a heating rate of 18C/min in nitrogen atmosphere. THg
from a continuous syringe pump (A3). Valves V7 and V8 then was determined for 1 wt % polymer loss.
were actuated sequentially, with V7 being closed before V8 was
opened, allowing the copolymer particles to flow from the high- Results and Discussion
pressure filter housing into the bag filter, which was at ambient o . ) )
pressure. When filter F3 was nearly full, the stream leaving the ~ Copolymerization Studies. Experiments were carried out to
reactor was switched back to filter F2, and filter F3 was emptied Study the effect of total inlet monomer concentration {]\)
using the same technique. This procedure was repeated until theand reaction pressur@)on the copolymerization of VF2 with
reactor had reached steady state after five average residence timesdFP at 40°C in the CSTR using PBP initiator. The results of
The stream leaving the reactor then was switched to the steady-these experiments are shown in Tables 1 and 2, respectively.
state filter (F1) using valves V1 and V4. The copolymer particles The copolymers were characterized for their composition,
were collected for at least one residence time. The system was thenyyerage molecular weight, and molecular weight distribution
shut dqwn, and the residual monomers and initiator were extracted(MWD). The molar rate of polymerizatiorR) and the total
three times from the copolymer using €®om the continuous S :

monomer concentration in the reactor and in the outlet stream

syringe pump A3. Finally, the filter F1 was opened and the
copolymer was collected and weighed. In all the experiments, a ((MTlou) were calculated from the amount of polymer collected

homopolymerization of VF2 was first carried out in the reactor, (Mp) during the time of steady-state collectioht{y using eqgs
followed by flushing the reactor with GOThis was followed by ~ 1 and 2, respectively. Equations 1 and 2 are based on the
baking the PVDF layer at 106C for 30 min before starting the  assumption that the reactor behaved as an ideal CSTR.
copolymerization of VF2 and HFP. Finally, the monomer densities

that were used to calculate the flow rates out of the pump were m,

corrected for pressure using the Hakins@robst-Thomson R.=
method?445 VeAt{[FrrrMypp + (1 — [Frpe) Myg)

)
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(M T]out= M T]in — Ret (2 (ICFZ)/2
_ _ (Mnwr = m[lSO[FHFP]NMR +
where Vg is the reactor volume (100 mL), {ff] is the mole pp
fraction of HFP in the copolymemMyer and Myg; are the 64(1— [Furelnmr)] (5)
molecular weights of HFP and VF2, respectively, and the
average residence time in the reactor.

The copolymer composition was determined by both fluorine
elemental analysis andF NMR. All elemental analyses were . o .
determined on a weight basis with accuracy and precision error €0Treésponding to the fluorine in Gfgroups in the copolymer
limits of 0.3 wt %. The error of the elemental analyses on a from _91'4 to—119.2 ppm (A+B n Figure 3). U
mole basis depends on the molecular weight of the analyzed Thg main assumption in eq 5 Is that termination IS .by
element. Since fluorine has the highest molecular weight of the Compination. This accounts for the factor of 1/2 that multiplies
three elements forming the copolymer (hydrogen, carbon, and(l_‘80 pprf3) in the denominator. This assumption is consistent
fluorine), only fluorine elemental analysis (F-EA) was consid- With PDI values around 1.5 obs7erved previously for the
ered. For 10 mol % HFP poly(VFge-HFP), the+0.3 wt % homopolymerization of VF2 in C&P7 for the batch copolym-

error limit corresponds to aboutl mol% HFP. Equation 3 ©fization of VF2 and HFP} and in this work for low feed
was used to calculate fFr_ea (mole fraction HFP in the monomer concentrations _(e.g., experiments 1and 2 in Table
copolymer from F-EA) from the average of two measurements 1). Another assumption is that chain transfer reactions to

Wi average weight fraction of fluorine in the copolymer). monomer and initiator are .unimportant. There is no evidence
(We)a ( g g poly ) from the literature that chain transfer to VF2 can occur, while

Here,|_go ppmis the integral of the signal corresponding to the
fluorine of the Ck group in the GF; of the PBP initiator located
at ca.—80 ppm;lcg, is the sum of the integrals for the signals

19— 3200 chain transfer to HFP, PBP, or Freon 113 is unlikely since they
Forde gp = o ©) do not contain hydrogen.
43(W),, — 38 Molecular weights were assessed using both GPC and NMR
end-group analysis. Both agree reasonably well for low mo-
A representativé®F NMR spectrum for poly(VFZ:0-HFP) lecular weights. For the high molecular weights, small deviations

is given in Figure 3. The detailed chemical shifts are available appear between the molecular weights from GPC and NMR
in the literature?346 The 19 NMR spectrum exhibits various  end-group analysis (Table 1). The agreement between the two
groups of signals; those assigned to VF2 units are centered atechniques may be somewhat fortuitous since the GPC results

—91.4 t0—96.2 ppm for head-to-tail normal additions@H,CF- are relative to polystyrene standards and in view of the
CH,CF,—), at—108.6 to—112.3 ppm for CEgroups adjacent ~ assumptions in the NMR end-group calculation.

to a HFP unit ¢ CH,CF,CF,CF(CR)—), and at—113.6 and Morphology. Figure 4 shows scanning electron micrographs
—115.9 ppm for the head-to-head reversed additioGHKl,CF»- (SEM) for VF2-HFP copolymer collected in experiment 4 at

CR,CH,—). Those assigned to HFP units are centeredl.3 40 °C. The particles generally show spherulitic structures with
and—75 ppm for the pendant Gigroup —CFRCF(CF3)—), at diameters~10-50 um. In addition, they show a relatively
—115.3 and—117 to —119.2 ppm for Ck (—CF.CF(Ck)—) porous structure that would offer little resistance to transport
group, and at —181.4 and —184.1 ppm for the of small molecules such as monomers or initiator.

CF (—CFR,CF(CFs)—) group. Finally, the peaks at ca80 ppm Thermal Properties. Table 3 shows the thermal properties
and —126 to —127 ppm are assigned to theCF; and —CF; for the highest molecular weight copolymer synthesized in this
fluorine in the initiator, respectively. work (experiment 5, Table 1). As expected, the introduction of
The mole fraction of HFP monomer in the copolymer the —CF; side group arising from HFP into the backbone of
([Furrlnvr) Was calculated from eq 4 the copolymer raised the glass transition temperatdig (
compared to PVDF homopolymer (typichj for PVDF = —40
e = 325 @ G
HFPINMR A + B Effect of Total Monomer Concentration. Five experiments

were carried out with [M]i, varying from 1.96 to 6.53 mol/L

whereA corresponds to the sum of the areas of the NMR signals at otherwise identical conditions. The results are given in Table
from —91.4 to—115.9 ppm and corresponds to the sum of 1 and Figure 5ad. In a CSTR, the concentration that affects
the areas of the NMR signals fromil17 to—119.2 ppm (Figure the polymerization is the concentration inside the reactor, which
3). The copolymer composition obtained via fluorine elemental is the same as the effluent concentration{[M). Consequently,
analysis was always higher than that from NMR. Nevertheless, the results in Figure 5 are plotted vs the average]{Mfrom
the two compositions are close enough to lend confidence to F-EA and NMR. All experiments were run with the same
the results. temperature, average residence tim$ @nd feed initiator

In addition, NMR was used to determine the number-average concentration ([},). Therefore, the initiator concentration in
molecular weight{1,) from end-group analysis of the initiator. CSTR and in the effluent ([§],) should be the same for each

Usually, end-group analysis is accurate onlyNgybelow 20— of these experiments (eq 6).

30 kDa#’ However, this rule of thumb is primarily applied to

hydrocarbon polymers. For fluorinated polymers, since fluorine .. = in ©6)
has a much higher molecular weight than hydrogen, the average out 1+ kyt

molecular weight of the repeating unit in the polymer is higher

than for hydrocarbon polymers. Consequently, for the same whereky is decomposition rate constant of the initiator.
degree of polymerization, end-group analysis can be used to Parts a and b of Figure 5 show the effect of{M: on Re
determineM, to higher values for fluorinated polymers than and My)cpc respectively. In both figures, the increase inr]:

for hydrocarbon polymers. The number-average molecular results in a linear increase in bo» and My)cpc The dotted
weight using the end-group analysis of the PBP initiator by lines in Figure 5a,b represent the best fit of the experimental
NMR ((Mp)nmr) Was calculated via eq 5. data by a straight line passing through the origin. The coefficient
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Figure 3. %F NMR spectrum for 10 mol % HFP poly(VF@s-HFP) collected in experiment 3 in Table 1. The resonances due to the CF fluorine

in HFP at ca—181 to—184 ppm are not shown. Copolymer compositions were determined by the integrals of the peaks in the A and B regions.
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Figure 4. SEM images of VF2HFP copolymer collected in experi-
ment 4 in Table 1. Images are with increasing magnification.

Table 3. Thermal Properties of Poly(VF2€o-HFP) Synthesized in
Experiment 5 in Table 1

T2 (°C) Tn° (°C) AHx® (J/9)

—-314 120.7 16.5

T4 (°C)
418.1

experiment 5

aGlass transition temperatureMelt peak temperaturé.Heat of melting.
d1 wt % decomposition temperature in nitrogen.

of determination R?) of the fit is near unity in both figures.
The first-order dependence & and M,, on the monomer
concentration is characteristic of a conventional solution
polymerization. This behavior is different from what was
reported in the case of the precipitation polymerization of PAA
in scCQ, where the order of the polymerization with respect
to [M+]out Was significantly greater than unity for boRp» and
the viscosity-average molecular weight.

Parts b (right-axis) and c of Figure 5 show the polydispersity
indices (PDI) and the corresponding molecular weight distribu-
tions (MWDs) of the synthesized copolymers, respectively. The
increase in [M]out resulted in major changes in the shape of
the MWDs. For low [Ml]ou, the distribution is perfectly

unimodal with a PDI of 1.5. As [M|ou increases, a long tail
develops and increases into a broad shoulder for the highest
monomer concentration. This behavior is similar to what was
observed in the precipitation polymerization of VF2 in seCO
However, the MWDs of PVDF homopolymer showed distinct
bimodal MWDs and higher PDIs at lower monomer concentra-
tions.

Finally, Figure 5d shows the effect of total monomer
concentration on HFP incorporation into the copolymer. Both
fluorine elemental analysis and NMR show a slight decrease in
HFP incorporation with increasing total monomer concentration.
Since the rate of polymerization increases with total monomer
concentration (Figure 5a), the copolymer volume fraction in the
CSTR also increases. The decrease in HFP may be connected
to this increase in the copolymer solid content in the CSTR.

Effect of Reaction Pressure.The effect of pressure was
evaluated from 207 to 400 bar at otherwise identical conditions.
The results are given in Table 2 and Figure-6a The effect
of pressure on the monomer densities was taken into account,
ensuring that only pressure was affecting the polymerization.

Figure 6a,b shows that the reaction pressure has a significant
effect on bothRe and Mp)cpc Doubling the pressure results in
about an 80% increase in bd# and Mn)cpc From transition-
state theory, the effect of pressure on a rate constant can be
assessed from eq 7. Assuming that the activation volume is
constant over the pressure range under consideration, eq 7 can
be integrated to give eq 8.

dink _ _ AV
dP RT

AV*
kz = kl exg— ﬁ(PZ - Pl)

()

(8)

where AV* is the activation volumeR is the universal gas
constantT is the temperature, arkgd andk; are the rate constants
at pressure®; and P, respectively.

For typical values of the overall activation volume of
polymerization ¢0.01 to —0.03 L/mol)#® the maximum
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Figure 5. Effect of total monomer concentration on @), (b) M, and PDI, (c) MWDs, and (d) [kr]. Reaction conditions are in Table 1.

increase in the apparent rate constant of polymerization for the constants for the two homopolymerizations (eq %2).
pressure range 26400 bar is calculated to be only about 25%.
Therefore, the observed effect of pressure cannot be explained _ 2fky) 05 05
completely only by the effect of pressure on the reaction rate Re = kp T (MI] ©)
constants. This issue of pressure dependence is revisited in the
final portion of this section. _ -0. -05

Parts b (righty-axis) and c of Figure 6 show the effect of M aMOkp(kadk‘) S[M][I] (10)

pressure on the PDI and the corresponding MWDs of the 5 5
r,f," + 2f,f, +r,f,

synthesized copolymers, respectively. Pressure impacts both the T (11)
PDI and the MWD significantly. The increase of pressure from (rofi/kyy) + (rofolkyy)

207 to 400 bar results in an increase in the PDI from 1.7 to 3.6,

caused by the increase in the tail of the MWD with pressure. k. = Fik, + Fok, (12)

Finally, Figure 6d shows the effect of the pressure on HFP
incorporation into the copolymer. Similar to the effect of total wheref is the initiator decomposition efficiency: [M] and [I]
monomer concentration, HFP in the copolymer decreasesare the concentrations of monomer(s) and initiator in the reactor;
slightly with the increase of pressure and with the increase in fi, Fi, ri, ki, andk; are the mole fraction in the feed, mole fraction
the amount of copolymer in the reactor. However, this decreasein the copolymer, reactivity ratio, self-propagation (homopropa-
is within the error of the analysis. gation) rate constant, and self-termination (homotermination)
Copolymerization Reaction ConstantsEquations 9 and 10  rate constant for monomér respectively;o. equals 1 or 2 for
describe the rate of polymerization and the number-averagetermination by disproportionation or combination respectively;
molecular weight, respectively, for a classical solution polym- andMy is the average molecular weight of a monomer unit in
erization. For a copolymerization at constant temperature andthe polymer.
pressure, the copolymerization propagation rate conskght ( Setting [M] = [Mt]out @and [I] = [I] out in €gs 9 and 10, and
is a function of the mole fractions of the monomers and their combining them with eq 6, shows thR, and M, should be
reactivity ratios. Equation 11 shows the expressionkfpin linear functions of [M]ou. This is the behavior shown by the
the case of the terminal mod®IThe termination rate is usually ~ experimental data presented in Figure 5a,b. By fitting the data
diffusion controlled!”*° For a copolymerization, the simplest to egs 9 and 10, values &f/k5 for the copolymerization of
“ideal diffusion” model for the copolymerization rate constant VF2 with HFP andky for PBP decomposition in scGt 40
(k) is given by a linear combination of the termination rate °C and 400 bar can be estimated. Since there is no evidence in



9328 Ahmed et al. Macromolecules, Vol. 40, No. 26, 2007

(a) (b)
60,000 50
0.024 - = Mn_. n
55,000 45
0022 o PDI
50,000 4.0
0.020
£ [] o
£ ® 45000 L35
o 00184 a . _
2 8 | 30 &
E 00164 ° 40,000+
3 =
2 0 25
& 0014 35,000 l——
- n
0.012 30,000 2.0
e}
15
0.010 T T T T T 25,000 T T T T T
200 250 300 350 400 200 250 300 350 400
Pressure, bar Pressure, bar
(c) (d
22 12
20 ----P =400 bar ]
P =310 bar 114
181 ——P =207 bar
1.6 104
~ 1.4 a
) I o]
k) 121 B ° .
T ] S
3 1.0 g 4 .
° 0.8 3
i
°] % " F-EA
L | -]
0.4
6 e NMR
0.2 |
0.0 x . ILETREN 5 T — . . . ; . :
10 10° 10° 107 200 250 300 350 400
Molecular Weight Pressure, bar

Figure 6. Effect of reaction pressure on: (Rp, (b) M, and PDI, (c) MWDs, and (d) [f=s]. Reaction conditions are in Table 2.

Table 4. Continuous Homopolymerizations of VF2 in scCQ Using Table 5. Values forky/ki%5 for Poly(VF2-co-HFP) and PVDF and kg
PBP Initiator 2 of the PBP Initiator (P = 400 bar and T = 40 °C)
[M+]in (mol/L) Re (10-2 mol/(L min)) [Mt]out (mol/L) k-5
0.5 0.5 0. 4 o1
1.97 152 1.66 (LO¥(moP®s™))  ka(10*s™)
2.62 1.95 2.23 poly(VF2-c0-9.2 mol % HFP) 0.68 4.01
) . . PVDF 1.3 -
aReaction conditions:P = 276 bar;T = 40 °C; r = 20 min; [I]i, =
0.003 M.

was used in eq 9. For the homopolymer, eq 8 was used to adjust
the value ofky/k?® to 400 bar. The activation volume fig/

kS (AV*, — Y,AV*) was estimated from eq 13 using an overall
polymerization activation volume\(/* o) of —0.025 L/mol4°
Since solvent cage effects are minimal in the case of Qe
activation volume for the initiator decompositioA\(*q) was
taken to bet0.0045 L/mol’ A calculation based on eq 8 then

the literature for termination by disproportionatidttermination

by combination was assumed and a valueref 2 was used.

A value off = 0.6 was assumed, similar to that observed for
diethyl peroxydicarbonate decomposition in sgCQ@\ value

of Mg = 71.94 was calculated from the average of the values
of the copolymer compositions from F-EA and NMR (Table X
1). Only molecular weight data from GPC were used, although shgws that/k?® of PVDF homopolymer increases by about
they are against polystyrene standards. However, as shown in14/° from 276 to 400 bar.
Tables 1 and 2, the differences between molecular weights from

GPC and NMR end-group analysis are small. AV* oy = AVF = %AV*t + %Av*d
It is interesting to compare the values kfk?> for the
copolymerization of VF2 with HFP with those of the homo- 1 _ 1
polymerization of VF2 in scC® Unfortunately, the values of AVZ, 2 AVE = AV oy ZAV*d (13)

ky/k{® for VF2 homopolymerization that are available in the

literature were obtained at completely different conditions with ~ Table 5 shows the values obtained f@fk®° and kg from

a different initiator’® To obtain an approximate value for the experimental data for copolymerization of VF2 with HFP
comparison at the same conditions, two homopolymerizations and ky/k> for PVDF homopolymerization. There is a good
of VF2 were carried out at 276 bar and 4CQ using PBP agreement between the estimakgdor PBP in scCQ@ and the
initiator. The results are shown in Table 4. Since there is not one reported for PBP decomposition in Freon 113 (3<28)~*
much effect of pressure on the rate of initiator decomposition s%).43 The value ofky/k* for the copolymer is about half of
in CO,,2° the value ofky calculated from the copolymer data that for PVDF. A low value ok; is consistent with the much
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Table 6. Reactivity Ratio Pairs for the Copolymerization of VF2 1
with HFP in the Literature 2— F_
HFP
set no. IHFP rvez reference V=T T 1\ (15)
Aad 0 6.7 Moggi et aP3 (1 Tf )
Bad 0 5 Logothetis et at? HFP,
Cae 0 2.45 Bonardelli et &t?
Daf 0.12+ 0.05 2.9+ 0.6 Gelin et af? (furpinM1lin — TFHes(Ry)ay
Ea9 0 5.13+ 0.44 Tai et af? furp = M (16)
Fh 02 3.6 Beginn et al! M+]out-av
ov 8.2
_ 0° 4.8 . where {4rp)in is the mole fraction of HFP in the feed monomers
G 8?:91‘?@ i-g%i 8-;%2 Ahmed et af! to the reactor andFyep is the mole fraction of HFP in the
: : : : copolymer, based on the average from NMR and F-EA.
aBased on copolymer composition obtained from NMMased on Using the values of experiment 1 from Table 1, the “effective”
copolymer composition obtained from F-EABased on copolymer com- a4 ctivity ratio for VF2 for the copolymerization of VF2 with

position obtained from the average of both NMR and F-ERatch

emulsion polymerization at 70130 °C and 20-70 bar (exact conditions

not known).® Batch emulsion polymerization at 8& and 13.2 bar; values

from NMR. Batch solution polymerization in acetonitrile at 120. 9Batch ryep = 3.2 at 40°C and 400 bar

precipitation polymerization in scGGat 55°C and initial pressure of 276

bar. _hBatch polymeri_zati‘on i_n scCLat 50:C and i_ni_ti_al pressure of 280 This value is very close to the value of 2.9 obtained from

Zﬁg I 4Blaétcbgf olymerization in scCLat 35°C and initial pressure of 310 oo inp polymerization in acetonitrile by Gelin etfaHowever,
Gelin et al.’s experiments were at much higher temperature (120

°C) and in a batch reactor with about-102% VF2 conver-

sion5?

Locus of Polymerization. The question of where the
polymerization takes place is of both theoretical interest and
practical importance. When polymer precipitates during the
polymerization reaction, the reaction can take place either in

HFP in scCQ is

lower reactivity of the polymeric radicals with terminal HFP
units compared to the radicals with terminal VF2 units. In fact,
the reactivity ratio for HFP is essentially ze¥244° Conse-
quently, HFP monomer units cannot add to growing chains with
a terminal HFP unit. For the same reasons, the chemical kinetic

term|nat|or_1 ré?te constant is expected fo _be _Iower for the the supercritical fluid phase, in the precipitated polymer patrticles,
c.opolymen.zau.on t.han. for.the homopolymerization. Howeyer, or simultaneously in both phases. For the precipitation copo-
since termlna_t|on is d_|ffu3|on-control_led, at Iea_st for the high- lymerization of VF2 with HFP, many features of the current
molecular-weight chains, the effect is weaker in the observed reqits suggest that the copolymerization takes place mainly in
termination rate constant. In additioky/k®is more sensitive  the CQ-rich fluid phase. First, the first-order dependence of
to changes irk, than ink. both R, and M, on total monomer concentration, as shown in
Reactivity Ratios. Previously reported reactivity ratios for ~ Figure 5a,b, is characteristic of a conventional solution polym-
the copolymerization of VF2 with HFP are shown in Table 6. erization. If the polymer phase was a significant polymerization
Although various investigators agree that the reactivity ratio of locus, a higher order of dependence of bBgrandM, on total
HFP is essentially zero, there are substantial differences in themonomer concentration should have been obset¥&econd,
value for VF2. This is probably due to differences from study the significant increase of botR, and My with increasing
to study in the mode of polymerization (emulsion, precipitation, Pressure is consistent with the hypothesis that polymerization

solution, etc.), reaction conditions, and/or monomer composition ©¢CUrs primarily in the fluid phase. Besides the effect of pressure
drift for batch reactors. Additional differences can arise from ON the reaction rate constants discussed before, the increase in

the pressure increases the solubility of the copolymer in scCO
and causes the growing chains to precipitate at higher molecular
weights, leading to an increase in the concentration of polymer
radicals in the fluid phase. This leads directly to an increase in
R, and M,. Finally, the increased concentration of high

the different analytical methods used for determining the
copolymer composition. Most of the reported values are for
copolymer compositions determined from NMR, and only few
are from F-EA. Moreover, because of the heterogeneity of the

polymerization systems, most of the reported values contain 4molecular weight polymer radicals leads to the increase of the

Tct? nc?ntrattlﬁn facto: (;hatl chan%es l(\;w;h reactll((j)n and't"‘ozs' MWD tail with increasing pressure, since the effective termina-
erefore, the reported values should be considered as "elleC+j, rate constant decreases with increasing radical chain

tive” reactivity ratios. The only exception is the reactivity ratios length50:56

reported for solution polymerization in acetonitrile by Gelin et The pimodal MWD observed experimentally for the homo-
al. at 120°C.° polymerization of VF2 in scC&"%" is the subject of some
For a CSTR, there is no composition drift. Consequently, the controversy. The bimodality has been attributed either to a
reactivity ratios calculated should be more accurate than thosesimultaneous polymerization in both the fluid and the polymer
obtained from batch reactor experiments. Equation 14 is the phases, taking into account the transport of polymeric radicals
differential form of the Maye-Lewis equatior?® On the basis ~ between the two phas@%or to a homogeneous polymerization,
of the data in Table &4rp was set equal to zero. For this case, recognizing the transition of the termination reaction from a
eq 14 simplifies to eq 15, so thagr, can be calculated from kinetically controlled regime to a diffusion-controlled regime

the values oFyep andfuep (Mole fraction of HFP in the effluent ~ With increasing macroradical molecular weighEor VF2/HFP
monomers, eq 16). copolymerization, the heterogeneous model cannot account for

the increase of the tail with increasing pressure since transport
24t 4 _¢ of the polymeric radicals from the fluid phase to the polymer
Meelhep el HEP) phase should decrease with increasing pressure as their diffusion
Meefier T+ 2ee 1 — fuee) + Fypa(l = fugp)” coefficients decrease with pressure. On the other hand, according
(14) to the homogeneous model, the decrease of the diffusion

Faep=
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coefficient of the polymeric radicals with pressure leads to a (13) 2010/15 PFOA Stewardship Prograi.S. Environmental Protection

- P ; ; Agency: Jan 2006.
mﬁ; etgﬁctlve termination rate constant, leading to the increase (14) McCoy, M.Chem. Eng. New$999 77 (10).

) . . . ) ) (15) Press Release: DuPont introduces fluoropolymers made with super-
Finally, the slight decrease in HFP incorporation in the critical CO, technology. DuPont, Wilmington, DE, 2002. _
copolymer with increasing copolymer volume fraction may be (16) ROblfnSBO,ny E?-: SellehrtD- 't°~ MO_CtirI]fI,CatlonS gf PVDF ﬁsmleadmg to
: o H H F new raprication opportunitues with improvea service lire naging
the result of pre_ferent|al partitioning of HFP into the precipitated Corrosion with Plastics NACE Proceedingt991: Vol. 10 (22), pp
copolymer particles. This could lead to a decrease of the HFP/ 1-14.
VF2 ratio in the fluid phase, giving rise to lower HFP content (17) Scheirs, Modern Fluoropolymers: High Performance Polymers for

copolymers. This explanation rationalizes the use of experiment ___ Diverse ApplicationsJohn Wiley & Sons: New York, 1997.
poly P P (18) Ameduri, B.; Boutevin, B.; Kostov, GProg. Polym. Sci2001, 26

1 for calculating the reactivity ratio for VF2. (1), 105-187.
) (19) Solvay-Solexis, Solef & Hylar PVDF: Design and Processing Guide
Conclusions In www.Solvaysolexis.com/static/wma/pdf/9/2/2/3/br_Solef_Hylar.pdf.
. . L. . (20) Apostolo, M.; Arcella, V.; Storti, G.; Morbidelli, MMacromolecules
The continuous precipitation copolymerization of VF2 with 1999 32 (4), 989-1003.
HFP in scCQ was successfully carried out using PBP initiator (21) Ajroldi, G.; Pianca, M.; Fumagalli, M.; Moggi, Golymer1989 30
in a CSTR. The copolymer was collected continuously as a dry, (12), 2186-2187.

~ . . (22) Ferguson, R. CJ. Am. Chem. S0d.96Q 82 (10), 2416-2418.
free-flowing powder. The effects of total monomer concentration {23) pianca, M.; Bonardelli, P.; Tato, M.; Cirillo. G.. Moggi, Bolymer

and reaction pressure were both explored at otherwise constan 1987, 28 (2), 224-230.
conditions. (24) Schmiegel, W. WAngew. Makromol. Chem979,76—7 (Mar), 39—

Both R, and M, increased linearly with total monomer (25) Késpar, H. 3M Company, personal communication, 2003.

concentration, and both increased with pressure by about 80%(26) Office for Official Publications of the European Communities.

from 207 to 400 bar. This increase cannot be accounted for Document no.: 302M2690-Solvay/Montedison-Ausimont Merger
only by the effect of pressure on the reaction rate constants.(ﬂ) irsceldufe (ﬁoiMZéi90)- i P S on (coypol a "
; ; usleme, J. A.; Gavezotti, P. Suspension (co)polymerization wi
-I;]he QAWDS of tEe S)énﬂ;]esﬁjed C().F;]Ol.ymer S.howed Ia long tail _bis(dichlorofluorqacetyl) peroxide for preparation of hydrogen-contain-
that became a broad shoulder with increasing total monomer ing thermoplastic fluoropolymers. US Patent 5,569,728, 1995.

concentration. This tail increased with increasing reaction (28) Amold, R. G.; Barney, A. L.; Thompson, D. Rubber Chem. Technol.

pressure. 1973 46 (3), 619-52.

The ky/k?5 ratio for the copolymerization is less than that (29) fg’g‘;ﬂ'lf.,ggfe”"rd' D.R.;Rugg, J. d. Eng. Cheml1957 49 (10),
for the homopolymerization of VF2 in scGQCat identical (30) Logothetis, A. LProg. Polym. Sci1989 14 (2), 251-296.
conditions. This was attributed to the low reactivity of HFP- (31) Stevens, M. FPolymer Chemistry: An Introductiodyd ed.; Oxford
terminated polymer radicals. The reactivity ratio of VF2 University Press: New York, 1999.

. B 32) Howe-Grant, MFluorine Chemistry: A Comprehensi Treatment;
calculated from the experimental data is similar to the value (32) Wiley: New York, 1995. Y P

reported for the solution polymerization of VF2 with HFP in  (33) Bonardelli, P.; Moggi, G.; Russo, Blakromol. Chem., Suppl985
acetonitrile. 10-11, 11-23.

. . . (34) Humphrey, J. S.; Amin-Sanayei, R. Vinylidene Fluoride Polymers.
Finally, the experimental data suggest that the-@th fluid In Encyclopedia of Polymer Science and Technaldusl ed.: Mark,

phase is the primary locus of polymerization. Homogeneous H. F., Ed.; Wiley: New York, 2004; Vol. 4, pp 5:533.
polymerization in the C@rich fluid phase can account for the  (35) Charpentier, P. A.; Kennedy, K. A.; DeSimone, J. M.; Roberts, G.

ot W. Macromol. Commun1999 32 (18), 5973-5975.

first-order .depend?nce CRp and M, On. the total monomer (36) Charpentier, P. A.; DeSimone, J. M.; Roberts, GIvd. Eng. Chem.

concentration, the increase Rf andM, with pressure, and the Res.200Q 39 (12), 4588-4596.

increase of the MWD tail with pressure. (37) Saraf, M. K.; Gerard, S.; Wojcinski, L. M.; Charpentier, P. A.;
DeSimone, J. M.; Roberts, G. WMacromolecule2002 35 (21),

; . 7976-7985.
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