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ABSTRACT: Tetrafluoroethylene (TFE) and perfluoropro-
pylvinyl ether (PPVE) were copolymerized in supercritical
carbon dioxide (sc-CO2) with a perfluorodiacyl initiator
bis(perfluoro-2-n-propoxypropionyl) peroxide (BPPP). The
resultant copolymers with stable perfluoroalkyl end groups
were obtained, avoiding the decomposition during process-
ing and applications. Reactivity ratios of TFE and PPVE
were first reported. The rTFE and rPPVE values are about 8
and 0.08, respectively. Such parameters are significant for
the modification of PTFE through copolymerization of TFE
and PPVE. It is found that through increasing the reaction
pressure from 8.5 to 25 MPa, while rTFE increases by 12.0%,
rPPVE decreases by 9.0%, which should be ascribed to the
enhancement of the polarity of CO2 under high pressures.

Because the reactivity of TFE is by two orders of magni-
tude higher than that of PPVE; on one hand, the copoly-
merization rate falls rapidly with the decrease of TFE feed
ratio; on the other hand, TFE content in the copolymer
decreases with the reaction time. All copolymers containing
different fractions of PPVE enjoy outstanding thermal sta-
bility. The DSC result indicates that there exist two forms
of crystals with highly regular molecular arrangement or
less ordered chain packing which is disturbed by perfluor-
opropyl pendants. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 124: 1785–1795, 2012
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INTRODUCTION

Poly(tetrafluoroethylene) (PTFE) is a semicrystalline
fluoroplastic which possesses desirable properties
including chemical inertness, biocompatibility, out-
standing thermal stability, and low friction coeffi-
cient. It has been widely used in the chemical and
petrochemical industry, electronics, and biomedical
applications.1–4 However, PTFE is difficult to process
and shows weak mechanical properties due to its
inherently high crystallinity. Many methods are
used to improve its processability and mechanical
strengthens, among which copolymerization is often
adopted. Perfluoropropylvinyl ether (PPVE) is a com-
mon commercial comonomer for TFE. Copolymers of
TEE and PPVE, poly(TFE-co-PPVE), have been
commercialized as TeflonVR PFA (DuPont), AflonVR

PFA (Asahi Glass), DyneonVR PFA (3M/Dyneon), and
NeoflonVR AP (Daikin). These copolymers not only
maintain the advanced functions of PTFE but also dis-
play enhanced processability, capable of being shaped
with techniques used for thermoplastic polymers.
Poly(TFE-co-PPVE) copolymer (PFA) is commer-

cially produced by either emulsion or suspension
polymerizations in water. Both processes generate
large quantities of wastewater and require huge
amounts of energy to dry the resultant polymers.
Moreover, the emulsion technique involves per-
fluoro-octanoic acid (PFOA)-based surfactants, espe-
cially for high solid content loadings products. These
fluorinated surfactant molecules disperse in the
polymer matrix and would migrate gradually during
application. Such migration will lead to environmen-
tal problems as they are nonbiodegradable and bio-
accumulate in human fatty tissues.5 Additionally,
the ionic initiator will also result in the incorporation
of thermally unstable carboxylic acid and acid
fluoride end-groups6 which are deleterious to the
products during processing and application. Those
unstable end-groups would inevitably release certain
toxic compounds, such as perfluoroisobutene and
hydrofluoride,7 which are highly harmful to the
human body.
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Regarding this, new techniques based on super-
critical fluid have attracted much attention in the
field of polymer synthesis.8,9 Particularly, supercriti-
cal carbon dioxide (sc-CO2) is of tremendous interest
in the syntheses of polymers as it is cheap, facile to
obtain, inflammable, and environment friendly.
What’s more, polymers can be isolated from the
reaction mixture via simple depressurization, result-
ing in clean and dry polymer products.10,11 Specifi-
cally, mixing TFE with CO2 dramatically improves
the safety of handling the monomer.12 In the fluoro-
polymer industry, DuPont has recently commercial-
ized certain grades of TeflonVR products based on
CO2 technology,13 offering superior properties to
those materials prepared conventionally.

Recently, copolymerization of TFE and PPVE in
sc-CO2 has been reported.14,15 It is demonstrated that
sc-CO2 is an excellent solvent for TFE-based copoly-
mer syntheses, which generally produce polymers
with high molecular weights in good yields, and less
deleterious end groups as compared to those
obtained in aqueous emulsion polymerizations. Up
to date, however, there is not enough information
reported on the copolymerization of TFE and PPVE
in sc-CO2, including polymerization rates, pressure
effect, polymerization behaviors, and even the basic
monomer reactivity ratios. One characteristic of
using supercritical fluids as reaction media is that
slight changes in the pressure afford great differen-
ces in the density-dependent bulk solvent properties,
such as dielectric constant and viscosity, which have
strong influence on the monomer reactivity
ratios.16,17 Pressure effect on polymer yields and
molecular weights in supercritical fluid were also
reported.18,19 Following previous works, we carefully
studied the free radical copolymerization of TFE and
PPVE initiated by a perfluorodiacyl peroxide initia-
tor, bis(perfluoro-2-n-propoxypropionyl) peroxide
(BPPP) in sc-CO2. Determination of the monomer
reactivity ratios, the copolymerization behaviors,
pressure effect, and thermal properties of the poly-
mers are investigated.

EXPERIMENTAL

Materials

Both TFE (>99.999%) and PPVE (>99.9%) were sup-
plied by Shandong Dongyue Polymer Materials Co.
Ltd. (Zibo, China) and used without further purifica-
tion. CO2 (99.99%, oxygen content �10 ppm) was
supplied from Zibo Baiyan Gases company. PFC-8,
C3F7OCF(CF3)CF2OCF2CF3, a low-boiling perfluori-
nated solvent was kindly provided by Shandong
Dongyue Shenzhou New Material Co. Ltd. and used
as received. BPPP initiator [C3F7OCF(CF3)COO]2 was
synthesized according to the reported procedure20 in

PFC-8. A PFC-8 solution of BPPP (� 5%) was stored
in a dry-ice bath in the dark. An iodimetry tech-
nique, ASTM Method E 298-91, was utilized to
determine the initiator concentrations in solutions.
Both PTFE and PPPVE were prepared in sc-CO2

with BPPP initiator. After being dried, PTFE with a
molecular weight of 210 kg/mol and PPPVE homo-
polymer were obtained as powders and sticky glue,
respectively.

Copolymerization of TFE and PPVE in sc-CO2

Copolymerization was conducted in a 100-mL high
pressure reactor equipped with a magnetic stirring
bar, a thermocouple, and a rupture disk. The reactor
was immersed in a water bath. In a typical experi-
ment, the reaction system was sealed and evacuated.
Then, the base of the reactor was chilled to well
below 0�C using a liquid nitrogen bath. Meanwhile,
chilled PPVE (�10�C) was added to a test pipe and
transferred to the evacuated reactor by cannula.
After being charged with TFE/CO2 mixture (� 50
wt %) under stirring, the reactor was heated to a
fixed reaction temperature and further filled with
CO2 (using an air driven gas booster SC, Model
GB-30) to achieve a pressure lower than the desired
reaction pressure by 2–3 MPa. Then, PFC-8/BPPP
solution was added through a high-pressure tube.
The tube was further purged with CO2 until the
reactor was brought to the desired pressure. After
reaction for designed time, the reactor was cooled to
0�C by liquid nitrogen (less than 2 min for cooling
from 35 to 0�C). The polymerizations were stopped
in a short time (10–20 min) at low monomer conver-
sions, aiming to calculate the monomer reactivity
ratios. After CO2 was slowly released, the powdery
product was collected and dried under vacuum at
80�C for �12 h to remove volatile compounds.

Characterization

Solid-stated 19F-NMR spectra were measured on a
Bruker Ultrashield 400 Plus spectrometer operating
at a resonance frequency of 376 MHz for 19F. All flu-
orine chemical shifts were referred to external CFCl3
set to 0 ppm. FT-IR spectra of hot-pressed thin poly-
mer films were taken on a Bruker Tensor-27 for 32
scans with a resolution of 4 cm�1. Differential scan-
ning calorimetry (DSC) measurements of poly(TFE-
co-PPVE) copolymers were conducted on a TA
Instrument DSC-Q100. The scanning temperature
ranges from �50 to 380�C for each sample with a
heating or cooling rate of 10�C min�1. Thermal
gravimetric analysis (TGA) was performed on a TA
Q50 instrument under nitrogen with a heating rate
of 10�C min�1 and scanning range of 40–800�C. The
X-ray diffraction (XRD) measurements were carried
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out on a Rigaku D/Max-3C diffractometer (Rigaku,
Japan) equipped with a rotating anode and a Cu Ka
radiation source (k ¼ 0.15418 nm) operated at 40 kV
and 30 mA, at a scanning rate of 4� min�1.

RESULTS AND DISCUSSION

Copolymerization

TFE and PPVE were copolymerized in sc-CO2 to
produce poly(TFE-co-PPVE) with perfluoroalkyl
end groups using BPPP as initiator (Fig. 1). The
copolymer compositions are calculated from corre-
sponding 19F-NMR spectra, and the results are
summarized in Table I. Clearly, for the same reac-
tion time, higher initial PPVE concentration results
in more PPVE segment fraction in the resulting
copolymer.

Structure characterization

Spectroscopic techniques were employed to charac-
terize the structures of the polymeric products. All
the polymers give satisfactory analysis data corre-
sponding to their expected structures. The typical IR
spectrum of PTFE and poly(TFE-co-PPVE) (taken
from Table I, entry 3) are given in Figure 2(A). The
copolymer shows absorption bands at 994 and 1333
cm�1, which are assignable to the stretching vibra-
tions of CAOAC and ACFh,7,21 respectively. These
bands are absent in the spectrum of PTFE, thus veri-
fying the incorporation of PPVE monomer units in
the resulting polymer. Such prominent absorbance at

994 cm�1, which is the most characteristic feature for
the copolymer, becomes more and more remarkable
from PFA1 to PFA5 [Fig. 2(B)], indicating the
increased fraction of PPVE, which is consistent with
the calculated results. Another peak at 2365 cm�1

can be ascribed to the combination overtone from
the bands of 1152 and 1213 cm�1.22 Meanwhile, the
magnified inset panel in Figure 2(A) shows no
absorption bands at 1777, 1812, and 1883 cm�1, sug-
gesting the absence of unstable carboxylic acid or
acid fluoride end groups in the copolymers.23,24

Formation of the poly(TFE-co-PPVE) copolymer is
also confirmed by the solid stated 19F-NMR spectra.
Figure 3 depicts the typical 19F-NMR spectrum of
poly(TFE-co-PPVE) copolymer. For comparison, the
spectrum of PPVE is also given in the same figure.
As can be seen from Figure 3(A), all the peaks are
well reserved and can be reasonably assigned
according to the structure of PPVE.25 For example,
the signals at �81 and �86 ppm can be assigned to
the OCF2 and CF3 groups, respectively. The corre-
sponding signals for poly(TFE-co-PPVE) copolymer
appear at about �81 and �83 ppm [Fig. 3(B)].23

While the absorption peak at about �136 ppm is
ascribed to the CF group in PPVE, a weak signal at
the same position in the copolymer backbone due to
the incorporation of PPVE is observed, as suggested
previously.23,26 By comparison with the signals in
PPVE, the peak near �130 ppm in the copolymer
can be assigned to the fluorines of CF2 connected to
the CF3 group.23 Additionally, the weak peak at
�142 ppm27 is the absorption of CF group in the ini-
tiator fragment ACF(CF3)OCF2CF2CF3. As both TFE

Figure 1 Synthesis of poly(TFE-co-PPVE) with perfluoroalkyl end groups initiated by BPPP in sc-CO2.

TABLE I
Copolymerizations of TFE and PPVE in sc-CO2

a

Feed ratio
(mol %)

Copolymer
composition (mol %)

Entry TFE PPVE Time (min) TFE PPVE Conversionb (wt%) Sample name

1 96.7 3.3 10 99.6 0.4 3.1 PFA1
2 91.3 8.7 10 98.9 1.1 2.9 PFA2
3 87.7 12.3 15 98.4 1.6 3.9 PFA3
4 79.1 20.9 15 96.8 3.2 2.6 PFA4
5 74.3 25.7 20 95.8 4.2 2.2 PFA5

a Carried out at 35�C under an initial vessel pressure of 13 MPa; the total initial monomer and initiator concentrations
([M]0 and [BPPP]0) are 0.8 and 4 � 10�4 M, respectively.

b The conversion was defined as the weight percentage of the resulting copolymer to the total amount of monomers.
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and PPVE units contain CF2 segments, a dominant
peak at �122 ppm corresponding to the absorption
of ACF2A is observed. The PPVE content in the
copolymers was determined using the peak area
integrations of ACFh and ACF2A groups in PPVE
and TFE units, respectively.

To further prove the formation of copolymers and
rule out the possibility of generating a fraction of
mixture of two homopolymers, a physical mixture of
PTFE and PPPVE homopolymers with the composi-
tion of 96.7/3.3 mol % (91.7/8.3 wt %), which is
comparable to that of the copolymer obtained in
Table I, entry 4, was prepared. TGA measurement
indicates that there is only one weight losing stage
for poly(TFE-co-PPVE), but two for the physical
blend (Fig. 4). Clearly, while PPPVE homopolymer
in the blend first starts to decompose when attacked
by thermolytic species, its PTFE counterpart is kept
intact until PPPVE is burned completely, and then it
began to lose weight at 461�C at the weight loss of 9
wt %, which is well consistent with the weight per-
centage of PTFE in the blend. However, when it
comes to the poly(TFE-co-PPVE) copolymer, it
started to lose weight at 360�C with only one stage,
thus suggesting the homogenous and random distri-
bution of TFE and PPVE segments in the copolymer
chains. The TGA thermograms of the homopolymers
PTFE and PPPVE are also given in Figure 4 for com-
parison. The initial and terminative decomposition
temperatures of 461 and 374�C are found for PTFE
and PPPVE, respectively, which agree well with
those obtained in their physical mixture.

To eliminate the possibility of generating a frac-
tion of the PTFE homopolymer, two samples,
poly(TFE-co-PPVE) (sample taken from Table I,
entry 4) as well as a physical mixture of poly(TFE-
co-PPVE) (90 wt %) and PTFE (10 wt %), are also
analyzed by DSC (Fig. 5). The DSC curve of the
physical mixture shows two more peaks (328 and
310�C) when compared with that of poly(TFE-co-
PPVE). Clearly, a small fraction of PTFE in the phys-
ical mixture can generate obvious peaks since PTFE
is a high crystallinity polymer possessing large
enthalpy changes during melting and crystallization.28

The DSC curve of poly(TFE-co-PPVE) copolymer has
four peaks (280/316, 265/296�C) belonging to its melt-
ing and crystallization transitions, respectively, indicat-
ing that there is no detectable PTFE homopolymer in
the poly(TFE-co-PPVE) copolymer product.
BPPP was used as the initiator during the poly-

merization process to produce copolymers with sta-
ble perfluoroalkyl end groups. The dissociation of
BPPP proceeds via a single bond homolysis mecha-
nism,29 resulting in the formation of perfluoroalkyl
radicals which further initiate the monomers to co-
polymerize. For such a system, it is generally
accepted that termination occurs by combination,
which is proved by the absence of the absorption
peaks of ACF¼¼CF2 at 1784 cm�1 and �90.7 ppm30

in the IR and 19F-NMR spectra of poly(TFE-co-
PPVE), respectively. Termination by transfer or
disproportionation reaction did not occur at a detect-
able extent. It should be ascribed to the high
electrophilicity of fluorinated free radicals, which is

Figure 2 FT-IR spectra of (A) poly(TFE-co-PPVE) (sample taken from Table I, entry 3) and PTFE and (B) PFA1, PFA3,
and PFA5 with different PPVE fractions.
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difficult to abstract fluorine from monomers or poly-
mers. Meanwhile, since hydrogen-containing impur-
ities were strictly excluded from the polymerization
recipe, no hydrogen-bearing ends would be expected.
So, the end groups of the copolymers should be
C3F7OCF(CF3)A perfluoroalkyls, as illustrated in Fig-
ure 1. It is so important for fluoropolymers to have
such stable end groups, since they are normally melt
processed at high temperature (more than 400�C).7

Otherwise, active end groups can undergo decompo-
sition to form bubbles, discoloration, and erratic
molecular weight changes in the final products,
which should be avoided in terms of their long-term
applications.

Determination of the monomer reactivity ratios

Monomer reactivity ratios are important parameters
for copolymerizations. They are extremely useful for
tailoring copolymer compositions for a diversity of
applications. Due to its environmental friendly char-
acteristic and the facility of removing highly toxic

initiator residues and decomposition products in it,
sc-CO2 is widely used in the synthesis of fluoropoly-
mers. It is, therefore, of critical importance for us to
explore the monomer reactivity ratios of TFE and
PPVE in sc-CO2. Many analytical methods have been
developed to evaluate the monomer reactivity ratios,
among which Kelen-Tudos (K-T) method31 is widely
used due to its advantages over other approaches.
Herein, we used the K-T method to determine
monomer activities of TFE and PPVE. We also
adopted this method because it can be applied even
at extreme experimental conditions, including
largely mismatched monomer reactivity ratios and

Figure 5 Differential scanning calorimetry (DSC) curves
of poly(TFE-co-PPVE) (96.8 mol % TFE, sample taken from
Table I, entry 4) and the physical mixture of PTFE (10 wt
%) with the copolymers (90 wt %). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com]

Figure 3 19F-NMR spectra for (A) PPVE monomer and
(B) poly(TFE-co-PPVE) (sample taken from Table I, entry
3). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

Figure 4 Thermograms of poly(TFE-co-PPVE) (96.7 mol
% TFE, sample taken from Table I, entry 4); a
physical mixture of PTFE and PPPVE homopolymers
(96.8 mol % TFE), PPPVE, and PTFE. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com]

COPOLYMERIZATION OF TFE AND PPVE IN SUPERCRITICAL CO2 1789

Journal of Applied Polymer Science DOI 10.1002/app



rather low concentration of one monomer. The K-T
method is based on the following equation:

g ¼ r1 þ r2
a

� �
n� r2

a
(1)

where r1 and r2 are monomer activity ratios, g and n
are functions of parameters G and H:

g ¼ G=ðaþHÞ and n ¼ H=ðaþHÞ (2)

and a is a constant equal to (HmaxHmin)
1/2, Hmax and

Hmin being the maximum and minimum H values,
respectively, from the series of measurements. The
parameters G and H are defined as below:

G ¼ f �½ðF� 1Þ=F� and H ¼ f 2=F (3)

with

f ¼ m1=m2 and F ¼ M1=M2 (4)

where m1 and m2 are the monomer molar feed frac-
tions, and M1 and M2 are the copolymer molar com-
positions. Thus, based on above equations, a linear
plot of g versus n gives directly r1 and �r2/a at n ¼
1 and 0, respectively.

The linear extrapolation plot using the K-T
method is depicted in Figure 6, and the reactivity
ratios for TFE (rTFE) and PPVE (rPPVE) in sc-CO2 at
13 MPa are 8.63 and 0.083, respectively, suggesting
that the radicals on TFE homopolymerize more read-

ily than its copolymerizing with PPVE, whereas the
radicals on PPVE primarily cross-propagate with
TFE.
The effect of pressure on reactivity ratios was also

studied. The copolymerizations of TFE and PPVE
were carried out under another two pressures of 8.5
and 25 MPa, respectively. The monomer reactivity
ratios were calculated according to Eq. (1). The
results are summarized in Table II. Clearly, by
increasing the reaction pressure from 8.5 to 25 MPa,
while rTFE is improved from 7.91 to 8.86, rPPVE is
decreased from 0.087 to 0.079, the increase and
decrease in amplitudes are 12.0% and 9.2%, respec-
tively, revealing the striking pressure effect on reac-
tivity ratios in such system.
The differences in reactivity ratios of the mono-

mers at various pressures can be ascribed to the
changes of polarity of reaction medium, as reported
by Baradie and Shoichet,32 and preferential solvation
of a monomer in sc-CO2 will be enhanced by the dif-
ferences in the polarity of the solvent and the mono-
mers; the polar monomer is pushed by the nonpolar
sc-CO2 solvent from the solution phase to the poly-
mer phase. Because of its unsymmetrical structure,
PPVE enjoys higher polarity than TFE. For the
sc-CO2 reaction media, when the pressure was
increased from 8.5 to 25 MPa, its dielectric constant
improved from 1.27 to 1.55,33 suggesting the
enhancement of polarity. Hence, the difference in
polarity between sc-CO2 and TFE enlarged, whereas
that between CO2 and PPVE decreased, thus making
TFE much easier and PPVE less likely to come into
the polymer phase. Therefore, higher rTFE and lower
rPPVE values are observed when the pressure of
sc-CO2 is increased. The effect of solvent polarity on
the reactivity ratios is not a sole phenomenon for
TFE and PPVE occurring in sc-CO2. A similar effect
was also observed in the solution copolymerizations
of styrene and 2-hydroxyethyl methacrylate in differ-
ent solvents.34

Effect of TFE/PPVE feed ratio

Copolymerizations and monomer feed ratios will
greatly affect the copolymerization rates and result-
ing copolymer compositions. To evaluate such an
effect for TFE and PPVE in sc-CO2, copolymerization
rates with different monomer feed ratios under

Figure 6 K-T plot for determining the monomer reactiv-
ity ratios in the copolymerization of TFE and PPVE in sc-
CO2 at 13 MPa.

TABLE II
Effect of Reaction Pressure on rTFE and rPPVE in sc-CO2

Pressure
(MPa)

Density
(g mL�1)

Dielectric
constant e (35�C) rTFE rPPVE rTFE rPPVE

8.5 1.37 1.27 7.91 0.087 0.688
13 1.79 1.48 8.63 0.083 0.716
25 1.99 1.55 8.86 0.079 0.700
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varied pressures were determined gravimetrically
from the conversion according to Eq. (5)

Rp ¼ conv

Dtp
(5)

where Rp, Dtp, and conv are copolymerization rate,
polymerization time, and monomer conversion,
respectively. The results are depicted in Figure 7.
Evidently, with decreased feed ratio of TFE, the
copolymerization rate fell sharply, indicating that Rp

is mainly dependent on the concentration of TFE.
This phenomenon is concordant with rTFE and rPPVE
values derived from the K-T method. In any case,
rTFE (	8) is higher than rPPVE (	0.08) by almost two
orders of magnitude, resulting in Rp being mainly
determined by the reactivity of TFE, whose polymer-
ization rate is monotonically decreasing with its
declined concentration. Meanwhile, the pressure
effect on Rp was also checked. As revealed in Figure 7,
under identical conditions, higher pressures give
higher Rp values, which should be ascribed to the
increased rTFE under elevated pressures.

Copolymer composition is another important
parameter involved in copolymerization. Figure 8
displays the copolymer composition data obtained at
different monomer feed ratios under various pres-
sures. The theoretical compositions calculated by the
Mayo-Lewis equation are also given in the same
figure for comparison.35 It is evident that the data
well agree with each other. It is also noticeable that
the percent of TFE segments in the copolymer chain

is always higher than its corresponding feed frac-
tion, which is consistent with the characteristic of
typical nonideal copolymerization (rTFE > 1, rPPVE <
1, and rTFE
rPPVE < 1, also see Table II).

Effect of reaction time

The relations between reaction time and conversion
of TFE and PPVE in sc-CO2 with two TFE feed frac-
tions (fTFE,0) of 91.3 and 71.4 mol % (35�C, 13 MPa)
are presented in Figure 9. The conversion increased
dramatically within 1 h, then rose up slightly and
leveled up eventually after another 2 h. Such results
are well consistent with the first-order decomposi-
tion feature of BPPP initiator. It is known that the
half-life (t1/2) of BPPP at 35�C is about 45 min,29

thus after 90 min (2 � t1/2), over 75% of BPPP was
consumed, thus continuous heating impacted little
on the monomer conversions.
When one of the monomer reactivity ratios, r1 or

r2, is larger than 1, and the other is smaller than 1, a
considerable composition shift can be observed dur-
ing the copolymerization process. Then, copolymer
composition will be appreciably different from the
initial one. Such behavior is attributed to the higher
reactivity of one monomer. Consequently, more
units of this monomer will be inserted in the macro-
molecular chain, giving a significant tendency of the
formation of block-like segments. For poly(TFE-co-
PPVE) system, rTFE (	8) and rPPVE (	0.08) are much
greater and less than 1, respectively. Such reactivity
ratio values suggest that the growing radicals with
both TFE and PPVE ends prefer to be added to TFE

Figure 7 Plots of copolymerization rate versus initial feed
ratio of TFE (fTFE,0) in sc-CO2 under different pressures.
Temp. ¼ 35�C, [M]0 ¼ 0.8 M, [BPPP]0 ¼ 0.4 mM, reaction
time ¼ 60 min.

Figure 8 Copolymerization diagram for TFE and PPVE
in sc-CO2 with different pressures. Temp. ¼ 35�C, [M]0 ¼
0.8 M, [BPPP]0 ¼ 0.4 mM, reaction time ¼ 60 min.
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at a much higher rate than to PPVE. The large differ-
ence in the reactivity ratios of TFE and PPVE also
predicts a high tendency to form blocky runs. There-
fore, with prolonged reaction time, less and less
mole fraction of TFE would be resided in the reac-
tion system, and the TFE content in the copolymer
would decrease gradually with monomer conver-
sions. Meanwhile, the block length of TFE units
would be shorter and shorter with prolonged reac-
tion time. This evolution of the copolymer composi-
tion is illustrated in Figure 10, in which experimen-
tal data and theoretical curves based on Skeist
equation (Eq. (6)) are given out.

lnð1� convÞ ¼
ZfTFE;t

fTFE;0

dfTFE=ðFTFE � fTFEÞ (6)

Instantaneous FTFE is expressed on the basis of the
Mayo and Lewis equation including fTFE, rTFE, and
rPPVE, for each infinitesimal interval of feed composi-
tion. By numerical integration, compositions of the
residual monomers (fTFE,t) and copolymer (F*TFE, Eq.
(7)) at a given comonomer conversion can be deter-
mined. Figure 10 shows that with improved mono-
mer conversions, F*TFE decreased gradually, and the
experimental evolution of the copolymer composi-
tion is in good agreement with the theoretical pre-
diction by Skeist equation (Eq. (6)).

F�TFE ¼ ½fTFE;0 � fTFE;t � ð1� convÞ�=conv (7)

Thermal properties

Most fluoropolymers are melt processed under high
temperatures. It is thus important to investigate their
thermal properties. We first examined the thermal
stability of the copolymers by TGA under nitrogen.
Temperature for 5 wt % loss has often been used as
a degradation temperature (Td) to estimate thermal
stability of a synthetic polymer. As shown in Figure 11,
these PFA products exhibit good thermal stabil-
ity, and all the copolymers have the Td values above
438�C. It is understandable that both perfluorinated
main chains and perfluoroalky end groups endowed
resultant copolymers with good stability under
higher temperatures. To inspect the early thermog-
ravimetry process where weight loss would be
related with polymer end groups,36 the temperatures
for 1 wt % loss (T1) for these PFA copolymers are
also obtained. The results show that all T1 values are
higher than 415�C, similar to normal commercial
HyflonVR PFA (T1 ¼ 420–440�C) which has been dealt
with fluorination. Besides the adopted perfluori-
nated initiator, the higher T1 values can be also
explained considering that because of the ability of
CO2 to plasticize polymeric materials and its excel-
lent transport properties, b-scission reaction is sup-
pressed relative to polymer propagation, thereby
yielding less unstable groups.37 Furthermore, surfac-
tant-free strategy also helps, because fluoropolymer
product prepared with surfactant-assisted polymer-
ization in sc-CO2 should show obvious thermal
degradation in the temperature interval from 140 to
240�C.38

Figure 9 Plots of monomer conversion versus reaction
time with different TFE feed ratios in sc-CO2. Temp. ¼
35�C, initial vessel pressure ¼ 13 MPa, [M]0 ¼ 0.8M,
[BPPP]0 ¼ 0.4 mM.

Figure 10 Dependence of the copolymer composition
(F*TFE) on monomer conversions with different monomer
feed ratios in sc-CO2. Temp. ¼ 35�C, initial vessel pressure
¼ 13 MPa, [M]0 ¼ 0.8 M, [BPPP]0 ¼ 0.4 mM.
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Because of their high thermal stability, we further
investigated the transition behaviors of PFA1 � PFA5
through DSC measurement. Figure 12 depicts the
DSC thermograms of PFA1 � PFA5 with different
compositions obtained in sc-CO2. When PPVE con-
tent is merely 0.4 mol % (PFA1), only one sharp
peak at 315�C corresponding to the melting transi-
tion of PFA1 is observed, indicating the existence of
only one kind of crystal in the copolymer. With an
increase of PPVE content, the melting peak becomes
broad (PFA2, fPPVE ¼ 1.1 mol %), and closer inspec-
tion reveals that it is an overlap of two peaks at 309

and 314�C, suggesting the presence of new crystal-
line moieties. Further enhancement of PPVE fraction
gives two distinct peaks locating at 298/315, 280/
316, and 250/318�C for PFA3, PFA4, and PFA5,
respectively. Obviously, with increased PPVE con-
tent, while the high temperature transition exhibits
little change, the low temperature transition shifts to
a much lower side. It is reported previously that
perfluoropropyl side chains cannot be incorporated
into the PTFE crystalline phase.39,40 Therefore, the
DSC results indicate that there are two forms of
crystals existing in the copolymers. One is in higher

Figure 11 TGA thermograms of PFA1�PFA5 synthesized
in sc-CO2 measured under nitrogen at a heating rate of
10�C min�1 [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com].

Figure 12 DSC thermograms of PFA1�PFA5 synthesized
in sc-CO2 measured under nitrogen at a scan rate of 10�C
min�1.

Figure 13 (A) XRD profiles of PFA1 � PFA5 synthesized in sc-CO2 and (B) the division example of PFA5. Curve a (ex-
perimental data) is deconvoluted into curves b (crystalline region at 2y ¼ 18.06�) and c (amorphous region at 2y ¼ 16.8�).
The inset panel gives the fitted curves for PFA2 � PFA5.
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order whose polymer chains contain predominant
successive TFE monomer units, and the other is in
the much lower order where the molecular packing
is interfered by perfluoropropyl side chains. That is
why the more the PPVE content, the lower the sec-
ond transition temperature is. It is also worth noting
that the second lower transition peak becomes much
broader with increased PPVE fraction, implying that
the PPVE segments impact the crystallization of
the copolymer main chains at various extents. The
higher temperature transition peak becomes smaller
with increased PPVE fraction, indicating that the
block length of the TFE units gets shorter.

XRD measurements were also conducted for the
copolymers, and the results are depicted in Figure 13.
For PFA1 (0.4 mol % PPVE), a sharp peak at
2y ¼ 18.06� is observed. When more PPVE is incor-
porated, the peak becomes broader with depressed
intensity, as can be seen from the XRD patterns for
PFA2 � PFA5 [Fig. 13(A)]. All the spectra exhibit a
diffraction feature at 2y ¼ 8–22�. Similar to other
TFE-based copolymers, such characteristic profile
can be deconvoluted into two peaks at 2y ¼ 18.06�

and 16.8�,41,42 which are assignable to the crystalline
and amorphous scatterings of the polymer chains.
Figure 13(B) shows the division example of PFA-5;
meanwhile, the fitted crystalline and amorphous
peaks for PFA2 � PFA5 are also shown in the inset
panel. Clearly, the crystalline peak at 2y ¼ 18.06�

becomes broader from PFA2 to PFA5, with gradu-
ally increased full width at half maximum (FWHM)
from 1.017� to 1.355�, indicating the whole molecular
arrangement of the crystalline chains getting less or-
dered with increasing PPVE content. It agrees well
with the DSC result that the whole regularity of the
highly regular and less ordered crystalline phases
decreased with more PPVE fraction, as indicated by
the increasingly lower and broader peak for the less
order crystalline phase.

CONCLUSIONS

Copolymers of TFE and PPVE with perfluoroalkyl
end groups were successfully synthesized by free
radical polymerization using BPPP as an initiator in
sc-CO2. The reactivity ratios of TFE and PPVE in
sc-CO2 under different pressures were first reported.
While rTFE is about 8, rPPVE is merely about 0.08,
rendering TFE segments’ predominant presence in
the copolymer chains.

It is found that reaction pressure has a great
impact on the monomer reactive ratios and copoly-
merization rates. Increasing the reaction pressure
leads to the enhancement of the polarity for sc-CO2,
resulting in the increase of rTFE and decrease of
rPPVE. Meanwhile, Rp increases with increasing the
reaction pressure.

All polymers with varied compositions enjoy out-
standing thermal stability. When the PPVE fraction
in the copolymer is over 1 mol %, two transition
peaks can be observed in the DSC thermogram,
which are corresponding to the crystals with highly
regular molecular arrangement or less-ordered chain
packing which is disturbed by perfluoropropyl
pendants. When more PPVE is incorporated, the
whole regularity of the crystalline chains decreases,
as indicated by the increasingly lower and broader
peak of the less-ordered crystalline phase. Such
conclusion is also confirmed by the XRD analysis.

We are grateful to Shandong Dongyue Polymer Materials
Co. Ltd. for providing raw materials and sintered PTFE
sample.
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