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ABSTRACT: Emulsion copolymerization of o-chlorotetra-
fluoroethyltrifluorovinyl ether (CI(CF,),OCF = CF, (FVE))
with tetrafluoroethylene (CF, = CF, (TFE)) was investigated
at various monomer ratios. The copolymerization rate is
below the rate of TFE homopolymerization and the copoly-
merization kinetics depends on the FVE content in the reac-
tion medium. The copolymer composition is very similar if
the FVE content in monomer mixture is <2.5 mol %. How-
ever, the percent amount of FVE in the copolymer, the
copolymerization rate, and molecular mass of synthesized
copolymers decrease noticeably with increase in the FVE
content in the monomer mixture. The constants of copoly-
merization are ri= 2.8 (TFE) and r, = 0.03 (FVE). The
copolymer is a statistical polymer consisting of TFE blocks
and individual FVE molecules between the blocks. The aver-
age molecular mass of copolymers is significantly less than
that of the TFE homopolymer (PTFE) synthesized at the
same conditions. The morphologies of PTFE and copolymer

powders were investigated by thermomechanical analysis
and are not similar. The copolymer has a completely amor-
phous diblock morphology depending on the FVE content.
The introduction of FVE molecules into the copolymer mac-
romolecules is accompanied by reduction of the crystalline
portion of copolymer. If the FVE content in copolymer is
>3.5 mol %, the copolymer macromolecules completely lose
the ability to form crystalline portions as a result of their
amorphicity. The introduction of up to 2.4 mol % FVE into
the copolymer macromolecules yields a highly thermostable
and meltable copolymer which can be processed by using
the industrial processes used widely for thermoplastics.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121: 2489-2499, 2011
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INTRODUCTION

Polytetrafluoroethylene (PTFE) is a material with
many important applications because of its unique
properties, for example, it has the highest chemical
and thermal stability among synthetic polymers.
However, it is not soluble and a viscous-fluid state
of PTFE cannot be obtained, so it cannot be pro-
cessed into products by using any of the processing
methods usually employed for thermoplastics. As a
result, the manufacturing techniques of products
from PTFE can be very complicated.'” The indus-
trial processes for the production of PTFE can lead
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to a substantial amount of waste. Therefore, there is
a search for thermoplastic copolymers to replace
PTFE. Such copolymers should possess the same
unique properties as PTFE, but they should be proc-
essable by methods used for the manufacture of typ-
ical thermoplastic polymers. The replacement of
PTFE with copolymers of TFE and perfluoroalkyl-
vinyl ether (PFAVE) is one such example.6_8

The mechanism of polymerization and copolymer-
ization of PFAVE molecules has not been extensively
studied. The influence of PFAVE molecules on their
ability to copolymerize with TFE was investigated.”
Because of the operational constraints of the Alfrey-
Price scheme,” the previous study’ could not estab-
lish a relationship between the structure and reactiv-
ity of the PFAVE molecules. The prior study’ showed
that lengthening the perfluoroalkoxyl fragment of the
PFAVE molecules results in an appreciable decrease
in their reactivity in copolymerization with TFE.

Polymerization and copolymerization of branched
perfluoroolefins often do not obey the classical
kinetics for a chain process. This behavior differs from
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the behavior of their hydrocarbon analogs. For exam-
ple, substitution of a fluorine atom by a trifluo-
romethyl group in the TFE monomer to generate
hexafluoropropylene (HFP) stops the chain mecha-
nism for HFP homopolymerization;, TFE homopoly-
merizes® at a high rate, but, HFP does not polymerize
under similar conditions.'”!" The polymerization of
the hydrocarbon analog of HFP, propylene, occurs by
a chain mechanism and, unlike HFP, propylene poly-
merizes with the same high rates as ethylene. HFP has
a low reactivity in copolymerization as well. At high
concentrations of HFP in the reaction zone, the chain
process can be completely suppressed. Therefore, the
HFP content in current industrial perfluorocopoly-
mers cannot exceed 20 mol %."! Various mechanisms
have been proposed to explain the chain polymeriza-
tion of HFP as a comonomer.'' Some assume that it
may be connected with the electrostatic properties of
the trifluoromethyl groups, which decrease the reac-
tivity of the C=C double bonds. Others explain the
low reactivity of HFP in terms of a steric shielding of
the C=C double bond by the trifluoromethyl group,
which can interfere with the ability of another HFP
molecule to reach the reaction center. The behavior of
HFP in radical polymerization has been also explained
by the formation of a long lived liquid radical (LLR) at
some stage of HFP oligomerization.'"" Such LLRs
terminate the propagating chain and are not capable
of mutual recombination. As a result, the homopoly-
merization or copolymerization of HFP is terminated
if LLRs are formed. The validity of this hypothesis has
been demonstrated in the polymerization of TFE in
the presence of perfluoroolefins, such as HFP, the
HFP dimer ((HFP),), and the HFP trimer ((HFP)3).
HEFP and (HFP), show an ability to effectively trap the
active propagating radicals. However, (HFP); as well
as linear perfluoroalkanes do not participate in poly-
merization as a terminator because their molecules are
not able to react with the propagating radicals. (HFP);
can react only with an atomic fluorine and not with
any larger radicals.'? Therefore, (HFP); is practically
an inert solvent and TFE polymerization occurs in it
with practically the same rate as for the homopolyme-
rization of pure TFE. It can be assumed that branched
perfluoroolefins, such as PFAVESs, should behave like
HEFP in radical chain processes. However, the nature
of the low reactive propagation radical formation has
been considered only in the case of the TFE homopoly-
merization in presence of HFP or its oligomers.11

The molecular mass (MM) and molecular mass dis-
tribution (MMD) of the copolymer product can help
to elucidate the copolymerization mechanism. Infor-
mation about the dependence of the MM on the con-
tent of comonomers allows us to investigate the low
reactivity due to the formation of LLRs. The MM to-
gether with the chemical composition of the macro-
molecule defines the physical, chemical, and mechan-
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ical properties of the copolymers. An important
characteristic of fluoro-containing copolymers and
polymers are their topological structure,'* includ-
ing the macromolecular structure (linear, crosslinked,
branched) and the interchain behavior (temperature
of transitions, linear thermal expansion, free volume).
For many copolymers, the important molecular and
topological parameters can be measured by the classi-
cal methods of polymer structural analysis, such as
DSC, X-ray, NMR, etc. The MM and MMD can be
determined by gel permeation chromatography.'’
Other methods for determining the polymer molecu-
lar heterogeneity are based on the use of dilute solu-
tions of linear polymers, and the measurement of the
swelling process of the crosslinked structure of the
polymers. The perfluorinated copolymers of interest
in this study, however, are not easily dissolved.
Therefore, their macromolecular parameters need to
be determined by using indirect methods based on
the heat treatment of the samples.*” However, this
leads to the thermal destruction of the polymer,
which decreases the MM and changes the topological
structure of the polymer.

Thermomechanical spectroscopy (TMS) is a novel
solid-phase diagnostic tool for studying polymers
and allows complex molecular topological testing of
the polymers. An example of the effective use of the
TMS method to investigate the molecular and topo-
logical structure of fluorine containing polymers is a
study of polyvinylidenefluoride and the copolymer
of TFE with ethylene.13 Recently, the TMS method
was applied to the quantitative analysis of effect of
radiation on molecular and topological structure of
PTFE." The present work is a study of the kinetics
of copolymerization of TFE with FVE and of the
molecular topological structure and thermostability
of the synthesized copolymer.

EXPERIMENTAL

Tetrafluoroethylene was obtained from “JSC ‘Halo-
gen’” (starting purity 99.9%). The basic impurities in
TFE were difluoromethane and trifluoromethane.
The sum of their contents were 1.2 x 10 2%.
Triethylamine was the inhibitor in TFE instead of
“limonene.” The TFE was purified from triethyl-
amine by filtration through absorbent coal and a
20% solution of sulfuric acid. The w-chlorotetrafluor-
oethyltrifluorovinyl ether CI-CF'F-CF*F?-O-CF° =
CF'F® (FVE) was synthesized using the method
described previously.'® The synthesized FVE has T,
= 37°C and d3* = 1.645. In the NMR "F spectra of
FVE, there are: 1-2.7 ppm; Jo.4y = 6.1 Hz; 2-12.7
ppm; Jo1y = 2.0 Hz; 3-39.3 ppm; Ji5.4) = 112 Hz; 4-
46.7 ppm; Ji5.3y = 66 Hz; J43) = 86 Hz; 5-59.6 ppm,
and Jsq) = 1 Hz. In the synthesized FVE, the
amount of basic product is 99.8%. The ratio of the
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amount of elements in the FVE determined by ele-
mental analysis and calculated from the NMR data
are: 20.40/20.69 (C); 14.85/15.09 (Cl), and 56.95/57.33
(F). The water was triply distilled. The emulsifier
and initiator were, respectively, ammonium perfluor-
ononanoate (CgF;,CO,NH,, 98.4%) and the succinic
acid peroxide (99.1%) obtained from JSC Halogen.
These chemicals used were reagent grade. The tem-
perature of polymerization was 70-75°C.

The pressure for polymerization was maintained at
22 + 0.5 atm. The temperature of polymerization was
70-75°C and was chosen from an analysis of literature
data and our own experience. Emulsion polymeriza-
tion of TFE and other fluorinated monomers is usually
carried out at these temperatures when using succinic
acid peroxide as the initiator. Thus, we considered the
temperature of polymerization to be 72.5°C = 2.5°C.
Stirring was done at a rate of 670 turns min ™.

The copolymerization product was a white disper-
sion in water. It was coagulated using HCl and
washed up to neutral pH using distilled water.
Afterward, it was washed with ethanol to remove
the emulsifier. Then, the product was dried to a con-
stant mass in a vacuum system. The FVE content in
the copolymer was determined by elemental analy-
sis. Conversion of TFE and FVE has been measured
gravimetrically and by measurement of the TFE
pressure in the reactor.

M; and M, are the TFE and FVE content in the
monomer mixture, respectively; m; and m, are the
TFE and FVE molar content in the copolymer,
respectively. My + M, = my + my = 100 mol %. The
initial FVE content in the monomer mixture in reac-
tor was varied from 1.0 mol % up to 20 mol % (see
the summary listing of symbols). The color of the
copolymers of TFE with FVE is white and does not
differ from the color of the PTFE synthesized under
comparable experimental conditions.

Thermomechanical analysis of the polymeric prod-
ucts was carried out by insertion of a quartz hemi-
spherical probe into the polymer. The dynamics of
the interaction of the probe with a polymer surface
has been described.”” The tested polymer samples
had two plane-parallel sides separated by tens of
mm. One of the measured values is a change in the
linear size of a sample between a substrate and the
probe. The polymer powder of 0.2-1.0 g was com-
pressed at room temperature under an optimized
pressure of 190-250 atm using a DP36 press from
Carl Zeiss Jena. The diameter of the metallic form
used for pressing is 6 mm and meets the #14
Russian standards for surface treatment. The result-
ing pellet was placed in the chamber of a UIP-70M
thermoanalyzer and cooled to —100°C at a rate of
5° min~'. Tt was maintained at this temperature for
5 min and then the probe loaded with a force of
0.5 g. The sample was then heated at a rate of

5° min~'. A summary of the TMS investigation of
fluoro-containing polymers has been described pre-
viously." The TMS method is based on measure-
ments of sample deformation under a very low load
in the thermal field which is time-dependent [the
thermomechanical curve (TMC)] leading to measure-
ments of the glass transition temperature and the
temperature for the beginning of molecular flow.
The methodology of the measurements and calcula-
tions of MMD, including the determination of the
amount of different blocks, and related characteris-
tics have been described in detail."®* The accuracy
and reproducibility of the TMS method has been
described previously.” The use of the TMS method
for fluoropolymers, particularly PTFE, has been dis-
cussed in detail."*** The accuracy of the temperature
measurements in the thermostatic chamber of the
instrument is £0.05°C. The accuracy of the deforma-
tion measurement is *5 nm. The errors of MM and
free volume fraction are < *10%. The data were
reproducible, in general to within error limits of *+5-
10%, but in some cases, these errors can be as large
as *20% due to the heterogeneity of the materials
and differences in their thermal and stress history.
The thermostability of the polymer products were
determined by using standard differential thermal
analysis on the derivatograph KU-200.

RESULTS AND DISCUSSION

Kinetics of TFE homopolymerization
and its copolymerization with FVE

The kinetics of TFE homopolymerization results in
an S-type curve, which is typical for emulsion poly-
merization (Fig. 1, Curve 1). The polymerization has
an induction period and after 20-30 min, it reaches a
constant rate, which continues up to 70% conversion
of the TFE. In Figure 2, the lower curve shows the
TFE conversion after 90 min of polymerization, and,
in this case, the conversion is 50% when M, = 0.
According to Curve 1, Figure 1, if the time for TFE
homopolymerization is increased to 130 min, the
conversion reaches 70%. After this point, the rate of
polymerization decreases and it takes up to 280 min
for the conversion of TFE to reach 90%. The rate of
the chain propagation stage of TFE homopolymeri-
zation is very high due to the reactive C=C bond in
TFE and there is only a small energy of activation.’
For the majority of monomers except TFE, the chain
termination steps occur with a small energy of acti-
vation and hence a high rate. However, for TFE
homopolymerization, the chain termination occurs
with a low rate due to the properties of the propa-
gating radicals, which leads to the formation of long
propagating chains, so the final PTFE has a very
high molecular mass. The average molecular mass of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Time-conversion curve of TFE homopolymeriza-
tion (1) and the TFE copolymerization with FVE (2-5). The
FVE content in monomer mixture was 1.0-2.5 mol % (2),
5.0 mol % (3), 12.5 mol % (4), and 20 mol % (5). The aver-
age deviation of values of TFE conversion is £2% (1,3,4,5)
and *5% (2).

the topological regions of the synthesized PTFE
determined by the TMS method is 22.56 x 10°. The
values of the MM in Table I are similar to the MM
of commercial PTFE powders analyzed by TMS.

As shown in Figure 1, the rate of copolymerization
of TFE with FVE (Curves 2-5) is below that of TFE
homopolymerization (Curve 1). The kinetics of
copolymerization also exhibit an S-type curve
(Curve 2), as found for TFE homopolymerization if
the initial mixture of monomers contains <2.5 mol
% of FVE. In such samples, a constant rate of
copolymerization is established after 20-30 min.
After conversion of 60% of the TFE, the copolyme-
rization essentially stops.
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Figure 2 The FVE content in copolymer (11,) (1) and con-
version of TFE (2) as a function the FVE content (M) in
initial mixture of TFE and FVE. Plot of calculated composi-
tion of copolymer (3) for values r; = 2.8 and r, = 0.03.
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TABLE I
Molecular and Topological Structures
of the PTFE Powder

Co-axial Perpendicular
orientation orientation
Parameters of vectors of vectors

Amorphous region

T, °C 17 17

0,-10° deg ™! 9.16 9.26

,-10° deg ™" 49.0 33.9

V 5 0.347 0.214

M, -10 466.1 687.2

M,, 102 849.6 1217.8

K, 1.82 1.77

©q 0.50 0.58
Low-melting crystalline portion

T, °C 327 327

0,-10° deg ™! 357.1 358.2

M107° 15.8 39.8

Per 0.37 0.12
High-melting crystalline portion

T, °C 347

o/ x 10° deg™! 64.1

M*107° 74.54

M?.107° 77.22

K., 1.04

(ol 0.13 0.0
High-temperature amorphous (cluster) region

Ta, °C 353

oa x 10° deg’1 34.2

(Mya x 107°) 68.74

(Mwya % 107°) 72.87

Ka 1.06

Qa1 0.0 0.30

Ty °C 465 465
Values averaged between regions

M,-10°° 10.47 22,56

Kan 0.8

The FVE content in the copolymer as a function its
content in initial monomers mixture is plotted of in
Figure 2, Curve 1. The composition of copolymer is
very similar to the initial ratio of monomers when the
FVE content in the reactants is <2.5 mol %. The frac-
tion of FVE incorporated into the copolymer
decreases with increasing the ratio of FVE in the reac-
tants from 3 to 5 mol %. When the FVE content in the
reactants is 7-20 mol %, the FVE content in the copol-
ymer does not exceed 3—4 mol %. When the FVE con-
tent in the initial mixture of comonomers is more than
5 mol %, the TFE conversion does not exceed 10%
(Fig. 2, Curve 2). In such cases, according Figure 2,
Curve 1, the FVE conversion does not exceed 50%.

The dependence of TFE conversion on the FVE
content in the comonomer mixture is presented in
Figure 2, Curve 2. Comparing Curves 1 and 2 in
Figure 2, the decrease in TFE conversion is shown to
be accompanied by an increase of the content of the
FVE molecules in the copolymer product. When the
FVE content in initial mixture of comonomers is
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more than 5 mol %, the TFE conversion does not
exceed 10%. In such cases, there is a decrease of the
copolymerization rate (Fig. 1) and of the amount of
TFE conversion (Fig. 2, Curve 2) due to a loss of
highly reactive TFE molecules in the reaction medium.
The FVE monomers are responsible for these changes.
If the mixture of TFE and FVE has an FVE content
>20 mol %, then the chain propagation of copolymer-
ization is essentially terminated (Fig. 2, Curve 5).

The method described previously” was used to
define the constants of TFE copolymerization with
FVE. The dependence of the composition of the co-
polymer (my,m;) on the composition of the initial
mixture (M1,M5) of TFE (My,m,), and FVE (Mj,m,) is
presented in Figure 3. The copolymerization con-
stants can be determined from the limit of Curves 1
and 2 in Figure 3 at high levels of the monomer con-
centrations in the reaction mixture.”” The resulting
constants for the copolymerization of TFE (r;) and
FVE (rp) are 1 = 2.8 and r, = 0.03. In Figure 2,
Curve 3 shows the dependence of the copolymer
composition calculated using Eq. (1),%®

my/my = (M1 /Ma +1)/[(ra + M1 /Mz)/ (M1 /M,)] (1)

The calculated copolymer compositions (Curve 3)
only describe the initial part of the observed copoly-
mer composition curve (Fig. 2, Curve 1). The value of
r1 = 2.8 shows that the synthesized copolymer repre-
sents a statistical polymer consisting of blocks of TFE
molecules. Analysis of the copolymerization parame-
ters (r; x r, = 0.084, r; > 1, r, < 1) shows that the
TFE and FVE molecules are alternating in the copoly-
mer and that the propagating radical reacts more
readily with TFE than FVE. As a result, the copoly-
mer macromolecules are enriched in TFE and this is
especially obvious when the FVE content in the reac-
tion medium is > 2.5 mol % (see Fig. 2, Curve 1). For
example, for the case of a molar ratio of comonomers
in the reaction mixture of M;/M, = 95, the ratio in
the copolymer is m;/m, = 150. Thus, in the synthe-
sized copolymer, individual molecules of FVE are
included between blocks of TFE molecules.

The molecular and topological structure
of powders of polytetrafluoroethylene
and copolymers of TFE with FVE

Investigation of the molecular and topological struc-
ture of the polymer powders by the TMS method
assumes their one-dimensional compression under
optimized pressure. In this case, amorphous-crystal
polymers lose their isotropic structures and trans-
form into anisotropic structures. The results show
that both the degree of crystallinity and the orienta-
tion of the crystals are changed. Some parts of the
crystals become oriented perpendicular to the com-
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Figure 3 Dependence of the composition of the copoly-
mer (my,my) from the composition in initial mixture
(Ml,Mz) of TFE (Ml,ml) and FVE (Mz,mz).

pression pressure vector. Thus, the change of the iso-
tropic polymer structure is one of the most important
reasons of structural failure because it causes crack-
ing of cylindrical patterns during their preparation.

The degree of the sample crystallinity can be deter-
mined by thermomechanical analysis under two ana-
lytical conditions, coaxial (II) and perpendicular
(.L)."*% The vector of the compression pressure and
the vector of loading during the release of the polymer
deformation in the thermoanalyzer can be in the same
plane (coaxial analysis) or in perpendicular planes.
The ratio of the degree of crystallinity determined by
these two methods (Kan = @crany/ @ern) can be consid-
ered as a measure of the structural anisotropy.

Figure 4(a) shows the TMC of the PTFE tested in
the coaxial orientation of vectors in the temperature
range from —100 to 500°C. It is characteristic of poly-
block amorphous-crystalline PTFE. It contains one
amorphous region and two crystalline regions.
Parameters of these topological structures are listed in
Table I. According to the TMC in Figure 4(a), the low-
est relaxation transition (the second kind) of PTFE
appears only at room temperature. The relaxation
transition at 123°C reported in Refs. 1-5 has not been
confirmed. The glassy temperature of the amorphous
fraction is similar to that reported previously.*

Expansion of the glassy amorphous PTFE occurs
from —100°C to room temperature at a constant rate
equal to the linear thermal expansion factor oy giv-
ing a straight line. Thermomechanical (penetrant)
deformations of the amorphous fraction of PTFE
begin above T, as a result of a monotonic decrease
of the equilibrium modulus of a pseudonetwork of
the amorphous region. The area under the curve
of the deformation jumps, which follow a change of
the modulus of the network, is a transition area
of the amorphous fraction of PTFE. Taking into
account the coordinates in which the transition area

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The TMCs of powders of PTFE (a,a’) and the copolymers of TFE with FVE (b,b’,c,c’). TMCs were tested in
coaxially (a,b,c) and perpendicular (a’,b’,c’) orientation of the vectors. The coopolymers were synthesized at the FVE con-
tent 2.5 mol % (b,b’) and 7 mol % (c,c’) in an initial mixture of the monomers.

occurs and using the theory of thermomechanical
spectroscopy, this represents a pseudointegrated
curve of the MMD of the chain segments between
junctions in a pseudonetwork of amorphous region.
At the temperature T, the chain segment between
junctions with the highest molecular mass transforms
into a flow or gel-condition. For our samples of
PTEE, this state is reached at a temperature of 300°C.

The MM of PTFE homologues is proportional to
the magnitude of AT = T, — T, and can be deter-
mined from Eq. (2).3°

Log Mmax = 2.3 + 11AT/(100 + AT) @)

The MM of PTFE is usually obtained by indirect
methods,®®! and, in most cases, the measurements
are taken after heat treatment, so the less thermo-
stable structures may collapse. Unfortunately, the
analysis in the literature®®' testifies to the poor
agreement of the available data. It is impossible to
characterize macromolecules of PTFE by a direct
method as the polymer cannot be transferred into
soluble or plastic states. Therefore, it is best to dis-
cuss and analyze the molecular mass characteristics
of PTFE in terms of topological units. Then, the MM
may be deduced by unit summation. The MM of the
synthesized PTFE as determined by the TMS method
has been defined in all its topological units with the
data listed in Table L

At temperatures above T, as shown by Point C in
Figure 4(a), an amorphous fraction of PTFE transi-
tions to a region of high elasticity in which expan-
sion of the polymer with an increase in temperature
occurs due to an increase of the free volume of the

Journal of Applied Polymer Science DOI 10.1002/app

polymer V. This region is characterized by the mag-
nitude of the linear thermal expansion factor oy. The
relation between the glass transition temperature
and the values of oy, oy, and Vyis given by Eq. (3).3%

Vf = 3(0L2 — O(l)Tg (3)

The values of the calculated free geometrical volume
(see Table I) characterize the amorphous region of
the synthesized PTFE as a rigid-chain polymer.

The chain segments between junctions in a pseu-
donetwork of amorphous regions penetrate chain
segments in crystallized areas which serve as branch
points. Therefore, the heat stability of the chain seg-
ments between junctions in a pseudonetwork of the
amorphous region is limited to the melting tempera-
ture of the crystalline portion (Point D on the TMC
curve). Melting of the crystalline portion of the chain
segments is indicated by a sharp rate increase in the
expansion deformation, H.,. Melting of the crystal-
line portion occurs when this factor equals oy. It is
proportional to the integral specific deformation of
expansion (H./H,). However, due to the definition
of the amount of the crystalline portion, it is neces-
sary to normalize values of H,, by the thickness of
the sample. However, in the case of the amorphous
topological region, this normalization is not done.
Therefore, in the figures, the ratio of heights H,./H,
differs from the amounts of the topological units
listed in the tables.

At temperature K, melting of the low-melting
crystalline portion is complete and melting of the
refractory (other modification) crystalline portion 1",
begins. The rate of the deformation effect is defined
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by the magnitude of the linear thermal expansion
factor oy and the fact that oy/0y > 6. Both crystal-
line portions become amorphous (simultaneous with
melting); then with further temperature increase,
segmental relaxation begins. At temperature M, the
thermomechanical deformation of the polymer
begins. The deformation is complete at a tempera-
ture about 5°C higher than Point O followed by
molecular flow (the curve OT). The temperature of
the beginning of molecular flow of PTFE is Ty =
465°C. At temperatures above 470°C, thermal degra-
dation of PTFE macromolecules begins with gas evo-
lution and a loss of mass, as confirmed by thermog-
ravimetric analysis of PTFE (Fig. 5, Curve 1). Curve
1 in Figure 6 is the DTA curve which shows that
up to 327°C (Point A) the polymer is amorphous-
crystalline. Above 327°C, the endothermic melting of
the crystalline portion occurs. This process is
complete at ~ 447°C (Point B) when the polymer
becomes completely amorphous.

The exothermic effects occur only at 515°C (Point
C on the differential thermal analysis curve), which
can be interpreted as the temperature at the begin-
ning of thermal destruction of covalent bonds in
PTFE. The TGA curve, however, shows that the
polymer has already lost about 3% of mass before
reaching 515°C (Fig. 5, Curve 1). This is not due to
thermal breaking of the C—C or C—F bonds. Curves
TGA and DTA show that loss of mass begins at
470°C and 5°C above the temperature when molecu-
lar flow begins (Ty = 465°C).

The TMC of the PTFE tested in the perpendicular
orientation of vectors is presented in Figure 4(a’).

-20 4

230 4
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-60
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Figure 5 TGA thermograms for PTFE (1) and the copoly-
mers of TFE with FVE (2,3,4,5). The FVE content in the co-
polymer (% mole) are 0.71 (2), 1.39 (3), 1.92 (4), 2.4 (5),
and 3.5 (6). The molecular masses determined in the
coaxial orientation of TMS and averaged between all topo-
logical regions are 10.47 x 10° (Curve 1), 53.2 x 10° (Curve
5) and 58.4 x 10° (Curve 6).
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Figure 6 The curves of DTA analysis of PTFE (1) and the

copolymer of TFE with FVE (2). The FVE content in the

copolymer is 2.4 mol %. The temperature of the molecular
flowing T is tested by the TMS method.

For the perpendicular orientation of the vectors, the
phase transitions are practically the same as those of
PTFE in the parallel orientation. There is one differ-
ence in the TMCs of PTFE measured in the perpen-
dicular and parallel orientations of vectors. The
high-temperature amorphous region (cluster) is
observed in the perpendicular orientation instead of
the high-melting crystalline portion observed in the
TMC in the coaxial orientation of vectors. The clus-
ter region measured in the perpendicular orientation
of the vectors has the transition temperature T, =
353°C. Parameters of the molecular and topological
structures of the perpendicular oriented PTFE are
listed in Table I.

The observable difference in average weight mo-
lecular mass of blocks (M,,) in the coaxial and per-
pendicular orientations of the vectors can be
explained by the fact that several crossings of differ-
ent crystal modifications by macromolecular chains
occur in the coaxial orientation. Therefore, the M,
obtained in the perpendicular analysis is closer to
the actual value. Molecular flow of the PTFE tested
in perpendicular orientation of vectors starts at Ty =
465°C as in the coaxial orientation of vectors. Hence,
only 5°C remains between the temperature of flow
(Ty = 465°C) and the start of destruction (T, =
470°C) of the PTFE macromolecules. These character-
istics do not allow processes used in processing sim-
ple thermoplastic polymers for the manufacture of
products from PTFE.

The molecular and topological structure of copoly-
mer of TFE with FVE differs from the structure of
PTFE synthesized under the same conditions. As a
result of the more regular and dense packing of
macromolecules in the crystalline region of PTFE,
the effect of including the FVE molecules on its
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properties is appreciable. This is manifested by a
decrease of crystallized chains in the low tempera-
ture crystalline structure of PTFE and by the disap-
pearance of its high melting crystalline region if
there is 2.4 mol % of FVE.

The TMC of the copolymer tested in the coaxial
orientation of vectors [Fig. 4(c)] is characteristic of a
diblock copolymer. There are both amorphous and
crystalline regions present. At T,, = 290°C, the crys-
talline portion begins to melt with the rate o, =
205.6 x 10°° deg . The MM of the crystalline region
is proportional to AT = T, — T, and is 31.6 x 10°.
The amount of the crystalline fraction (¢y) is propor-
tional to H. and is 0.35. At —7°C, the segments of
chain in the amorphous region transition into the
glassy state.

The average numerical and average weight molec-
ular masses in the amorphous region are My, = 35.4
x 10° and M,, = 64.8 x 10° respectively. The value
of the average molecular mass of all topological
regions is equal to M, = 53.2 10°. The molecular
mass of the copolymer is ~ 200 times less than the
MM of PTFE synthesized under the same conditions
(see Tables I and II).

The presence of FVE monomers leads to a decel-
eration in the growth of the propagating chain for
copolymerization and as a result the macromolecu-
lar length is shortened leading to a lower molecular
mass. It is especially appreciable when a reaction
mixture contains more FVE molecules. At a concen-
tration of FVE = 12.5 mol % in the reactants, the
MM of the synthesized copolymer is almost a hun-
dred times less than the MM of PTFE synthesized
under the same conditions. The amount of FVE in
this copolymer is 3.5 mol %. An increase in the
amount of FVE monomer in the composition of the
copolymer is accompanied by a reduction of the
chain segments in crystalline portion of the copoly-
mer. Therefore, the TMC of the copolymer contain-
ing 2.4 mol % of FVE does not show a high melting
crystalline portion, in contrast to what is observed
in the TMC of PTFE. Both the high melting and the
low melting crystalline regions observed in the
TMC of PTFE disappear completely in the TMC of
a copolymer containing 3.5 mol % of FVE. Conse-
quently, the copolymer macromolecules completely
lose the ability to form a crystalline structure if
they have >3.5 mol %. If there are more than 100
TFE monomers for every FVE monomer in the co-
polymer, then such a copolymer can flow on heat-
ing. If there are less than 30 TFE monomers per
FVE monomer, such a copolymer is amorphous and
does flow on heating.

The thermostability of the synthesized copolymer
and PTFE as tested by differential-thermal analysis
are presented in Figure 6, Curve 2 and listed in
Table III. The molecular flow of the copolymer con-
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TABLE II
Molecular and Topological Structures of Powders
of Copolymer of FVE with TFE

Co-axial Perpendicular
Analyzed orientation of orientation of
parameters vectors vectors
Share of FVE in the copolymer, % mole
24 3.5 2.4 3.5
Amorphous region
T, °C -7 -10 2 —4
0,-10° deg ™ 10.9 11.5 13.1 12.6
0-10° deg ™" 315 26.4 49.4 35.1
Vs 0.164 0.118 0299  0.182
M,,- 107> 35.4 109 7549 2040
M&,lo*‘ 64.8 191 12078  310.0
K, 1.83 1.75 1.60 1.52
(o 0.65 0.69 0.83 0.75
Crystalline portion
T,, °C 290 160
0,-10° deg ™ 205.6
M1077 3.6 398.1
Qcr 0.35 0.11 0.00 0.00
High-temperature amorphous (cluster) region
Ty, °C 200 280 195
o/ -10° deg ™! 26.3 49.8 35.3
My & Mya x 1072 7.1 6.3 45
Ky 1 1 1
Qo 0.00 0.2 0.17 0.25
Ty, °C 325 215 295 207
Values averaged between regions
Mw-1073 53.2 584  1003.6  233.6
Kan 0.35 0.11

taining 2.4 mol % of FVE occurs after melting of its
low melting crystalline portion, i.e., after Ty = 325°C.
The DTA curve shows that the copolymer is amor-
phous-crystalline up to 285°C (Fig. 6, Curve 2). The
endothermic melting of the crystalline portion ends
at ~ 415°C, when the copolymer becomes com-
pletely amorphous. Thermal degradation of the co-
polymer macromolecules begins above 440°C. A loss
of mass occurs as the polymers begin to decompose,
as shown by thermogravimetric analysis of the co-
polymer (Fig. 5, Curve 5). As seen from the TGA
and TMS curves, the temperature at which mass loss
begins (440°C) is 115°C higher than the temperature
of molecular flow of the copolymer (Tf = 325°C).
Thus, such a copolymer has thermostability similar
to that of PTFE. However, increasing the FVE con-
tent in the copolymer composition causes more
defects in its crystalline structure and decreases the
themostability. Therefore, on the curve of DTA of
copolymers containing 3.5 mol % of FVE, a precise
temperature of flow is not observed. So, for the pro-
duction of a fusible and thermostable copolymer of
FVE with TFE, the FVE content in this copolymer
cannot to be more than 2.4 mol %. This amount of
FVE as a comonomer is much less than the amount
of the comonomer HFP needed for production a
fusible and thermostable copolymer with TFE.®
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TABLE III
The Data of the Differential-Thermal Analysis of PTFE and the Copolymer
of TFE with FVE

Temperature of % weight loss

FVE content

in copolymer —0% —5% —50%

Mol % T, °C T,, °C? Analysis conditions
0.71 460 512 572 315 Ni crucible, He
1.39 450 510 570 315 ceramic crucible, He
1.92 445 500 562 312 ceramic crucible, He
2.40 435 490 558 310 ceramic crucible, He
3.50 410 470 510 - ceramic crucible, He
3.50 415 473 510 - Ni crucible, He
0.0 470 526 590 327 Ni crucible, He

® The temperature of melting is determined by differential-thermal analysis.

The high thermostability and stability to atmos-
pheric influences allows for the production of the
FVE copolymer with TFE without using additional
thermo- and photostabilizers. Tests show that the
mechanical and dielectric properties, as well as the
chemical properties and thermostability of the
copolymers of TFE with FVE are similar to those of
PTFE. In addition, the FVE can be synthesized
using industrial waste from TFE production. The
low molecular flow temperature of the copolymer
containing 2.4 mol % of FVE begins of 325°C and
coupled with the degradation temperature of 440°C
will allow the processing of this copolymer using
the typical industrial methods used to process ther-
moplastics. The parameters of breaking load (28.1
MPa) and the rupture elongation (433%) of FVE/
TFE copolymers ((2.4 mol % of FVE) are compara-
ble with parameters (27.4 MPa, 405%) of synthe-
sized PTFE. The fluidity of the copolymer is 4.8 g
during 10 min at 297°C and under a cargo of 5 kg.
Thus, the use of FVE as a comonomer for copoly-
merization with TFE is better than the use of HFP
as the comonomer.

The synthesized copolymer behaves in the same
way under vy-irradiation as PTFE. The molecular
relaxation characteristics of synthesized PTFE and
FVE irradiated by y-rays are listed in Table IV. The
TMC of irradiated PTFE shows a completely amor-
phous topological structure consisting of amorphous
and cluster portions (Table 1V), instead of the amor-
phous-crystalline structure of virgin PTFE (Table I).
The nature of the changes in the block structure of
PTFE and the development of amorphous structure
on y-irradiation has been discussed in detail.!*?33*
The y-irradiation of the FVE/TFE copolymer (2.4
mol % of FVE) leads to the disappearance of the
crystal portions the TMC of the irradiated copoly-
mer show only amorphous and cluster regions
(Table IV), essentially the same result as for pure

PTFE. Thus, y-irradiation increases the degree of
amorphous material and reduces the temperature of
melting. However, the changes due to radiation
could be quite different. y-irradiation of the PTFE
macromolecule'***>?* leads to loss of a fluorine
atom by breaking a C-F bond which leads to loss of
crystallinity and, consequently, mechanical durabil-
ity of the polymer. The larger volume of the
—OCF,CF,Cl functional group in FVE/TFE copoly-
mers will break up the helical conformation of
virgin PTFE chains which should affect the radioly-
sis and change the chemistry. This will be pursued
in future work.

TABLE IV
Molecular and Topological Structures of the Irradiated
PTFE and FVE Samples Registered in Coaxial
Orientation of Vectors®

Parameters PTFE FVE/TFE

Amorphous region

T,, °C 16 ~12

0,-10° deg ™! 8.25 9.4

0-10° deg ™" 39.23 24.5

Vy 0.272 0.118

M,,-10> 463.0 120

M,,-107° 910.0 191

K, 1.96 1.59

@a 0.80 0.88
High-temperature amorphous (cluster) region

Tq, °C 337 89

o x 10° deg™! 40.33 40.3

M@y x 107°) 0.089 79.1

(M x 107°) 0.114 79.1

Kq 1.28 1

Qe 0.2 0.12
Values averaged between regions

Ty, °C » 371 198

M,-10 0.729 0.1776

? There is 2.4 mol % FVE share in FVE/TFE. Dose of
irradiation by y-rays of ®°Co at 27°C is 140 kGy.
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Termination mechanism of propagating
chain at copolymerization of TFE with FVE

Usually, the copolymer MM defined by the length of
the macromolecular chain depends on the ratio of
rates of elementary reactions of propagation and
termination of the copolymer chain. Therefore,
decrease of the MM of the copolymer and of the rate
of copolymerization may be connected with increas-
ing the termination rate or with decreasing the pro-
pagation rate. It has been shown that FVE molecules
do not extensively homopolymerize, as found for
HFP.'"*" Homopolymerization of FVE can be termi-
nated as a result of cascade addition of two or more

RCF,CF; + CF,=CF (FVE)—= RCF,CF,CFCF, —

CICF,CF,0 CICF,CF,0

A substantial amount of low reactivity propagating
radicals can be formed if the concentration of FVE is >
5 mol % in the reaction medium. As a result, the kinetic
termination of the propagating chain leads to a sub-
stantial decrease in the copolymerization rate. The
FVE molecules change their role in the process of
copolymerization depending on their concentration.
They act as a trap of propagating radicals if there is
more than 5 mol % in the reaction medium. A second
possibility is that the macroradical representing the
growing chain could react with the less hindered site
of FVE. In addition, the macroradical terminated by a
fluorinated vinyl ether may lead to fluorinated acid
fluoride Rp-CF(O) and an -Rg-Cl radical. However, the
generated -Rp-Cl may not to be able to continue the
chain propagation process leading to kinetic termina-
tion of the polymerization. Because of the formation of
such low reactivity propagating radicals, the complete
description of the kinetics of copolymerization of the
branched perfluoroolefins requires knowledge of the
addition of comonomers to a penultimate monomer
unit and the removal of monomer units from the active
propagating center. The available experimental data
on TFE and FVE copolymerization, unfortunately, is
not sufficient to develop a detailed kinetic mechanism.
Therefore, the kinetics of the copolymerization of TFE
with FVE cannot be completely described using the
classical theory of copolymerization.

CONCLUSIONS

The polymerization of tetrafluoroethylene (TFE) and
its copolymerization with w-chlorotetrafluoroethyltri-

Journal of Applied Polymer Science DOI 10.1002/app

ALLAYAROV ET AL.

molecules of FVE to a propagating radical, as in the
case of HFP homopolymerization.'' Then, an oligo-
meric radical of FVE with low reactivity will be
formed. The probability of the cascade addition of
the FVE molecules is increased by increasing the
FVE concentration in the reaction medium. The
cascade addition of the FVE molecules produces a
termination of the chain propagation and decreases
the copolymerization rate. The chain process of poly-
merization of TFE essentially stops if the FVE con-
tent in the reaction medium is more than 20 mol %.
A schematic of the process of chain termination is
shown below:

+ CF=CF,

— ~ RCF,CFCF,CF,CF; (propagation)
CICF,CF,0
CICF,CF,0
LFVE . .
L » RCF,CFCF,CF,CF’  (termination)
CICF,CF,0

fluorovinyl ether (FVE) has been carried out at 70-
75°C in an aqueous solution of the ammonium salt
of perfluorononanoate (emulsifying agent) in a metal
reactor in the presence of the peroxide of ethane-1,2-
dicarboxylic acid (initiator). The rate of copolymer-
ization is less than that of TFE homopolymerization.
The kinetics of copolymerization have an S-type
curve, as for TFE homopolymerization, if in the ini-
tial mixture of monomers is <.5 mol % of FVE. With
this amount of FVE in the reaction medium, the
composition of the synthesized copolymer is essen-
tially that of the initial mixture of monomers. The
copolymer represents a statistical polymer consisting
of TFE blocks with individual FVE molecules
between them. The FVE molecules cannot homopo-
lymerize because of cascade addition of two or more
molecules of FVE to the propagating radical. A low
reactivity oligomeric radical of FVE can terminate
the chain propagation of polymerization or copoly-
merization. The chain process of copolymerization of
TFE with FVE does not occur if the FVE content in
the reaction medium is more than 20 mol %. The
probability of cascade addition of the FVE molecules
increases with increasing the FVE concentration in
the reaction medium. Therefore, the rate of copoly-
merization and the molecular mass of the synthe-
sized copolymers decrease noticeably with increases
of the percent of FVE in the reaction medium. The
morphology of powders of PTFE and the copolymer
investigated by thermomechanical analysis are not
similar. Three topological structures of PTFE, amor-
phous and two crystalline forms (high melting
and low-melting modifications) were identified. The
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copolymer has a completely amorphous di-block
morphology. Only small amounts of FVE (1.0-2.4
mol %) provide high thermostability and a decrease
of the fusion temperature of the copolymer. Such a
copolymer is a thermoplastic analogue of PTFE as it
can be processed by methods widely used for proc-
essing the majority of industrial thermoplastics.
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