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Abstract: Amorphous copolymers of perfluoropropylvinyl ether and perfluoro(3,6-dioxa-4-methyl-

7-octene)sulfonyl fluoride with various molar contents of sulfonyl fluoride units in the

macromolecule were synthesized using an ultrahigh-pressure method without the use of any radical

polymerization initiators. The copolymers are capable of film formation and may be of interest in the

creation of proton-exchange electrolyte membranes for hydrogen fuel cells. They exhibit high optical

transparency in the visible and near-IR spectral regions, low refractive index, and are suitable for use

as coatings for optical waveguides and fibers.

Keywords: Perfluorinated vinyl ethers, sulfonyl fluorides, amorphous copolymers, ultra-high

pressure polymerization.

Introduction

Fuel cells based on polymer electrolyte membranes (EMs) are being actively studied because

they exhibit high efficiency in converting chemical energy into electrical energy, are environmentally

safe, and have the potential to become a key component of hydrogen energy devices [1-11]. One of

the most important elements of such devices is the proton-exchange EM, which transports protons

formed during the catalytic oxidation of hydrogen at the anode and combines them with oxygen at

the cathode to form H2O. Of particular interest are fuel cells with EMs based on fluorinated sulfonic

acid polymers such as Nafion (Du Pont), Aciplex (Asahi Kasei), Flemion (Asahi Glass), Aquivion

(Solvay Solexis), etc. [12]. The first and best known substance from this list is Nafion, a copolymer

of tetrafluoroethylene and perfluoro(3,6-dioxa-4-methyl-7-octene)sulfonyl fluoride in which the
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terminal -SO2F group is replaced by the -SO3H group. On the other hand, amorphous perfluorinated

copolymers are of interest for the creation of optical fibers and other waveguide elements of integrated

optical devices due to their high optical transparency, low refractive index and low material dispersion

[13, 14]. In this work, the possibility of synthesizing amorphous copolymers of perfluoro(3,6-dioxa-

4-methyl-7-octene)sulfonyl fluoride with perfluoropropyl vinyl ether is investigated.

Amorphous perfluoropolymers are typically synthesized by radical copolymerization of two

or more monomers in solutions or emulsions in the presence of perfluorinated initiators. In contrast,

we used an ultrahigh-pressure technique (1.5-1.6 GPa) to synthesize copolymers. This approach

allows for the synthesis of copolymers without the use of any radical polymerization initiators and

ensures a high yield of the target product [14, 15].

Synthesis of perfluorinated copolymers at ultrahigh pressure

To obtain amorphous perfluorinated copolymers, the following monomers were used:

perfluoropropyl vinyl ether E1 produced by PiM-Invest company and perfluoro(3,6-dioxa-4-methyl-

7-octene)sulfonyl fluoride E7S (frequently named PSEPVE) [16], which are transparent colorless

liquids. Before synthesis, the monomers were purified from oxygen, which is an inhibitor of the

radical polymerization reaction, by distillation in an argon atmosphere, and mixed in a given ratio

(the molar concentration of E7S monomer in the mixture was h=20-80%). The synthesis of the

copolymers was carried out in Teflon ampoules with a volume of 1-4 ml in cylinder-piston molds at

a pressure of 15-16 thousand atm. and a temperature of 125-145 °C for 72 hours or more. The

synthesis scheme is shown in Fig. 1. The product obtained after opening the ampoule was typically a

highly viscous, colorless liquid containing, in addition to the linear copolymer, volatile components

(unreacted monomers, dimers, etc.). To remove these components, the product was evacuated to a

constant weight at 85 °C. The copolymer yield depends on the temperature and duration of the

synthesis and reaches 60–70%.
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Figure 1. Scheme of synthesis of copolymers of perfluoropropyl vinyl ether E1 with perfluoro(3,6-
dioxa-4-methyl-7-octene)sulfonyl fluoride E7S by radical polymerization at ultra-high pressure.

x is the molar concentration of E7S monomer units in the copolymer macromolecule.
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Figure 2 shows the 19F NMR spectra of E1 and E7S homopolymers, as well as the spectrum

of  the  E11-xE7Sx copolymer obtained from the reaction mixture with h=50%. All spectra were

measured using Bruker AM-300 spectrometer (282.40 MHz) in hexafluorobenzene.
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Figure 2. 19F NMR spectra of E1 (a), E7S (b) homopolymers and E1E7S copolymer obtained from
the reaction mixture with h=50% (c). The insets show the fragment of the structure of

the homopolymers and that of the copolymer.

The signal near -85.01 ppm in Fig. 2a corresponds to three fluorine atoms in the

trifluoromethyl group of E1 homopolymer (the same line is present in the copolymer, -84.48 ppm in

Fig. 2c). The assignment of other signals in E1 homopolymer is given in [17] and is shown in Fig. 2a.

The signal near 42.39 ppm in Fig. 2b corresponds to the fluorine atom in the -SO2F group of the side

substituent of E7S homopolymer (the same line is present in the copolymer, 42.34 ppm in Fig. 2c).

The content of E1 and E7S monomer units in E11-xE7Sx copolymer was estimated from the ratio of
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the integrals of these signals. Analysis of Fig. 2c shows that the ratio of units in this copolymer is

x = 0.47.

The x value can also be estimated from the ratio of the integrals of the 42.34 ppm fluorine

atom signal in the -SO2F group of the sulfonyl fluoride unit in the copolymer (Fig. 2c) and

the -131.8 ppm signal, which corresponds to two fluorine atoms near the trifluoromethyl group of the

perfluoropropyl unit. Calculations reveal that the x value is 0.54. It can be concluded that the ratio of

perfluoropropyl E1 units to sulfonyl fluoride E7S units in the E11-xE7Sx copolymer is x » 0.5 and is

close to the molar ratio of the initial E1 and E7S monomers in the reaction mixture (h = 50%). This

indicates that the polymerization activities of these monomers are similar.

Let's calculate the equivalent mass of the macromolecule per one -SO2F group. For the

E10.5E7S0.5 copolymer, it is 712 g/mol, which is close to the equivalent mass of 1100 g/mol per -SO3H

group in the Nafion 212 polymer.

To estimate the molecular weight of the obtained copolymers, the average hydrodynamic

diameter D of the macromolecular globules in hexafluorobenzene was measured. The measurements

were performed using dynamic light scattering technique on 90Plus_Zeta instrument (Brookhaven

Instruments Corp., USA) under illumination with a laser beam with a wavelength of 640 nm. Figure

3 shows a typical histogram of the globule size distribution for the E10.5E7S0.5 copolymer. It is evident

that the average globule diameter is <D> = 7.2 nm. Thus, the synthesized copolymers can be classified

as high-molecular-weight substances.

0 10 20 30 40 50
0

20

40

60

80

100

1 10 100 1000

C
or

re
la

tio
n

fu
nc

tio
n,

C
(t)

t, ms

O
S

F

F

F

F
O

O

F
O

F

F
F F

F

F

O F
F

F
F

F
FF F

FF

F
F

F

(( ))
1-x x

7.2 nm

D
is

tri
bu

tio
n,

%

D, nm

Figure 3. Size distribution of macromolecular globules of the E10.5E7S0.5 copolymer, measured by
dynamic light scattering technique in hexafluorobenzene. D is the globule diameter.

The insets show the autocorrelation function and a fragment of the copolymer structure.
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The synthesized copolymers are colorless, transparent substances. They dissolve at room

temperature in perfluorinated solvents such as hexafluorobenzene, perfluoro-(1,3-dimethyl)-

cyclohexane (Flutec PP3).

Structural diagnostics of perfluorinated sulfopolymers

During the synthesis of perfluorinated copolymers of E1 ether and sulfonyl E7S fluoride,

several factors lead to disordering of the macromolecular chain. First, the E1 and E7S monomers can

be linked to each other in different sequences. Second, the linkages of these monomers can be either

head-to-tail or head-to-head. For these reasons, the resulting copolymer should exhibit the properties

of an amorphous substance.

Rigaku Miniflex600 wide-angle X-ray diffractometer (Cu, l = 1.54184 Å) was used to study

the structure of the copolymers. Figure 4 shows the diffraction patterns of the E11-xE7Sx copolymer

(h = 50%) and E7S homopolymer films. The diffraction patterns are clear, lacking sharp peaks and

displaying only a few broad "halos", indicating the amorphous nature of these materials.

а) b)

Figure 4. X-ray diffraction patterns of the E1E7S copolymer (h = 50%) (a) and the E7S
homopolymer (b). The insets show the structure of the copolymer

and that of homopolymer, respectively.

IR absorption spectra of copolymers

The optical transparency of the E11-xE7Sx copolymers in the IR spectral range was studied

using Shimadzu8400S Fourier spectrometer (Shimadzu, Japan). For this purpose, the polymer films

were formed on KBr plates from solutions of these copolymers in hexafluorobenzene using spin-

coating method. After deposition onto a substrate, the films were annealed at 100 °C to completely

evaporate the solvent. The absorption spectrum α(l) of the E11-xE7Sx material (h = 50%) is shown in

Fig. 5. The calculation of α(l) was carried out taking into account Bouguer's law T(l) ~ exp(-αL),
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where α is the absorption coefficient of the polymer material, L is the film thickness, and T(l) is the

transmittance of the sample.

Figure 5. Absorption spectrum α(l) of amorphous perfluorinated copolymer E11-xE7Sx (h = 50%)
in the IR region.

Figure 5 shows that the most intense absorption bands associated with stretching vibrations in

the CF, CF2 и CF3 groups of the copolymer are located in the range of 6-11 μm. In the

telecommunication wavelength regions near 1.3 and 1.5 μm (in particular, in the C-range of

1.530-1.565 μm), the copolymer exhibits a high degree of transparency.

Measurement of refractive index of light-guiding films made of perfluorinated sulfonyl

fluoride copolymers

To measure the refractive index of the synthesized copolymers at the He-Ne laser wavelength

(λ = 632.8 nm), Metricon2010/M prism coupler (Metricon corp., USA) was used. Light-guiding films

with a thickness of 8 - 18 μm were fabricated on silicon substrates using the spin coating method. The

refractive index value was determined from the angular position of the m-lines in dependences of the

reflected beam intensity on the angle of incidence. Measurements were carried out with TE and TM

polarization of the laser beam, which made it possible to determine the refractive indices nTE and nTM

in the directions along the film and orthogonal to it, respectively. It was found that for the

perfluorinated E10.5E7S0.5 copolymer, nTE and nTM are close to 1.3293 ± 0.0002. This indicates that

the films formed from this material are isotropic.
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Conclusion

Amorphous copolymers of perfluoropropyl vinyl ether and perfluoro(3,6-dioxa-4-methyl-7-

octene)sulfonyl fluoride with various molar contents of sulfonyl fluoride units in the macromolecule

were synthesized using an ultrahigh-pressure, initiator-free method. The copolymers are capable of

film formation and may be of interest in the fabrication of electrolytic membranes for hydrogen fuel

cells. The resulting copolymers exhibit high optical transparency in the telecommunications

wavelength ranges near 1.3 and 1.5 µm, have a low refractive index of n = 1.3293 (at a wavelength

of 632.8 nm), and are promising for the fabrication of various waveguide elements in integrated

optical devices. They can be used, for example, as waveguide coatings and as cladding for optical

fibers.
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