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Abstract: the main methods of obtaining perfluorosulfonylvinyl ethers - 1,1,2,2-tetrafluoro-2-
[(trifluorovinyl)oxy]ethanesulfonyl fluoride (SSC monomer) and 1,1,2,2,3,3-hexafluoro3-
[(trifluorovinyl)oxy]propanesulfonyl fluoride (PSPVE monomer), which are raw materials for the
production of perfluorinated polymer ion-exchange membranes used to create fuel cells.
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Introduction

Hydrogen fuel cells (HFCs) are considered to be future world energy due to their efficiency
and environmental safety. In the HFC, the energy of the chemical reaction is converted into
electrical energy directly, without the need for first converting it into heat or mechanical work of
the rotation of the turbines. The energy conversion efficiency of the fuel cells is substantially higher
than in thermal power plants. Furthermore, the fuel used herein is hydrogen and oxygen, and the
waste is water vapour.

Perfluorinated membranes, such as Nafion from Du Pont, Aquivion from Solvay Solexis
Technology, Acipex from Asahi Glass Company, domestic membranes MF-4SK, etc. are widely
used in the manufacture of low temperature fuel cells. The process of producing an ion-exchange
membrane for a fuel cell consists of the following steps:

- synthesis of perfluorovinyl ethers containing a sulfogroup (-SO2F)
CF,=CFO(CF»-CFO),CF>-CF,SO,F where n=0-2

CF;
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- copolymerization of synthesized perfluorovinyl ether with tetrafluoroethylene to yield
copolymer:
(-CF2-CF2-)-(CFo-CF-)

O —[CF2CF(CF3)O]nCF2CF2SO2F

- production of ion-exchange membranes on the basis of copolymer:
(-CF2-CF2-)~(CF-CF-)

O —[CF2CF(CFg)O]nCF2CF2803H

Practically the only industrial type of ion-exchange membranes has long time perfluorinated
sulfocationic membranes of Nafion type. The raw material for the production of this type of
membrane is tetrafluoroethylene and perfluoro (3,6-dioxa-4-methyl-7-octene) sulfonyl fluoride
(PSEPVE monomer). The main advantage of said membranes is the high conductivity and chemical
resistance, and the disadvantage is low working temperatures (not more than 90°C).

Membranes of Aquivion type (copolymer of tetrafluoroethylene and 1,1,2,2-tetrafluoro-2-
[(trifluorovinyl)oxy]ethanesulfonyl fluoride (SSC monomer):

(-CF2-CFo-)n~(CFo-CF-)

0 —CF,CF,SOzH

and membranes of the type Acipex (copolymer of tetrafluoroethylene and 1,1,2,2,3,3-hexafluoro-3-

[(trifluorovinyl)oxy]propanesulfonyl fluoride (PSPVE monomer):

(-CF2-CFo-)n-(CF2-CF-)

0 —CF,CF,CF,SO3H

are operable at a temperature of 130°C and higher. Replacement of Nafion membranes with
perfluorinated Aquivion and Acipex makes it possible to eliminate the probability of catalyst Pt
poisoning in catalytic layers of fuel cells due to sorption equilibrium change of carbon monoxide
(CO) and hydrogen on Pt.

The establishment of ion-exchange membranes production in Russian Federation is possible
only after the creation of manufacturing suitable fluorine-containing sulfomonomers (perfluorovinyl

ethers). The technology of producing PSEPVE monomer (monomer for producing a Nafion type
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membrane), which is the most complex step for synthesis of ion-exchange membranes, is already
developed in the Russian Federation [1]:

F,.C—CF, &
CF,=CF, + SO3 —> | | — FSO,CF,COF + 2CF3C\F _f:FQ —
O

O— 802 ~100%
~98%

[o]

—_— T°C
N82003

0% CFy  CFs 0% CF,

The technologies for producing fluorosulphonylperfluorovinyl ethers SSC monomer and
PSPVE monomer for membranes of the Aquivion and Acipflex type are carried out in a research
step, and thus the choice of optimal synthesis is an urgent problem.

In the present time, most of the studies known in the scientific and technical literature
directed to the development of methods for producing perfluorovinyl ethers (including monomers
SSC and PSPVE) are based on the use of three main methods (or combinations thereof):

Method 1. Processes based on reactions of perfluoroacyl fluorides with
hexafluoropropylene oxide (hereinafter - HFPO) in the presence of catalysts (KF, CsF), followed by
decomposition of addition products (hydrolysis, pyrolysis) [1-4];

Method 2. Processes based on dechlorination of 1,2-difluoro-1,2-dichloroethylene adducts
with perfluorohypofluorites, which are obtained by catalytic fluorination of perfluoroacyl fluorides
with elementary fluorine [5-10];

Method 3. Processes based on reactions of halogenation and dehalogenation of substrates of
different nature [4, 11, 12].

For all three methods, synthesis of hard-to-reach starting materials and the need to use
reagents which are dangerous in handling can be problematic. Despite extensive leading
investigations, highly efficient synthesis methods have not been developed for perfluorovinyl
ethers, which would make it possible to produce them using simple process schemes with high yield
and low cost.

The aim of the present invention is to watch possible promising methods for synthesizing
SSC and PSPVE perfluoromonomers.
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SSC monomer producing methods
Method 1.1. The “standard” method, based on the addition to fluorosulphonyl
difluoroacetylfluoride of one molecule of HFPO followed by pyrolysis of the addition product
according to the scheme (1) for the synthesis of the SSC monomer cannot be used due to the fact
that, instead of the target product, it leads to the production of cyclic sultone (1) [13, 14]:

— KF
CF,=CF, + SO3 —> P02 o FSO,CF,COF —= FSO,CF,COK —>
O0—S0, 0
——
FiC—G—CF, F2C \
\J o | CF—CF5
_ FSOZCF2CF20CF(CF3)COF —_— FZC\S/ (I)
N32003 02

FSO;CE36~50CF=CF,

Scheme 1.

Modified variants of the Scheme 1 are developed for the synthesis of the SSC monomer.
Version 1. Monomer SSC can be obtained if it is necessary to replace HFPO with
chloropentafluoropropylene oxide, Scheme 2 [15]:

KF °
FSO,CF,COF + C|CF20\F ~fOF2 ——= FSO,CF;CF,0CFCOF — FSO,CF,CF,0CF=CF,
Na,CO;
0 CF,Cl

Scheme 2.

The main disadvantage of the method is the low availability of chloropentafluoropropylene
oxide and the impossibility of its synthesis with high output. For this reason, the Scheme 2 cannot
be considered as an effective method of producing a low-cost SSC monomer.

Version 2. Production of SSC monomer according to Scheme 3 [16, 17]:

CF CHsONa
o Neo. ———= CF,=CFOCF,CF,SO;Na (Il

2
(|) \ / ether ~100%
FoC—CF, (111 (1112
PCls l
SF, + HF
CF,=CFOCF,CF,SO,Cl ~85% - 85%
KF ~95%
5 FSO,CF,CF,OCF=CF, =<

Scheme 3.
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It is shown [16], that the reaction of sulfone (I) with an equimolar amount of an alkali metal
alcoholate in an inert solvent results in a ring opening and, with a substantially quantitative yield, a
sodium sulfonate of perfluorovinyl ether (11) is formed. The latter according to Schemes 3(1) [16] or
3(2) [17] can be converted into SSC monomer.

Method 1.2. The Solvay Solexis company proposed the method for producing SSC
monomer, based on the reaction of perfluoro-2-fluorosulphonyl ethylhypofluorite (I) with 1,2-
difluoro-1,2-dichloroethylene at low temperature, followed by dehalogenation of the formed adduct
according to Scheme 4:

[CsF]/F, CCIF=CCIF

F,C—CF; > FO-CF,-CF»-SO,F —> CCIF,-CCIF-O-CF»-CF,-SO5F

CF2=CF2+SO3 e
0—S0,
Zn

CCIF,-CCIF-O-CF-CFp-SO,F —>  CF,=CF-O-CF,-CF,-SO,F
-ZnCl,

Scheme 4.

An Ausimont Company’s patent [6] protected a single-step process for producing
hypofluorite (1), based on the continuous transmission of perfluoro-p-sultone (1) in a mixture of
fluorine and inert gas (nitrogen) above the fluorinated catalyst (CsF, KF), which was either fixed on
a substrate with good heat exchange (copper or its alloys), or suspended in a liquid medium or an
inert solvent, with continuous removal of the reaction products from the gas phase. Conversion and
purity of hypofluorite are close to 100%. The process eliminates the necessity of carrying out the
stage of isomerisation of perfluoro-p-sultone (1) to fluorosulphonyl perfluoroacetylfluoride.

Method 1.3. A method for producing SSC monomer according to Scheme 5 [12] is
proposed by Daikin:

—_ KF K
FC—CF> KF _ FSO,CF,.COF —— » FSO,CF,COK —— > FSO,CF,CO- (1)
CH4CN
0—s0,
KF F2(20% wt.)/Ny
FSO,CF,COK + CFCI=CFCI +J, —> FSOCF,CF,OCFCICFCIJ > (2)
CHsCN CeF14
(-KJ) I 60% (-JFs)
Zn
—> FSO,CF,CF,OCFCICF,CI > FSO,CF,CF,OCF=CF, )
a)  90% N-Methyl-2-pyrrolidone 80%
(-ZnCly)

Scheme 5.



Online journal “Fluorine notes” ISSN 2071-4807, Vol. 1(152), 2024; DOI: 10.17677/fn20714807.2024.01.02

At stage 1, fluorosulphonylacetylfluoride (fluoroanhydride isomer of tetrafluoroethane-p-
sultone) with 1,2-difluoro-1,2-dichloroethylene and iodine (catalyst - KF, CsF) is reacted to obtain
iodine-substituted  ether (1)  (1,1,2,2-tetrafluoro-2-[(3,4-difluoro-3,4-dichloro-4-iodoethane)-
oxy]ethanesulfonylfluoride) (1); yield is 60%.

At stage 2, by treating the iododerivative (I) with a gas mixture F2/N2, an exchange reaction
JIF is carried out and CI,F-substituted ether (1) (1,1,2,2-tetrafluoro-2-[(3,4,4-trifluoro-3,4-
dichloroethane)oxy]ethanesulfonyl fluoride) is obtained; the yield is ~ 90%.

At stage 3, Cl,F-substituted ether (I1) with zinc in an organic solvent (N-methylpyrrolidone)
are dechlorinated and perfluorovinyl ether (I11) (monomer SSC) is obtained; yield is ~ 80%.

The proposed scheme makes it possible to synthesize perfluorovinyl ether with a sufficiently
high yield and can be considered as a promising method for producing the SSC monomer.

PSPVE monomer producing methods

Method 2.1. It is shown [18], that in electrochemical fluorination of 1,3-propanesultone and
1,4-butanesultone in liquid HF with a sufficiently high yield, the cycles are opened and the sultones
are isomerized into perfluoro-3-fluorosulphonyl propionyl fluoride of formula FSO,CF.CF,COF
and perfluoro-4-fluorosulphonyl butanoyl fluoride of formula FSO.CF.CF,CF.COF, respectively.

This makes it possible to use a simple “standard” method for producing a PSPVE monomer,
which is based on binding to perfluoro-3-fluorosulphonyl-propionyl fluoride of one molecule of
HFPO, followed by pyrolysis of the addition product according to Scheme 6:

F
FiC—C—CF,

O\ /O HF N T°C
Z  ———> FSO,CF,CF,COF ———> FSO,CF,CF,CF,OCFCOF —>
T—0 electrolysis

() 65% 60% (1) ¢,

(1)

— > FSO,CF,CF,CF,OCF=CF,
(IV) 85%

Scheme 6.

The proposed Scheme 6 can be considered as a promising method for producing the PSPVE
monomer.

Method 2.1. Method of producing PSPVE monomer, based on “traditional” synthesis
methods, was developed by Asahi Glass Company 40 years ago [4, 18, 19] and, to present time,
with insignificant modifications remains practically significant method of its synthesis according to
the following general Scheme 7 [4]:



Online journal “Fluorine notes” ISSN 2071-4807, Vol. 1(152), 2024; DOI: 10.17677/fn20714807.2024.01.02

1) autoclave Cly(gas.)/CF3;COOH
RSNa + CF,=CF, + (CH30),CO ——— > RSCF,CF,COOCH; ——— >
2) H,SO4 (pH up to 6)

(1) ~80%
Clo/H,0 1) 8N NaOH up to pH~7
—> CISCF,CF,CO0CH; — CISOCF,CF,CO0CH; ——x—
(2)  ~100% (3) ~90% 2) drying
PCls + POCI NaF(KF)
> CISO,CF,CF,COONa __ 5 CISOCF,CF,COCI —=
(4a) ~100% (or SOC|2) (4) ~85%
HFPO/KF T oG
(5)  ~95% 0%
(6) 60-70% ¢k,

e FSOZC F2C F2C onC F=CF2
(7)  ~80%

Scheme 7.

In the first step, by reacting tetrafluoroethylene with a carboxylic acid ether (preferably with
dimethyl carbonate) and mercaptide of formula RSM (R is alkyl (Me, Et, Bu, Am), M is an alkali
metal (Na, K)) in an inert solvent (tetrahydrofuran, ether, etc.), an ether of formula
RSCF.CF>COOCHj3 is obtained with yield of ~80%. Tetrafluoroethylene is used in gaseous state. It
can be introduced into the reaction system at any pressure-reduced (preferably) or increased. The
process is carried out until the tetrafluoroethylene pressure is constant under the reaction conditions.
The permissible temperature range is 0-80°C. The reaction, if possible, is carried out at a reduced
temperature to prevent the formation of a ketone of formula (RSCF.CF;).CO (by-product of
synthesis).

All semi-products and the end product of synthesis are obtained with high output, which
enables, despite the multi-step process, to consider the possibility of its successful use for
preparative production of monomer PSPVE.

Conclusion
Based on the literature data, the most promising methods for producing fluorosulphonyl
perfluorovinyl ethers are:
- for monomer SSC of formula FSO,CF,CF,OCF=CF, method 1.1 (version 2), which
enables to obtain SSC monomer with yield of not less than 85%;
- for monomer PSPVE of formula FSO.CF.CF.CF.OCF=CF. method 2.1, which enables to
obtain PSPVE monomer with yield of not less than 80%.



Online journal “Fluorine notes” ISSN 2071-4807, Vol. 1(152), 2024; DOI: 10.17677/fn20714807.2024.01.02

The proposed methods can be used to develop large-scale methods for producing SSC and

PSPVE monomers based thereon.
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