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ABSTRACT
Tetrafluoroethylene (TFE) is a well-known and widely used monomer in the
fluoropolymer industry. Unfortunately, both the lack of availability and safety concerns
with this monomer have restricted its use in academia. Through the use of expired patent
technologies from 3M and DuPont, TFE has been safety prepared and used on a kilogram
scale with the aid of a new barricade facility at Clemson University.
Thus beginning in 2012, a program was undertaken with the goal of preparing and
characterizing new perfluoroalkoxy (PFA) resins with potentially increased mechanical
strength and wearability. Benchmark PFA copolymers were first prepared by both solution
and emulsion polymerization techniques so that a comparison of new co- and terpolymers
with commercial grade materials would be feasible. The first aim was the synthesis of
aliphatic and olefinic trifluorovinyl-terminal olefins and their terpolymerization with
tetrafluoroethylene and perfluoroalkyl trifluorovinyl ethers, the polymers from which
could then be subjected to electron beam irradiation for crosslinking as a mean of
increasing molecular weight and thus mechanical resistance.
In addition, the novel synthesis of a pentafluorosulfanyl-(SF5)-substituted
perfluoroalkyl trifluorovinyl ether monomer and its subsequent copolymerization with
tetrafluoroethylene to afford the first pentafluorosulfanyl-containing PFA was
accomplished. The surface properties of this unique PFA are still under investigation. The
synthesis of multifunctional sulfonamide vinyl ether monomers and their subsequent
copolymerization with tetrafluoroethylene were also carried out for the development of
low equivalent weight (EW) binders for fuel cell applications.
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Chapter 1
Minor Research and Noncommercial Co- and Terpolymers of Tetrafluoroethylene1

1.1. Introduction
Since the discovery of poly(tetrafluoroethylene) (PTFE) by Roy J. Plunkett at DuPont
in 1938,2,3 not only DuPont, but also other companies have synthesized a number of
different compositions in which tetrafluoroethylene (TFE) is a major component.
Fluoropolymers have become more and more popular during the last 50 years due to their
chemical and thermal resistance and other valued-added properties that are unlike typical
hydrocarbon polymers. Co- and terpolymers of tetrafluoroethylene (TFE) are ubiquitous
in terms of commercial fluoropolymers, and the preparations, properties, and applications
of these outstanding materials have been well documented in monographs, book chapters,
review articles, as well as in the patent and scientific journal literature. The purpose of this
introductory Chapter is not to cover these dominating commercial materials in major detail,
but rather to present an overview of what is known in the patent and scientific journal
literature about research-level TFE-based fluoropolymers and perhaps those TFE-based
fluoropolymers that are available only at a minor commercial level. Since our research
group represents one of the few academic laboratories that can safely work with TFE on a
kilogram scale,4,5 it does benefit one to be aware of the scientific literature in this field.
As certainly perfluoroalkyl trifluorovinyl ethers, especially CF2=CFOCF3 and
CF2=CFOCF2CF2CF3, have a prominent place in commercial co- and terpolymers of TFE

1

(e.g., PFA resins, fluoroelastomers, etc.), it was decided to begin this Chapter with an
overview of co- and terpolymers of TFE with all alkyl vinyl ethers, including nonfluorinated, partially fluorinated, and perfluorinated alkyl vinyl ethers, and including those
with a reactive functionality(ies) on the end of the alkyl group that have either no or
considerably smaller worldwide sales than the most common fluoropolymers in the market.
The rationale for a non-exhaustive review of the commercial products (see Table 1.1)
is based on the fact that a vast number of monographs,6-19 book chapters or reviews,20-35
and journal articles already exist that sufficiently describe the details of such products, and
thus would seem repetitive. Grafted co- and terpolymers of PTFE will not be covered, and
co- or terpolymers resulting from telomerization or telechelic reactions of TFE with
iodoperfluoroalkanes or α,ω-diiodoperfluoroalkanes or polymers resulting from the further
elaboration of α,ω-diiodoperfluoroalkanes that yield -(CF2)n- segments within backbone
of the respective polymer will not be covered. The topic of telomerization or telechelic
reactions was reviewed by Ameduri and Boutevin in 1997,36 and they and their co-workers
have continued to be productive in this and the latter area.37-42 Furthermore, a detailed
discussion of recent advances in the area of TFE-based sulfonimide ionomers was also not
included here, as that topic was recently cover in part in another recent review chapter,43
and a brief overview will be provided in another Chapter.

2

Table 1.1. Major commercial co- and terpolymers of tetrafluoroethylene.6,7
Trademark Name
Chemfluor® PFA*
Chemware® PFA* Norton®
PFA*
DyneonTM PFA**

Family Name

Composition

perfluoroalkoxy
copolymer resin

Poly(TFE-co-PAVE)

Hyflon®-MFA

perfluoroalkoxy
copolymer resin

Poly(TFE-co-PMVE)

Hyflon®-PFA* NeoflonTM
PFA**

perfluoroalkoxy
copolymer resin

Poly(TFE-co-PPVE)

TeflonTM PFA

Perfluoroalkoxy
copolymer resin

Aflon® PFA

perfluoroalkoxy
copolymer resin

Viton GLT®

Fluoroelastomer

®

Fluoroelastomer

Viton ETP

Poly(TFE-co-PMVE)
Poly(TFE-co-PEVE)
Poly(TFE-co-PPVE)
Poly(TFE-ter-PAVE-terPFBE)
poly(TFE-ter-VDF-terPMVE)
poly(TFE-ter-E-ter-PMVE)
poly(TFE-ter-PMVE-ter
8CNVE)
poly(TFE-ter-PMVE-terVDF)
poly(TFE-ter-MOVE-terVDF)
poly(TFE-ter-VDF-ter-P) or
poly(TFE-penta-HPF-pentaVDF-penta-E-penta-PMVE)
Perfluorinated rubbers of
polymethylene type having
all fluoro, perfluoroalkyl, or
perfluoroalkoxy substituent
groups on the polymer
chain. (e.g. TFE & PMVE)

Manufacturer
Saint-Gobain
Performance
Plastics*
3M-Dyneon**
Solvay
Specialty
Polymers
Solvay
Specialty
Polymers*
Daikin**
Chemours
Asahi Glass
Company
Chemours
Chemours

Kalrez®

Fluoroelastomer

Tecnoflon®-PL
Tecnoflon®-VPL

Fluoroelastomer

Tecnoflon®-BR

Fluoroelastomer

Tecnoflon® PFR, PFR-HT,
PFR-LT

Perfluoroelastomer

Nafion®

Perfluorosulfonic acid
resin

poly(TFE-co- PFSVE)

Chemours

Aquivion® PFSA

Perfluorosulfonic acid
resin

poly(TFE-co-SFVE)

Solvay
Specialty
Polymers

DuPont
Solvay
Specialty
Polymers
Solvay
Specialty
Polymers
Solvay
Specialty
Polymers

Where PFBE is perfluorobutylethylene, MOVE is CF3-(O-CF2-O)n-CF=CF2, PFSVE is
perfluoro(3,6-dioxa-4-methyl-7-octene)sulfonyl fluoride, SFVE is perfluoro(3-oxa-4pentene)sulfonyl fluoride.
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This Chapter has been subdivided into sections based on the structure of the primary
comonomer being used with TFE and further divided based on either the degree of
fluorination or the functionality that the respective comonomers being discussed contain.
Sections 1.2.1, 1.2.2, and 1.2.3 describe co- and terpolymers of tetrafluoroethylene with
vinyl ethers, alkyl trifluorovinyl ethers, and perfluoroalkyl trifluorovinyl ethers,
respectively. Co- and terpolymers of TFE with fluorinated alkyl vinyl ethers having
various functionalities on the ether linkage are discussed in the following Sections: Section
1.2.4: other halogen functionalities; Section 1.2.5: multiple ether linkages on the side chain;
Section 1.2.6: sulfonyl functionalities; 1.2.7: amide functionalities; Section 1.2.8: carbonyl
functionalities; Section 1.2.9: nitrile functionalities; and Section 1.2.10: multiple vinyl
ether functionalities.

1.2. Co- and Terpolymers of Tetrafluoroethylene and Vinyl Ethers
1.2.1. Co- and Terpolymers of Tetrafluoroethylene and Alkyl Vinyl Ethers
1.2.1.1. Poly(alkyl vinyl ether-co-tetrafluoroethylene) copolymers with short alkyl
side chains
Tetrafluoroethylene can be copolymerized with non-fluorinated alkyl vinyl ethers
having formula CH2=CHOR, where R = alkyl, which normally results in curable
elastomers with a wide array of potential uses.

Early examples of TFE being

copolymerized with relatively simple alkyl vinyl ethers can be seen in the work of Tabata
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et al. with their radiation-induced (γ with

60

Co source) copolymerization of TFE and

methyl-, ethyl-, iso-butyl-, or n-butyl vinyl ethers with a focus on the latter.44 These
copolymers are of particular interest due to their rubber elasticity. As novel copolymers,
the focus of their study was placed on polymerization kinetics in which the reaction rate
was observed to increase with increasing size of the pendant alkyl group. These workers
also found that a maximum reaction rate was reached when the monomers were in an initial
50:50 ratio, and through proton and fluorine NMR studies it was determined that regardless
of alkyl pendant group, the polymers were found to be alternating across all starting
monomer ratios. This was attributed to the large difference in polarity of the monomers,
i.e., TFE is an electron acceptor, while monomers of the general formula CH2=CHOR are
electron donors, and thus A-B alternating copolymers are produced. Thermal analysis by
DSC found that all copolymers had glass transitions below 0 °C and each showed rubber
elasticity at room temperature.
crosslinked

copolymers

poly(tetrafluoroethylene).42

It was also found that further irradiation produced

contrary

to

the

normal

degradation

seen

by

Approximately 20 years later, Kostov, while he was at

Tabata’s laboratory in Japan, prepared related elastomeric terpolymers from the γ-radiation
induced bulk polymerization of TFE with ethylene and n-butyl vinyl ether.45
More recent copolymers/terpolymers and applications of these polymers have been
reported as being successfully composed of TFE, alkyl vinyl ethers, and vinyl epoxides for
use as passivation layers in microelectronics where the polyimide polymers that have been
used in the past are no longer satisfactory. In these applications, the alkyl group of the
alkyl vinyl ether is described as being a 1-6 carbon straight chain or a 3-6 carbon branched
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or cyclic saturated hydrocarbon radical ranging from 40-64 mol % with the vinyl epoxides
ranging from 1-8 mol %. These monomers undergo bulk polymerization and result in a
photo-crosslinkable polymer that can be used as a coating material. They can also be
thermally cured, and any un-crosslinked polymer can be removed. The removal of uncrosslinked polymer allows for the fabrication of three dimensional frameworks wherein
electronic components and the layers can be interconnected. These new coatings provide
advantages over polyimide precursors in terms of lower dielectric constants, lower loss
tangents, and lower moisture absorption.46

1.2.1.2. Poly(alkyl vinyl ether-co-tetrafluoroethylene) copolymers with longer alkyl
side chains
A few copolymers of TFE and alkyl vinyl ethers with longer alkyl side chains such as
those shown in Figure 1.1 have also been prepared. In this case, the primary application is
for pervaporation technology. A number of polymeric membranes utilized for separations
via reverse osmosis and gas separations have been readily commercialized;
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C18H37

O

O

Figure 1.1. An example of comonomers (i-OcVE and C18VE) in polymeric membranes
used for liquid separations via pervaporization.

however, only a few examples are available for liquid separations. Therefore, copolymers
of TFE and vinyl ethers with longer alkyl side chains have been investigated as membranes
for liquid separations via pervaporation (upstream liquid feed with downstream vacuum).47
Because PTFE is highly crystalline, it has a very low permeation rate. Thus, more
amorphous fluoropolymers were examined, and compositions containing varying ratios of
TFE, 5-ethyl-3-oxa-1-nonene (i-OcVE), and/or 3-oxa-1-uneicosene (C18VE) showed good
flux and separation factors of ethanol and water. It is believed that the longer C18 side chain
of C18VE crystallizes, and therefore, polymers with the branched i-OcVE monomer exhibit
greater permeation properties, and terpolymers show even greater behavior. As shown in
Table 1.2, the maximum ethanol/water separation factor (7.1) was achieved when both iOcVE and C18VE were each used in 25 mol % with TFE at 50 mol %. The authors of this
research also concluded that the longer side chains are preferred for ethanol permeation,
but when incorporation exceeds 25 mol %, the side chains begin to orient themselves
leading to a decline in flux and separation factor.47
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Table 1.2. Properties for copolymers of TFE used in water/ethanol separation process.47
Polymer
Composition
(mol %)

Separation
Factor
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
α
at 323 K

TFE/i-OcVE/C18VE
50/25/25
TFE/i-OcVE/C18VE
50/40/10
TFE/i-OcVE/C18VE
50/10/40
TFE/i-OcVE
50/50
TFE/ PHVE
85/15
TFE/C3H6
55/45

𝐻𝐻2𝑂𝑂

7.1

Free
Volume
(cm3/cm3
polymer)
0.389

6.0

Tg
(K)

Work of Adhesion
(dyne/cm)

Solubility Coefficient
(cm3/cm3·cmHg)

EtOH

H2O

Ratio

EtOH

H2O

Ratio

<203

44

31

1.42

25.3

27.3

0.93

0.388

215

47

36

1.31

27.9

29.0

0.96

5.2

0.369

288*

42

33

1.27

11.8

27.5

0.43

4.6

0.392

228

46

41

1.12

-

-

-

1.1

-

-

41

47

0.87

-

-

-

0.8

-

-

46

61

0.75

-

-

-

*melting point. i-OcVE = 5-ethyl-3-oxa-1-nonene, C18VE = 3-oxa-1-uneicosene, and
PHVE = perfluoro-3,6-dioxa-(5-methyl)-1-nonene.

1.2.1.3. Poly(alkyl vinyl ether-co-tetrafluoroethylene) copolymers with bulky alkyl
substituents
Reported in 2002,48 this family of TFE-based copolymers was based on the previous
art of adding bulky substituents to trifluorovinyl ethers as a method to increase the Tg of
amorphous fluoropolymers such as Teflon® AF and Cytop®.22 It is known that TFE readily
polymerizes with non-fluorinated vinyl ethers, and though the resulting polymers may not
have the greatest properties when compared to perfluorinated polymers, they do have good
chemical and thermal stability and good solubility in normal organic solvents. For this
reason, adamantyl vinyl ether, adamantanemethyl vinyl ether, and norbornanemethyl vinyl
ether (see Figure 1.2) were each synthesized and copolymerized with TFE in tert-butanol
at 50 °C using an azo initiator and traces of potassium carbonate to prevent cationic
polymerization and/or decomposition of the vinyl ether monomers. The resulting polymers
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were found to have compositions around 50:50 mol %. It was reported that the initial use
of 1,2,2-trifluoro-1,2,2-trichloroethane (R-113) as a polymerization solvent yielded very
little polymer with unknown reason.

As can be seen in the Table 1.3 below the

incorporation of these bulky substituents greatly increases the Tg of these polymers as
expected.48

O

O

O

Figure 1.2. Alkyl vinyl ether comonomers containing bulky alkyl substituents, namely
adamantyl vinyl ether, adamantanemethyl vinyl ether, and norboranemethyl vinyl ether,
respectively.

Table 1.3. Composition and properties of copolymers of TFE containing bulky
substituents.48
Polymer
Poly(TFE-co-adamantanemethyl
vinyl ether)
Poly(TFE-co-norbornanemethyl
vinyl ether)

Compositiona
(mol %)

Mn/Mwb

Tg
(°C)

Td
(°C)c

51/49

37300/240600

121

382

51/49

57400/247000

66

403

46/54
27500/95100
140
403
(50/50)d
Poly(TFE-co-VAc)
49
Poly(TFE-co-MVE)
12
Poly(TFE-co-BuVE)
28
a. Ratio determined by elemental analysis for %C; b. MW determined by GPC;
c. Determined by 10%; weight loss by TGA; d. Integration of 13C NMR spectrum. VAc =
vinyl acetate, MVE = methyl vinyl ether, and BuVE = butyl vinyl ether.
Poly(TFE-co-adamantylvinyl ether)
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Feiring et al.48 believe that these copolymers could be readily produced in high
molecular weights with good overall yields while avoiding the high costs associated with
the aforementioned commercial amorphous fluoropolymers. Because these polymers can
be solubilized in traditional organic solvents (e.g., methyl acetate, acetone, THF, and
chloroform); are thermally stable; are amorphous; and have much higher glass transition
temperatures, the authors suggest that these compositions might be useful either as coatings
or optical materials.48

1.2.1.4. Poly(alkyl vinyl ether-co-tetrafluoroethylene) copolymers with either
protective groups or reactive functional groups
This is an interesting set of copolymers in which the alkyl vinyl ethers are used in the
copolymerization with TFE but post-polymerization workup includes the deprotection of
vinyl ether substituents under acid conditions to afford hydroxyl groups along the
copolymer backbone (see Figure 1.3).49 Though this is not the only method of obtaining
such polymers, the alternative, in which TFE is copolymerized with vinyl acetates that are
then hydrolyzed, results in a yellow-colored copolymer of low product quality reflecting
both a slow reaction rate and low conversion. The vinyl ethers tert-butyl vinyl ether
(TBVE) and tetrahydropyranyl vinyl ether (THPVE) have each been copolymerized with
TFE, as they are not susceptible to deprotection under polymerization conditions, but they
can be deprotected to varying degrees during post-polymerization manipulations. (The
quantities of the vinyl ether and TFE used in each polymerization were approximately
equal in mass.) Not all of the ether substituents have to be converted to hydroxyl groups,
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and therefore, the resulting polymer can be tuned for hydrophilicity, crystallinity, etc. A
comparison of the molecular weights, thermal properties, and coloration of a variety of
these copolymers is shown in Table 1.4.49

Table 1.4. Copolymers of TFE with hydroxyl groups along the copolymer backbone.49
Monomers

Mn

Mw/M

TFE/TBVE

Polymerization step
Mw/
Tg
Td
Mn
(°C) (°C)
21600 1.67
34
341

19100

1.77

TFE/TBVE

21600

1.67

34

341

20900

1.74

TFE/TBVE

21600

1.67

34

341

19500

1.91

TFE/THPVE

37600

2.88

39

389

28200

2.95

TFE/VAc

38000

2.79

40

341

32100

2.90

TFE/VAc

38000

2.79

40

341

30500

2.95

Mn

n

Deprotection step
Tg
Td10
Tm
(°C)
(°C)
(°C)
75366
207
80
75376
206
80
75365
206
80
75389
207
80
65322
212
70
320
320
212

Coloration
Nil
Nil
Nil
Nil
Nil
Observed

TBVE = tert-butyl vinyl ether, THPVE = tetrahyropyranyl vinyl ether, and VAc = vinyl
acetate.
In his U.S. patent application, Kodama49 proposes the following applications for these
polymers: coating materials having excellent weather resistance and transparency;
materials for various surface protective sheets; hydrophilic porous materials; gas/liquid
separation film materials with excellent water resistance; gas barrier materials; sealing
materials for solar cells; and optical materials with excellent transparency among other
applications.
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H 2C
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H
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Xn
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O

O

(I)
Ry
H 2C

H 2C

C
H

O(X)

Si

C
H

O

(CH2)n

OH

OR'(3-y)

(III)
(II)

Figure 1.3. Monomer structures of alkyl vinyl ethers copolymerized with TFE.49-51
Formula I: Y is an alkylene radical of 2-4 carbons and X is a radical of the group consisting
of alkyl and alkoxy groups having no more than 4 carbons per group and n being 0-2.50
Formula II: X is an alkylene group of 2-10 carbons or an alkyleneoxyalkylene group of 416 carbon atoms, R is an alkyl group of 1-6 carbons, y is 0, 1, or 2, and R’ is an alkyl group
of 1-6 carbons.51 Formula III: n can be 2-8.51

Additional examples exist in which the alkyl vinyl ethers are a bit more complex in
order to tailor cure sites toward optimum cure rates, such as those shown in U.S.
Patent 3,579,474 in which TFE and an α-olefin or alky vinyl ethers are copolymerized with
an aryloxyalky vinyl ether50 of formula I (shown in Figure 1.3). It was also disclosed that
under non-basic conditions, the polymers can be cured with either a formaldehyde
precursor or a hydroxymethyl-containing formaldehyde condensation product with either
a phenol, melamine, or urea to give novel elastomers. These elastomers displayed excellent
elastic properties with potential utility where requirements call for resistance to heat, oils,
and solvents, such as coatings for wires and in tubing, O-ring seals, and gaskets.50
Another example of a more complex alkyl vinyl ether49 can be seen with the formula
II (shown in Figure 1.3). This monomer was polymerized with TFE and occasionally other
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alkyl vinyl ethers in a range of 1-60 mol % to produce coating compositions having
moisture, ultraviolet, and abrasion resistance along with the desired initial hardness. These
silyl-alkyl vinyl ethers are also useful cure-site monomers for crosslinking to produce
elastomeric polymers that can be used as coating materials for glass rovings. The
copolymers were mixed with polysilicic acid in a suitable solvent, and then coatings were
heating up to 200 for curing.51 Another series of vinyl ethers51 used included those with the
general formula III (shown in Figure 1.3).

1.2.1.5.

Poly(alkyl

vinyl

ether-co-tetrafluoroethylene)

copolymers

with

polyfluoroalkyl substituents
Of particular interest is another series of copolymers of TFE and alkyl vinyl ethers
with pendant hexafluoro-iso-propyl ether groups or HFIPVE.52,53 These polymers were
shown to have potential use as binders for microlithography at short wavelengths, such as
157 nm, to pattern semiconductor chips due to the terminal fluoroalcohol groups as shown
in Figure 1.4. The copolymerization was carried out in a mixture of tert-butanol, methyl
acetate, potassium carbonate, and Vazo®52 initiator, where the HFIPVE was added to the
mixture before closing and purging the reactor. Tetrafluoroethylene was then pressurized
into the vessel while the temperature was raised to 50 °C, and the mixture was agitated for
18 hours at that temperature. Thereafter, the copolymer was collected and coagulated in a
blender with ice water before being filtered, washed, and vacuum dried overnight to yield
the product.52
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CF3

O

OH

CF3

O

O
O

OH

CF3

CH2=CHO(CF2CH2)n(CF2CF2)nORf

CF3

(IV)

Figure 1.4. Monomer structures of alkyl vinyl ethers with polyfluoroalkyl substituents.51Formula IV: m = 0 or 1, n = 1 or 2, and Rf = C1-C8 fluoroalkyl or fluoroalkoxy group.54

53

In 2012, Hung and Peng at the DuPont Company54 revealed a series of novel
polyfluorinated vinyl ethers such as those shown in formula IV (shown in Figure 1.4).
These researchers also claimed fluoropolymers of IV with at least one of the following:
TFE, CTFE, HFP, VDF, VF, and trifluorovinyl ethers, both functionalized and not. In
general, 0.1 to 7 mol % of IV was incorporated as a cure site monomer in order to prepare
new fluoroelastomers.54

1.2.2. Co- and Terpolymers of Tetrafluoroethylene and Alkyl Trifluorovinyl Ethers
In this family of polyfluoroalkyl vinyl ether-containing copolymers, the side chain is
a non-fluorinated normal alkyl group with the general formula V (shown in Figure 1.5).
Therefore, the monomers to be focused on are methyl trifluorovinyl ether (MTVE), ethyl
trifluorovinyl ether (ETVE), propyl trifluorovinyl ether (PrFVE), and butyl trifluorovinyl
ether (BuFVE) as shown in Figure 1.5. These hydrofluoro-monomers are normally
synthesized using the methods reported by Dixon55 and further elaborated on by Okuhara
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et al. in their 1962 publication,56 where TFE is treated with various alkali metal alcoholates
(preferably sodium alcoholates) in dioxane. Typically, the reactants are charged into a
pressure vessel and shaken until constant pressure. The reaction mixture is then removed
and distilled several times with drying to obtain a pure monomer product.

F

F

F

F

F

F
O
F

F

F

O
F

CF2=CFO(CnH2n+1Om)

O

O
F

F

(V)

Figure 1.5. Monomer structures of alkyl trifluorovinyl ethers used to prepare co- and
terpolymers of TFE. Formula V: n =1-6 and m = 0-3 for each repeat group. The authors
gave a preference for n to be 3 or 4 and m to be 0.55,56

Copolymers of TFE and each of these monomers were synthesized in an aqueous
medium and have been characterized as thermoplastic elastomers for use in moldings such
as seals or gaskets.57-59 According to one patent,57 the TFE:vinyl ether comonomer molar
ratio can be anywhere from 50:50 to 99:1 with the preferred ratio being 90:10. In a typical
polymerization, run with agitation and at a temperature of 35 °C, TFE is used to first purge
the reaction vessel, and then both TFE and comonomer are added to obtain the targeted
molar ratio in the polymer. A solution of ammonium persulfate, ammonium hydroxide, and
deionized water is then added along with a solution of sodium sulfite.

More

TFE/comonomer mixture can be fed into the autoclave until the desired amount of quantity
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of reagents is reached. The resulting polymeric emulsion is then frozen to separate the
polymer and water, where the mixture is then thawed and filtered followed by washing the
polymer several times with water at about 50 °C. The polymer is then dried at 100 °C
under partial vacuum and nitrogen flow yielding a granular powder with a desired melting
point between 150 °C and 250 °C. These polymers are useful especially in applications
where conditions require chemical and/or thermal resistance as well as when in contact
with moving parts such as shaft seals. They may also be used in dispersions where coatings
of thermoplastic elastomers are needed.57
Methyl trifluorovinyl ether made its first appearance in a fluoropolymer in U.S.
Patent 3,525,724 where it was incorporated with TFE and a difluoroketene monomer
yielding a solid polymer for films.58 The monomer BuFVE (along with the ethyl and npropyl analogues) also showed up in WO9641823, where it was incorporated in
terpolymers of TFE, BuFVE, and a bromine- or iodine-containing olefin, where the latter
could be used as a cure site for crosslinking.59 These free-radical polymerizations can be
run as batch, semi-batch, or continuous by aqueous emulsion or suspension processes. The
copolymer of just TFE and BuFVE can be crosslinked by free radical means but with great
difficulty. However, the employment of a third monomer for free radical crosslinking eases
this difficulty and results in fluoroelastomers that can be used as base resistant sealing
materials.59
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1.2.3. Co- and Terpolymers of Tetrafluoroethylene and Perfluoroalkyl Trifluorovinyl
Ethers
The reader will notice that the copolymers of TFE and trifluorovinyl ethers with
perfluoromethyl, perfluoroethyl, and perfluoro-n-propyl groups are noticeably absent from
this section, as these copolymers all form the commercially available series of
perfluoroalkoxy resins (PFAs). On the other hand, while several reports on the synthesis
of perfluoro-iso-propyl trifluorovinyl ether have appeared in the literature,60-63 we could
find only one report in the patent literature covering the copolymer of this monomer with
either TFE or HFP as a component in soil-proof fibers.64 Some longer chain perfluoroalkyl
or perfluoroalkyl ether trifluorovinyl ethers60-63 were also reported in the some of the
aforementioned references; however, an exhaustive search of copolymers of these potential
monomers with TFE was not carried out.
On the other hand, the copolymer of perfluoro-tert-butyl trifluorovinyl ether
[CF2=CFOC(CF3)3] and tetrafluoroethylene was first reported in 2010 by DesMarteau et
al.65 The publication marked the first report of this trifluorovinyl ether, and the copolymer
was prepared by solution polymerization in R-113 and was initiated by perfluoro-isobutyrylperoxide [(CF3)2FC(O)O]2 at 55 °C for 24 hours. The primary focus of this research
was

to

synthesize

homopolymerization,

the
which

perfluoro-t-butyl
was

not

trifluorovinyl

seen,

and

its

ether

and

test

copolymerization

its
with

tetrafluoroethylene, which was seen to readily occur. The polymer was initially believed
to be amorphous, but upon removal of the R-113 solvent and great degree of drying, the
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resulting white powder was found to be insoluble in R-113, CHCl3, (CH3)2CO, CH3OH,
C2H5OH, DMF, and DMSO at temperatures ranging from room temperature to the
respective boiling points of each solvent. Structurally, the polymer was identified using
FT-IR of the polymer and KBr mixture with absorptions at 1278 (s), 1212 (s), 1155 (s),
990 (m), 736 (w), 639 (m), 555 (m), 508 (s) cm-1. Thermal characterization of the newly
formed polymer was accomplished by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC).

TGA exhibited a decomposition profile of the newly

prepared polymer lower than that of both Teflon® and Teflon® PFA with 10% loss at
294 °C and 90% loss at 544 °C. Analysis of the DSC showed a small exotherm at 215 °C
and a large exotherm at 293 °C, which have been attributed to the decomposition of the
vinyl ether side chain, as well as melting at 308 °C and recrystallization at 274 °C of the
TFE blocks in the polymer occurring at lower temperatures than PTFE homopolymer
giving further evidence of a successful copolymerization.65
DesMarteau et al. also succeeded in preparing the novel pentafluorosulfanyl-(SF5)substituted trifluorovinyl ether; however, this trifluorovinyl ether rearranges to the
corresponding acyl fluoride SF5CF2C(O)F below room temperature, thereby making its
copolymerization with TFE impractical.66 Perfluoro-tert-butyl trifluorovinyl ether was
also found to quantitatively rearrange to its corresponding acyl fluoride (CF3)3CF2C(O)F
over a two hour period when heated at 100 °C,63 which is already at a significantly lower
temperature than the corresponding rearrangement observed in CF3OCF=CF2 at 260 °C.67
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Very recently, trifluorovinyl ethers with the perfluoro-neo-pentyl group and more
complex perfluoroalkyl groups have been claimed by Toyota Motor Corporation and
Japan's National Research and Development Institute of Advanced Industrial Science and
Technology (AIST).68 In a separate patent, these researchers also reported the copolymer
of the aforementioned trifluorovinyl ether with a perfluoro-neo-pentyl group and the short
side

chain

(SSC)

material

perfluoro(3-oxa-4-pentene)sulfonyl

fluoride

(CF2=CFOCF2CF2SO2F) with the proposed application as a cation exchange membrane
material with high oxygen permeability for energy conversion devices.69

1.2.4. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Other Halogen Functionalities
This particular family of co- and terpolymers is also interesting in that the primary
function of the non-fluorine halogenations, incorporated as pendants of vinyl ethers, is for
crosslinking polymers using curing agents such as triallyl isocyanurates, peroxides, etc.
The monomeric structures vary from rather simple alkyl vinyl ethers with terminal
halogens to more complex structures incorporating multiple ether linkages or, cyclic
pendants bearing the desired halogen crosslinking “cure site.” These particular monomers
are normally incorporated in very small amounts, not normally exceeding a few mole
percent, as should be the case for the desired degree of crosslinking. A few examples of
the normal alkyl vinyl ethers used in this capacity arise from the general formula VI70-73
(shown in Figure 1.6).
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For trifluorovinyl ethers, another family of crosslinking agents can be represented by
formula VII74,75 (shown in Figure 1.6). And bulkier or complex structures can be described
by the general formula VIII76,77 (shown in Figure 1.6). Though the number of specific
examples is vast in number, the general idea for these comonomers is that they contain
more reactive end group “cure sites” for crosslinking polymers for increased
fluoroelastomeric character.

CX2=CX-O-(CX2)m-Rf-Z

(VI)

CF2=CF(CF2)g-[O-CF(CF3)-CF2]h-O-(CF2)i-(O)j-(CF2)k-CF(I)-X
CF2=CF-O-(CH2)m-(CF2)n-(CFXO)o-(CF2)p-Oq-(C6H4)-Z

(VII)
(VIII)

Figure 1.6. Alkyl vinyl ethers monomers having other halogen functionalities that have
been used to prepare co- and terpolymers of TFE. Formula VI: X may be H or F in any
combination, Z can be Br or I, m may be 0 or 1, and Rf is a perfluorinated alkyl chain that
may contain chlorine or ether oxygen linkages.70-73 Formula VII: where X is may be F or
CF3; g is 0 or 1; h is an integer selected from 0-3; i is an integer between 0-5; j is 0 or 1;
and k is an integer between 0-6.74,75 Formula VIII: wherein X may be F or CF3, m-q may
be integers between 0-4 independently, and Z can be Cl, Br, or I.76,77

1.2.5. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Multiple Ether Linkages on the Side Chain
Although the trifluorovinyl ethers of formulas VI, VII, and VIII fit this classification,
too, additional examples without other halogen functionalities for crosslinking exist. For
example, many fluorinated alkyl vinyl ethers that are copolymerizable with TFE have a
vinyl ether side chain that contains a multitude of oxygen atoms as either ether linkages or
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hydroxyl groups. The first example of this type of monomer is a fluorinated phenoxypropyl
vinyl ether with the general formula IX (shown in Figure 1.7). This polymer has shown
use as a membrane for ion exchange resins for chloralkali electrolysis cells when the phenyl
group is hydroxylated and the equivalent weight is around 600.78
A second example, also containing a ring structure, can be seen in Figure 1.7. This
vinyl ether comonomer is incorporated into a quadpolymer consisting of TFE, ethylene,
and HFP,79 where the bulky substituent and HFP has been shown to greatly increase tensile
strength, mainly the elongation at break at elevated temperatures, making the polymer
suitable for extruded articles, monofilaments, and wire coatings. The polymers with the
best properties occurred when the quadpolymer composition resembles 30 to 55 mol %
tetrafluoroethylene, 40 to 60 mol % ethylene, 1.5 to 10 mol % of hexafluoropropylene, and
0.05 to 2.5 mol % of the vinyl monomer that contains the "bulky" fluorinated ether ring.79

F3C
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CF2
F

O

C
F
O

CF2=CF(OCF2CF3)n-O-C6F(5-x-p)-(OM)x-(Y)p
(

CF

(IX)

CF3

Figure 1.7. Fluorinated alkyl vinyl ethers monomers having multiple ether linkages on the
side chain used to prepare co- and terpolymers of TFE.78,79 Formula IX: where Y is Cl, R,
or OR, where R a lower perfluoroalkyl group; M is H, an alkali metal, or a
tetraalkylammonium; n = 1, 2, or 3; x is a fractional amount; and p = 0 or 1.78
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1.2.6. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Sulfonyl Functionalities
The primary use for incorporating fluoroalkyl vinyl ethers containing sulfonyl
functionalities into fluoropolymers is for ion conductive membranes separating the
electrodes of electrolytic cells. The ion exchange process is greatly influenced by the
structure and incorporation of sulfonyl groups along the fluoropolymer backbone. It is
common practice for these vinyl ethers to be copolymerized with TFE, HFP, and alternative
perfluoroalkyl vinyl ethers (PAVEs).80-87 A general formula for vinyl ethers containing
sulfonyl functionalities described by the general formula X (shown in Figure 1.8). It is
often the case that sulfonyl halides are then hydrolyzed to the sulfonic acid or alkali
sulfonate moieties for the purpose of cation exchange processes. A few, more specific,
examples of polymers bearing sulfonyl pendants are shown in the general formulas XIXVII (shown in Figure 1.8).
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CF2=CFO-Y-A

(X)

CF2=CF-O-(CF2)2-4-SO2F

(XI)

CF2=CF-O-(CF2CFXO)m(CF2)nSO2F, where X = F or CF3

(XII)

CF2=CF-O-(CF2CFXO)m(CF2)nSO3H, where X = F or CF3

(XIII)

CF2=CF-[(O-CF2CFXO)m(CF2CFR)n]SO2F, where X = F or CF3 and R
(XIV)
= perfluoroalkyl C1-C10
CF2=CF-[O-CF2CF(CF3)O]mO(CF2)nSO2N-R1R2, where R1 and R2
(XV)
=H, C1-C10 hydrocarbon, or substituted silyl group
CF2=CF-(OCF2CFY)a-Oc-(CF2)b-SO3H, where Y = F or CF3 a is an
(XVI)
integer 0-3, b is an integer 0-12 and c is 0 or 1
CF2=CF-O-CF2-CF(CF3)CF2CF2-SO3M, where M = H, Li, Na, K

(XVII)

CF2=CF[O(CF2CFXO)l]m(CF2)nSO2NR4(CH2)aNR1R2R3+ Z-

(XVIII)

Figure 1.8. Alkyl vinyl ethers monomers having other halogen functionalities that have
been used to prepare co- and terpolymers of TFE.80-89 Formula X: where Y is either a
perfluoroalkyl or a perfluoroalkoxy chain and A represents -SO2X. In many cases X may
represent F, H, -OM, or –OH. Formula XVIII: X is either F or CF3, l is 0 or an integer
from 1 to 5, m is 0 or 1, n is an integer value from 1 to 5, R1-R3 are lower alkyl groups, R1
and R2 may bond to each other to form a tetramethylene or pentamethylene chain, R4 is a
H atom or lower alkyl group, R3 and R4 may bond to each other to form an ethylene or
trimethylene chain, Z- is a counter anion (Cl- and I-), and a is an integer of 2-10.89

Across many publications, the primary objective in tailoring these polymers was to
increase ion exchange capacity while maintaining chemical, thermal, and mechanical
integrity of the fluoropolymer.

One method of accomplishing these goals was the

incorporation of minor doses of crosslinking monomers (to be discussed further in future
sections) to build in mechanical resistance. Furthermore, when these polymer membranes
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are layered and laminated with polymer membranes containing carbonyl functionalities,
the ion exchange capacity is positively affected.88
Another series of copolymers of interest can be prepared when TFE is copolymerized
with the trifluorovinyl ether having the formula XVIII89 (shown in Figure 1.8). This
particular family of copolymers can be molded to thicknesses between 40 and 500 microns
for anion exchange membrane purposes where the ion exchange capacity is 0.1 to 3.0
meq/g of dry resin.
1.2.7. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Amide Functionalities
It has been said that perfluorinated polymers containing dialkylamino groups have
been an understudied class of fluoropolymers due to the lack of suitable monomers.90 Here,
the three of the four unique monomers shown in Figure 1.9 have been synthesized and
copolymerized with TFE yielding three novel polymers with high thermal stability and
high gas permeability.91

Perfluoro(3-dimethylamino)propyl vinyl ether (DmPVE),

perfluoro(2-morpholino)ethyl vinyl ether (MEVE), and perfluoro(3-pyrrolidino)-propyl
vinyl ether (PrPVE) were synthesized via the pyrolysis of the potassium salt of the
dialkylamino acyl fluoride/hexafluoropropylene oxide (HFPO) product at 230-260 °C. By
solution and emulsion polymerization these monomers and TFE produced white, powdery
polymers that were recovered by cooling to coagulate, washed, filtered, and vacuum dried.
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Figure 1.9. Monomer structures of fluorinated alkyl vinyl ethers containing dialkylamino
groups.90,91

The incorporation of the trifluorovinyl ether monomers ranged between 11-20 mol %
for DmPVE, 10-17 mol % for MEVE, and 4-23 mol % for PrPVE. These polymers were
reported to have high melting points ranging from 313 to 326 °C, but their decomposition
temperatures (220 to 430 °C) were sometimes lower than for related polymers prepared
from perfluoropropyl vinyl ether. Mechanistically, the C-N bond is believed to be the weak
link with respect to decomposition, and polymers with higher degrees of vinyl ether
incorporation would begin to degrade at temperatures lower than their respective melting
points. These polymers were insoluble in all solvents tested, but they could be melt-pressed
into transparent films for use as gas permeable membranes.

Further study of the

aforementioned polymers with cyclic side chains showed that treatment with fuming
sulfuric acid resulted in hydrolysis and gave polymers with carboxyl functionalities that
displayed improved wettability.91
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As a response to not seeing many fluorocarbon nitrogen functionalized vinyl ethers
similar to the O-CF2-O linkage adjacent to the vinyl group that ends up in the backbone of
a number of fluoroelastomers with low glass-transition temperatures, DesMarteau and Lu
prepared N,N-bis(trifluoromethyl)amino difluoromethylene trifluorovinyl ether (see Figure
1.9) and successfully polymerized it with TFE in 2011.90 The free-radical polymerization
was carried out in R-113 at 56 °C for 24 hours and initiated by perfluoro-isobutyrylperoxide [(CF3)2FC(O)O]2. According to the authors, this polymerization was not
fully optimized due to limited amounts of the vinyl ether monomer.

Thus, any

characterization may not reflect the optimal copolymer, but those data do provide proof of
both the synthesis of the monomer and copolymer when compared to PTFE homopolymer.
After removing the solvent and thoroughly drying the polymer, a white powder was
obtained. Using FTIR spectroscopy, three peaks at 1359, 992, and 732 cm-1 not seen in
PTFE were indicative of copolymerization along with data from the TGA, which indicated
some low molecular weight species.90

1.2.8. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Carbonyl Functionalities
Copolymers of TFE and trifluorovinyl ethers that fit the formula XIX shown in Table
1.5 have been described in U.S. Patent 3,546,186.92 (The terminal functionality may also
be CN, but these polymers will be described in the next section.) The polymerization
technique employed consisted of an aqueous medium with free-radical initiation occurring
at elevated temperatures such as 40 °C and TFE pressures around 120 psig, though bulk
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and solution polymerizations can be accomplished with conditions that suit the respective
monomers. Terpolymers were also prepared by using a perfluoroalkyl trifluorovinyl ether
as the third monomer.
A few more examples of carbonyl-containing trifluorovinyl ether copolymers with
TFE used for electrolytic cation exchange membranes are shown in Table 1.5 and have the
general formulas XX to XXV.93-95 As can be seen, a wide variety of monomers exists for
these membranes, which give very good performance (current efficiency and low cell
voltage in the electrolysis). This is due to the layering of the fluorinated polymers having
carboxylic acid end groups from the aforementioned monomer units. In many cases these
polymers may also be layered with additional polymers containing sulfonyl pendants in an
ion exchange form in order to increase efficiency.92-95
Looking back to a family of polymers mentioned earlier, the copolymers of TFE and
cyclic dialkylamino functionalized perfluoro(2-morpholino)ethyl vinyl ether (MEVE) and
perfluoro(3-pyrrolidino)propyl vinyl ether (PrPVE)91 were treated with fuming sulfuric
acid and refluxed at elevated temperatures at which point they were then hydrolyzed by a
washing with water resulting in carboxylic acid functionalities confirmed by carbonyl and
hydroxyl absorbances in the IR spectrum of a heat molded film. Water contact angles were
also measured before (83 to 94° for different samples) and after chemical modification (58
to 92°), and the fact that the contact angles decreased due to the modification confirmed
the enhanced wettability of these new polymers.91
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Table 1.5. Other carbonyl-containing trifluorovinyl ether copolymers with TFE used for
electrolytic cation exchange membranes.
Carbonyl-containing
Trifluorovinyl Ethers
CF2=CF-O(CF2)n-X92
(XIX)

CF2=CF-O[CF2CF(CF3)]pOCF2CF2-Y93
(XX)
CF2=CF-O(CFZ)tV94
(XXI)

Definitions of Variables
X = -C(O)F, -C(O)OH, -C(O)OR1, -C(O)OM, or
-C(O)NR2R3, where R1 is an alkyl group
consisting of 1-10 carbon atoms, R2 and R3 can be
H, R1, or any combinations of both, and n can be
2-12 but preferably 2-4
p = 1-5, Y = -COOR, -C(O)OH, or -COOM where
R is an alkyl group from 1 to 6 carbon atoms and
M is an alkali metal, ammonium, or quaternary
ammonium**
Z = F or CF3, t = 1-12 and, V = terminal -C(O)OR
group*
that can be hydrolyzed to -C(O)OM, where M =
Na or K

CF2=CF-(OCF2CFY)s-OCF2C(O)OR94
(XXII)

R = lower alkyl group,
Y = F or CF3, s = 0, 1, or 2

V = -C(O)OR*, where R = lower alkyl, Y = F or
CF3,
Z = F or CF3, s = 0, 1 or 2
CF2=CF-O(CF2 CFYO)s-(CF2)mn = 0, 1 or 2, m = 1, 2, 3, or 4, Y = F or CF3,
C(O)OR94 (XXIV)
R = CH3, C2H5, or C3H7
X = F, Cl, or CF3, Y = -O(CF2)x, -(OCF2CFZ),
-(OCFZCF2)x-O-(CFZ)y, where x, y = integer 0CF2=CX-O-Y-C(O)OM95
10,
(XXV)
Z = -F or perfluoroalkyl 1-10 carbons, M = H or
alkali metal
* May also be a -CN though not much information is given
**May also be a -CN or -SO2F group to be described in other sections
CF2=CF-(OCF2CFY)s-OCF2CFY-V94 (XXIII)
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1.2.9. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Nitrile Functionalities (e.g., 8-CNVE)
As with many comonomers to be reviewed, the majority of the trifluorovinyl ether
structures remain unchanged with the exception of varying end groups. As mentioned in
the previous section, a family of copolymers of TFE and a trifluorovinyl ether with the
formula XXVI shown in Table 1.6 was first claimed by DuPont in U.S. Patent 3,546,186.92
In such a case, the primary nitrile group is usually used for crosslinking by trimerization.
Again, terpolymers may also include perfluoromethyl trifluorovinyl ether or other short
side chain perfluoroalkyl trifluorovinyl ethers. These co- and terpolymers have desirable
tensile properties post-vulcanization and have good environmental resistance and can be
molded into a wide variety of useful materials that were not discussed in the particular
literature being reviewed. Within the aforementioned patent, the polymerization technique
employed consisted of an aqueous medium with free-radical initiation occurring at elevated
temperatures such as 40 °C and TFE pressures of around 120 psig, though bulk and solution
polymerizations can be accomplished with conditions that suit the respective monomers.92
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Table 1.6. Common nitrile-containing, perfluoroalkyl- and perfluoroalkoxy trifluorovinyl
ethers that have been terpolymerized with TFE.
Type of
Polymer

Nitrile
Containing
Monomers
Used

Chemical Formula

Comments

CF2=CFO(CF2)nCN

n = 2-1292
where n = 0496,97
Where m = 1
to 593
where n = 14 and
m = 1-298,99
where n = 15
where n = 15
where n = 15 and m = 13
where n = 15

CF2=CFOCF2[CF(CF3)OCF2]nCF(CF3)CN
CF2=CFO[CF2CF(CF3)O]mCF2CF2CN
CF2=CFO[CF2CF(CF3)O]m(CF2)nCN
CF2=CFOCF2CF(CF3)OCnF2n+1

Perfluoroalkyl
Vinyl Ethers
Used

CF2=CFO(CF2)3OCnF2n+1
CF2=CFOCF2CF(CF3)O(CF2O)mCnF2n+1
CF2=CFO(CF2)2OCnF2n+1

Formula
Number
XXVI
XXVII
XXVIII
XXIX
XXX
XXXI
XXXII
XXXIII

Stemming from the previously mentioned nitrile cure-site monomers claimed by
DuPont,92 came a few more reports of polymers containing the repeat units TFE, PAVE
(lower alkyl), and a secondary nitrile-containing trifluorovinyl ether of the general formula
XXVII {CF2=CF-OCF2[CF(CF3)OCF2]nCF(CF3)CN, where n may equal 0 to 4}. Related
polymers were also prepared from VDF or HFP in place of TFE.96,97 The inventor preferred
that the nitrile-containing trifluorovinyl ether be incorporated in the range of 0.5 to 10.0
mol % in terpolymers, with the other two remaining comonomers ranging from 30:70 to
70:30 mol % but more likely 50:50 mol % with the same polymerization methodology
revealed in U.S. Patent 3,546,18692 being used. These particular polymers are reported to
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be useful as crosslinked elastomers in gaskets, chemically and thermally resistant liners for
containers, and coatings or jackets for cables, hoses, and pipes.96,97
Additional monomers containing nitrile functionalities have also been reported in U.S.
Patent 4,138,42693 that have the general formula XXVIII {CF2=CF-O[CF2CF(CF3)]pOCF2CF2-CN, see Table 1.6}. Monomer XXVIII can either be homopolymerized or
preferably copolymerized with TFE (as well as other monomers) to yield tough polymers
that can be crosslinked by using the nitrile group as a cure site. A preference was given
for using the nitrile-containing monomer in a 0.5 to 5 mol % ratio.
Researchers from DuPont have also disclosed a family of fluoroelastomers from
nitrile-containing trifluorovinyl ethers with the general formula XXIX {CF2=CF[OCF2CF(CF3)]x-O(CF2)n-CN, see Table 1.6}.98,99 These trifluorovinyl ether (with a
preference for n = 2 and x = 1 being employed, namely 8-CNVE) are copolymerized with
TFE and PAVE (preferably PMVE) for vulcanizable elastomers. It was also disclosed that
desired compositions contain between 53 and 80 mol % TFE, 20-45 mol % PMVE, and
0.2-2 mol % nitrile-containing trifluorovinyl ether. The vulcanizates of these compositions
reportedly display superior characteristics of performance when compared to similar
existing materials and are useful as gaskets, seals, and pump diaphragms in environments
of high temperature and corrosive liquids.98,99 A number of the common nitrile-containing
trifluorovinyl ethers (formulas XXVI to XXIX) as well as perfluoroalkyl- and
perfluoroalkoxy trifluorovinyl ethers (formulas XXX to XXXIII) that have been
terpolymerized with TFE are summarized in Table 1.6.
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Monomers from this section containing nitrile groups were also incorporated into
elastomers of TFE, PAVE, and an additional bis(aminophenyl) crosslinking
monomer100,101 having the general structure shown in Figure 1.10. The inventors of this
patent suggest that the new crosslinking agents have room for improvement in order to
maximize the compression setting properties of the resulting fluoroelastomers.

R

H 2N

A

NH2

HON

X

NOH

X
NH2

NH2

Figure 1.10. Crosslinking monomers. Left: bis(aminophenyl) crosslinking monomer,100,101
where A represents either an alkylidene group from 1-6 carbons, a perfluoroalkylidene
group from 1-10 carbons, an SO2 group, an oxygen atom, a CO group, or a carbon-carbon
bond directly fusing the two benzene rings, and X represents either hydroxyl or thiol
groups. Right: bisamidoxime crosslinking agent,102 where R is an alkylidene group having
1 to 6 carbon atoms or a perfluoroalkylidene group having 1 to 10 carbon atoms.
A more recent publication102 seems to expand upon these ideas with quaternary
copolymers of TFE, VDF, PAVE, and CNVE of identical structures with bisamidoxime
crosslinking agents, such as the example shown in Figure 1.10 or formula XXXIV
HON=C(NH2)-(CF2)n-C(NH2)=NOH, where n = 1 to 10. The polymerization process
normally is carried out under aqueous emulsion conditions with a fluorinated surfactant, a
buffer, a redox system catalyst consisting of a free radical generator and a reducing agent.
The system is kept at constant pressure by feeding in batches of monomer mixtures, and
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the polymerization temperature is maintained between 50 and 80 °C.

Vulcanizable

fluoroelastomers result that are capable of being used as sealing materials in applications
such plasma irradiation, semiconductor manufacturing, surface treatments, or gate
valves.102
Recently, Ameduri, Hung, and coworkers have both published and patented routes to
crosslinking fluoroelastomers with nitrile cure sites, like those reviewed in this section,
with curatives containing diazide, dinitrile, and dialkyne groups via click chemistry.103,104
The advantage with these systems is that the crosslinking reactions take place under milder
conditions that those normally required when just using nitrile cure sites to form
cyanurates.

1.2.10. Co- and Terpolymers of Tetrafluoroethylene and Fluorinated Alkyl Vinyl
Ethers Having Multiple Vinyl Ether Functionalities
The

copolymer

resulting

from

the

polymerization

of

1,1-difluoro-2,2-

bis(pentafluoroethoxy)ethane (PFDEE) and TFE105 is interesting in that two vinyl ether
functionalities exist on the terminal olefin (see Figure 1.11). The resulting polymer has
rubber-like elasticity and excellent low temperature plasma resistance when the PFDEE is
in the range of 10-40 mol %. These polymers may also be crosslinked through crosslinking
agents such as peroxides, amines, or triazines, with organic peroxides being most preferred.
However, to increase crosslinking efficiency, these polymers may also be crosslinked with
triallyl cyanurate, triallyl isocyanurate, or trimethallyl isocyanurate. Crosslinking agents
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can be incorporated at 0.1-10 wt % of the polymers, but levels of 0.5-5 wt % are preferred.
Possible applications associated with these new materials may include films, tubes,
containers, coatings, seals, O-rings, sheets, gaskets, or diaphragms. The heat and chemical
resistant properties make them ideal for sealing materials as well as wire coatings and
chemical resistant tubing.105
The

two

monomers

perfluoro-2-methylene-4-methyl-1,3-dioxolane

and

perfluoroethylene-bis(divinyl ether)106 shown in Figure 1.11 have been terpolymerized
with TFE. The divinyl ether was incorporated in 0.5 wt % resulting in a clear film cast
from R-113 that undergoes crosslinking when heated between 100 and 340 °C.
Another recently reported family of divinyl ether monomers for co- and terpolymerization
with TFE has the general formula XXXV74,75 (shown in Figure 1.11). These monomers can
be synthesized by the addition of the corresponding diacid fluoride to hexafluoropropylene
oxide (HFPO), followed by standard decarboxylation methods. A more specific example
would be the monomer shown in structure XXXVI (shown in Figure 1.11), which is
terpolymerized at 0.01 to 1.0 mol % with perfluoromethyl vinyl ether and TFE resulting in
a highly fluorinated elastomer according to WO2015088784 amongst many other
compositions.74,75 This divinyl ether monomer, as well as a few others that appear in
WO2015088784, were previously reported in several 2006 and 2007 publications,107-109
although the authors of this review disagree on the likelihood of being able to prepare 2,2difluoromalonyl fluoride, FC(O)CF2C(O)F, from the direct fluorination of malonic acid
with elemental fluorine, F2.
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CF2=CF-(CF2)a-(O-CF(Z)-CF2)b-O-(CF2)c-(O-CF(Z)-CF2)d-(O)e-(CF(A))f-CX=CY2
(XXXV)
CF2=CF-O-(CF2)3-O-CF=CF2
(XXXVI)
Figure 1.11. Top three structures: fluorinated alkyl vinyl ethers having multiple vinyl ether
functionalities.105,106 Formula XXXV: where a is an integer from 0-2, b is an integer from
0-2, c is an integer from 0-8, d is an integer from 0-2, e is either 0 or 1, f is an integer from
0-6; Z is either F or CF3; A is F or a perfluorinated alkyl group; X is H or F; and Y is either
H, F, or CF3.74,75

These monomers may also be stored as the more stable, bromine-protected form, and
then debrominated over zinc prior to use.107 Furthermore, these divinyl ethers were
proposed for use as crosslinking agents in low equivalent weight copolymers resulting from
TFE and sulfonyl fluoride-substituted vinyl ethers for further application as polymer
electrolyte membranes in fuel cells.107-109
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1.3. Dissertation Summary
As can be seen from the previous sections, a vast array of monomers has been used in
copolymerizations with TFE over the years. The primary goal of each and every monomer
being an improved polymer for as many uses as possible. It has been my focus during my
time at Clemson University to continue this trend in copolymerizing TFE with various coand termonomers to obtain polymers with interesting or improved properties, and
throughout the next few Chapters, I will detail these efforts. In Chapter 2, I will briefly
cover the construction of the TFE barricade facility, the synthesis of TFE, as well and the
copolymerization of TFE with the three primary perfluorinated vinyl ethers
(perfluoromethyl, perfluoroethyl, and perfluoro-n-propyl) used in industrial settings that
were used as benchmark polymerizations. Chapter 3 will cover the synthesis of a new vinyl
ether, 1-pentafluorosulfanyl-1,1,2,2-tetrafluoroethyl trifluorovinyl ether, as well as its full
characterization and copolymerization with TFE. More efforts in copolymerizations of
TFE and comonomers will be discussed in Chapter 4 where TFE, PPVE, and a termonomer (various polyfluorinated alkenes) were polymerized in an effort to incorporated
a termonomer for crosslinking via E-beam irradiation. In Chapter 5, I will discuss efforts
made to copolymerize TFE with a multifunctional trifluorovinyl ether for a low EW
sulfonimide ionomer. To conclude, I will also give some forsight towards experiments that
have been proposed based on the work presented herein and that might be continued by the
current research group or any new members thereafter.
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Chapter 2

The Safe Synthesis and Handling of Tetrafluoroethylene (TFE)1 and its
Copolymerization with Perfluoroalkyl Vinyl Ethers for Benchmark Perfluoroalkoxy
(PFA) Resins
2.1. Introduction
In order to achieve the overall goals, set out at the beginning of my doctoral work, an
all-encompassing understanding of the inherent dangers of tetrafluoroethylene (TFE), as
well as mitigating solutions to its handling, were needed. Additionally, the inability to
purchase tetrafluoroethylene led to the need for an onsite synthesis of the monomer so that
new copolymers could be synthesized and studied. In the following sections, a brief
overview of the facilities built at Clemson University as well as the synthetic capabilities
employed will be addressed as well as the copolymerization of tetrafluoroethylene and
perfluoroalkyl vinyl ethers used as benchmarks by which all new copolymers would be
compared.
2.2. New Polymerization Facility at Clemson University
The two major milestones that an academic institution must face when trying to
prepare homopolymer or copolymers of tetrafluoroethylene are the synthesis and safe
handling of said monomer. In order to safely handle tetrafluoroethylene many factors must
be taken into account even before synthetic approaches are examined. The deflagration of
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TFE results in an exothermic reaction on the order of -276 kJ/mol producing carbon and
tetrafluoromethane.2 The kinetic barrier of this deflagration can easily be overcome by
either spot heating from the autopolymerization of TFE or adiabatic expansion or
compression, if the valve of the cylinder containing the gaseous monomer is too quickly
opened from an area of high pressure to an area of low pressure.3 Additionally, the exposure
of TFE to oxygen can result in the formation of polyperfluoroperoxides that are even more
potentially explosive (-628 kJ/mol) and capable of deflagrating any remaining TFE.3 Over
the years several industrial accidents with TFE have been reported, the first taking place in
Arlington, New Jersey during the Manhattan Project, which resulted in the complete
destruction of the facility. More recently, as reported in “A case study of a TFE explosion
in a PTFE manufacturing facility” in the journal Process Safety Progress, several deaths
were the result of liquid TFE being exposed to air at a PTFE plant owned by Daikin in
Decatur, Alabama4 It should then be noted that a facility in which tetrafluoroethylene is to
be synthesized and handled must be equipped primarily to exhaust all possibility of such
incidents, but also to mitigate the effects of such an incident if the worst were to occur.
It is a pleasure then to report that the safe synthesis and application of
tetrafluoroethylene in polymerization reactions has been achieved through the use of
Clemson University’s specialized TFE polymerization facility as recently discussed in the
literature,5 in which the operators are placed in a secure control module while the reaction
is carried out remotely, with full automation, in another room (Figure 2.1). The latter is
equipped with fire suppression systems, video cameras, appropriate ventilation, blowout
panels, a safe gas handling system capable of mitigating the back propagation of a flame
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in the TFE gas lines (Figure 2.2), rupture discs to evacuate the reactor in case of an
overpressure event, and last but not least, an appropriate location that is not frequently
transited by pedestrians or cars and is away from public and crowded areas. Until now,
large amounts of TFE have been rendered unsafe to handle in an academic institution,
however through the utilization of such a unique facility, the ability to safely handle and
store TFE has been increased to the kilogram and multikilogram scale respectively.
After much consideration of various possibilities, James Clark, of Clemson's Office
of Research Safety, suggested the use of commercially available buildings that were built
for storage of chemicals and explosives. The chemical storage module was used as the
reaction room in which the gas handling system (both glass vacuum line and high pressure
stainless steel) and polymerization reactors were placed. The gas handling system was
meticulously designed to ensure that there was little to no adiabatic expansion or
compression of the tetrafluoroethylene through the use of orifices that were created by the
welding shut of a Swagelok union fitting and having a 0.010-inch opening drilled in the
center of the weld. This feature allowed for the use of remotely controlled air actuated
valves that have no regulating ability but are either open or closed. Additionally, the
tetrafluoroethylene portion of the gas handling system has a connection to a glass vacuum
line to serve as a source for evacuating air (oxygen) from the lines as well as for purging
via a backfilling with high purity nitrogen and evacuation routine for the elimination of
oxygen so as to mitigate the possible formation of polyperfluoroperoxides. Along with
this primary equipment was placed ISCO pumps for initiator solution and liquid monomer
feeds, cooling machines for internal cooling of the autoclave reactors as well as for cooling
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of initiator feedlines, and cameras for visual monitoring of the reaction equipment from the
control room. The explosive storage module was in essence “reverse engineered” in that it
is used as the barricaded control room where the operators can monitor and remotely
control the reactions. A minimal presence of personnel inside the reaction module was
accomplished by utilizing remotely controlled air actuated valves for gas manipulations as
well as digital feedback from thermocouples, pressure transducers, tachometers, mass flow
controllers, etc. to monitor and control the reaction
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Figure 2.1. New TFE Polymerization Facility: Control Room (left) and Reaction Room (right).1b,5
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Figure 2.2. Schematic of Gas Handling System Used for TFE Polymerizations.1b,5
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2.3

Academic Scale Synthesis of Tetrafluoroethylene (TFE)

2.3.1 Synthesis of Tetrafluoroethylene (TFE)
Tetrafluoroethylene is a well-known and widely used monomer in the fluoropolymer
industry. A number of commercial processes exist for the synthesis of TFE but the two
primary methods are the pyrolysis of either trifluoromethane or chlorodifluoromethane
yielding TFE and HF and HCl, respectively.6 Due to restrictions in scalability and product
isolation associated with these processes (Figure 2.3) as well as its lack of commercial
availability and, most importantly, the safety concerns associated with its handling, the use
of TFE in academia has been restricted primarily to the scale of a few grams for many
years.
CF3CF=CF2
CHClF2 (recycled)
H2O

NaOH

H2SO4

CHF3

Stabilizer

CHClF2
C2F4

a

b

c

d

HCl

Spent
NaOH

Spent
H2SO4

h

e

f

g

i

High-boiling
fraction stabilizer

Figure 2.3. Flow diagram for commercial TFE production.6
a) Pyrolysis reactor; b) quench column (water); c) wash column (NaOH); d) drier (conc.
H2SO4); e) intermediate storage tank for crude TFE; f) fractionation column for low-boiling
products; g) product distillation column; h) TFE recovery and storage tank; i) fractionation
column.
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Thus, it is reported that through the use of a combination of expired patent
technologies from 3M and DuPont, the research group under the advisement of Dr.
Thrasher has safely prepared and handled TFE on the kilogram scale. The synthetic
technique of obtaining a TFE/CO2 mixture was acquired from the 1954 U.S. Patent
2,668,864 submitted by Minnesota Mining and Manufacturing Inc. (3M).7 In this patent,
3M reported that through the neutralization of an alkali metal hydroxide solution with a
perfluorocarboxylic acid one could synthesize a salt that could be dried and pyrolyzed to
afford a terminal perfluoroolefin (see Scheme 2.1). However, the primary monomer of
interest in this patent was not tetrafluoroethylene (though it was mentioned), but rather
hexafluoropropylene (HFP) via its corresponding sodium carboxylate salt. This method for
decarboxylation via pyrolysis was also being concurrently studied by Professor Hazeldine.8
He also reported the use of the sodium salt as the preferred method, but it has been our
finding that in reality the potassium pentafluoropropionate salt demonstrates a much better
decomposition profile for preparing TFE/CO2 mixtures when this salt is scrupulously
dried.9 A 1994 U.S. Patent submitted by E. I. du Pont de Nemours and Company3 states
that a mixture of TFE in the presence of at least 30% CO2 is deemed safe. To prove this,
DuPont attempted the ignition of various concentrations of TFE and CO2 with a Nichrome®
wire at 1350 °C at which point any concentration of CO2 equal or exceeding 30%
completely suppressed deflagration. It is inherent in our decarboxylation of potassium
pentafluoropropionate that our TFE/CO2 is a 50:50 mixture, thereby making the reaction
products safe for handling.
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CnF2n+1CF2CF2COOM

F2n+1Cn

∆T

F

+ CO2 + MF
F

F

Scheme 2.1. Pyrolysis scheme derived from 3M patent.7

In order to synthesize TFE, first, potassium pentafluoropropionate is prepared via the
neutralization of pentafluoropropionic acid with technical-grade potassium hydroxide,
followed by the careful removal of the bulk water via rotary evaporation. The salt is then
subjected to an exhaustive drying process at 80 °C under 20 mTorr vacuum for an extended
period to remove all water. Once completely dry, the salts are then pyrolyzed under
dynamic vacuum with a low heat rate of 1 °C per minute from 80 °C to at least 300 °C
obtaining a normal yield of over 96% as seen in Scheme 2.2.
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Scheme 2.2. Preparation of TFE/CO2 mixture from pentafluoropropionic acid.

The selection of the salt was not trivial since the literature8,9 seemed to agree on the
fact that sodium pentafluoropropionate was the most appropriate to use in the preparation
of perfluoroalkylated olefins.10 On one hand it was agreed at the time of the reported
literature7 that using the sodium salt was more convenient due to the easiness of drying in
air at 100 °C for 8 hours and immediately pyrolyzing it, but when in combination of
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KF

accelerating rate calorimetry (ARC) results9 and previously acquired knowledge, the use
of the sodium salt is not the most suitable for this process. The sodium salt decomposes at
a lower temperature and the decomposition takes a longer amount of time as previously
explained. In addition, the sodium salt produces a large amount of foam during pyrolysis,
and therefore special glassware has to be used in order to avoid the migration of material
to the collection cylinder.
With the work of a previous student of Dr. Thrasher’s (Dr. Todd S. Sayler)9 at the
University of Alabama, it was determined that the sodium salt is not the best suitable salt
for carrying a pyrolysis. It was shown through his accelerating rate calorimetry (ARC)
experiments, that the decomposition of the sodium salt begins at approximately 220 °C,
which is 70 °C lower than of that for potassium perfluoropropionate. Furthermore, the bulk
of the decomposition of the sodium salt occurs slowly at 230 °C lasting around 100
minutes, while the decomposition of potassium perfluoropropionate occurs around 290 °C
and is finished within minutes.9 An explanation for this observation might be that the lattice
energy of potassium fluoride (-808 kJ/mol) is lower than that of sodium fluoride (-910
kJ/mol) indicating that the decomposition of potassium perfluoropropionate is less
endothermic and might even be exothermic and therefore increasing the yield and
decreasing the decomposition time. It is worthy to mention that one should be careful when
drying the potassium perfluoropropionate salt under vacuum in the laboratory to not exceed
100 °C. It was observed in the ARC data that there was an exothermic event at about 180
°C, and therefore overheating the potassium salts under vacuum could result in an early
decomposition of the salt. From further study, two time lapsed videos are now available
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capturing the pyrolysis of both the sodium and potassium pentafluoropropionate salts,
which can be viewed in the Supporting Information of our recent publication in the Journal
of Fluorine Chemistry.1 It can be seen in the beginning of these videos that both salts are
white crystalline powders, but as the heating profile is applied the sodium salt undergoes a
phase transition in which the solid melts, and the liquid begins its vigorous decomposition.
During this decomposition, it is believed that the surfactant-like nature of the carboxylate
salt causes a foam to form, thus the need for long-necked flasks. As the decomposition
nears the end, the foam is seen to begin a recession back into the bottom of the flask where
it eventually settles as a dry sodium fluoride powdered byproduct. The potassium salt on
the other hand does not undergo such a drastic phase transition, yet it can be seen that,
throughout the pyrolysis, a ring is formed and can be followed from the outermost edges
of the flask inwards until a small portion remains unchanged at the center. A rotation of
the salt bed is also observed in the decomposition of the potassium salt (only seen in the
time-lapsed video, as this process is too slow to be seen in real time) that is believed to be
the result of the gaseous evolution of TFE and CO2 lifting the salt bed slightly as the
pyrolysis takes place. The syntheses, drying, and decomposition of the calcium salt as well
as other Group 1 and 2 metal salts were also explored on a small scale, though they were
seen not to be viable candidates due to either the cost and/or hydroscopic nature of these
salts. Despite concerted efforts in drying the calcium salts at 160 °C under 80 mTorr
vacuum, the ARC data still showed a pressure increase and exotherm at 160 °C. It was also
seen that the calcium salt was still decomposing at temperatures as high as 350 °C. It is
believed the salt was still present somewhat as a hydrate, and that production of the
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completely dried salt on a large scale would be impractical. It was also found that it is of
great importance to carefully dry the salts prior to pyrolysis. The examples from the early
literature7 only report drying their salts in open air at 100 °C, but we have discovered much
better yields when drying the salts under 10-4 Torr dynamic vacuum at 80 °C for 24 hours
prior to pyrolysis.
During the pyrolysis of potassium pentafluoropropionate, the evolution of small
amounts of a non-condensable gas was also observed by the vacuum gauge connected to
the dynamic vacuum source. It was also observed following a pyrolysis that the remaining
KF salt had an off-white color with areas of darker gray and black. When combining these
observations, we believed that small amounts of carbon black and tetrafluoromethane (CF4)
were forming from the disproportionation of TFE as shown in Scheme 2.3:

C2F4 → CF4 + C

∆HR = -276 kJ/mol

Scheme 2.3. Decomposition of TFE.

Furthermore, we have obtained results that support this conclusion via EDAX of the
resulting potassium fluoride (Figure 2.4) and GC-MS of the evolved gases between the
pyrolysis flasks and the stainless steel product trap. When applying a rapid heating profile
of 4 °C/min, it was observed that the average content of carbon was 1.2 wt % as opposed
to that of applying a heating profile of 1 °C/min where the amount of carbon was reduced
to 0.5 wt %.
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Figure 2.4. Left: X-ray elemental analysis of left over solids after pyrolysis showing the
presence of carbon black, right: Electron microscopy image of left over solids after
pyrolysis.

It is well known that CF4, even at temperatures as low as the normal boiling point of
liquid nitrogen (-196 °C), has a very small residue vapor pressure.11 In the beginning, great
effort was put forth in trying to first obtain infrared spectroscopic evidence for the presence
of CF4 by sampling the non-condensable gases coming off of the pyrolysis of the salts after
the liquid nitrogen-cooled collection trap as well as warming this trap slightly in order to
catch a representative sample of the most volatile products. In no case could we observe
convincing evidence for the presence of CF4; an example of several overlaid FT-IR spectra
of gases coming off a pyrolysis versus authentic spectra of samples of TFE and CF4 is
shown below (Figure 2.5).12,13
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Figure 2.5. FTIR spectra of TFE taken from a stream of gas from the pyrolysis of sodium
pentafluoropropionate at 50 Torr (blue line) and 5 Torr (purple line), superimposed with a
spectrum of TFE (red line) that has been evacuated from all the non-condensable gases,
and a spectrum of a standard sample of CF4 collected at 5 Torr (green line).1
One can see that the two peaks corresponding to TFE are split by the peak
corresponding to CF4. A small shoulder can be seen in the spectrum of the sample taken;
however, no clear-cut evidence can be substantiated in assigning such a shoulder to the
presence of CF4. Therefore, a more sensitive analytical technique, GC-mass spectrometry,
including the use of selective ion monitoring (SIM) was utilized to study the gases coming
directly off the thermally decomposed salts prior to the liquid nitrogen trap. Use of this
technique not only allowed an enhanced sensitivity with the SIM mode, but also a
comparison of both literature14,15 and experimental mass spectra of CF4 and TFE revealed
a striking difference in the intensity of the 69 m/z peak for CF3+. More specifically, the
69 m/z peak is by far and away the base peak in the mass spectrum of CF4, while this peak
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is only about 4-5% relativity intensity versus the base peak of 81 m/z for C2F3+ in TFE
(when collecting mass spectral data above 40 m/z). As seen in a series of mass spectra, the
69 m/z peak in the aforementioned gas samples taken during the pyrolysis is approximately
twice as intense as it is an authentic sample of TFE that has been degassed of any residual
CF4. It was seen through a subsequent freeze/pump/thaw cycle of that sample would result
in a decreased concentration of the expected 69 m/z CF3+ peaks.1 These observations
collectively give the best evidence that we have to date for CF4 being a minor side product,
along with carbon, in the thermal decomposition of pentafluoropropionate salts to generate
a mixture of TFE and CO2.
The earlier literature7,8 also reports that TFE was obtained in 80% yield with CO2,
sodium fluoride, and small amounts of carbon when applying a temperature of 250 °C;
however, no evidence was ever given for carbon as a side product. With our results, one
can conclude that these authors probably did not give enough heat to drive the pyrolysis to
completion. Through these thermal decomposition studies, it can be said that our
exhaustive drying process, slow heating profile, and higher pyrolysis temperature, have led
to much better yields than those previously reported in the literature and a confirmation
that small amounts of carbon and carbon tetrafluoride can evolve as side products from this
reaction.
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2.3.2 Scrubbing of Carbon Dioxide from Gaseous Mixtures of Tetrafluoroethylene
and Carbon Dioxide
The preparation of PTFE or TFE-copolymers can be accomplished using TFE/CO2,
but it has been seen that as TFE is consumed throughout the reaction, the concentration of
CO2 will continuously increase from the initial 50% at time zero to almost 100% resulting
in the inability to supply the polymerization with adequate amounts of TFE at which point
the polymerization will cease. It is for this reason that we decided that CO2 must be
removed from the mixture prior to its entering the polymerization reactor, except for some
cases in which the initial charging of the polymerizer might want to be done with a
TFE/CO2 mixture in order to maintain a partial atmosphere of CO2 for safety reasons. The
former can be accomplished by using an inline CO2 sorbent such as ASCARITE® during a
reaction. However, this method limits the pressure at which you can run your
polymerization to the partial pressure of TFE in the 50% mixture as well as the scale of the
reaction by the amount of inline sorbent and the speed at which TFE can be replenished in
the reactor based on any required residence time across the sorbent bed. Therefore, it was
decided instead to remove the CO2 prior to polymerizations by bubbling the TFE/CO2
mixture through a cold aqueous KOH solution and then storing the TFE with limonene as
a free radical inhibitor (Figure 2.6). As seen in Scheme 2.4, carbon dioxide reacts with
KOH to form potassium carbonate and water. Any water that may be carried by TFE to its
storage container is removed first by an inline water filter and secondarily by passage
through a calcium sulfate trap. The TFE is then bubbled through limonene as it makes its
way to the storage tank that has been previously treated with and contains limonene as well.
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Figure 2.6. Gas handling system and reaction setup for scrubbing CO2 from TFE.1a,b
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Using limonene as the radical inhibitor has not yet limited the pressure at which a
polymerization can be carried out, as it can easily be removed via a scrubber filled with
silica gel placed just before the autoclave, thus making it the most practical means for
carrying out polymerizations in our facility.
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Scheme 2.4. Removal of CO2 from gaseous mixture.

2.4

Benchmark Perfluoroalkoxyl Copolymers of PTFE

2.4.1 Overview of Commercial Perfluoroalkoxy Copolymers
The creation of polytetrafluoroethylene was a major advancement in high-value
materials, but despite its great thermal resistance, the processibility of such a polymer was
difficult to overcome. The helical structure of the PTFE chain creates a high degree of
crystallinity leading to its high thermal stability. Unfortunately, this also allows for high
deformation under load stress (creep) as compared to other engineering plastics. To
compensate for this, copolymers such as FEP poly(TFE-co-HFP) were introduced (ca.
1960) as a method of breaking up such crystallinity, which in turn improved the tendency
to deform under stress loads as the branching of the HFP monomer does not allow the
polymer chains to slip as easily as the helical PTFE. With this change in structure though
came a loss in thermal stability having a continuous use temperature of only 200 °C.
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However, as a response to the need for high temperature use, the introduction of PFA in
1972 incorporated perfluoroalkyl vinyl ethers as monomers for a decreased crystalline
nature of the main polymer chain while maintaining thermal stability similar to that of
PTFE. A continuous use temperature of 260 °C16 matches that of PTFE, but the lower
crystallinity (around 60%) results in a melting point between 300 °C and 315 °C, which
allows for PFA to flow as a melted polymer for use in pressed films and injection
molding.17
As previously shown in Table 1.1, a great number of commercialized perfluoroalkoxy
copolymers are available for an even greater number of uses. Commercially, PFA supplies
two primary markets making use of its purity, chemical resistance, and dielectric
properties.18 The first, making up approximately 40 % of the market is the wire and cable
market for uses such as in high temperature electrical insulation and components/parts
requiring long flex lives, specifically the primary insulation or jacketing for
communication cables such as hook-up wires and local access network (LAN) wires, as
FEP will fail to keep up with the electrical demands as these cables increase specifications
from 100 MHz to 350 MHz and even 600 MHz.18,19 The second market, making up the
remaining 60 %, makes use of higher purity grades of PFA in the chemical processing
industry as liners for process equipment, specialty tubing, and liners for valves and pump
fittings utilizing its chemical inertness and resistance to deformation under loads (cold
flow).18 The semiconductor industry makes use of high purity grades of PFA for the
demanding chemical resistant moldings and wafer trays, especially those in which the end
groups have been functionalized by fluorination or ammoniation. Such grades of PFA have
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such low levels of fluoride ion extraction that they contribute a corrosion resistance to the
silicon wafers preventing any hazing that may occur.18
Since the commercialization of PTFE in 1947, the fluoropolymer market has
experienced great innovation and is projected to be a 10.49 billion U.S dollar (USD)
industry by the year 2022 and could even reach 11.47 billion USD by 2025 with an
expected 6.0% CAGR (compound annual growth rate) between 2017 and 2022.19,20 In
2014, by volume, the global fluoropolymer industry had grossed 299.9 thousand metric
tons and is expected to reach 478.2 thousand metric tons by the year 2025. Though PTFE
still remains approximately 70% of the total fluoropolymer market worldwide and has
exhibited an average growth of 3-5 % per year,21,22 the remaining 30% of the fluoropolymer
market is growing at an even higher rate and is the subject of great innovation and progress
in creating new materials for the industries such as aerospace, automotive, construction,
electronics, healthcare, and industrial processing to name a few.
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FLUOROPOLYMER USE BY INDUSTRY IN 2014
Other Uses
8%

Aerospace &
Automotive
21%

Industrial Processing
28%
Construction
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9%

Figure 2.7. Industrial use of fluoropolymers by submarket in 2014.21
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2.4.2. Polymerization of TFE with PMVE, PEVE, and PPVE.
During my graduate career, I undertook a program aimed at the preparation and
characterization of novel perfluoroalkoxy copolymer (PFA) resins with the goal of either
incorporating new ter-monomers for crosslinking to build up molecular weight or new
perfluoroalkoxy trifluorovinyl ethers (PAVEs) with the desire of creating new materials
with increased mechanical strength and wearability. However, before preparing new
materials with potentially improved properties, one must first learn to prepare PFA resins
with properties comparable to commercial materials.

Thus, using perfluoromethyl

trifluorovinyl ether (PMVE), perfluoroethyl trifluorovinyl ether (PEVE), and perfluoro-npropyl trifluorovinyl ether (PPVE) from laboratory stock and the aforementioned TFE, I
have prepared PFA resins by both aqueous emulsion and solution polymerization
techniques, and I have confirmed their identity by characterization via attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), transmission Fourier
transform infrared spectroscopy of pressed films (FTIR), differential scanning calorimetry
(DSC), thermal gravimetric analysis (TGA), and powder X-ray diffraction (PXRD). As
seen in Table 2.1, these copolymer resins compared closely with several commercially
available PFA resins such as Teflon® PFA 450HP and Teflon® PFA 950HP+ (DuPont) as
well as polytetrafluoroethylene (PTFE) for properties such as vinyl ether incorporation,
melting point, decomposition temperature, crystallinity, etc.
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Table 2.1. Comparison of Synthesized PFA and Commercial Material
Polymer
Identification

Melting Point,
°C

Decomposition Temperature, °C
Onset Temp
(3% Loss)

Max Temp
(Max % Loss)

PAVE, Wt
%

%
Crystallinity

PTFE

328.7

501.8

566.8

0.0

37%

Teflon PFA
950HP+

290.8

474.3

506.3

6.3

21%

Teflon PFA 450HP

305.5

485.8

536.5

4.2

21%

PFA-051414-E

306.1 & 317.3

470.7

531.0

4.4

23%

PFA-061314-E

293.5

433.6

505.0

6.4

22%

PFA-010815-E

271.4

382.2

495.3

N/A

N/A

PFA-062816-M

316.54

505.8

560.0

0.8

23%

PFA-072616-M

305.2

498.0

547.6

1.1

22%

PFA-072616-P

312.8

506.3

564.7

2.2

33%

PFA-081416-P

311.3

508.4

562.2

2.3

25%

PFA-081416-M

281.1

483.8

525.1

1.84

33%

PFA-092716-P

290.3 & 308.1

450.7

528.3

7.2

36%

The typical polymerization (Scheme 2.5) involved pre-loading the PAVE monomer,
along with the appropriate solvent, into either a 100-mL or 600-mL autoclave via a simple
pour method or vacuum transfer techniques depending upon the properties of the monomer
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used. A subsequent freeze-pump-thaw cycle was used to ensure minimal to no atmospheric
gases were present to
adversely affect polymerization. The autoclave would then be warmed to room temperature
and taken to the TFE Polymerization Facility where it was connected to the vacuum system
and standard operating procedures (SOPs, Appendix A) were followed to leak check all
connections and de-oxygenate the system. Heating and stirring were set at the required
levels, and TFE was charged into the autoclave at the required pressure. A solution of
bis(pentafluoropropionyl) peroxide (3P) radical initiator was then slugged into the
autoclave via an ISCO high-pressure, precision syringe pump in order to build up a radical
flux, and then the addition of the initiator solution was set to a desired constant flow so as
to keep a constant radical flux. After a required amount of reaction time and/or volume of
TFE had been charged into the reactor, the flow of TFE was stopped, the inlet port to the
reactor was closed, and the reactor was then vented. TFE remaining in the system was
collected in the storage vessel, and the reactor was removed from the system for recovery
of the polymer.
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Scheme 2.5. Polymerization of TFE and Perfluorovinyl Ethers.
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The method used for the recovery of the polymer was dependent on the type of
polymerization. For solution polymerizations, the reaction mixture was poured from the
reactor into a resin kettle where the solvent perfluorohexane, and potentially any unreacted
trifluorovinyl ether, was vacuum transferred out of the resin kettle leaving only the polymer
resin behind. The more or less solid polymer resin was then transferred into a vacuum oven
and was left under vacuum at ca. 100 °C until the polymer was completely dry. For aqueous
emulsion polymerizations, the reaction mixture often appeared as if no polymer had been
formed. It was not until later in my research that I received the tip that this is often the
case.24 For this reason, the reaction mixtures from aqueous emulsion polymerizations were
frozen to liquid nitrogen temperatures in order that the polymer could coagulate and be
removed from the surfactant micelles. As the solution was cooled, the polymer crashed out
of the water and was subsequently filtered and rinsed several times with deionized water.
The polymer was then dried scrupulously in a vacuum oven 100 °C and set aside for further
characterization.
A few factors that were assessed for development of specific polymerization recipes
were solvent, temperature, and TFE pressure. The preferred solvent used was
perfluorohexane (FC-72) due to the solubility of both the vinyl ethers and TFE in this
solvent as well as its relatively low volatility. Although aqueous emulsion polymerizations
techniques are preferred in industry, I preferred solution polymerization techniques due to
not having to worry about bioaccumulating surfactants, chain transfer agents, buffers, or
lengthier polymerization times. It was found when using the solvent HFC-4310
(CF3CF2CFHCHFCF3) the solubility of TFE was much higher than when using FC-72
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(perfluorohexanes) solvent, and in turn the molar ratio of TFE to vinyl ether was much
higher and resulted in much higher TFE incorporation in the copolymer than was desired.
This turned out to also be the case in other projects as well. To alleviate this concern

FC-

72 was used with its lower solubility of TFE as well as lower TFE pressure for shorter
periods of polymerization time.

2.4.3. Characterization of Benchmark PFAs
Upon recovery of the prepared PFAs, a battery of analyses was performed to confirm
the identity of the polymers as well as quantifying the amount of vinyl ether incorporated.
Standard methods of thermal gravimetric analysis (TGA) as well as differential scanning
calorimetry (DSC) were used for thermal analysis and FTIR was used for both qualitative
and quantitative proof of incorporation of the vinyl ether monomer.
Thermal gravimetric analysis was performed on a TA Q500 with a heating profile of
10 °C/min from 25 °C to 600 °C under a stream of nitrogen (see Figure 2.8). It was
determined that the onset of degradation occurred at 3% weight loss and that a maximum
degradation occurred at approximately 50% weight loss as noted in Table 2.1. This
information was then used to compare the PFA samples synthesized at Clemson University
to PTFE as well as a set of donated standards. It was found that the typical decompositions
were similar to the standards without significant post polymerization processing such as
fluorination of end groups, and therefore they could be considered thermally stable for
continuous use in high temperature applications. This data was also used to find the range
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of temperature necessary for running DSC as decomposition of the polymer inside the DSC
cell is not desired.
Differential scanning calorimetry was performed on a TA Discovery Series DSC using
TA Trios software for data collection. Samples on the scale of 5-10 milligrams were used
in aluminum sample pans with an empty aluminum sample pan as a reference. Theses
samples were subjected to 2 cycles starting at room temperature with a cooling cycle to 50 °C followed by a heating cycle to 350 °C and then a cooling cycle returning to -50 °C.
From this data one can obtain the polymer sample’s melting point, recrystallization point,
as
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Figure 2.8. TGA thermogram for Benchmark PFAs, Commercial PFAs, and PTFE.
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In the beginning, the polymers synthesized at Clemson University were found to be
more heterogeneous with sections of more crystalline, PTFE-like segments causing the
melting peak to produce a shoulder and peak shape rather than the desired uniform peak
shape (see Figure 2.9) This was attributed to a learning curve of polymerization techniques
and with more trials and learning better techniques, such as controlling initial monomer
ratios and polymerization times, this trend began to disappear and a more uniform melting
and recrystallization were observed.

0.75

(W/g)

0.50

0.25

Heat Flow (Normalized)

0.00

-0.25

-0.50

-0.75

324.796 °C
-1.00
-50

Exo Up

0

50

150

100

Temperature

200

250

300

350

 (°C)

Figure 2.9. DSC thermogram for PFA-081416-PPVE, a copolymer of TFE and PPVE.
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Production of PFA films by melt pressing was carried out using a Carver Inc. twopost heated manual hydraulic press. Samples of PFA resin were placed between two platens
each covered by Kapton® film sandwiching a die of varying thicknesses and sized
openings. Standard film preparation involved a 20-50-micron thick die with either a one or
two square inch opening. Because PFA polymers cannot be analyzed using typical solution
NMR techniques, and Clemson’s lack of a solid-state NMR, these films were then used for
transmission FTIR to quantify the incorporation of perfluoroalkyl vinyl ether in each PFA
synthesized. A relationship between the absorbance peaks at about 993 cm-1 to 1088 cm-1
and 2353 cm-1 allows for the determination of percent perfluoroalkyl vinyl ether by weight
in the polymer via the equation as shown below in Figure 2.10.25,26 It was found that,
depending upon the vinyl ether being used, the peak corresponding to the C-O-C
bending/stretching mode could be found in the region spanning 990 to 1090 cm-1 for PPVE
and PEVE, respectively. It was also noticed with the shorter side chain that the peak shifts
towards longer wavenumbers with the –OCF3 peaks being hidden under the 1150 cm-1 and
1200 cm-1 CF stretches.
One typically develops a calibration curve utilizing known percent by weight of vinyl
ether incorporations determined by solid-state 19F NMR spectroscopy; however, I was able
to apply this method to the donated PFA standards. Given that the determined vinyl ether
incorporation found using this method was very close to the specifications given, it was
assumed that the method could then be used to quantify the percent by weight PAVE
incorporated in the polymers synthesized at Clemson University.
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤 % =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎 993 𝑐𝑐𝑐𝑐−1
𝑥𝑥 0.95
𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎 2353 𝑐𝑐𝑐𝑐−1

Figure 2.10. FTIR, in absorbance mode, of benchmark and commercial PFA films for determination of vinyl ether wt %
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Additinally, crystallinity of the commercial samples as well as the benchmark
polymers synthesized at Clemson was studied by powder X-ray diffraction. Sample
diffraction patterns as well as integrated peaks were analyzed to determine polymer
crystallinity of both resins as well as pressed films. These diffractograms can be seen in
Appendix B Figures B.16-20 as well as their integrated peaks in tabular form in Tables
B.1-5 respectivley. As was expected, lower crystallinities were seen for polymers
containing more PAVE repeat units.

2.5. Conclusions
Through the manufacture and utilization of the unique barricade facility at Clemson
University we are able to prepare potassium pentafluoropropionate from the neutralization
of

pentafluoropropionic

acid

and

potassium

hydroxide

as

the

preferred

pentafluoropropionate salt for pyrolysis for the preparation of TFE/CO2 mixtures in high
yield and purity. This includes increased overall yields of TFE and CO2, often 98%+ yield,
a more even control of heat and mass transfer during the pyrolysis via a slower heating
profile, the capture of pyrolysis gases at low temperature under high vacuum, and the
identification of all byproducts for a total mass balance. The use of both the barricade
facility and the tetrafluoroethylene produced onsite led to the ability to synthesize
commercial grade fluoropolymers for further modification and study, which will be
presented in the remaining Chapters of this Dissertation. I would like to acknowledge all
parties responsible for the development of this work including Daniel A. Hercules, Todd
S. Sayler, Kevin T. Tice, Shane M. Williams, Lauren E. Lowery, Michael E. Brady, Robert
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B. Coward, Justin A. Murphy, Trevyn A. Hey, Anthony R. Scavuzzo, Lucy M. Rummler,
Emory G. Burns., Andrej V. Matsnev, Richard E. Fernandez, and Joseph S. Thrasher.
Withough the involvement of each of these indivdiuals this work could not have been
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2.6. Experimental
Disclaimer: The author makes no warranties, expressed or implied, and assumes no
liability in connection with any use of the information presented in this Chapter. No one
but persons having technical skill in this area of fluorine chemistry should attempt or repeat
anything presented herein, and then at their own discretion and risk.

2.6.1. Materials and Characterization
The following reagents were purchased from the vendors indicated and used as
received:

CF3CF2C(O)OH (SynQuest Labs or Matrix Scientific), technical grade

potassium hydroxide (90+%) was purchased via a variety of retailers. Perfluoromethyl and
perfluoro-n-propyl vinyl ethers (SynQuest Labs), Perfluoroethyl vinyl ether and
polytetrafluoroethylene taken from laboratory stock, and samples of Teflon PFA 450HP
and 950HP+ were gifted by Dr. Chris Junk, a then DuPont employee. 1H-, 19F-, and 13CNMR spectra were recorded using a JEOL 300-MHz spectrometer. Gaseous samples were
loaded into a Young tube, in both the gaseous state and compressed gas states, and normal
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techniques for solid and liquid samples were used for sample preparation. Infrared spectra
were recorded using a Thermo Scientific Nicolet iS5 spectrophotometer utilizing either the
iD1 Transmission or iD5 ATR accessories, depending on the physical state of the sample.
GC-mass spectra were obtained using a Shimadzu GCMS-QP5000 with a 30 m, 0.25μm
film Rxi-5HT column. Thermogravimetric analyses (TGAs) were run on a TA Instruments
Model Q500 under a stream of dry nitrogen. When applicable, samples were further dried
on the instrument under a stream of nitrogen at 100 °C prior to acquiring the data. Energy
dispersive X-ray analysis (EDAX) was performed on a Hitachi S3400 SEM / Oxford XMax EDX using a beam energy of 10 kV. Solid samples were prepared on the sample
holder held with copper double-sided adhesive tape. Benchmark PFA films, as well as
commercial samples, were melt pressed into 1” x 1” and 2” x 2” films using a Carver
Model-CH twelve (12) ton manual hydraulic press heated to 325 °C under a pressure of
approximately 5 tons. Polymer samples were evaluated, for crystallinity as both the resin and
pressed films, by powder X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer.
Samples were analyzed in Bragg-Brentano geometry using Cu Kα (λ = 1.5406 Å) radiation.
Data was collected in 0.02-degree increments from 5-60 degrees in 2-theta at a rate of one
degree per minute.

2.6.2. Preparation of CF3CF2C(O)OK
An aqueous solution of 56.0 g (1 mole) of technical grade potassium hydroxide, 90%
KOH, in 300.0 mL deionized, deoxygenated water was prepared in a 1-L multi-necked,
round-bottomed flask and was cooled using an iced water bath. Using a 250-mL addition
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funnel, 164.0 g (1 mol) of pentafluoropropionic acid, CF3CF2C(O)OH, was added drop
wise to the KOH solution with stirring. The acid was added slowly to avoid excess warming
that may evaporate the acid upon neutralization. To assure that all KOH had been
neutralized, a small excess of acid was added until the solution was slightly acidic. The
resulting potassium pentafluoropropionate salt solution then underwent bulk water removal
using a Buchi R-114 Rotovapor. After removal of bulk water, the salt was dried between
80 °C and 100 °C using dynamic vacuum of 20-30 mTorr for 24 h or until weight constant.
A yield of 98% was achieved, and the identity of the product was confirmed by 19F NMR
(282 MHz, D2O, CFCl3) δ -83.18 (s, 3F), δ -120.92 (s, 2F); 13C NMR (75 MHz, D2O, TMS)
δ 107.85 (tq, J1 = 262.1 Hz, J2 = 37.7 Hz, 1C), δ 118.46 (qt, J1 = 284.7 Hz, J2 = 35.1 Hz,
1C), δ 163.51 (t, J2 = 24.5 Hz, 1C). FTIR-ATR: (C=O) 1674 (m), 1408 (w), 1322 (w), C-F
1204 (m), (C-O) 1150 (s), (C-F) 1026 (m) cm 1.

2.6.3. Preparation of TFE-CO2 Mixture
Once completely dry, 202.0 g (1 mol) of the potassium pentafluoropropionate salt was
added to each of two (2) 1-L long necked, round-bottomed flasks. These flasks were then
connected to the inlet port of a 1-gal Hoke brand stainless steel cylinder that had been
converted into a trap. The outlet port of the cylinder was connected to that vacuum. All
stopcocks and valves were opened to evacuate the whole system to level of 20-30 mTorr
followed by the cooling of the trap cylinder to -196 °C. The flasks were then heated slowly
at 1 °C/min until reaching 300 °C and a slight increase in the vacuum pressure gauge to
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55-60 mTorr was observed upon decomposition of salt. A discolored ring can also be
observed decreasing in diameter throughout the reaction as the salts decompose. The
heating process was stopped when the pressure in the vacuum gauge returned to initial
vacuum pressure and discolored rings are no longer shrinking. The heating mantles were
then removed from under the flasks, leaving the flasks to return to room temperature, again
under dynamic vacuum. Typical yields of greater than 96% were confirmed by 19F NMR
(282 MHz, CFCl3) δ -137.36 (4F, s); FTIR: (O=C=O) 2351 (m), 1333 (vs), (C-F) 1194 (vs)
cm-1.

2.6.4. Preparation of TFE
An amount measuring 3,276 g (54.8 mol) of technical grade potassium hydroxide was
dissolved in 4,000 g (222 mol) of deionized and deoxygenated water and was loaded into
a 5-L Jerry can, fitted with Swagelok parts, with extreme care to keep oxygen at a low a
level as possible. This solution was loaded using Schlenk-line techniques into the 2-gal
autoclave, which was then cooled to approximately 5 °C with internal cooling coils. A
mixture of TFE/CO2 (up to 1500 g) is slowly passed through the gas handling system into
the autoclave via a dip leg and sparging stone at a constant pressure of 20 psi keeping the
flow rate of the mixture below 0.3500 standard liters per minutes (SLM), as determined
with a mass flow meter. Upon exiting the autoclave, the scrubbed TFE is dried by passing
through a water filter and a calcium sulfate trap before being bubbled through the dip leg
of a 300-mL stainless steel cylinder made into a trap containing 100 g of D-limonene. The
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now stabilized TFE then exits the bubbler and is collected in a 1-gallon Hoke® cylinder
made into a trap, pre-treated with 50 g of D-limonene, which was cooled to -80 ºC with a
dry ice/isopropanol bath. As the scrubbing process proceeds an increase in pressure up to
80 psi and flow rate up to 1.00 SLM was gradually achieved and maintained until the
backpressure of the source cylinder decreased to 20 psi indicating near completion of the
reaction. The molar yield of TFE is 97%. Removal of CO2 is confirmed by FTIR: 1333
(vs), (C-F) 1194 (vs) cm-1, and lack of the previously reported band (O=C=O) 2351
(m) cm 1.

2.6.5. Preparation of Bis-Perfluoropropionyl Peroxide (3P)
Following an original patent,27 27.4 g of pentafluoropropionyl chloride (bp 14 °C) was
vacuum transferred to a Schlenk flask (Schlenk flask separated by a Kontes joint to a 1-L
round-bottomed flask). To the 1-L round-bottomed side of the apparatus was added
100.0 g of deionized, deoxygenated water that was then cooled to 0 °C using an ice bath.
A nitrogen purge was used to retain the oxygen free environment. To the freshly prepared
water was added 7.8368 g of sodium peroxide over a 20-minute period with stirring. Then
500 mL of deoxygenated perfluorohexane was added to the peroxide/water solution before
cooling all contents to -5 °C with a salt water-ice bath. The apparatus was then sealed and
inverted. The stopcock separating the two sides was opened allowing the
perfluoropropionyl chloride to flow into the round-bottomed side of the flask followed by
several minutes of forceful shaking. The mixture was then transferred to a separatory
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funnel where the lower perfluorohexane layer was then removed into a stainless steel
storage vessel. The freshly prepared initiator was then stored in an ultra-low temperature
freezer at -80 °C under 40 psig of nitrogen pressure, again to retain the oxygen free
environment. Using the titration method of peroxides (Section 2.6.6), the initiator was
found to have a concentration of 0.106 M, producing the free radical initiator 3P in 71%
yield.

2.6.6. Titration of Bis-Perfluoropropionyl Peroxide Initiator (3P)
Using the peroxide titration method reported in U.S. Patent 2,792,423,28 25 mL of
glacial acetic acid and several dry ice pellets were placed in a loosely stoppered 250-mL
Erlenmeyer flask. To this was added a solution of 3.0 g of potassium iodide, KI, in 5.0 mL
of deionized, deoxygenated water. Using a graduated pipette, 2.5 mL of the previously
prepared 3P solution was added to the KI/water solution. This was left to stir at room
temperature in the still lightly sealed flask for 30 minutes producing a deep orange color.
After 30 minutes, 100 mL of deionized, deoxygenated water was added. The orange color
of the solution was then titrated until colorless using a 0.10 M sodium thiosulfate (Na2S2O3)
solution to find the concentration of the initiator solution. Titrations were performed in
triplicate to ensure high precision and accuracy.5
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2.6.7. Solution Polymerization of TFE and PEVE
To a 600-mL stainless steel autoclave was added a desired amount of perfluoroethyl
vinyl ether (PEVE) using vacuum line techniques. The autoclave valve was then closed
and the autoclave was brought back to room temperature. The autoclave was then placed
on the gas handling system in the new polymerization facility, and the system was leak
checked and any oxygen (air) removed via backfill with nitrogen and evacuation. Using an
ISCO pump, 350 mL of degasified perfluorohexane (FC-72) was added through the
initiator line. (The perfluorohexane may also be loaded prior to the PAVE and degassed as
well.) The autoclave was then brought to 50 °C and agitation was set to 500 rotations per
minute (RPM). TFE was then charged into to the autoclave to a total pressure ranging from
50-150 psig followed by 0.74 g of a 0.1 M 3P solution. TFE was continuously added for
30 minutes, and then the feed was shut off. After the polymerization, the remaining gaseous
contents were removed from the autoclave. The autoclave was then removed from the gas
handling system, and the polymer solution was placed in a resin kettle where the
perfluorohexane, and any unreacted PEVE was removed. The remaining polymer was then
dried at 200 °C under less than 1 Torr for 1 hour. Characterization by FTIR-ATR,
transmission FTIR, TGA, and DSC allowed for the confirmation of the incorporation of
PEVE into the PTFE backbone, thereby confirming the synthesis of a PFA. This synthetic
method was also applied when using other perfluoroalkyl vinyl ethers such as PMVE and
PPVE.
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2.6.8. Aqueous Emulsion Polymerization of TFE and PEVE
To a 600-mL stainless steel autoclave was added 1.0 gram of ammonium
perfluorooctanoic acid (PFOA) surfactant before being closed and evacuated. Then a
desired amount of perfluoroethyl vinyl ether (PEVE) was added using vacuum line
techniques. The autoclave was then closed and brought to room temperature. Upon
reaching room temperature, the autoclave was placed on the gas handling system in the
new polymerization facility and the system was leak checked and oxygen (air) removed
via backfill with nitrogen and evacuation. Using an ISCO pump, 350 mL of deionized,
deoxygenated water was loaded into the autoclave, which was then raised in temperature
to 83 °C and agitation was set to 500 rotations per minute (RPM). TFE was then added to
the autoclave at 240 psig and 10.1 mL of a 1% K2S2O8 initiator solution was charged to the
autoclave. TFE was continuously added for 1 hour at which point the feed was shut off.
The reaction was then left to continue for 30 more minutes. After the polymerization, the
remaining gaseous contents were removed from the autoclave. The autoclave was then
removed from the gas handling system, and the polymer solution was removed from the
autoclave. Upon inspection, it appeared that no reaction had occurred as the solution was
clear and colorless. This solution was frozen using liquid nitrogen to coagulate the polymer
and remove surfactant. The polymer was then filtered and dried at 100 °C under less than
1 Torr for 1 hour. Characterization by FTIR-ATR, transmission FTIR, TGA, and DSC
again allowed for the confirmation of the incorporation of PEVE into the PTFE backbone
thereby confirming the synthesis of a PFA. This synthetic method was also applied when
using other perfluoroalkyl vinyl ethers such as PMVE and PPVE.
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2.6.9. TGA Measurements of Fluoropolymer Resins
Thermal gravimetric analyses were carried out on a TA Instruments Q500 TGA. Small
samples of each polymer, on the scale of 20-30 mg, were loaded onto a platinum sample
pan and were heated under a 40 mL/min flow of nitrogen at 10 °C/min to 100 °C. This
isotherm was held for 10 minutes. From 100 °C the sample was heated again at a rate of
10 °C/min to 700 °C. The data was recorded, and the results were processed using TA
Universal Analysis software.

2.6.10. DSC Measurements of Fluoropolymer Resins
Differential scanning calorimetry was carried out on a TA Instruments Discovery
Series DSC. Small samples on the scale of 3-7 mg were loaded into an aluminum DSC pan.
Once placed in the DSC oven, the polymer sample was cooled to -50 °C. The sample data
were then recorded as the sample was warmed from -50 °C to 350 °C at 10 °C/minute.
Upon reaching 350 °C the oven began cooling the sample back to -50 °C. This process was
repeated for a total of 2 cycles per polymer sample. The results were processed using TA
TRIOS software.
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2.6.11. ATR Measurements of Fluoropolymer Resins
Attenuated total reflectance spectroscopy was carried out on a Thermo Scientific
Nicolet iS5 iD5 ATR spectrometer. A small sample of each polymer resin was placed on
the diamond crystal where pressure was applied by the swivel pressure tower. A total of
100 scans with 0.8 cm-1 resolution was taken, and thereafter the spectra can be reported in
either transmittance or absorbance mode. Results were processed using Thermo
Scientific’s OMNIC software.

2.6.12. Melt Pressing Films of Fluoropolymers
Using a Carver Model CH Number 4386 hydraulic heat press films of many sizes and
thicknesses have be prepared. For a 4-sq. in. film with a thickness of 50 microns, 0.5 grams
of PFA polymer are placed on a stainless steel platen that has been covered with a film of
Kapton® sulfonamide polymer. With a stainless steel mold die in place and a second platen
covering the polymer, the setup is placed on the pre-warmed heat press at 325 °C. The
hydraulic press in then closed just enough so that contact is made between the top platen
and the top heat source. The temperature is then monitored until 325 °C is maintained at
which point the setup is subjected to 5 metric tons of pressure for 10 minutes before the
temperature is lowered to 250 °C. The pressure is then relieved, and the setup is removed
and left to cool. Once cool to the touch, the platens are removed, and the polymer film is
recovered and trimmed to the desired size as needed.
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2.6.13. FTIR Measurements of Fluoropolymer Films
Transmission infrared spectroscopy was carried out on a Thermo Scientific Nicolet
iS5 iD1 transmission spectrometer. A 20-50-micron film sample of each polymer was
placed in the path of the IR beam using a polymer film holder. A total of 100 scans with
0.8 cm-1 resolution were taken, and thereafter the spectra can be reported in either
transmittance or absorbance mode. Results were studied using Thermo Scientific’s
OMNIC software.
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Chapter 3
Preparation of a Novel SF5-containing Trifluorovinyl Ether and Its
Copolymerization with TFE
3.1. Introduction
As can be seen by the vast number of vinyl ethers reviewed in Chapter 1,
perfluoroalkoxy copolymers with tetrafluoroethylene are a prominent area of research for
those with the knowledge, skills, and facilities to perform such work. Since our research
group represents one of the few academic laboratories that can safely work with TFE, and
benchmark PFA polymers were shown to be successfully polymerized in Chapter 2, the
logical path forward was to pursue new perfluoroalkoxy copolymers. In this Chapter, I
present the synthesis of a new, fully fluorinated, SF5-substituted vinyl ether (1) for copolymerization with TFE using the previously reported pentafluorosulfanyl difluoroacetyl
fluoride (4) as a starting material.1 Though the synthesis of a pentafluorosulfanylsubstituted vinyl ether has been reported,2 the existence of a stable perfluorinated vinyl
ether containing the pentafluorosulfanyl functionality has not yet been reported. Using
methods known in the literature,1,3-7 a perfluorinated SF5-substituted vinyl ether having the
formula SF5CF2CF2OCF=CF2 has been prepared and copolymerized with TFE.
The proposal of a fully fluorinated SF5-subtstituted vinyl ether was first reported by
Dr. DesMarteau and coworkers in an Angewandte Chemie paper in 2007.8 In this work, the
addition of pentafluorosulfanyl hypofluorite to 1,2-dichloro-1,2-difluoroethylene followed
by dechlorination yielded the desired pentafluorosulfanyl-substituted vinyl ether; however,
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this vinyl ether was not stable and quickly rearranged via a radical mechanism to
pentafluorosulfanyl difluoroacetyl fluoride (4) at 22 °C as seen in Scheme 3.1. Though this
was not the aim of DesMarteau’s work, nor is it the most practical pathway to obtain
pentafluorosulfanyl difluoroacetyl fluoride (4), this work still has a place in the research as
it provided the initial proposal for including more stable CF2 spacers between the sulfuroxygen bond.
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Scheme 3.1. Rearrangement of SF5VE to SF5CF2C(O)F (4).8

It is well known that fluorinated compounds are prominent in our daily lives with
approximately 30% of agrochemicals and 25% of drugs having at least one fluorine
atom.9-11 Among all of these fluorine-containing compounds, those containing the
pentafluorosulfanyl (SF5) group occupy a special place having been labeled as the
“substituent of the future.” Due to its high electronegativity, substantial steric effect,
significant hydrophobicity, and high chemical resistance it imparts unique properties to
organic compounds and enhances their biological activities.12-13 Although the first
publications regarding SF5-containing compounds appeared in the early 1950s and interest
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is continuing to grow, this field is still in an embryonic stage, mainly due to lack of methods
for the simple introduction of SF5-containing groups into various organic molecules.
In more recent history Dr. Thrasher’s research group has been able to introduce the
SF5 moiety to more organic molecules using pentafluorosulfanyldifluoroacetic acid
[SF5CF2C(O)OH] (2).1 History has shown that this building block was successfully
synthesized by electrochemical methods;7 however, yields were extremely low. Thanks to
the work accomplished by Dr. Matsnev and coworkers, three novel synthetic pathways
have been developed to more easily scale up and provide yields of the desired carboxylic
acid SF5CF2C(O)OH (2). One of the aforementioned pathways to this compound involved
the radical addition of pentafluorosulfanyl bromide (SF5Br) to chlorotrifluoroethylene
yielding 1-bromo-1-chloro-1,2,2-trifluoro-2-pentafluorosulfanyl ethane. When reacted
with oleum at room temperature for 48 hours, 1-bromo-1-chloro-1,2,2-trifluoro-2pentafluorosulfanyl ethane is hydrolyzed to the corresponding perfluoro acetic acid
(Scheme 3.2). A secondary method to afford the desired pentafluorosulfanyldifluoroacetic
acid involved the treatment of hexafluoropropylene oxide (HFPO) with an alcohol to afford
a more stable carboxylic acid, whereupon the acid was neutralized by a metal hydroxide in
methanol. Pyrolysis of the subsequent salt yielded a trifluorovinyl ether, which was then
reacted with SF5Cl in the presence of a radical initiator such as benzoyl peroxide. The
product

of

this

reaction

was

then

hydrolyzed

with

oleum

to

yield

the

pentafluorosulfanyldifluoroacetic acid in about 83% yield when phenol was used as the
alcohol as seen in Scheme 3.3, where R = C6H5.
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Scheme 3.2. Novel synthetic route to SF5CF2C(O)OH using SF5Br and CTFE.1
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Scheme 3.3. Novel Synthetic route to SF5CF2C(O)OH using HFPO and SF5Cl.1

In their third route to the desired pentafluorosulfanyldifluoroacetic acid, instead of
using HFPO as a means of obtaining a trifluorovinyl ether, a process involving the
treatment of PhOK with a 50:50 mixture of TFE:CO2 was used to yield a metal carboxylate
salt that was pyrolyzed to obtain the vinyl ether in 76% yield. This vinyl ether, too, was
reacted in the same manner as the second reaction shown in Scheme 3.3 and again
pentafluorosulfanyldifluoroacetic acid (2) was obtained in 83% yield as shown in
Scheme 3.4

below.

Using

these

methods

to

scale

the

production

of

the

pentafluorosulfanyldifluoroacetic acid, Dr. Thrasher’s research group has since been able
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to incorporate the SF5CF2 functional group into a variety of organic molecules as a way of
investigating new chemistries and compounds of practical interest.
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Scheme 3.4. Novel Synthetic route to SF5CF2C(O)OH using TFE/CO2 and SF5Cl.1

The work herein builds upon the earlier work of Dr. DesMarteau towards an SF5containing trifluorovinyl ether utilizing the pentafluorosulfanyl difluoroacetic acid
prepared by Dr. Matsnev’s various methods. Herein, a family of new compounds were
prepared towards the desired SF5CF2CF2OCF=CF2 vinyl ether (1) and perfluoroalkoxy
copolymers with tetrafluoroethylene were successfully obtained.

3.2. Results and Discussion
3.2.1. Synthesis of 1-pentafluorosulfanyl-1,1,2,2-tetrafluoroethyl trifluorovinyl ether,
SF5CF2CF2OCF=CF2 (1).
As mentioned previously, the desire to synthesize a stable, fully fluorinated,
trifluorovinyl ether bearing a pentafluorosulfanyl end group has been explored by a number
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of individuals. However, the thermal stability of such a compound for use in typical
polymerization conditions has eluded this community. It was shown, in Dr. DesMarteau’s
efforts, that the sulfur-oxygen bond is not stable and thus needs a spacer of at least one CF2
group. Utilizing the pentafluorosulfanyldifluoroacetic acid (2) prepared by Dr. Matsnev’s
various methods, conversion to the acyl fluoride was accomplished by reaction with
phosphorus pentachloride (PCl5) at room temperature for 48 hours followed by an increase
in temperature for two hours to dehydrate the acid to the acyl chloride (3). Recovery and
purification of the acyl chloride by trap-to-trap distillation was followed by examination
by both fluorine-19(Appendix C, Figure C.1) and phosphorus-31 NMR spectroscopy
(peaks in 31P NMR spectrum indicated too fast of a distillation). This acyl chloride was
then reacted with potassium fluoride (KF) for halogen exchange yielding the desired acyl
fluoride in about 90% as seen in Scheme 3.5. It is believed though that this halogen
exchange reaction may be limited by an equilibrium, as the acyl chloride was never fully
converted to the acyl fluoride in more than 90% yield despite increasing the ratio of metal
fluoride to acyl chloride.

SF5 CF2C(O)OH
2

PCl5

60 °C,
°C, 55 h
then 60
RT,48 h then
RT,48
-POCl3
-POCl
-HCl
-HCl

SF5 CF2C(O)Cl
3

KF

-KCl
-KCl

94%

Scheme 3.5. Conversion of the carboxylic acid to the acyl fluoride.
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SF5CF2C(O)F
4
90%

It is well known in the literature14-18 that the synthesis of perfluorinated trifluorovinyl
ethers of the desired nature can be accomplished by reacting a perfluoroacyl fluoride with
a metal fluoride and subsequently reacting the alkoxide formed, in excess, with HFPO for
a ring-opening reaction. When rearranged, the product of this reaction is again a
perfluoroacyl fluoride, however, extended by one HFPO unit as seen in Scheme 3.6. This
product is then hydrolyzed and neutralized with two (2) molar equivalents of a metal
hydroxide to yield a carboxylate salt that can then undergo decarboxylation to yield the
desired trifluorovinyl ether, carbon dioxide, and a metal fluoride as shown in Scheme 3.7.
O
MF

RfC(O)F

-

RfCF2O- M++

HFPO

FF
C

Rf CF
CF
CF22O
OCF
R
CF3
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Scheme 3.6. General reaction mechanism towards a trifluorovinyl ether.
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Scheme 3.7. Synthesis of a perfluorinated trifluorovinyl ether.

Following this general synthetic scheme, pentafluorosulfanyl difluoroacetyl
fluoride was reacted with a strong alkali metal fluoride, preferably CsF, in diglyme at low
temperatures (-78 °C) for approximately one (1) hour to generate the corresponding
alkoxide. This newly formed alkoxide then induces a nucleophilic attack of the epoxide
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ring of hexafluoropropylene oxide (HFPO). In using a slight excess of the acyl fluoride and
subsequent alkoxide, control of this addition to yield predominating the 1:1 product, so as
not to oligomerize or polymerize HFPO, was accomplished as seen in Scheme 3.8. This
reaction was allowed to stir as the temperature rose from -78 °C to room temperature
overnight, whereupon the volatile reactants and products were removed from the diglyme
solvent and purified by trap-to-trap distillation. The successful extension of this acyl
fluoride can be confirmed by fluorine-19 NMR spectroscopy, as the acyl fluoride peak
shifts upfield from approximately +18.0 ppm to +23.8 ppm along with appropriate
integrations for the rest of the compound as can be seen in Figures C.5. and C.6.
respectively.

Scheme 3.8. Synthesis of 2,3,3,3-tetrafluoro-2-[1,1,2,2-tetrafluoro-1-(pentafluorosulfanyl)
ethoxy]-propionyl fluoride (5).

The newly formed acyl fluoride 5 was then reacted with two (2) molar equivalents
of an aqueous potassium hydroxide solution to form the carboxylic acid 6 and subsequent
potassium carboxylate salt 7 (potassium hydroxide preference was taken from previous
experience with TFE). This solution was then dried scrupulously first by rotoevaporation
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for bulk water removal and then in a vacuum oven set at 100 °C for several days taking
care not to overheat and begin premature decarboxylation. Decarboxylation of this newly
formed potassium carboxylate salt 7 was first carried out using thermogravimetric analysis
(see Figure 3.1) so as to understand the thermal decomposition profile of the salt. It was
seen that the onset of decomposition occurred at about 200 °C and maximum
decomposition occurred at approximately 214 °C with complete decomposition of the salt
by 230 °C. The remaining solids equated to 23.7% of the original weight, which can be
accounted for two (2) molar equivalents of KF as expected.
The TGA data was then used to assist in the thermal decomposition of the bulk salt.
Because the pyrolytic decarboxylation was carried out under dynamic vacuum, the
evolution of gases occurred at slightly lower temperatures than were seen during the TGA
study, so care was used when drying further samples of salt 7 under vacuum.
4
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213.86°C
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Figure 3.1. TGA thermogram of SF5CF2CF2OCF(CF3)C(O)OK.
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Using a 300-mL stainless-steel Hoke cylinder (converted to a trap cylinder) frozen
at -196 °C with liquid nitrogen, the potassium salt was pyrolyzed under dynamic vacuum
by heating the salts in a round-bottomed Schlenk flask from a temperature of 100 to 300 °C
at 1 °C/min. The pyrolysis (Scheme 3.9) yielded the desired trifluorovinyl ether and carbon
dioxide, which were collected in this trap and were easily separated via trap-to-trap
distillation.

Scheme 3.9. Synthetic scheme for synthesis of SF5CF2CF2OCF=CF2 (1).

The successful synthesis of the new pentafluorosulfanyl-containing trifluorovinyl
ether (1) was confirmed by fluorine-19 NMR spectroscopy (Figure C.9). The characteristic
AB4 pattern of the axial and four (4) equatorial fluorine atoms of the pentafluorosulfanyl
group was clear as an asymmetric nonet (second-order effects) and doublet of multiplets
(second-order effects) at 60.8 ppm and 42.1 ppm, respectively, with a J-coupling constant
of 144 Hz. The resonances for the CF2 groups were seen at -86.6 and -100.1 ppm,
respectively, as well as the trifluorovinyl fluorine atoms at -117.1, -124.4, -138.1 ppm,
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respectively. High resolution mass spectrometry was also performed, at The University of
Alabama (Tuscaloosa, AL) giving further confirmation of the successful preparation of
SF5CF2CF2OCF=CF2. The mass calculated (323.9478 Da) was only 1.3 mDa greater than
the mass found (323.9465 Da)(Figure C.12.).

3.2.2. Proposed synthetic approach to SF5CF2CF2OCF=CF2 (1).
As an alternative synthetic approach, I had proposed the use of hypofluorite
chemistry in a similar manner to the work of Dr. DesMarteau and coworkers, where the
synthesis of pentafluorosulfanyl trifluorovinyl ether,8 perfluoro-t-butyl trifluorovinyl
ether,19 and N,N-bis(trifluoromethyl)amino difluoromethylene trifluorovinyl ether20 were
accomplished through addition of the corresponding hypofluorite to 1,2-dichloro-1,2difluoroethylene and subsequent dehalogenation. A great number of references now exists
for the study and use of perfluorinated hypofluorites.21-24 This work was first explored by
Dr. George Cady, Ph.D. advisor to Dr. DesMarteau, where in 1959 Cady had listed only
eleven (11) compounds, known or claimed, containing oxygen-fluorine bonds, eight (8) of
which had been prepared by Cady and his coworkers. A pivotal finding of this work was
the synthesis of trifluoromethyl hypofluorite (CF3OF), whose high stability and energetic
nature opened a wide array of research areas, including potential high-energy oxidizers for
rocket propulsion.25-26 It was later found that CF3OF could be added to alkenes, and the
preparation of fluorinated vinyl ethers via hypofluorite was commercially developed by
Ausimont.25

109

Using the pentafluorosulfanyl difluoroacetyl fluoride (4) as a starting material, I
proposed to directly fluorinate this acetyl fluoride using elemental fluorine and a CsF
catalyst to synthesize the desired hypofluorite SF5CF2CF2OF. Theoretically, the addition
of this hypofluorite to 1,2-dichloro-1,2-difluoroethylene (E/Z mixture) at low temperatures
followed by dechlorination should yield the desired SF5-substitued trifluorovinyl ether,
SF5CF2CF2OCF=CF2, as seen in Scheme 3.10.
CsF
SF5CF2C(O)F + F 2

-78 °°C
overnight
overnight

SF5CF2CF2OF
8

F

FF
+ E/Z ClFC=CClF
SF5CF2CF 2OF +

F

Cl

Cl

Cl
F

CH33CN, P(NEt
P(NEt22) 3
F
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F
F
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F

F
F

SF5CF2CF2O

-78 °°C
-78
overnight
overnight

to 0 °°C
-15 to

SF5CF2CF2O

F
1

Scheme 3.10. Proposed route to SF5CF2CF2OCF=CF2 (1) by hypofluorite (8).
The first synthetic step in this scheme was the formation of the desired
pentafluorosulfanyl tetrafluoroethyl hypofluorite (8). A Monel cylinder fitted with an
Inconel burst disk and dry cesium fluoride were first passivated with pure fluorine at a
pressure of 60 psig overnight, followed by its evacuation of the residual gases through a
soda lime scrubber. The desired amount of pentafluorosulfanyl difluoroacetyl fluoride (4)
was condensed at -196 °C into the Monel cylinder followed by the addition of pure fluorine.
This reaction mixture was then warmed in a slush bath to a temperature of -78 °C and held
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overnight where it warmed to -10 °C over the course of 15 hours. Examination of the
volatile components, after removing unreacted fluorine, was accomplished by fluorine-19
NMR spectroscopy of the condensed liquid in a J. Young NMR tube. Though multiple
attempts of the first synthetic step were carried out, under the conditions explored, the
desired hypofluorite SF5CF2CF2OF (8) was perhaps seen to exist once as evidenced by a
small resonance above the baseline at +147.1 ppm in a fluorine-19 spectrum of one product
mixture (Figures C.3. and C.4.). However, attempts to improve this yield by using either
increased amounts of fluorine or increased reaction temperatures only gave a complex
mixture of decomposition products.

3.2.3. Copolymerization of SF5CF2CF2OCF=CF2 (1) with Tetrafluoroethylene (TFE)
and Characterization of the New Copolymer.
Having successfully synthesized SF5CF2CF2OCF=CF2 via the decarboxylation of the
corresponding potassium salt, the next objective was to incorporate this vinyl ether into a
copolymer with tetrafluoroethylene so as to prepare the first SF5-containing PFA. It was
hypothesized that if such a copolymerization was achieved the properties of the resulting
polymer should be quite interesting to study, as the terminal pentafluorosulfanyl group is
bulkier than its trifluoromethyl analogue. This could give rise to interesting surface
properties of the polymer.
It was found that when utilizing the same methods of solution copolymerization as
those used for the benchmark PFAs (Chapter 2), this newly obtained SF5-containing
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trifluorovinyl ether was successfully copolymerized with tetrafluoroethylene, thus yielding
the first SF5-containing PFAs. Confirmation of this new PFA was obtained by ATR-FITR
of the polymer resin, as well as TGA and SDT (simultaneous DSC/TGA). However,
attempts at melt pressing films in the same manner as the benchmark PFAs did proved to
be more difficult. It is believed that though the trifluorovinyl ether was copolymerized with
TFE, the reactivity ratios of the two monomers are probably more different than those of
TFE and perfluoropropyl vinyl ether (PPVE), thus incorporating less of the SF5-containing
vinyl ether overall. With a lower incorporation, the crystallinity is not as low as needed for
a good melt processible fluoropolymer (Table 3.1). Polymerization optimization was then
explored by varying the amount of vinyl ether charged into the autoclave at the beginning
of each batch polymerization. Better quality PFAs with higher vinyl ether incorporations
were seen with increasing vinyl ether concentrations at the beginning of each
polymerization, although the concentrations of vinyl ether incorporation were not
quantified as either solid state fluorine-19 NMR spectroscopy or a calibration curve (using
solid state fluorine-19 NMR spectroscopy versus FTIR absorbances) for FTIR would be
needed, neither of which were available at the time of this study.
Analytical methods that were available, such as FTIR, TGA, SDT, and PXRD, were
utilized in the qualitative characterization as well as analysis of the thermal properties of
these new polymers. By ATR-FTIR of the dried polymer resin, it was seen that the
incorporation of the vinyl ether was successful by the presence of the vinyl ether
characteristic C-O-C asymmetric stretching peak at 992 cm-1 as well as characteristic S-F
stretching and bending mode peaks at 850 and 892 cm-1 as seen in Figure 3.2. One can
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make the qualitative observation that the strength of absorbance of the vinyl ether peak
increases from the lower two spectra to the upper most spectrum (SF5-PFA-090216, SF5PFA-010117, and SF5-PFA-011217, respectively). This trend corresponds directly with the
increased concentration of vinyl ether monomer at the beginning of the polymerizations,
as mentioned previously.
Table 3.1. Reaction condition for SF5-Containing PFAs
Reaction
Number
SF5-PFA090216
SF5-PFA010817
SF5-PFA011217
SF5-PFA021817
SF5-PFA050617

Crystallinity
(%)
Powder Film

Vinyl Ether
Charged (g)

Autoclave
size (mL)

TFE
Pressure
(psig)

Reaction
Time
(min)

2.4

400

100

60

47

39

3.1

400

100

120

37

31

5.0

400

100

120

30

N/A

5.1

100

100

120

20

27

7.0

100

100

120

17

N/A

Thermal analyses of these new polymers by TGA also confirm the presence of an
incorporated comonomer as compared to PTFE. As shown in Figure 3.3, the thermal
stabilities of these copolymers are lower than that of PTFE; however, because they are still
perfluorinated, they still maintain a high thermal resistance much like the benchmark PFAs
shown in Chapter 2. It was noticed that the onset of decomposition of these new PFAs is
similar to that observed in the benchmark PFA copolymers; however, a distinct difference
in the decomposition is seen in the first 20% weight loss, where these new
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pentafluorosulfanyl containing PFAs exhibit a step-wise decomposition profile making it
very intriguing for TGA-MS measurements to determine mechanism of decomposition.
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Figure 3.2. FTIR Spectra of SF5-PFA-090216, SF5-PFA-010117, and SF5-PFA-011217, respectively.
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Figure 3.3. TGA thermograms of SF5-containing PFAs.
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Figure 3.4. DSC thermogram of SF5-containing PFA SF5-PFA-090216.

117

Differential scanning calorimetry (DSC) was also performed on the first SF5-PFA
obtained, and the thermogram showed melt peaks at 296 °C and 292 °C for the first and
second heating cycles, respectively, as well as recrystallization at 284 °C (Figure 3.4).
Unfortunately, for this sample, a full melting profile was unable to be determine as the
heating cycles were only taken to 300 °C, as allowed by the owner of the DSC instrument.
However, this was a promising result and gave further evidence of the first PFA containing
an pentafluorosulfanyl group.
As observed by the thermal characterization of these polymers, one would think
that these polymers would be easily melt pressed into films. Contrarily, it was seen that
high quality films were more difficult to obtain than for their PAVE counterparts. After
attempts at melt pressing, it was believed that the crystallinity of these polymers might still
be too high to obtain a good quality film due to the brittle nature of the recovered polymer.
It was often seen that a near uniform layer of melted polymer was the result of melt pressing
polymers; however, upon attempts to retrieve the polymer films, they would often crack
easily into a large quantity of smaller pieces of film. Powder X-ray diffraction was used
as a means of determining the crystallinity of the resulting SF5-PFA polymers. It was
originally believed by DesMarteau and coworkers that the bulkiness of the SF5 pendant
group could effectively prevent crystallinity. During this work, it was seen that with an
increased concentration of trifluorovinyl ether monomer at the beginning of the
polymerizations, a greater incorporation of the trifluorovinyl ether was accomplished. With
this greater incorporation was also seen a decrease in crystallinity as shown in Table 3.1
and Figure 3.5. It seems as though a nearly linear trend can be seen as monomer content
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increases, polymer crystallinity decreases. Diffractograms and integrations of the powder
diffraction peaks can be found in Appendix C as Figures C.17 and C.18 and Tables C.1
and C.2 respectively. This is encouraging as it is believed full optimization of the
polymerization can still be achieved to give a less crystalline, melt- processible film.

Polymer Crystallinity of SF5-Containing PFAs Versus Vinyl
Ether Charged
Percent Crystallinity of Polymer (%)
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Figure 3.5. Near linear relationship of monomer charged in autoclave vs resulting polymer
crystallinity.

3.3. Conclusions
Through the utilization of Dr. Matsnev’s accomplishments towards the high yielding
synthesis of pentafluorosulfanyldifluoroacetic acid, the preparation and characterization of
the novel compounds SF5CF2CF2OCF(CF3)C(O)F (5), SF5CF2CF2OCF(CF3)C(O)OH (6),
SF5CF2CF2OCF(CF3)C(O)OK

(7),

SF5CF2CF2OCF=CF2 (1),
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and

poly(TFE-co-

SF5CF2CF2OCF=CF2) was accomplished. It is also believed that the hypofluorite
SF5CF2CF2OF (8) was seen by spectroscopic evidence, though full isolation and
characterization was incomplete. Via powder X-ray diffraction, it was seen that as more
vinyl ether monomer (1) is charged into the polymerizer, the crystallinity of the resulting
polymer was effectively decreased, thereby giving hope that with full optimization of
polymerization conditions a melt processible film with excellent surface properties can be
obtained. Therefore, a great deal of chemistry remains to be explored in this area, and it
should be desirable that this research be accomplished in the future. I would like to
acknowledge the collaborative efforts of Dr. Andrej Matsnev, Emory Burns, as well as
Cassandra Hagar for their assistance in monmer and polymer synthesis of this work.

3.3. Experimental
3.3.1. Materials and Characterization
The pentafluorosulfanyl difluoroacetic acid starting materials for this work were
acquired from previous laboratory experiments performed by Dr. Andrej Matsnev.
Fluorine, hexafluoropropylene epoxide (HFPO), cesium fluoride, diglyme, potassium
hydroxide, and perfluorohexane were all obtained from laboratory stock and were prepared
for reactions as needed (purification, drying, degassing, etc.) and tetrafluoroethylene (TFE)
and 3P initiator were prepared by methods presented in Chapter 2.
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1

H-, 19F-, and 13C-NMR spectra were recorded using a JEOL 300-MHz spectro-meter.

Gaseous samples were loaded into a J. Young NMR tube, in both the gaseous state and
compressed gas states as needed, and normal techniques for preparing solid and liquid
samples were used. Infrared spectra were recorded using a Thermo Scientific Nicolet iS5
spectrophotometer utilizing either the iD1 Transmission or iD5 ATR accessories,
depending on the physical state of the sample. Thermogravimetric analyses (TGAs) were
run on a TA Instruments Model Q500 under a stream of dry nitrogen. When applicable,
samples were further dried on the instrument under a stream of nitrogen at 100 °C prior to
acquiring the data. Polymer resins were melt pressed into 1” x 1” films using a Carver
Model-CH twelve (12) ton manual hydraulic press heated to 325 °C under a pressure of
approximately 5 tons. Polymer samples were evaluated, for crystallinity as both the resin and
pressed films, by powder X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer.
Well-ground samples were analyzed in Bragg-Brentano geometry using Cu Kα (λ = 1.5406 Å)
radiation. Data was collected in 0.02-degree increments from 5-60 degrees in 2-theta at a rate
of one degree per minute. HRMS was performed at The University of Alabama (Tuscaloosa,
AL) on a HP 6890 GC series connected with a Micromass AutoSpec-UltimaTM NT Mass

spectrometer with inlet: temp, 200 °C; split, 20; oven temperature program: 40 °C, 20
°C/min to 200 °C; Column: Zebron ZB-5MS, 30 m × 250 µm × 0.25 µm, 0.5 mL/min
Injection volume: 1.0 µL in PFK (perfluorokerosene).
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3.3.2. Synthesis of pentafluorosulfanyl difluoroacetyl dhloride, SF5CF2C(O)Cl (3).
To a 100-mL round-bottomed reaction flask with PTFE Kontes valve and PTFE
coated magnetic stir bar were added 16.1 g SF5CF2C(O)OH (2) from laboratory stock (as
prepared by Dr. Matsnev) and 20.2 g of PCl5. This solution was then allowed to stir at room
temperature for 48 hours before placement in a 70 °C oil bath to stir for 4 hours. The
products of this reaction were then distilled trap-to-trap through cold zones of -70, -100,
and -196 °C, respectively, collecting the desired pentafluorosulfanyl difluoroacetyl
chloride (3) in both the -70 and -100 °C traps. These materials were then combined and
more slowly distilled once more through -55 °C and -196 °C traps to obtain the
pentafluorosulfanyl difluoroacetyl chloride in the latter trap in 94% yield. 19F NMR (283
MHz, CDCl3) δ 63.8 (n, J = 147 Hz, 1F), 44.3 (dm, J = 147 Hz, 4F), -87.4 (m, 2F).

3.3.3. Synthesis of pentafluorosulfanyl difluoroacetyl fluoride, SF5CF2C(O)F (4).
To a 50-mL heavy-walled Schlenk flask equipped with a PTFE coated magnetic stir
bar was added 7.0 g (mmol) KF and 20 mL diglyme followed by the condensation of 3.1 g
(mmol) of SF5CF2C(O)Cl (3) at -196 °C. This mixture was allowed to stir at 70 °C
overnight yielding the halogen exchanged SF5CF2C(O)F (4) in 90% yield. 19F NMR (283
MHz, CDCl3) δ 63.8 (n, J = 147 Hz, 1F), 44.3 (dm, J = 147 Hz, 4F), 18.5 (s, 1F), -87.4
(m, 2F).
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3.3.4. Attempted preparation of pentafluorosulfanyl tetrafluoroethyl hypofluorite,
SF5CF2CF2OF (8).
To a 100-mL Monel cylinder, equipped with an Inconel burst disc (pressure rating
1000 psig) was added 1.01 g of CsF and 0.6 g of fluorine, the latter of was which left
overnight to passivate the cylinder. The fluorine, used to passivate the cylinder, was then
removed from the cylinder by venting through a soda-lime scrubbing column.
Subsequently, 3.3 g (15.5 mmol) of SF5CF2C(O)F (4) was condensed in the cylinder
at -196 °C followed by the addition of 0.6 g (16 mmol) fluorine, and the mixture was
allowed to warm in a slush bath to -78 °C where it was held overnight (approximately 15
hours) warming slowly to a final temperature of 10 °C. The reaction mixture was worked
up by venting the excess fluorine through a fluoropolymer “U” trap, where the presumed
products were condensed at -196 °C, and through a soda lime scrubbing column. The
contents of the “U” trap were then trap-to-trap distilled through cold zones of -78, -110,
and -196 °C, respectively. Analysis of contents stopped in the -110 °C and -196 °C traps
by 19F NMR spectroscopy showed only minor evidence for the formation of the desired
hypofluorite (8) as a minor peak above the baseline at +147.1 ppm (resonance for
hypofluorite fluorine atom in presumed product).
This procedure was also carried out with increased amounts of fluorine, CsF,
increased temperature, and 20% fluorine in nitrogen dilution, and in all cases, little to no
evidence of hypofluorite was observed and in some cases only decomposition of starting
material pentafluorosulfanyl difluoroacetyl fluoride was seen.
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3.3.5. Preparation of 2-(2-pentafluorosulfanyl-1,1,2,2-tetrafluoroethoxy)-2,3,3,3tetrafluoropropanoyl fluoride, SF5CF2CF2OCF(CF3)C(O)F (5).
To a 500-mL heavy-walled Schlenk flask equipped with a PTFE coated magnetic stir
bar was added 10.9 g (71.7 mmol) CsF and approximately 50 mL diglyme. To this solution
was added 26.02 g (116.2 mmol) SF5CF2C(O)F (4) at -78 °C, and the solution was left to
stir at this temperature for 1 hour. Thereafter, 18.08 g (108.9 mmol) HFPO was added
at -78 °C, and the reaction mixture was allowed to warm slowly overnight. The products
of this reaction were then vacuum distilled from the diglyme solvent yielding 39.6 g
(101.5 mmol) of the desired SF5CF2CF2OCF(CF3)C(O)F (5) in 93% yield. 19F NMR (283
MHz, CDCl3) δ 60.6 (n, J = 144 Hz, 1F), 42.6 (dm, J = 144 Hz, 4F), 24.4 (s, 1F), -80.2(d,
J = 141.5 Hz, 1F), -86.2 (d, J = 141.5 Hz, 1F), -83.9 (s, 3F), -100.1 (m, 2F), -131.6 (m, 1F).
3.3.6. Preparation of 2-(2-pentafluorosulfanyl-1,1,2,2-tetrafluoroethoxy)-2,3,3,3tetrafluoropropanoic acid, potassium salt, SF5CF2CF2OCF(CF3)C(O)OK (7).
To a 250-mL round-bottomed flask, equipped with a PTFE coated magnetic stir bar,
was added 50 mL of deionized water and 5.1 g (91 mmol) of KOH was dissolved. To this
basic solution was added 18.2 g (46.67 mmol) of SF5CF2COCF(CF3)C(O)F (5), and the
mixture was allowed to stir in an ice bath for 1 hour. This solution was then placed on a
rotovapor to remove bulk water followed by placement of the newly formed potassium salt
(7) in a vacuum oven set at 80 °C for at least 24 hours. The product was obtained
completely dry and in quantitative yield. 19F NMR (283 MHz, D2O) δ 62.3 (n, J = 144 Hz,
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1F), 42.6 (dm, J = 144 Hz, 4F), -82.6 (s, 2F) -83.2 (s, 3F), -99.8 (m, 2F), -126.8 (m, 1F) IR
(solid): 1672 (m), 1394 (w), 1304 (m), 1197 (m), 1148 (m), 1087 (w), 1035 (m), 989 (w),
875 (s), 845 (s), 809 (m), 788 (m), 716 (m), 690 (m), 609 (m), 575 (w) cm-1.

3.3.7. Preparation of 2-Pentafluorosulfanyl 1,1,2,2-Tetrafluoroethyl Trifluorovinyl
Ether, SF5CF2CF2OCF=CF2 (1).
To a 250-mL heavy walled Schlenk flask was added 19.9 g (46.7 mmol)
SF5CF2CF2OCF(CF3)C(O)OK (7) that was very dry and ground into a fine powder. This
flask was then attached to a 300-mL stainless-steel cylinder trap and dynamic vacuum was
applied to the system. The cylinder trap was cooled with liquid nitrogen to -196 °C,
whereupon the SF5CF2CF2OCF(CF3)C(O)OK (7) salt was warmed from room temperature
to 300 °C in increments of 1 °C/min. The evolved gases from the pyrolysis were transferred
by dynamic vacuum to the cylinder trap where they were frozen. By mass balance a weight
loss of 16.3 g was measured for the flask containing the salt, thereby indicating a 95%
efficiency of pyrolysis. The gas mixture obtained in the cylinder trap were then subjected
to trap-to-trap distillation through cold zones of -60, -100, and -196 °C, respectively, to
obtain 14.2 g (43.8 mmol) of the desired SF5-containing trifluorovinyl ether 1 in 94% yield
in the -60 °C trap. 19F NMR (283 MHz, CDCl3) δ 60.8 (n, J = 144 Hz, 1F), δ 42.1 (dm, J
= 144 Hz, 4F), -86.6 (s, 2F), -100.1 (m, 2F), -117.1 (ddd, J = 87.2 Hz, 67.4 Hz, 6.5 Hz,
1F), -124.4 (dd, J = 113.5 Hz, 87.2 Hz, 1F), -138.1 (ddd, J = 113.5 Hz, 67.4 Hz, 6.8 Hz,
1F). IR (liquid film): 1338 (w), 1284 (w), 1241 (w), 1214 (w), 1188 (w), 1145 (m), 985
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(w), 884 (w), 849 (w), 793 (w), 763 (w), 689 (w), 609 (w), 570 (w) cm-1. HRMS (EI) mass
calculated for (SF5CF2CF2OCF=CF2) calc.: 323.9478 Da, found: 323.9465 Da.

3.3.8. Copolymerization of SF5CF2CF2OCF=CF2 (1) and Tetrafluoroethylene (TFE).
To a 100-mL stainless-steel autoclave was added 2.4 g of SF5CF2CF2OCF=CF2 and
approximately 50 mL of perfluorohexane solvent (FC-72). This mixture was degassed by
the freeze-pump-thaw technique several times before placing the autoclave on the
polymerization system. After all of connection lines were leaked test and evacuated and
purged with nitrogen to eliminate any oxygen, the reactor was raised to an internal
temperature of 50 °C, and the agitator was set at 250 rpm. To the reactor was charged
100 psi of TFE as well as a 5-mL slug of 0.095 M 3P followed by a slow flow of
0.05 mL/min of initiator solution for 1 hour. Subsequently, the excess TFE was vented
from the reactor, and the resulting polymeric resin was placed in a 250-mL round-bottomed
flask. The polymer resin was dried by vacuum distillation, removing the perfluorohexanes
solvent as well as excess vinyl ether, prior to being placed in a vacuum drying oven
overnight at 100 °C yielding approximately 3 grams of a white copolymer powder. IR
(FTIR-Film): 2363 (m), 1218 (vs), 1151 (vs), (C-O-C) 992 (m), (S- F) 892 (s), 850 (s) 638
(s), 620 (s), 550 (s), 511 (s) cm-1. TGA (N2, 10 °C/min): -10% at 419 °C, -90% at 568 °C;
DSC (10 °C/min): small exotherm at 10 °C, large exotherm at 296 °C.
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Chapter 4

Fluorinated Vinyl Hydrocarbon Monomers for Terpolymerization with
Tetrafluoroethylene (TFE) and Perfluoropropyl Vinyl Ether (PPVE)
4.1. Introduction
It has been stated previously that perfluoroalkoxy copolymers (PFAs) are a class of
fluorinated polymers in which fluorinated vinyl ether monomers are copolymerized with
tetrafluoroethylene (TFE) in order to decrease the crystallinity. This decrease in
crystallinity is responsible for lowering the melting point making them melt processible.
However, these perfluorinated vinyl ethers maintain the fully fluorinated backbone,
thereby

retaining

the

thermal

and

chemical

resistance

associated

with

polytetrafluoroethylene. Unfortunately, due to the discrepancy in reactivity ratios,
perfluoroalkoxy copolymers are difficult to synthesize in high molecular weight,1 and thus,
the mechanical resistance is reduced versus what is seen in PTFE. It is for this reason that
I undertook the task of synthesizing several monomers and attempted their
terpolymerization with TFE and perfluoro-n-propyl vinyl ether (PPVE) with the
expectations of yielding a polymer suitable for post polymerization crosslinking by
electron beam (E-beam) irradiation. Crosslinking polymers has long been used to increase
molecular weight, and it was hypothesized that if polymers suitable for this task were
achieved, then it would be possible to more easily crosslink PFA making it more
mechanically resistant and comparable to PTFE.
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Radiation processing of fluoropolymers has been under investigation since the 1950s.2
Prompted by the mechanical degradation of fluoropolymers that was observed in
applications where exposure to radiation is implicit, the field has developed to encompass
a wide scope of materials, irradiation methods, and applications. The effort has since been
driven by the value proposition of a processed material that maintains the outstanding
thermal, chemical, and electrical properties of conventional fluoroplastics such as PTFE or
PFA while improving their mechanical toughness. This increase in mechanical toughness
would extend the working lifetime of fluoroplastics in current applications where
mechanical wear results in failure such as in cable insulation and moving parts.
In spite of the obvious utility and value of toughening fluoropolymers by radiative
crosslinking, the technology has found limited commercial use for several reasons. First,
crosslinking of most fluoropolymers by radiolysis is fundamentally difficult. Restricted
polymer chain mobility, the formation of peroxy radicals, the high stability of the fluorine
radical, and the absence of fluorine disproportionation reactions all contribute to the
established trend that, under most conditions, chain scission is the principal result of
radiolysis rather than crosslinking.2 This results in the second challenge for
commercialization; the irradiation conditions under which crosslinking is observed are
technically or economically inhibitive for many potential applications. Namely, irradiation
must be performed under anaerobic conditions at temperatures close to or above the Tg or
Tm and less than the thermal decomposition temperature of the fluoropolymers.3-4 Radiation
dosage must also be well controlled as distinct thresholds are apparent where crosslinking
begins to limit chain mobility resulting in increased chain scission. For these reasons, the

132

development of a fluoropolymer with an enhanced tendency to crosslink under more facile
irradiation was the objective of this research.
The express technical goals of this project were to develop one or more variants of a
PFA fluoropolymer that would alleviate the harsh conditions associated with E-beam
irradiation of perfluoropolymers, while incurring a minimum change in electrical and
chemical properties. Additionally, the polymer should remain melt processible. The
envisioned approach to accomplish this was to incorporate a third monomer (termonomer)
into the PFA polymerization that imparts side-chain functionality with increased E-beam
response or latent chemical crosslinkability as given generally in Figure 4.1 below. A
number of ideas were set forth for consideration of which the following were explored.
F

F

F

R

R= Saturated or Unsaturated Hydrocarbon Chain

Figure 4.1. General structure of desired termonomer for use in E-beam crosslinking of
PFAs.

4.2. Results and Discussion
4.2.1. Rationale for and synthesis of 1,1,2-trifluoropenta-1,4-diene
The first approach focused on increasing the E-beam response of the fluoropolymer
by incorporating 1,1,2-trifluoro-1,4-pentadiene (TrFPD) into the PFA polymer backbone.
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This monomer brings three attractive facets to the polymer structure. First, it incorporates
hydrocarbons pendant to the polymer backbone. Non-fluorinated polymers such as
polyethylene and partially fluorinated polymers such as poly(vinylidene fluoride) readily
crosslink under E-beam irradiation due to H2 or HF abstraction and disproportionation
reactions; incorporating hydrocarbons into the PFA polymer will enable these crosslinking
mechanisms.5-7 The second benefit of this diene monomer is the terminal olefin on the side
chain that should readily react with radical species during E-beam irradiation. The
temperature required for crosslinking by radiolysis is expected to decrease as less chain
mobility is required for a radical species to find another reactive site. Thirdly, the TrFPD
monomer presented the above promise for E-beam processing while maintaining a fully
fluorinated backbone structure in order to preserve chemical, thermal, and electrical
properties. Some concerns for this monomer are the possible incorporation of hydrocarbons
in the backbone as both the fluorocarbon alkene and hydrocarbon alkene are subject to
radical attack during polymerization and the stability of the hydrocarbon alkene during
high temperature post processing techniques. If these concerns can be kept to a minimum
or eliminated altogether, TrFPD is a promising monomer for E-beam irradiation
crosslinking.
The synthesis of TrFPD has been reported in the literature several times. The first
method attempted was taken from a 1998 publication by Dr. Ameduri and his coworkers
in which they reported its synthesis with yields of 65% as shown in Scheme 4.1 as well as
its copolymerization with TFE.7-9 The synthesis was reported to be achieved by the addition
of 1-iodo-1,2-dichloro-1,2,2-trifluoroethane to allyl acetate with radical initiation by
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dibenzoyl peroxide or bis(4-tert-butyl-cyclohexyl)-peroxydicarbonate, followed by zinc
elimination to 1,1,2-trifluoro-1,4-pentadiene. Using 19F NMR spectroscopy as a method of
following the reaction, samples were taken from the reaction flask periodically, whereupon
the product was seen to be present; however, immediate distillation from the diglyme
reaction solvent should have yielded the desired diene in similar yields as described in the
literature. Conversely, across many attempts at this reaction scheme, I was unable to obtain
the monomer in the desired quantities and purity needed.

F

F
Cl

Cl
F

I

+

O

O

t-butylcyclohexyl
percarbonate
or
dibenzyol peroxide
60 °C or 92 °C
respectively

F

F

F

CH2

Zn

CH

65%

CH2

Scheme 4.1. Synthesis of 1,1,2-trifluoro-1,4-pentadiene (TrFPD).

In a more recent publication by Dr. Ohashi, the synthesis of TrFPD was reported to be
in greater than 99% yield by the monoalkylation of TFE promoted by lithium salts.10 In
this method, TFE and allylmagnesium chloride were reacted in the presence of lithium
chloride at room temperature for 30 minutes to give the monoalkylated product 1,1,2trifluoro-1,4-pentadiene in greater than 99% yield and 96% recovery, as shown in
Scheme 4.2. After multiple unproductive attempts at repeating this reaction, a search of the
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supporting information of this paper revealed that the reaction conditions were in conflict
with what was reported in the paper and that the scale of this reaction was in fact not
suitable for my needs. As it turned out, this reaction was run on a 0.3 mmol scale with TFE
and isolation was based on a 10.0 mmol scale reaction after being left to stir for 3 hours.
This scale of reaction was not going to be productive and as it turned out, based on my
attempts, these reactions do not seem to be scalable to multi-gram quantities.

F

F

F

F

MgCl

F

F

F

LiCl (1.2 eq)
+

+

F

THF/THF-d8
RT 0.5 h

F

>99%

<1%

Scheme 4.2. Alternative synthesis of TrFPD.

The third, and most successful method for the synthesis of TrFPD in my hands came
from a 1990 paper in the Journal of Fluorine Chemistry11 in which TrFPD was prepared
for use as a precursor to fluoro β-sultones. In this method, bromotrifluoroethylene and zinc
were made to react at room temperature in dry DMF to form a zinc-bromotrifluoroethylene
intermediate which was then cooled and reacted with allylbromide and copper(I) bromide
yielding TrFPD in approximately 80% as seen in Scheme 4.3.
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Scheme 4.3. Synthesis of TrFPD utilized in this project.

Though the use of this method was in part an intermediate towards the original
authors’ goals of fluoro β-sultones, the 80% yield reported was the most reproducible and
substantial recovery in my attempts at the synthesis of the trifluoropentadiene for
copolymerization. Spectral Data for the synthesis of TrFPD can be found in Appendix D
Figures D.1.-D.7.

4.2.2. Copolymerization

of

1,1,2-trifluoro-1,4-pentadiene

(TrFPD)

with

perfluoropropyl vinyl ether (PPVE) and tetrafluoroethylene (TFE)
As described in the Introduction, the incorporation of 1,1,2-trifluoro-1,4-pentadiene
into the PFA polymer as a termonomer exemplifies the target technology. This structure
provides an unsaturated hydrocarbon linkage lateral to the perfluorinated polymer
backbone that is expected to increase crosslinking effects under less arduous E-beam
conditions. Several authors have reported this synthesis with yields exceeding 65% as well
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as the copolymerization of this monomer with tetrafluoroethylene;7,9,12 however, no reports
exist of polymerizing this structure into a PFA polymer.
Once a stock of the TrFPD monomer had been synthesized and collected, the focus
was turned towards its terpolymerization with TFE and PPVE. Using the solution
polymerization techniques set forth by the benchmark PFAs, the polymerization of TrFPD
along with PPVE and TFE was attempted in perfluorohexane solvent using 3P as an
initiator and a TFE pressure of 100 psi. The three monomers were allowed to react together
for various time periods ranging from 30 minutes to 4 hours at 50 °C.
As can be seen in the FTIR spectrum shown in Figure 4.2, one can conclude that the
successful incorporation of all three desired monomers was accomplished by the
characteristic peaks at 986 cm-1, 1168 and 1114 cm-1, and 2953 and 1434 cm-1 for PPVE,
TFE, and TrFPD, respectively. However, it was seen that the polymerization was greatly
stunted when compared to the copolymerization with only TFE and PPVE. The reaction
times were required to be increased from approximately 30 minutes to 4 hours, whereupon
only 1 gram of polymer was isolated. To compare, benchmark polymerization of PFAs of
the same scale reaction normally yielded 10-15 grams of polymer within an hour reaction
time. It was also found upon thermal analysis, by TGA, that the resulting polymer has a
much lower thermal stability (Figure 4.3) with a 10% weight loss at 353 °C as compared
to the benchmark PFAs, whose 10% weight loss is around 495 °C.
As mentioned previously, the terminal hydrocarbon alkene pendant group should be
much more readily accessible and reactive for E-beam irradiation for crosslinking, but it
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can also be said that under radical polymerization conditions required for producing such
a polymer that the fluorocarbon section of the diene may not have exclusive selectivity for
being incorporated in the backbone of the polymer. The current polymer might exist much
in the same manner as the head-to-tail versus head-to-head mechanism of a
homopolymerization of VDF or copolymerization of VDF with TFE. If this were the case,
the decreased thermal stability might be expected versus the benchmark PFAs, as was seen,
since there would be no fully fluorinated backbone as desired. It was therefore decided that
further optimization of this polymer would not be continued.
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Figure 4.2. FTIR-ATR of terpolymer PFA-Terpoly-082016-TFE-PPVE-TrFPD.
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Figure 4.3. TGA of PFA-Terpoly-082016-TFE-PPVE-TrFPD.
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4.2.3. Rationale for and synthesis of 1,1,2-trifluoro-1-hexene (TrFH) and 5,6difluoro-5-decene (DiFD)
The second approach is similar to the first in that it also focuses on increasing the low
temperature E-beam response of the polymer structure but with a different termonomer,
namely 1,1,2-trifluoro-1-hexene (TrFH). This fully saturated hydrocarbon part of the
monomer brings increased low temperature E-beam crosslinkability by incorporating
hydrocarbon side-chains without the concerns of maintaining an unsaturated side-chain
throughout polymerization and processing, as was the case for the previous diene
monomer. The enhancement of E-beam response should be accomplished while
maintaining a fully fluorinated backbone structure.
Following knowledge gained from the synthesis of TrFPD, the first synthetic approach
explored, towards TrFH, was by the addition of bromobutane to the zinc
bromotrifluoroethylene complex in a similar manner as seen in Scheme 4.3. However, the
results from these attempts proved not to be successful. This reaction was also carried out
with chlorobutane, as it was suggested that the steric effects of a smaller atom could help
with this substitution; however, this reaction too did not yield any of the desired product.
These results lead us to believe that this is due to the alkene functionality of the allyl
bromide being more reactive and conducive to the desired substitution.
It was then found that this monomer had been previously prepared by Stanley Dixon
in 195613 in the monosubstitution of one fluorine atom on TFE by a n-butyl group from
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n-butyllithium at low temperatures. In his study, he accomplished the elimination of a
fluorine atom by an organolithium reagent on the most electron deficient carbon of a
fluoroolefin through an ethane intermediate as shown in Scheme 4.4.
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R

R
F

F

R

Scheme 4.4. Monosubstitution of tetrafluoroethylene (TFE) by organolithium reagents.

Utilizing this reaction, the initial attempts were undertaken in a similar manner by
cooling a solution of n-butyllithium in diethyl ether to - 78 °C, whereupon a mixture of
TFE and nitrogen were bubbled into the solution. A dry ice condenser was used in order
to retain the TFE in the reaction flask for an extended period of time while allowing the
nitrogen to exit the reaction set up through an inert bubbler so that 1.2 equivalents of TFE
was allowed to react with the n-butyllithium present in the solution. Upon workup of the
reaction mixture, it was seen that the 1H NMR spectrum matched what was expected;
however, the 19F NMR spectrum only showed the desired trifluorovinyl pattern expected
as a small fraction of the total product mixture. The major peak seen was a quintet
at -156 ppm, and its identity eluded us for quite some time. It was not until later that it was
proposed that a second substitution could have occurred forming both the cis and trans
isomers (Figure 4.4), though the literature had stated that this would not happen unless
much higher temperatures were used. It is believed that the steric hindrance of the initial
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substitution would direct the second substitution towards the trans product, and this was
confirmed by the chemical shift of -156 ppm in the 19F NMR spectrum. A second smaller
set of peaks was also seen at a chemical shift of -141 ppm, which was subsequently
identified as the cis product (Figure D.9.). It was then discussed that, when following the
procedure set forth in the paper, the initial ratio of reactants set the organolithium reagent
in great excess as the TFE is bubbled in.
F

F

F

F

Figure 4.4. Cis- and Trans-5,6-difluoro-5-decene.

Therefore, it was believed that the desired product could be obtained in much better
yield if the order of addition of reagents were reversed. To control the single substitution
to TFE, an amount of diethyl ether was cooled to -78 °C and TFE was bubbled into this
chilled solvent until a steady reflux of TFE was seen coming from the dry ice condenser.
A chilled solution of n-butyllithium in ether was then added via a syringe through a septum
slowly over time until all had been dispensed. The reaction flask was then allowed to stir
for some time at which point the normal workup procedure was followed and the collected
product was again analyzed by 1H and 19F NMR spectroscopy. Following this procedure,
it was found that the desired product was present in a 2:1 molar ratio, a much better result
than the 1:10 molar ratio previously seen. However, the separation of this monomer from
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the diethyl ether solvent did prove to be quite a challenge, and its complete separation and
collection was never fully optimized by the time the project was brought to an end.

4.2.4. Copolymerization of 5,6-difluoro-5-decene (DiFD), perfluoropropyl vinyl
ether (PPVE), and tetrafluoroethylene (TFE)
Having followed the reaction described in the literature for the synthesis of TrFPD
many times before reversing the order of addition and before identifying the major product,
naturally, a collection of the DiFD product accumulated. Upon the identification of this
compound as the disubstituted product, namely 5,6-difluoro-5-decene (DiFD), it was
proposed that this could also serve as a good monomer for use in polymerizations with TFE
and PPVE, and this monomer was therefore inserted in the queue for polymerizations while
reactions with the reverse order of addition of reactants to prepare TrFH were in process.
As described in the introduction, the TrFH monomer, with a saturated hydrocarbon sidechain, is also attractive as a termonomer for PFA modification. It was agreed then that two
saturated hydrocarbon side-chains of DiFD could be as good or better than one. Under Ebeam irradiation, hydrocarbons facilitate crosslinking through H2 abstraction,
disproportionation reactions, and the generation of various reactive radical species. While
this monomer does not have the advantage of built-in reactivity like the diene monomer, it
does maintain the fluorinated polymer backbone and does not have the processing concerns
associated with the diene monomer as well as having two saturated sidechains leading to
fewer monomer incorporations required for E-beam processing.
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Using the solution polymerization techniques set forth from the preparation of
benchmark samples of PFAs, the polymerization of DiFD, along with PPVE and TFE was
attempted in perfluorohexane solvent using 3P as an initiator and a TFE pressure of 100
psi. The three monomers were allowed to react together for various time periods ranging
from 30 minutes to 4 hours at 50 °C. As can be seen in the FTIR spectrum shown in Figure
4.5, one can conclude that the successful incorporation of all three desired monomers was
accomplished by the characteristic peaks at 995 cm-1, 1202 and 1145 cm-1, and 2967, 2936,
and 2871 cm-1 for the PPVE, TFE, and DiFD, respectively. However, in the same manner
as the PFAs with TrFPD, the overall yields of such reactions were very low, yielding only
0.25 to 0.75 grams of total polymer per reaction. Similar to the previous terpolymer
mentioned, these polymers too were seen to have a much lower thermal stability
(Figure 4.6), with a 10% weight loss at 334 °C, than the benchmark PFAs and were
therefore deemed not to be of practical use. It was therefore decided that further
optimization of this polymer would not continue.
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Figure 4.5. FTIR-ATR of terpolymer PFA-Terpoly-010817-TFE-PPVE-DiFD.
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Figure 4.6. TGA of PFA-Terpoly-010817-TFE-PPVE-DiFD.
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4.3. Conclusions
The technical goals of this project were to develop one or more variants of a PFA
fluoropolymer that would alleviate the harsh conditions associated with E-beam irradiation
of perfluoropolymers. The envisioned approach to accomplish this was to incorporate a
third monomer (termonomer) into the PFA polymerization that imparts side-chain
functionality with increased E-beam response or latent chemical crosslinkability. A
number of ideas for these monomers were set forth for consideration and were explored
via a variety of synthetic methods. It was believed in the beginning that a monomer
containing a trifluorovinyl group would be readily polymerizable and a pendant
hydrocarbon chain would illicit an E-beam response at more facile conditions than are
normally needed for perfluorinated polymers.
Throughout this work three (3) potential termonomers (TrFPD, TrFH, and DiFD) were
successfully synthesized and two (2) of these termonomers (TrFPD and DiFD) were
successfully copolymerized with tetrafluoroethylene and perfluoropropyl trifluorovinyl
ether for new PFA terpolymers. It was seen; however, that the thermal properties of these
newly developed polymers were not as promising as expected. It has been noted though
that the terpolymer of TFE, PPVE, and TrFPD could in fact contain hydrocarbon segments
as the radical attack of the hydrocarbon alkene of TrFPD much like polymerizations of
VDF where head-to-head, head-to-tail, and tail-to-tail mechanisms are all possible. This
would explain the lower thermal stability of the polymer as poly-VDF and poly-TFE-coVDF polymers are known to be much less thermally stable than PFAs of PTFE.
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Because these terpolymers were found to be much less stable than desired and
polymerization yields were so low, it was decided that further optimization of
polymerization conditions would not be explored.

4.4. Experimental
4.4.1. Materials and Characterization
The starting materials for this work were acquired from laboratory stock and primarily
were prepared for reactions as needed. Solvents were dried over sodium and benzophenone
and distilled fresh for each reaction. Zinc metal was activated by acid wash followed by
subsequent washing with water, ethanol, and diethyl ether respectively and then dried
rigorously under vacuum. Tetrafluoroethylene and 3P initiator were prepared by methods
presented in Chapter 2.
1

H- and

19

F-NMR spectra were recorded using a JEOL 300-MHz spectrometer.

Gaseous samples were loaded into a Young tube, in both the gaseous state and compressed
gas states as needed, and normal techniques for solid and liquid samples were used for
sample preparation. Infrared spectra were recorded using a Thermo Scientific Nicolet iS5
spectrophotometer utilizing either the iD1 Transmission or iD5 ATR accessories,
depending on the physical state of the sample. Thermogravimetric analyses (TGAs) of
resulting polymers were run on a TA Instruments Model Q500 under a stream of dry
nitrogen. When applicable, samples were further dried on the instrument under a stream of
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nitrogen at 100 °C prior to acquiring the data. Representative spectra and thermograms of
starting materials and products can be found in Appendix D.

4.4.2. Synthesis of 1,1,2-trifluoro-1,5-pentadiene (TrFPD) – Method 1
Following one procedure found in the literature,7 to a three-necked, round-bottomed
flask, fitted with an internal thermocouple and reflux condenser, was added 63.25 g
(0.227 mol) 1,2-dichloro-2-iodo-1,1,2-trifluoroethane, 22.69 g (0.227 mol) allyl acetate,
0.75 g (0.0031 mol) benzoyl peroxide, and a PTFE coated magnetic stir bar. With stirring,
the mixture was heated to 93 °C at which point the radical decomposition of benzoyl
peroxide initiated the addition of the allyl acetate to the telogen. It was found that this
reaction was very exothermic reaching 160 °C for a few minutes before cooling back to
93 °C. After approximately 10 minutes, the mixture was examined via

19

F NMR

spectroscopy, and it was seen that the desired iodoacetate product had been obtained in a
mixture with its thermally rearranged diastereomer. The iodoacetate product was not
separated prior to the next step. To a different three-necked, round-bottomed flask, fitted
with a septum (to provide a nitrogen atmosphere), dropping funnel, and distillation
apparatus, was added 256.3 g of ethylene glycol as solvent, 64.35 g (5 equivalents) of
activated zinc powder, and a PTFE coated magnetic stir bar, whereupon the system was
heated to 120 °C using an oil bath. To the dropping funnel was added 74.0 g (1 equivalent)
of the iodoacetate product mixture from the previous step, whereupon a slow addition to
the heated solvent and zinc yielded the desired 1,1,2-trifluoro-1,4-pentadiene (TrFPD) as
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seen by the 19F NMR spectrum of the reaction mixture. The final product was to be distilled
directly from the reaction mixture in ethylene glycol as soon as formed; however, this
immediate distillation was not observed, and the yields experienced were not as high as the
65% reported in the literature. A recovered yield of less than 10% was observed. The
product is a colorless liquid; lit. bp 38 °C. 19F NMR (282 MHz, in CDCl3, rt, ppm): δ 174.0 (ddt, JFF = 113.4, 33.1 Hz, JFH = 22.9 Hz 1F), -124.66 (ddt, JFF = 113.5, 86.9 Hz, JFH
= 4.1 Hz 1F), -105.8 (ddd, JFF = 87.2, 32.8 Hz, JFH = 3.1 1F). 1H NMR (CDCl3) rt, ppm): δ
3.022 (Ha), 5.792 (Hb), 5.208 (Hc-trans), 5.199(Hc-cis). The NMR spectral data of the product
in the reaction mixture were very similar to that previously reported in the literature.7,14
FTIR (liquid): 3090, 3023, 2990, 2916, 1798, 1644, 1425, 1290, 1262, 1215, 1143, 1094,
1068, 991, 926, 789, 654 cm-1.

4.4.3.

Synthesis of 1,1,2-trifluoro-1,5-pentadiene (TrFPD) – Method 2

Following a second general procedure presented in the literature,10 inside a dry box,
to a 50-mL round-bottomed flask was added a PTFE coated magnetic stir bar, dry THF (20
mL), 0.48 g LiCl (11.32 mmol), and 0.95 g (9.43 mmol) allyl magnesium chloride. This
flask was then degassed on a vacuum line by the freeze-pump-thaw technique.
Subsequently, to this flask was added 1.56 g (15.6 mmol) of TFE, and the mixture was
allowed to stir for 30 min at room temperature. Following this period of time, an NMR
sample was taken to monitor the reaction. It was found that no product had formed. The
reaction mixture was then allowed to continue to stir for an additional 3 hours. Again, an
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NMR sample was taken to monitor the progress of the reaction, and again, none of the
desired product was observed in this reaction.
This reaction was also run in a 100-mL stainless steel autoclave. To this 100-mL
autoclave was added dry THF (30 mL), 2.01 g of LiCl (24 mmol), and 1.02 g (20 mmol)
allyl magnesium chloride, also inside a dry box. The autoclave was also degassed by the
freeze-pump-thaw method, and then 3.12 g of TFE were pressurized into the autoclave at
118 psig, and the reaction mixture was left for 3 hours with mechanical stirring at room
temperature. This method also did not produce any detectable amount of the desired
product.
4.4.4. Synthesis of 1,1,2-trifluoro-1,5-pentadiene (TrFPD) – Method 3
Following a third procedure found in the literature,11 to a three-necked, roundbottomed flask was added a PTFE coated magnetic stir bar, 100 mL dry DMF, and 9.7 g
(148 mmol) activated zinc. This mixture was stirred at room temperature while an amount
of bromotrifluoroethylene was bubbled into the DMF until the resulting gray solution
became brown in color and all of the zinc powder was gone, indicating the preparation of
a zinc-bromotrifluoroethylene intermediate. This solution was then cooled to 0 °C,
whereupon the addition of 0.3 g (43 mmol) copper(I) bromide and a very slow addition of
15.6 g (123 mmol) allyl bromide followed. This reaction mixture was then allowed to warm
to room temperature, and after stirring overnight, the reaction yielded 11.7 g of the desired
1,1,2-trifluoro-1,4-pentadiene in 78% yield following distillation. Again, the product is a
colorless liquid; lit. bp 38 °C. 19F NMR (283 MHz, in CDCl3, rt, ppm): δ -174.0 (ddt, JFF =
115.2, 33.1 Hz, JFH = 21.2 Hz 1F), -124.9 (dd, JFF = 115.2, 87.2 Hz 1F), -106.1 (dd, JFF =
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85.5, 32.7 Hz, 1F). 1H NMR (CDCl3) rt, ppm): δ 3.022 (Ha), 5.792 (Hb), 5.208 (Hc-trans),
5.199 (Hc-cis). The NMR spectral data of the final product were similar to that previously
reported in the literature.14 FTIR (liquid): 3090, 3023, 2990, 2916, 1798, 1644, 1425, 1290,
1262, 1215, 1143, 1094, 1068, 991, 926, 789, 654 cm-1.

4.4.5. Synthesis of 1,1,2-trifluoro-1-hexene (TrFH) – Method 1
Following a similar procedure to the one in Section 4.4.4, to a three-necked, roundbottomed flask was added a PTFE coated magnetic stir bar, dry DMF, and activated zinc.
This mixture was stirred at room temperature while an amount of bromotrifluoroethylene
was bubbled into the DMF until the resulting gray solution became brown in color,
indicating the preparation of a zinc-bromotrifluoroethylene intermediate. This solution was
then cooled to 0 °C, whereupon the addition of copper(I) bromide and a very slow addition
of bromobutane followed. The reaction mixture was then allowed warm to room
temperature and stir overnight. From this procedure, no detectable amount of the desired
1,1,2-trifluorohexane was observed in the reaction mixture.

4.4.6. Synthesis of 1,1,2-trifluoro-1-hexene (TrFH) – Method 2
Following a similar procedure to the one in Sections 4.4.4 and 4.4.5, to a three-necked,
round-bottomed flask was added a PTFE coated magnetic stir bar, dry DMF, and activated
zinc. This mixture was stirred at room temperature while an amount of
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bromotrifluoroethylene was bubbled into the DMF until the resulting gray solution became
brown in color, indicating the preparation of a zinc-bromotrifluoroethylene intermediate.
This solution was then cooled to 0 °C whereupon the addition of copper(I) bromide and a
very slow addition of chlorobutane followed. The reaction mixture was then allowed to
warm to room temperature and stir overnight. From this procedure, no detectable amount
of the desired 1,1,2-trifluorohexane was observed in the reaction mixture.

4.4.7. Synthesis of 1,1,2-trifluoro-1-hexene (TrFH) – Method 3
A revision to the procedure laid out in literature was carried out for the synthesis of
the desired monomer.13 Namely, 1,1,2-trifluorohexene was synthesized by loading 50.0
mL of a 2.5 M solution of n-butyllithium in hexanes in a two-necked, round-bottomed flask
fitted with a septum and PTFE stopcock. This flask was then attached to a vacuum source
and an in-line trap, whereupon the solvent (hexanes) was removed and subsequently
replaced by 30.0 mL of dry diethyl ether. This solution too underwent evaporation of the
solvent, which was again replaced by 50.0 mL of dry diethyl ether to ensure complete
removal of hexanes solvent. This solution was then set aside and chilled to -78 °C using a
dry ice/isopropanol bath. To a separate two-necked, round-bottomed flask, fitted with a
septum and a dry ice condenser with a drying tube, was added 50.0 mL of dry diethyl ether,
which was then also cooled to -78 °C. Separately, 15 g (0.15 moles, 1.2 equivalents) of
TFE was vacuum transferred to a 500-mL Hoke cylinder and diluted with nitrogen. This
gaseous mixture was then bubbled into the diethyl ether solvent, through the septum, until
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it was seen that the TFE was condensing and returning to the solvent from the cold finger.
At this point the cooled solution of n-butyllithium in diethyl ether was slowly added, in
1 mL aliquots, to the TFE/diethyl ether solution. Each reagent, n-butyllithium and TFE,
were then added as needed until the premeasured amounts had been used completely. The
reaction mixture was then left to stir at -78 °C for 1 additional hour before being allowed
to warm to room temperature.
Workup of the trifluorohexene product was accomplished by treating the reaction
mixture with a sufficient amount of dilute hydrochloric acid, whereupon the clear organic
phase was separated and the aqueous phase was washed twice more with diethyl ether. All
organic phase fractions were then combined and dried over magnesium sulfate and filtered
to obtain a solution of the products in diethyl ether. The solution was then distilled to
recover 13.3 grams of the desired 1,1,2-trifluoro-1-hexene as a liquid product with a
literature bp of 70 °C at 760 Torr. (77 % yield) 19F NMR (283 MHz, in CDCl3, rt, ppm): δ
-174.9 (ddt, JFF = 114.8, 33.1 Hz, JFH = 21.3 Hz 1F), -126.6 (ddt, JFF = 113.5, 92.3 Hz, JFH
= 3.6 Hz 1F), -107.7 (ddd, JFF = 92.3, 32.8 Hz, JFH = 3.111F). 1H (CDCl3) rt, ppm): δ 0.829
(Hd), 1.284 (Hc), 1.431 (Hb), 2.156 (Hd). NMR spectral data of final product were similar
to that previously reported in the literature.7 FTIR (liquid) 2960, 2931, 2875, 2866, 1467,
1429, 1382, 1348, 1293, 1222, 1172, 1129, 1049, 1014, 915, 742, 644 cm-1.
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4.4.8. Synthesis of 5,6-difluoro-5-decene (DiFD)
The compound 5,6-difluoro-5-decene was synthesized by loading 50.0 mL of a 2.5 M
solution of n-butyllithium in hexanes in a two-necked, round-bottomed flask fitted with a
septum and a dry ice condenser that was then attached to a vacuum source and an in-line
trap. Using the vacuum source and in-line trap, the hexanes solvent was removed and
subsequently replaced by 30.0 mL of dry diethyl ether. This solution too underwent
evaporation of the solvent, which was again replaced by 50.0 mL of dry diethyl ether to
ensure complete removal of hexanes solvent. The solution was then cooled to -78 °C using
a dry ice/isopropanol bath, and the dry ice condenser was also cooled using a mixture of
the same. The vacuum source and in-line trap were then replaced by a drying tube filled
with magnesium sulfate. Separately, 15 g (0.15 mol, 1.2 equivalents) of TFE was vacuum
transferred to a 500-mL Hoke cylinder and diluted with nitrogen. To this freshly prepared
solution of n-butyllithium in dry diethyl ether was bubbled the mixture of TFE and nitrogen
until it was seen that the TFE was condensing on the cold finger and returning to the
reaction mixture. This was continued until the full 1.2 equivalents of TFE had been added
whereupon the reaction mixture was left to stir at -78 °C for 1 hour and then allowed to
slowly warm to room temperature.
Workup of the difluorodecene product was accomplished by treating the reaction
mixture with a sufficient amount of dilute hydrochloric acid whereupon the clear organic
phase was separated and the aqueous phase was washed twice more with diethyl ether. All
organic phase fractions were then combined and dried over magnesium sulfate and filtered
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to obtain a solution of the products in diethyl ether. The solvent was then evaporated, and
the remaining residue was then distilled to recover 19.3 g of a mixture of both the trans and
cis isomers (88:12 ratio) of 5,6-difluoro-5-decene as a liquid product with a literature bp
of 70 °C at 20 Torr.15 (88 % yield) 19F NMR (283 MHz, in CDCl3, rt, ppm): δ trans -155.97
(m, 2F), cis -140.7 (m, 0.28 F). 1H NMR (CDCl3) rt, ppm): δ 2.26 (Ha, 4H), 1.415 (Hb, 4H),
1.29 (Hc, 4H), 0.84 (Hd, 6H). FTIR (liquid): 2961, 2932, 2875, 2865, 1468, 1432, 1380,
1344, 1295, 1223, 1177, 1129, 1107, 1049, 1016, 915, 746, 730 cm-1.

4.4.9. Copolymerization

of

1,1,2-trifluoro-1,4-pentadiene

(TrFPD)

with

perfluoropropyl vinyl ether (PPVE) and tetrafluoroethylene (TFE)
To a 100-mL stainless steel autoclave was added a desired amount of perfluoropropyl
vinyl ether (PPVE) and TrFPD. The autoclave was then closed and degassed using the
freeze pump thaw technique. Upon bringing the autoclave back room temperature, the
autoclave was placed on the gas handling system in the polymerization facility and the
system was leak checked and oxygen removed via backfill with nitrogen and evacuation.
The autoclave was then brought to 50 °C and agitation was set to 300 rotations per minute
(RPM). TFE was then charged into to the autoclave at a pressure of 100 psig and 5 mL of
a 0.1 M 3P solution was charged into the autoclave followed by a continual addition of
initiator at a rate of 0.05 mL per minute. TFE was continuously added for 30 minutes and
then the feed was shut off and the polymerization was allowed to continue for an additional
150 minutes. After the polymerization, the autoclave was removed from the gas handling
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system the remaining gaseous contents were removed from the autoclave by venting in a
fume hood. The recovered polymer solution was placed in a resin kettle where the
perfluorohexane was removed and the polymer resin was then dried at 100 °C under less
than 1 Torr for 1 hour for a recovery of about 1 g of polymer. FTIR-ATR (resin) 2953,
1434, 1312, 1168, 1114, 1064, 1017, 986, 908, 861, 751, 688 cm-1, TGA (N2, 10 °C/min)
-10% at 353 °C; -90% at 557 °C.

4.4.10. Copolymerization of 5,6-difluoro-5-decene (DiFD) with perfluoropropyl vinyl
ether (PPVE) and tetrafluoroethylene (TFE)
To a 100-mL stainless steel autoclave was added a desired amount of perfluoropropyl
vinyl ether (PPVE) and 5,6-difluoro-5-decene DiFD. The autoclave was then closed and
degassed using the freeze-pump-thaw technique. Upon bringing the autoclave back room
temperature, the autoclave was placed on the gas handling system in the polymerization
facility, and the system was leak checked and oxygen removed via backfill with nitrogen
and evacuation. The autoclave was then brought to 50 °C and agitation was set to 300
rotations per minute (RPM). TFE was then charged into to the autoclave at a pressure of
100 psig, and 5 mL of a 0.1 M 3P solution was charged into the autoclave followed by a
continual addition of initiator solution at a rate of 0.05 mL per min. TFE was continuously
added for 30 minutes, and then the feed was shut off and the polymerization was allowed
to continue for an additional 210 minutes. After the polymerization, the autoclave was
removed from the gas handling system, and the remaining gaseous contents were removed
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from the autoclave by venting in a fume hood. The recovered polymer solution was placed
in a resin kettle, where the perfluorohexane was removed and the polymer resin was then
dried at 100 °C under less than 1 Torr for 1 hour yielding between 0.25-0.75 g polymer.
FTIR-ATR (resin) 2966, 2940, 2879, 1333, 1205, 1149, 1016, 992, 638, 624 cm-1, TGA
(N2, 10 °C/min) -10% at 334 °C, -90% at 501 °C.
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Chapter 5

Synthesis of N1-[[2-[1-[Difluoro[(1,2,2-trifluoroethenyl)oxy] methyl]-1,2,2,2tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl] sulfonyl]-1,1,2,2,3,3-hexafluoro-N3[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3-propanedisulfonamide Polymer
with 1,1,2,2-Tetrafluoroethylene

5.1. Introduction
The initial proposal of using ion-exchange membranes as the electrolyte in fuel
cells was first developed by Willard Grubb, a chemist working for General Electric. This
idea made use of a sulfonated polystyrene resin as the polymer, and the idea was patented
in 1955. A few years later in 1958, Leonard Niedrach, developed a process of depositing a
platinum catalyst onto a titanium gauze and then bonding this catalyst to the ion-exchange
membrane. The combination of technologies then became known as the “Grubb-Niedrach
fuel cell.”1 Since this discovery, proton exchange membrane (PEM) fuel cells have been
extensively studied as both clean and efficient power sources for use in electric vehicles,
residential applications, as well as portable electronic devices.2-6 Proton exchange
membrane fuel cells (Figure 5.1) utilize a fuel, such as hydrogen, to be converted into
useful energy by means of electrochemical reactions where the hydrogen is split into
protons and electrons by platinum nanoparticles that are scattered throughout a carbon

164

support. The electrons produced in this electrochemical reaction are then transported
through circuitry yielding useful energy. A proton transport mechanism (ionomer
membrane) is then needed to transfer the protons from the anode to the cathode, whereupon
they will react with the electrons as well as oxygen from the air to give water as a final
clean product.7 More recent developments of PEM fuel cells have focused on improved
electrocatalysts, membranes (both for ambient and high-temperature applications), and
bipolar plate materials.8-13 The most commonly used membranes for PEM fuel cells are
perfluorosulfonic acid (PFSA) polymers, such as Nafion®, whose development by DuPont
in the early 1960s was the first perfluorosulfonic membrane of its kind. Its incredible
properties, including excellent chemical, mechanical, and thermal stability, as well as its
relatively high proton conductivity when fully hydrated, have made it quite suitable for
fuel cell applications with a lifetime of over 60,000 h at 80 °C for the commercial
Nafion® 120, having an equivalent weight (EW) of around 1200 g/mol H+.14-17

Figure 5.1. Schematic of PEMFC components and fuel flow for obtaining usable energy.
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The objective of the following work was to further develop methods towards
soluble perfluorosulfonimide (PFIA) ionomers as potential components in electrochemical
energy systems, namely as a binder for proton-exchange fuel cells (PEFC). The primary
objectives were the development of best methods toward the high yield synthesis of the
disodium salt monomer N1-[[2-[1-[difluoro[(1,2,2-trifluoroethenyl)oxy] methyl]-1,2,2,2sulfonyl]-1,1,2,2,3,3-hexafluoro-N3-

tetra-fluoroethoxy]-1,1,2,2-tetrafluoroethyl]
[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)

sulfonyl]-

1,3-propanedisulfonamide,

[CF2=CFOCF2CF(CF3)O(CF2)2SO2N(Na)SO2(CF2)3SO2(Na)NSO2C4F9]

(1)

and

its

copolymerization with TFE to obtain PFIA ionomers having an equivalent weight (EW)
between 700-900 g/mol H+. Though the specified ionomers herein are not novel, this work
was meant to build on previous work carried out by Dr. DesMarteau and his coworkers at
Clemson University18-24 and to explore improved synthetic methods towards more soluble,
processible polymers, which have hindered the applications of these materials made by
alternative methods.25-26
In this Chapter, the synthesis of the aforementioned perfluorinated sulfonimide
vinyl ether monomer will be described using both known techniques as well as some
improved coupling reactions as well as the copolymerization of this monomer with
tetrafluoroethylene in hopes of producing an ionomer suitable for study as a binder in fuel
cell

applications.

The

Nafion®

monomer

known

as

PSEPVE,

CF2=CFOCF2CF(CF3)OCF2CF2SO2F, was first bromine protected at the vinyl ether
functionality and further treated via a series of steps to yield the desired monomer. The
functionalization of the desired monomer was accomplished by the coupling of a bis-
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fluorosufonyl perfluoroalkane with the general formula FSO2RfSO2F to the PSEPVE to
incorporate multiple, strongly acidic, sulfonimide moieties in the monomer and perfluoro
trifluorovinyl ether repeat unit in subsequent polymers.

5.2. Results and Discussion
The target trifluorovinyl ether monomer 1, discussed in the Introduction, was
synthesized through a series of manipulations of the Nafion® monomer PSEPVE, in which
the trifluorovinyl ether was, through well-known techniques, protected by bromine
addition so that reactivity would be focused on the sulfonyl fluoride functionality of the
monomer. This sulfonyl fluoride was first transformed to the sodium salt of the
corresponding sulfonamide and subsequently coupled to another sufonyl fluoride
compound. It was found that to synthesize a new monomer of this size of 1, it would be
beneficial to prepare two sections of the target molecule, starting from the outside and
working inwards, and then couple them so as to afford the final desired product as depicted
in Scheme 5.1. In this Chapter, the various methods of preparation of the
perfluorosulfonimide

vinyl

ether

(1)

as

well

as

its

copolymerization

with

tetrafluoroethylene, to obtain a copolymer having an EW between 800-900 g polymer/mol
H+, will be discussed.
The Nafion® monomer PSEPVE, used as the primary starting material for our target
compound 1, is synthesized by the coupling of TFE and sulfur trioxide to yield a ß-sultone,
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which is then rearranged to the linear molecule fluorosulfonyl difluoroacetyl fluoride,
FSO2CF2C(O)F. As has been mentioned in previous Chapters, it is well known that the
addition of an acetyl fluoride to hexafluoropropylene oxide (HFPO) in the presence of CsF
yields a new acetyl fluoride via a rearranged alkoxide intermediate. The desired
intermediate needed for the formation of a vinyl ether via pyrolytic decarboxylation is then
synthesized by the hydrolysis of the acyl fluoride and subsequent neutralization of the
carboxylic acid, all of which are shown below in Scheme 5.2; however, having this
monomer already in stock allowed us to begin the synthetic manipulations from this point
forward.
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Scheme 5.1. Total synthesis of monomer 1.
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Scheme 5.2. Synthetic approach towards the synthesis of sulfonyl fluoride perfluorovinyl
ether monomer (PSEPVE).

5.2.1. Synthesis of CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2ff’CF2gSO2Fh (2)
It is well known that the double bond of vinyl ethers is susceptible to the attack by
electrophiles and nucleophiles and must therefore be protected when other manipulations
are desired.22,27 Prior to the ammoniation of the sulfonyl fluoride of PSEPVE, the vinyl
ether double bond was protected by reaction with bromine as shown in Scheme 5.3. It is
also feasible to use chlorine to protect this double bond as well, but the use of bromine is
both faster and typically results in higher yields. It is also worthy to note that the use of
bromine will make the elimination by zinc, in a later step, easier than will chlorine. The
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free radical initiation of such a reaction takes place under the irradiation of UV light
typically provided by the fluorescent lighting of the lab or fume hood being used. Bromine
was added to a pressure equalizing addition funnel and was subsequently added to the
PSEPVE monomer dropwise with vigorous stirring. It was seen that upon the addition of
a few drops the solution would become a yellow color that would then fade as the bromine
reacted with the PSEPVE. This process was continued until the yellow color became more
intense and would not fade, thus indicating that all PSEPVE had been bromine protected
and the presence of a slight excess of bromine was present. This excess bromine was then
treated with an aqueous solution of sodium bisulfite, whereupon the product was dried over
sodium sulfate, filtered, and vacuum distilled to yield the bromine-protected PSEPVE (2)
as seen by the presence of an AB pattern at -64.43 and -64.52 ppm respectively for
the -CF2Br group in the

19

F NMR spectrum resulting from the newly formed, adjacent

chiral carbon atom.

F2C

CF

OCF2CF(CF3)OCF2CF2SO2F

Br2

BrCF2

λ

CFBr

OCF2CF(CF3)OCF2CF2SO2F
( 2)

Scheme 5.3. Bromination of the vinyl ether on PSEPVE.
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5.2.2. Synthesis of CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2ff’CF2gSO2N(Na)H (4)
The following step was the ammonolysis of the bromine protected PSEPVE (2) so as
to yield a sulfonamide end group on the monomer as seen in Scheme 5.4. The liquid
ammonia was prepared by condensing anhydrous ammonia into a round-bottomed flask at
-78 °C using a dry ice/acetone bath and a cold-finger condenser cooled in the same manner.
To this cooled liquid ammonia was added the bromine protected PSEPVE (2) dropwise,
with vigorous stirring, until all had been added. The cooling bath was then removed and
excess ammonia was allowed to boil off under a nitrogen stream and then by dynamic
vacuum. As this process occurred, a white solid material formed. The products were then
stirred in dry acetonitrile so as to dissolve the desired product and then filtered to separate
the insoluble NH4F/NH4HF2 salt. Upon removal of the acetonitrile solvent by a rotovap,
the product CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2NH2 (3) was recovered as a viscous
liquid as identified in the 19F NMR spectrum by the disappearance of the -SO2F signal at
+43.91 ppm and the 1H NMR spectrum by the appearance of a singlet at 5.22 ppm.

BrCF2

CFBr

NH3

OCF2CF(CF3)OCF2CF2SO2F

-73 °C

BrCF2

(2)

CFBr

OCF2CF(CF3)OCF2CF2SO2NH2
(3)

Scheme 5.4. Ammonolysis of bromine protected PSEPVE.
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Following ammonolysis, the newly formed sulfonamide was then dissolved in water
and converted to the corresponding sodium salt via titration with 1.0 M NaOH to a constant
pH of between 8 and 8.5 to ensure the neutralization of all acid sites. This product 4 was
first dried by rotovap to remove bulk water and then scrupulously dried under vacuum for
several days yielding the first half of the desired new monomer.

5.2.3.

Synthesis

of

1,1,2,2,3,3,4,4,4-nonafluoro-1-butanesulfonamide,

n-C4F9SO2N(Na)H (6)
The synthesis of the second half of the desired monomer began with the ammonolysis
of 1,1,2,2,3,3,4,4,4-nonafluoro-1-butane sulfonyl fluoride. In a similar manner to the
ammonolysis of bromine-protected PSEPVE, liquid ammonia was transferred into a roundbottomed flask by condensation of anhydrous ammonia gas with a cold-finger reflux
condenser. A slow addition of the sulfonyl fluoride to excess ammonia, with vigorous
stirring until completion, was followed by the evaporation of excess ammonia under a
nitrogen stream. It was again seen by 19F NMR spectroscopy that the sulfonyl fluoride peak
at + 45.0 ppm was no longer present following this reaction and that a new peak at 4.66
ppm appeared in the 1H spectrum, both of which confirmed a successful ammonolysis. The
resulting product was then dissolved in acetonitrile, as it is known that the byproducts
NH4F/NH4HF2 are insoluble and can be separated via filtration. After removal of the
NH4F/NH4HF2, the acetonitrile was then removed via rotovap, and the product was
dissolved in water for titration of the sulfonamide to the sodium salt 6 by 1.0 M NaOH.
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5.2.4. Synthesis of n-C4F9SO2N(Na)SO2(CF2)3SO2F (8)
It was at this point in the synthesis of monomer 1 that a variety of methods were
explored in order to find the best method for coupling a sulfonyl fluoride intermediate to a
sulfonamide intermediate. It had originally been proposed that the sulfonamide sodium
salts be treated, in anhydrous conditions, with hexamethyldisilazane (HMDS), to yield a
trimethylsilyl salt, and then further coupled with the sulfonyl fluorides under reflux. It was
found that in some cases this method was actually successful in accomplishing this task;
however, it was not found to be successful in all cases. Furthermore, this method of
coupling, namely a trimethylsilyl(TMS)-substituted sulfonamide to a sulfonyl fluoride,
requires scrupulously dry conditions, aggressive reflux conditions, and long reaction times
(several days), all of which are disadvantageous when compared to the alternative methods
explored. It was also found that the direct coupling of a sulfonyl fluoride to the sodium salt
of a sulfonamide was possible in the presence of the organic base diisopropylethylamine
(DIPEA) at room temperature over the course of a few hours.
The first method of coupling 1,3-perfluoropropanedisulfonyl fluoride to the
aforementioned perfluoro-n-butane sulfonamide sodium salt (6) utilized the treatment of
the sodium salt with HMDS to yield a TMS, sodium salt. Under extremely dry conditions,
two equivalents of HMDS and one equivalent of the perfluoro-n-butane sulfonamide
sodium salt were added to dry acetonitrile, and the solution was refluxed at 110 °C
overnight, whereupon the product was separated by removing the solvent and excess
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HMDS by distillation. The newly formed TMS, sodium salt 7 was then dried to completion,
and then it was reacted in a 1:1.5 ratio (so as to ensure a 1:1 addition and not end capping
of the bis-sulfonyl fluoride) with the 1,3-perfluoropropanedisulfonyl fluoride, in dry
acetonitrile, again by refluxing the solution at 110 °C overnight. Excess bis-sulfonyl
fluoride and acetonitrile were removed by a rotovap giving the desired product
n-C4F9SO2N(Na)SO2(CF2)3SO2F (8) in 95% yield. It was not until later reactions, of the
same coupling type, that this method was found not to always be the most beneficial means
of coupling sulfonyl fluorides and sulfonamides.
As mentioned earlier, an alternative method using DIPEA as a means of directly
coupling a sulfonyl fluoride and perfluoroalkyl sulfonamide sodium salt was also utilized
in this reaction yielding n-C4F9SO2N(Na)SO2(CF2)3SO2F (8). It was found that, in utilizing
this method, less arduous reaction conditions are needed. For example, in the first attempt
at utilizing DIPEA to couple these compounds, the conditions of refluxing at 90-95 °C
overnight was compared to running the reaction at room temperature over the same time
frame. It was found that running the reaction at such high temperatures actually resulted in
the decomposition of the product, while the reaction run at room temperature yielded the
desired product 8 in virtually quantitative yield. It was thus decided that the other coupling
reactions of the same functional groups would utilize DIPEA as an improved method of
obtaining the desired products.
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5.2.5.

Synthesis

of

CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)-

SO2(CF2)3SO2N(Na)SO2-n-C4F9 (13)
In

order

to

obtain

the

desired

CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)SO2(CF2)3SO2N(Na)SO2-n-C4F9

compound
(13)

a

variety of methods were explored to find the best method of coupling the two pieces of the
desired monomer 1, albeit still in the bromine-protected form. To begin, HMDS was used
to attempt the coupling of the sulfonyl fluoride and sulfonamide functionalities, as shown
in Schemes 5.5 and 5.6, in order obtain the bromine-protected of the final desired monomer
1.

Scheme 5.5. Proposed coupling of a sulfonamide trimethylsilyl, sodium salt to a sulfonyl
fluoride.
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Scheme 5.6. Alternative attempted coupling of a sulfonamide trimethylsilyl, sodium salt
to a sulfonyl fluoride.

It was seen in these reactions that the synthesis of the trimethylsilyl salts was
accomplished in pretty good yield; however, their use even under aggressive reaction
conditions of heating and reflux of the two pieces (halves) gave little to no evidence for the
desired product 13. Instead, a complex mixture of decomposition products resulted. It is
believed in the coupling reactions, that the trimethylsilyl group in conjunction with the
longer fluorocarbon chains, was too bulky for such a reaction to take place and that the use
of DIPEA would allow for a higher probability of steric effects not being a strong factor in
this coupling. It was then decided that this reaction might take place under newly
discovered, alternative reaction conditions, as discussed earlier, using DIPEA to directly
couple a sulfonyl fluoride and a sulfonamide sodium salt.
As shown in Scheme 5.1, the sulfonyl fluoride 8 and bromine-protected
sulfonamide 4 were reacted in a 1:1 molar ratio with four (4) equivalents of DIPEA in
acetonitrile at room temperature.

19

F NMR spectroscopy was used as a means of tracking

the progress of the reaction by monitoring the disappearance of the –SO2F peak at
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+45.0 ppm. Not only was this method successful in yielding the desired product in nearly
quantitative yield, but the reaction time was significantly reduced in comparison to those
attempted for the trimethylsilyl coupling reactions. Upon completion of the reaction, the
reaction mixture was quenched with water, and the product was separated into an organic
phase followed by the evaporation of the solvent yielding a caramel-colored, wax-like
solid.

5.2.6.

Synthesis

of

CF2=CFOCF2CF(CF3)OCF2CF2SO2N(Na)-

SO2(CF2)3SO2N(Na)SO2-n-C4F9 (1)
The final step towards the desired monomer 1 for eventual use in a copolymerization
with TFE required a reduction of the vicinal dibromide so as to deprotect and recover the
trifluorovinyl ether functionality. Though this particular reaction has been shown to occur
through various methods and mechanisms,6,28-31 it was decided that activated zinc dust
would be used for the purpose at hand. This method is believed to proceed via an oxidative
insertion of Zn(0) into a C-Br bond, thus yielding an organozinc intermediate complex that
then undergoes dehalogenation as seen in Scheme 5.7. Although it is equally likely that
this debromination can proceed through the transfer of an electron from zinc to the vicinal
dibromide resulting in a radical species as shown in Scheme 5.8.
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Scheme 5.7. Reductive Elimination of Bromine by Zn(0).

This free radical intermediate then results in the formation of an organozinc complex,
where elimination of zinc bromide is believed to be proceed through either of two methods
as shown in Scheme 5.9.
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Scheme 5.8. Organozinc complex formation for debromination of vicinal dibromide.
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Scheme 5.9. Probable mechanistic action of double bond formation by ZnBr2 elimination.

Therefore, the debromination of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)SO2(CF2)3SO2N(Na)SO2-n-C4F9 (13) was carried out in dry acetonitrile at 95 °C with a
reflux condenser until complete debromination was complete (Scheme 5.10) as seen by
19

F NMR spectroscopy with the disappearance of the AB pattern produced by the –CF2Br

group as well as the multiplet of the –OCFBr group and the emergence of the typical
trifluorovinyl

ether

peaks

associated

with

CF2=CF-O-

with

chemical

shifts

of -112.38, -120.89, and -135.71 ppm, respectively. Upon workup, by filtration of excess
zinc and zinc bromide and removal of the solvent acetonitrile, the desired monomer 1 was
recovered in 94% yield.
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Scheme 5.10. Debromination of vicinal dibromide to yield desired vinyl ether monomer.

5.2.7.

Copolymerization

of

CF2=CFOCF2CF(CF3)OCF2CF2SO2N(Na)

SO2(CF2)3SO2N(Na)SO2-n-C4F9 (1) with Tetrafluoroethylene
After completion of the first goal of this project, the improved synthesis of the desired
difunctional sulfonimide trifluorovinyl ether monomer 1, the next step was to copolymerize
this PSEPVE-based monomer with TFE to yield a PFIA ionomer whose EW was between
700-900 g/mol H+. Through a series of polymerizations, it was found that control of the
EW was a more difficult task than first thought. In the case of TFE-co-PSEPVE, it is well
known to those in the field, though not well disclosed with only two references, that the
reactivity ratios of TFE and PSEPVE are quite different.32-33 In these references, the
reactivity ratios are disclosed as rTFE = 9 and rPSEPVE = 0.04,32 while in the second case, the
reactivity ratios in supercritical carbon dioxide (CO2) are reported as rTFE = 7.85 and rPSEPVE
= 0.079.33 It is perhaps for this reason that previous work in the area26,34-35 has focused on
the post-polymerization modification of the perfluorosulfonimide functionalities, as the
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reactivity ratios are likely to differ even more strongly as modification to the length of the
side-chain increases.
In keeping with techniques learned in other projects, the use of solution
polymerization techniques was the desired method of polymerizing the newly synthesized,
PSEPVE-based monomer 1 with TFE. A variety of solvents were explored, including
FC-72 (perfluorohexanes), HFC-4310 (2,3-dihydro-decafluoropentane), acetonitrile, and
dimethyl carbonate. While acetonitrile had the best solubility of the monomer,
polymerizations attempted utilizing this solvent were ineffective. It was then decided that
HFC-4310 would be used, as it had the next best solubility of 1, though not great as the
mixture was more of a suspension than a true solution. It is also worth mentioning that
though solution polymerization was the primary means of polymerization, an aqueous
emulsion polymerization was also carried out (Reaction 3); however, no reaction was seen
to take place and success in solution polymerization drove the research forward in that
direction. Reaction conditions, as seen in Table 5.1, show that control of EW, while also
yielding polymer, was primarily dependent on reaction pressure (concentration of TFE). It
was seen that, when polymerizations were carried out with a TFE pressure above 75 psig,
a decent yield of polymer was obtained; however, the EW was much higher than desired.
A lower limit of pressure was also seen as polymerization conditions utilizing a TFE
delivery pressure below 50 psig gave no reaction. Polymerizations were then carried out
utilizing reaction pressures between 50 and 75 psig, whereupon one polymerization,
Reaction 5, gave a polymer with an EW of 797 g/mol H+ as determined by titration.
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Unfortunately, this was the only polymer found to have an EW in the desired range, and
only 0.5 grams of polymer was recovered from this polymerization.
It is believed that the greatest hurdle to overcome for polymerization optimization
would be to find a better solvent system in which the monomer 1 would completely
dissolve, so as to give the greatest chance for polymerization with TFE, as well as limiting
the concentration of TFE in the polymerization solution, for example a solvent in which
TFE has a lower solubility than it does in HFC-4310. Balancing these two variables would
allow for the best conditions for controlling the EW as well as perhaps leading to good
yields of polymer.
5.3. Conclusions
The work presented in this Chapter represents a continuation of efforts towards
fluoropolymers useful in PEM fuel cell applications. Though the final polymers are not
novel, the synthetic route towards the development of such a polymer is. As mentioned
earlier, it is more common place for those in the field to derivitize Nafion® polymer
membranes to incoroporate such sidechains discussed in this Chapter. The primary
objectives were the development of best methods toward the high yield synthesis of the
disodium salt monomer N1-[[2-[1-[difluoro[(1,2,2-trifluoroethenyl)oxy] methyl]-1,2,2,2sulfonyl]-1,1,2,2,3,3-hexafluoro-N3-

tetra-fluoroethoxy]-1,1,2,2-tetrafluoroethyl]
[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)

sulfonyl]-

1,3-propanedisulfonamide,

[CF2=CFOCF2CF(CF3)O(CF2)2SO2N(Na)SO2(CF2)3SO2(Na)NSO2C4F9]

(1)

and

its

copolymerization with TFE to obtain PFIA ionomers having an equivalent weight (EW)
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between 700-900 g/mol H+. This monomer was successfully synthesized through a series
of steps in which sections of the monomer were synthesized/derivitized and coupled
together in high yield. Through a series of polymerizations, it was found that conditions
mimicking Reaction 5 will yield PFIA polymers in the desired range of equivant weights,
though further studies for yield optimization are still left to be explored. Overall, the
primary objectives were successfully accomplished and polymers thereof look very
interesting. I would also like to acknowledge the colleagues whose efforts on this project
were vital its success. Prior knowledge of the subject matter was drawn from the expertise
of Dr. Darryl D. DesMarteau as well as the dissertations of Dr. Brian Thomas, Dr. Shuang
Zhou, and research reports of J. J. Ma. Efforts towards the synthesis of the desired
monomer were accomplished in teams of myself and Dr. Daniel A. Hercules as well as Dr.
Xiaolin Liu and Steven Belina. Assistance by Dr. Iqbal Sharif was also vital in determining
equivalent weights by titration.
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Table 5.1. Polymerization of PFIA Ionomers
Reaction
1

TFE
Reaction
Initiator Copolymer
Monomer
Reaction
Agitation
Pressure
Temperature
added Recovered
added (g)
Time (h)
(rpm)
(psi)
(°C)
(mL)
(g)
2
150
8
25
850
10
negligible

EW
(g/mol H+)
3278

2

3

100

4

25

850

17

6.2

1582/1439/1858

3*

2

100

4

25

850

?

NO RXN

N/A

4

10.2

100

4

25

850

17

11.5

1878

5

9

50-60

2

25

850

11

0.5

797

6

10

100

2

25

850

9.36

0.41

1348

7

10.1

110

2

50

850

10.96

2.81

1498

8

22.1

80

3

50

850

14

16.4

2023

9

20.1

50

2

50

650

11.33

1.0

1207

10**

5.1 initial
+15.5

50

2

50

850

11.0

NO RXN

N/A

*Aqueous Emulsion Polymerization

** Additional monomer added as solution in acetonitrile
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5.4. Experimental
5.4.1 Materials and Characterization
The starting materials for this work were acquired from laboratory stock and
primarily were prepared for reactions as needed. Acetonitrile was dried over calcium
hydride, stored over 3A mol sieves, and obtained fresh for each reaction. Zinc metal was
activated by acid wash followed by subsequent washing with water, ethanol, and diethyl
ether respectively and then dried rigorously under vacuum. Tetrafluoroethylene and 3P
initiator were prepared by methods presented in Chapter 2.
1

H- and

19

F-NMR spectra were recorded using a JEOL 300-MHz spectrometer.

Gaseous samples were loaded into a Young’s tube, in both the gaseous state and
compressed gas states as needed, and normal techniques for solid and liquid samples were
used for sample preparation. Infrared spectra were recorded using a Thermo Scientific
Nicolet iS5 spectrophotometer utilizing either the iD1 Transmission or iD5 ATR
accessories, depending on the physical state of the sample. Thermogravimetric analyses
(TGAs) of resulting polymers were run on a TA Instruments Model Q500 under a stream
of dry nitrogen. When applicable, samples were further dried on the instrument under a
stream of nitrogen at 100 °C prior to acquiring the data. Representative spectra and
thermograms of starting materials and products can be found in Appendix E.
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5.4.2.

Synthesis

of

2-[1-[(1,2-dibromo-1,2,2-trifluoroethoxy)difluoromethyl]-

1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoroethanesulfonyl

fluoride,

CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2ff’CF2gSO2Fh (2)
To a 250-mL flask equipped with a pressure equalizing addition funnel and a PTFE coated
magnetic stir bar, the vinyl ether PSEPVE, CF2=CFOCF2CF(CF3)O(CF2)2SO2F, (36 g,
0.081 mol) was added at 0 °C. About 5 mL bromine in the addition funnel was then added
dropwise with vigorous stirring until the color of the mixture in the flask changed to light
yellow. The resulting mixture was then treated with 10 mL of an aqueous solution of
NaHSO3 to reduce the excess bromine. After washing with water three times, the organic
layer was then dried over Na2SO4. After filtration, distillation under reduced vacuum gave
43.8 g (0.072 mol, yield 90%) of a colorless liquid.
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F NMR (282 MHz, CD3CN, rt,

δ/ppm): δh 43.91 (m, 1F), δaa’ -64.45, -64.50 (ABq, 2F JAB = 12.7 Hz) δb -72.49 (m, 1F),
δff’ -79.96, -80.78 (ABq 2F, JAB = 231 Hz), δe -81.05 (d, 3F), δc -82.66, (tm, 1F), δc’ -87.03
(tm, 1F), δg -113.58 (s, 2F), δd -146.14 (t, 1F).

5.4.3. Synthesis of 2-[1-[(1,2-dibromo-1,2,2-trifluoroethoxy)difluoromethyl]-1,2,2,2tetrafluoroethoxy]-1,1,2,2-tetrafluoroethanesulfonamide,
CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2ff’CF2gSO2NH2 (3)
Into a 250-mL multi-necked, round-bottomed flask, fitted with a reflux condenser
and a PTFE coated magnetic stir bar, was condensed approximately 100 mL of NH3 using
the reflux condenser cooled with a dry ice/acetone mixture. With agitation, 23.2 g of
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brominated PSEPVE (2) was added dropwise, and the reaction mixture was then allowed
to stir for 2 h. The excess NH3 was then allowed to boil off under a nitrogen stream.
Residual NH3 was then removed via vacuum. The product was then allowed to dissolve in
dry acetonitrile over a period of 1 h, and then the solution was filtered to remove the
insoluble NH4F/NH4HF2 salt. Acetonitrile was then removed via a vacuum transfer leaving
15.9 g of a viscous liquid product.
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F NMR (282 MHz, CD3CN, rt, δ/ppm):

δaa’ -63.70, -63.74 (ABq, 2F, 12.2Hz), δb -71.84 (m, 1F), δff’ -77.64, -78.44 (ABq, 2F,
227 Hz), δe -79.05 (d, 3F), δc -80.89, (tm, 1F), δc’ -85.08 (tm, 1F), δg -116.44 (s, 2F),
δd -144.65 (t, 1F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 5.22 (s, 2H).

5.4.4. Synthesis of 2-[1-[(1,2-dibromo-1,2,2-trifluoroethoxy)difluoromethyl]-1,2,2,2tetrafluoroethoxy]-1,1,2,2-tetrafluoroethanesulfonamide,

sodium

salt,

CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2ff’CF2gSO2N(Na)H (4)
To a 250-mL round-bottomed flask was added 25.0 g of the sulfonamide
CF2BrCFBrOCF(CF3)CF2OCF2CF2SO2NH2 (3) along with a PTFE coated magnetic stir
bar and enough DI water so that the product dissolved completely. This solution was then
titrated to a pH between 8.0 and 8.5 with 1.0 M NaOH. Once a pH between 8.0 and 8.5
was achieved and maintained, the solution was placed on a rotovap to remove bulk water,
and the resulting salt was subsequently dried to completion using vacuum line techniques
at

slightly

elevated

temperatures

for

48

h

yielding

the

sodium

salt

CF2BrCFBrOCF(CF3)CF2OCF2CF2SO2N(Na)H. 19F NMR (282 MHz, CD3CN, rt, δ/ppm):
δaa’ -63.67, -63.72 (ABq, 2F, 13.7 Hz), δb -71.92 (m, 1F), δff’ -77.51, -78.41 (ABq, 2F,
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254 Hz), δe -78.81 (d, 3F), δc -80.75, (tm, 1F), δc’ -85.03 (tm, 1F), δg -116.64 (s, 2F),
δd -144.74 (t, 1F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 2.59 (s, 1H).

5.4.5.

Synthesis

of

1,1,2,2,3,3,4,4,4-nonafluoro-1-butanesulfonamide,

CF3mCF2lCF2kCF2jSO2NH2 (5)
Into a 250-mL multi-necked, round-bottomed flask, fitted with a reflux condenser
and a PTFE coated magnetic stir bar, was condensed approximately 40 mL of NH3 using
the reflux condenser cooled with a dry ice/acetone mixture. With agitation, 50.0 g of
n-C4F9SO2F was added dropwise and then allowed to stir for 2 h. The excess NH3 was then
allowed to boil off under a nitrogen stream. Residual NH3 was then removed via vacuum.
The product was then mixed with dry acetonitrile for 1 h, and the resulting solution was
then filtered to remove the insoluble NH4F/NH4HF2 salt. Acetonitrile was then removed
via a vacuum transfer for a recovery of the n-C4F9SO2NH2 in quantitative yield. 19F NMR
(282 MHz, CD3CN, rt, δ/ppm): δm -80.21 (t, 3F), δj -113.29 (t, 2F), δk -120.86 (s, 2F),
δl -125.37 (t, 2F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 4.66 (s, 2H).

5.4.6. Synthesis of 1,1,2,2,3,3,4,4,4-nonafluoro-1-butanesulfonamide, sodium salt,
CF3mCF2lCF2kCF2jSO2N(Na)H (6)
To a 250-mL round-bottomed flask was added 25.0 g of the n-C4F9SO2NH2 (5)
along with a PTFE coated magnetic stir bar and enough DI water so that the solid product
had dissolved. This solution was then titrated to a pH between 8.0 and 8.5 with 1.0 M
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NaOH. Once a pH between 8.0 and 8.5 was achieved and maintained, the solution was
placed on a rotovap to remove bulk water, and the resulting solid was subsequently dried
to completion using vacuum line techniques at slightly elevated temperatures for 48 h
yielding the sodium salt n-C4F9SO2NHNa in approximately 97% yield by weight. 19F NMR
(282 MHz, CD3CN, rt, δ/ppm): δm -80.38 (t, 3F), δj -113.39 (t, 2F), δk -120.58 (s, 2F),
δl -125.33 (t, 2F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 4.07 (s, 1H).

5.4.7.

Synthesis

of

1,1,2,2,3,3,4,4,4-nonafluoro-N-(trimethylsilyl)-1-

butanesulfonamide, sodium salt, CF3mCF2lCF2kCF2jSO2N(Na)SiMe3 (7)
To a two-necked, round-bottomed flask, equipped with a PTFE coated magnetic
stir bar, reflux condenser, and bubbler, was added n-C4F9SO2N(Na)H (6) and a sufficient
amount of anhydrous acetonitrile to dissolve the sodium salt. Additionally, 2 molar
equivalents of hexamethyldisilazane (HMDS) were introduced by syringe so as to limit
water content. This reaction was then refluxed at 110 °C overnight, whereupon the solvent
and excess HMDS were removed from the mixture by distillation. The resulting product
was then dried under vacuum at 110 °C for 48 h yielding n-C4F9SO2N(Na)SiMe3 in 97%
by weight. 19F NMR (282 MHz, CD3CN, rt, δ/ppm): δm -80.47 (t, 3F), δj -113.06 (t, 2F),
δk -120.15 (s, 2F), δl -125.25 (t, 2F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 0.01 (s,
9H).
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5.4.8.

Synthesis

of

1,1,2,2,3,3-hexafluoro-3-[[[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)

sulfonyl]amino]sulfonyl]-1-propanesulfonyl

fluoride,

sodium

salt,

CF3mCF2lCF2kCF2jSO2N(Na)SO2CF2h’CF2iCF2hSO2F (8)
To a 250-mL round-bottomed flask, fitted with a reflux condenser and PTFE coated
magnetic stir bar, was added 18 g (45.8 mol) n-C4F9SO2N(Na)SiMe3 (7) and a sufficient
amount of acetonitrile to give a homogeneous solution. To this solution was added 1.5
molar equivalents (21.7 g, 68.7 mmol) of FSO2(CF2)3SO2F, by syringe to limit the water
content. This mixture was then refluxed at 110 °C overnight, whereupon the solvent and
excess FSO2(CF2)3SO2F were removed by distillation for a 95% yield of
C4F9SO2N(Na)SO2(CF2)3SO2F by weight.
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F NMR (282 MHz, CD3CN, rt, δ/ppm):

δ 46.28 (p, 1F), δm -80.36 (t, 3F), δh -106 (t, 2F), δh’ -112.35 (t, 2F), δj -112.65 (t, 2F),
δi -117.68 (t, 2F), δk -120.43 (t, 2F), δl -125.27 (t, 2F).

5.4.9.

Alternative

Synthesis

of

1,1,2,2,3,3-hexafluoro-3-[[[(1,1,2,2,3,3,4,4,4-

nonafluorobutyl)sulfonyl]amino]sulfonyl]-1-propanesulfonyl fluoride, sodium salt,
CF3mCF2lCF2kCF2jSO2N(Na)SO2CF2h’CF2iCF2hSO2F (8)
To a 250-mL round-bottomed flask was added 19.5 g (60.8 mmol) of
n-C4F9SO2N(Na)H (6), 28.8 g (91.1 mmol) FSO2C3F6SO2F, and a sufficient amount of dry
acetonitrile to yield a homogeneous solution. Additionally, 31.4 g (242.5 mmol) of
diisopropylethylamine (DIPEA) was added, and the solution was stirred at room
temperature overnight. The reaction was then quenched with water, and the separated
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organic layer was distilled to obtain 39.3 g of the product n-C4F9SO2N(Na)SO2(CF2)3SO2F.
This material, by NMR spectroscopy, was seen to be in quantitative yield with only a minor
amount of acetonitrile still present, as it was found to be very difficult (and not completely
necessary) to fully remove all acetonitrile. 19F NMR (282 MHz, CD3CN, rt, δ/ppm): δ 46.28
(p, 1F), δm -80.36 (t, 3F), δh -106 (t, 2F), δh’ -112.35 (t, 2F), δj -112.65 (t, 2F), δi -117.68 (t,
2F), δk -120.43 (t, 2F), δl -125.27 (t, 2F).

5.4.10.

Synthesis

of

1,1,2,2,3,3-hexafluoro-3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)

sulfonyl]-1,3-propanedisulfonamide,

-3-N-sodium

salt,

CF3mCF2lCF2kCF2jSO2N(Na)SO2CF2h’CF2iCF2hSO2NH2 (9)
Into a 250-mL multi-necked, round-bottomed flask, fitted with a reflux condenser
and a PTFE coated magnetic stir bar, was condensed approximately 40 mL of NH3 using
the reflux condenser cooled with a dry ice/acetone mixture. With agitation,
n-C4F9SO2N(Na)SO2(CF2)3SO2F (8) was dissolved in acetonitrile and added dropwise to
the liquid ammonia, and the reaction mixture was then allowed to stir for 2 h. The excess
NH3 was then allowed to boil off under a nitrogen stream. Residual NH3 and acetonitrile
were then removed via vacuum. The product was then mixed with dry acetonitrile for 1 h
and then filtered to remove the insoluble NH4F/NH4HF2 salt. Acetonitrile was then
removed via a vacuum transfer for a recovery of the n-C4F9SO2N(Na)SO2(CF2)3SO2NH2
in quantitative yield. 19F NMR (282 MHz, CD3CN, rt, δ/ppm): δm -80.74 (t, 3F), δh -112.21
(t, 2F), δh’ -113.05 (t, 2F), δj -113.8 (t, 2F), δi -118.03 (t, 2F), δk -120.84 (t, 2F), δl -125.66
(p, 2F).
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5.4.11.

Synthesis

of

1,1,2,2,3,3-hexafluoro-3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)

sulfonyl]-1,3-propanedisulfonamide,

disodium

salt,

CF3mCF2lCF2kCF2jSO2N(Na)SO2CF2h’CF2iCF2hSO2N(Na)H (10)
To a 250-mL round-bottomed flask, with a PTFE coated magnetic stir bar, was
added n-C4F9SO2N(Na)SO2(CF2)3SO2NH2 (9) and a sufficient amount of DI water to create
a homogeneous solution. The solution was then titrated to a pH between 8.0 and 8.5 using
a 1.0 M NaOH solution. Once a pH between 8.0 and 8.5 was achieved and maintained, the
bulk

water

was

removed

by

rotovap,

and

the

solid

sodium

salt

n-C4F9SO2N(Na)SO2(CF2)3SO2N(Na)H was further dried under vacuum at 110 °C for
4 days to obtain the solid product in 95% yield by weight. 19F NMR (282 MHz, in CD3CN,
rt, δ/ppm): δm -80.30 (t, 3F), δh -112.14 (t, 2F), δh’ -112.52 (t, 2F), δj -112.66 (t, 2F),
δi -117.95 (t, 2F), δk -120.41 (t, 2F), δl -125.22 (t, 2F).

5.4.12.

Synthesis

of

1,1,2,2,3,3-hexafluoro-3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)

sulfonyl]-1-N-(trimethylsilyl)-1,3-propanedisulfonamide,

disodium

salt,

CF3mCF2lCF2kCF2jSO2N(Na)SO2CF2h’CF2iCF2hSO2N(Na)Si(CH3)3 (11)
To a two-necked, round bottomed-flask, equipped with a PTFE coated magnetic
stir bar, reflux condenser, and bubbler, was added n-C4F9SO2N(Na)SO2(CF2)3SO2N(Na)H
(9) and a sufficient amount of anhydrous acetonitrile to dissolve the sodium salt.
Additionally, 2 molar equivalents of hexamethyldisilazane (HMDS) were introduced by

193

syringe so as to limit water content. This reaction was then refluxed at 110 °C for 5 days,
whereupon the solvent and excess HMDS were removed from the mixture by distillation.
The resulting product was then dried under vacuum at 110 °C for 5 days yielding
19

n-C4F9SO2N(Na)SO2(CF2)3SO2N(Na)Si(CH3)3 in 97% by weight.

F NMR (282 MHz,

CD3CN, rt, δ/ppm): δm -80.32 (t, 3F), δhh’ -112.08 (t, 4F), δi -112.70 (t, 2F), δj -117.75 (t,
2F), δk -120.41 (t, 2F), δl -125.25 (t, 2F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 0.04
(s, 9H).

5.4.13. Synthesis of 2-[1-[(1,2-dibromo-1,2,2-trifluoroethoxy)difluoromethyl]-1,2,2,2tetrafluoroethoxy]-1,1,2,2-tetrafluoro-N-(trimethylsilyl)-ethanesulfonamide, sodium
salt, CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2fCF2gSO2N(Na)Si(CH3)3 (12)
To a two-necked, round-bottomed flask, equipped with a PTFE coated magnetic
stir

bar,

reflux

condenser,

and

bubbler,

was

added

CF2BrCFBrOCF(CF3)CF2OCF2CF2SO2N(Na)H (4) and a sufficient amount of anhydrous
acetonitrile to dissolve the sodium salt. Additionally, 2 molar equivalents of
hexamethyldisilazane (HMDS) were introduced by syringe so as to limit water content.
This reaction was then refluxed at 110 °C overnight, whereupon the solvent and excess
HMDS were removed from the mixture by distillation. The resulting product was then
dried

under

vacuum

at

110

°C

for

48

h

CF2BrCFBrOCF(CF3)CF2OCF2CF2SO2N(Na)Si(CH3)3 in 95% by weight.

yielding
19

F NMR

(282 MHz, CD3CN, rt, δ/ppm): δaa’ -63.68, -63.72 (ABq, 2F, 12.7 Hz), δb -71.81 (m, 1F),
δff’ -77.55, -78.40 (ABq, 2F, 240 Hz), δe -78.91 (q, 3F), δc -80.79 (tm, 1F), δc’ -85.05 (dd,
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1F), δg -116.54 (s, 2F), δd -144.67 (q, 1F). 1H NMR (300 MHz, CD3CN, rt, δ/ppm): δ 0.13
(s, 9H).

5.4.14.

Attempted

synthesis

N1-[[2-[1-[difluoro[(1,2-dibromo-1,2,2-

of

trifluoroethanyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl]
sulfonyl]-1,1,2,2,3,3-hexafluoro-N3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3disodium

propane-disulfonamide,

salt,

CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)SO2CF2CF2CF2SO2N(Na)SO2CF2CF2CF2CF3 (13) by TMS coupling
To a two-necked, round-bottomed flask, fitted with a reflux condenser and septum,
was added approximately 75 mL of dry acetonitrile, 5.29 g (10.4 mmol) of
n-C4F9SO2N(Na)SO2C3F6SO2F

(8),

and

3.87

g

(6.8

mmol)

of

CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)Si(CH3)3 (11). The mixture was refluxed
under a dry nitrogen atmosphere for 5 days at 100 °C. Using
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F NMR spectroscopy to

follow the reaction, it was seen that no reaction had taken place. The reaction was allowed
to continue for an additional 5 days, whereupon it was seen that only decomposition of the
starting materials was apparent.
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5.4.15. Alternative attempted synthesis of N1-[[2-[1-[difluoro[(1,2-dibromo-1,2,2trifluoroethanyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl]
sulfonyl]-1,1,2,2,3,3-hexafluoro-N3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3propanedisulfonamide, disodium salt, CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)SO2(CF2)3SO2N(Na)SO2C4F9 (13) by TMS coupling
To a 2-necked, round-bottomed flask, fitted with a reflux condenser and septum,
was

added

approximately

75

n-C4F9SO2N(Na)SO2C3F6SO2N(Na)Si(CH3)3

mL
(8),

and

of
1.5

dry
mole

acetonitrile,
equivalents

of

CF2BrCFBrOCF(CF3)CF2OCF2CF2SO2F (2). The mixture was refluxed under a dry
nitrogen atmosphere for 3 days at 100 °C. Using

19

F NMR spectroscopy to follow the

reaction, it was seen that very little reaction had taken place. The reaction was allowed to
continue for an additional 5 days, whereupon it was seen that only decomposition of the
starting materials was apparent.
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5.4.16.

Synthesis

of N1-[[2-[1-[difluoro[(1,2-dibromo-1,2,2-trifluoroethanyl)oxy]

methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl]sulfonyl]-1,1,2,2,3,3hexafluoro-N3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3propanedisulfonamide, disodium salt, CF2aa’BrCFbBrOCF2cc’CFd(CF3e)OCF2fCF2gSO2N(Na)SO2CF2hCF2iCF2h’SO2N(Na)SO2CF2jCF2kCF2lCF3m

(13)

by

DIPEA

coupling
To a 250-mL round-bottomed flask, along with a PTFE coated magnetic stir bar,
was added 26.6 g (43.1 mmol) of n-C4F9SO2N(Na)SO2(CF2)3SO2F (8) as well as 27.0 g
(43.3 mmol) of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)H (4) in a sufficient amount
of dry acetonitrile. To this mixture was added 17.4 g (134 mmol) DIPEA, and the mixture
was left to stir at room temperature for approximately 10 h. After this time, the reaction
was quenched with water, and the colored organic layer was recovered by separation and
dried over Na2SO4. The acetonitrile was then removed by distillation leaving the desired
product

CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)SO2(CF2)3SO2N(Na)SO2-n-C4F9

(13) as a viscous liquid in quantitative yield.

F NMR (282 MHz, CD3CN, rt, δ/ppm):

19

δaa’ -63.76 (d, 2F), δb -71.90 (m, 1F), δff’ -77.54, -78.37 (ABq, 2F, 236 Hz), δe -78.93 (d,
3F), δm -80.36 (t, 3F), δc -80.82 (t, 1F), δc’ -85.02 (dd, 1F), δh -111.79 (t, 2F), δh’ -112.69 (t,
2F), δj -113.59 (t, 2F), δg -116.48 (s, 2F), δi -118.15 (s, 2F), δk -120.45 (s, 2F) δl -125.29 (t,
2F), δd -144.69 (q, 1F).
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5.4.17. Synthesis of N1-[[2-[1-[difluoro[(1,2,2-trifluoroethenyl)oxy]methyl]-1,2,2,2tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl]sulfonyl]-1,1,2,2,3,3-hexafluoro-N3-[(1,1,
2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3-propanedisulfonamide,
CF2aa’=CFbOCF2cc’CFd(CF3e)OCF2fCF2gSO2N(Na)SO2CF2hCF2iCF2h’SO2N(Na)SO2CF2jCF2kCF2lCF3m (1)
To a 500-mL round-bottomed flask, fitted with a reflux condenser and a PTFE
coated

magnetic

stir

bar,

was

added

49.8

g

(40.8

mmol)

of

CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)SO2(CF2)3SO2N(Na)SO2-n-C4F9 (13) and
enough dry acetonitrile to completely dissolve the viscous material. To this solution was
added 5.5 g (84 mmol) of activated zinc powder, and the mixture was heated to 95 °C and
left to reflux until debromination of the starting material was completed (as monitored by
19

F NMR spectroscopy). Upon completion of the debromination, the reaction mixture was

filtered to remove excess zinc and ZnBr2, and the resulting solution was vacuum distilled
to remove the solvent yielding 40.9 g (38.5 mmol) of a caramel-colored, viscous liquid
monomer (1) in 94% recovered yield. 19F NMR (282 MHz, CD3CN, rt, δ/ppm): δff’ -77.96,
-78.39 (ABq, 2F, 125 Hz), δe -79.23 (d, 3F), δm -80.39 (t, 3F), δc -83.84 (s, 2F), δh -111.77
(t, 2F), δa -112.38 (m, 1F), δh’ -112.68 (t, 2F), δj -113.53 (t, 2F), δg -116.49 (s, 2F), δi -118.15
(s, 2F), δk -120.43 (s, 2F), δa’ -120.89 (dd, 1F), δl -125.24 (p, 2F), δb -135.71 (dd, 1F),
δd -144.26 (s, 1F).
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5.4.18.

Copolymerization

of

CF2=CFOCF2CF(CF3)OCF2CF2SO2N(Na)

SO2(CF2)3SO2N(Na)SO2C4F9 (1) and TFE, N1-[[2-[1-[difluoro[(1,2,2-trifluoroethenyl)
oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl]sulfonyl]-1,1,2,2,3,3hexafluoro-N3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3-propanedisulfonamide, polymer with 1,1,2,2-tetrafluoroethylene
To

a

600-mL

stainless

steel

autoclave

was

added

CF2=CFOCF2CF(CF3)OCF2CF2SO2N(Na)SO2(CF2)3SO2N(Na)SO2–n-C4F9

9.0
(1)

g

of
and

approximately 400 mL of HFC-4310 solvent. Upon closing and securing the autoclave lid,
the solution of monomer was degassed via a freeze-pump-thaw process. The autoclave was
then placed in the barricade and hooked up to the polymerization system, whereupon leak
checking and oxygen elimination procedures were followed. Once complete, the stirrer was
set to 850 rpm, the temperature was regulated at 25 °C, followed by the introduction of
TFE at 50-60 psig. To initiate the reaction, 11 mL of an initiator solution of 3P in HFC4310 was then added over the course of a 2-h reaction time. Upon completion of the
reaction, the agitation and initiator feed were stopped, and any excess TFE in the autoclave
was vented. The recovered material from the autoclave was then subjected to vacuum
distillation to remove the solvent HFC-4310 leaving a residue that was washed with dry
acetonitrile. The undissolved material was then recovered by filtration and dried in a
vacuum oven yielding 0.5 g of a polymer that by titration was found to have an EW of
797 g/mol H+ (see Section 5.2.14 below for details). The acetonitrile filtrate was then
subjected to vacuum distillation by rotovap to recover unreacted monomer, the integrity of
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which was confirmed by 19F NMR spectroscopy, which matched that reported in Section
5.2.16.

5.4.19. Titration of copolymers to find equivalent weight (EW) and ion exchange
capacity (IEC)
Into a 250-mL Erlenmeyer flask was placed a small sample of polymer to be
hydrolyzed initially at 60 °C with a solution of 15% KOH, 35% DMSO, and 50% H2O by
weight for approximately two h. Subsequent washes with distilled water were performed
until the decanted liquid was seen to be neutral by testing with litmus paper. The polymer
was then acidified by a dilute solution of HNO3 twice followed by 30 mL of concentrated
HNO3 under an inert atmosphere at 80 °C for approximately one h. The samples were again
washed with distilled water until the decanted liquid was seen to be neutral by testing with
litmus paper. The resulting acidified polymer was then dried under vacuum in an oven at
100 °C and 50 mTorr for 24 h. A known weight of the polymer sample (0.100 – 0.120 g)
was then placed in a 250-mL Erlenmeyer flask with 30 mL of distilled water, 10 mL of
ethanol, and a couple drops of phenolphthalein. A solution of 0.01 M NaOH was added to
approximately 2 mL beyond the equivalence point, whereupon the resulting solution was
back titrated with a 0.01 M solution of HCl until reaching the equivalence point; care was
always taken to carry out the procedure under an atmosphere of dry nitrogen. The resulting
equivalent weight in g/mol (grams of polymer per mol of acid sites) was calculated using
the equation shown below.
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𝑔𝑔
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𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻 +
�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐿𝐿) ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀)� − �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻 (𝐿𝐿) ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀)�

5.4.20. Alternative method for the titration of copolymers to find equivalent weight
(EW) and ion exchange capacity (IEC)
Into a 250-mL Erlenmeyer flask was placed a small sample of the polymer to be
titrated, and the polymer was first hydrolyzed by heating in a solution of 10% KOH in
ethanol at 80 °C for 24 h. After this time, the sample was washed with distilled water until
the decanted liquid was show to be neutral by testing with litmus paper, and then the sample
was subsequently dried under vacuum overnight at 90 °C. Once the polymer was dried, a
small sample (0.100 grams) was placed in a 100-mL Erlenmeyer flask with 50 mL of
distilled water, 10 mL of ethanol, and 2 drops of phenolphthalein. The polymer was then
left under an inert atmosphere and constant agitation for 2 h prior to titration with a 0.01 M
solution of NaOH until a light pink color appeared. An excess of 2.00 mL of the NaOH
solution was then added, and the solution was left to stir overnight. The polymer was then
further titrated until light pink, and solution was again left under agitation (approximately
5 h). If the color remained unchanged, then one can assume that the equivalence point had
been reached. The equivalent weight can be calculated from the equation shown below. If
the titration is done slowly enough, there is no need to back titrate with HCl. However, if
back titration is necessary, the equation below can be modified to account for such an
instance.
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𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑖𝑖𝑖𝑖 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑔𝑔)
�=
𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻+
�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐿𝐿) ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀)�

Sample Calculations
𝐸𝐸𝐸𝐸 �

𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑖𝑖𝑖𝑖 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑔𝑔)
�=
+
𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻
�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝐿𝐿) ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀)�
𝐸𝐸𝐸𝐸 �

0.124 𝑔𝑔
𝑔𝑔
�=
𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻 +
�0.01555 (𝐿𝐿) ∗ 0.01 (𝑀𝑀)�
𝐸𝐸𝐸𝐸 = 797 �

𝑔𝑔
�
𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻 +
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Chapter 6
Conclusions and Future Works
Utilizing the newly built TFE facility, the work presented in this dissertation has been
proven successful in many ways. Benchmark PFAs were successfully synthesized and
properties of these PFAs were similar to those of commercial samples. Additionally, a
novel pentafluorosulfanyl-containing trifluorovinyl ether was successfully synthesized
from the pentafluorosulfanyldifluoroacetic acid starting material and subsequently
copolymerized with TFE to afford the first pentafluorosulfanyl-containing PFA. Likewise,
two additional terpolymer PFAs were successfully synthesized with the incorporations of
TrFPD and DiFD, respectively. Lastly, a high yielding synthetic pathway towards a
difunctional sulfonimide trifluorovinyl ether monomer was accomplished as well as its
copolymerization with TFE with various equivalent weights. Though some results from
these individual projects did not fall in line with the expected outcomes, they have led to
new ideas and future experiments that should be explored.
With the successful synthesis of the novel pentafluorosulfanyl-containing
trifluorovinyl ether and subsequent copolymer with TFE, this work should be continued
towards a polymer containing an appropriate incorporation of the trifluorovinyl ether so
that a well processed polymer film can be melt pressed. When this is accomplished, it will
be very interesting to measure the surface properties of such a film, especially when
compared to commercial materials and benchmark PFAs synthesized in this work. An
intriguing set of measurements to find would be advancing and receding contact angles of
these polymers for both water and oil. It is hypothesized that the steric bulk, as well as the
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group electronegativity of the SF5 group should provide improved properties versus those
of the current CF3 analogs.
As mentioned above, the terpolymerizations of TrFPD and DiFD with TFE and PPVE
were successfully completed. Unfortunately, the polymerization yields were much lower
than expected based on the benchmark PFAs. This, along with decreased thermal stability,
was just cause for the termination of this particular project. However, it is for this reason
that a future pathway forward would be to analyze polymerization conditions and explore
new conditions that could afford higher yields. If this could be accomplished, it is still
feasible that E-beam studies could increase the overall molecular weights of these PFAs.
In the direction of future works for the perfluorosulfonimide ionomers synthesized, it
is believed that a set of conditions that can be used to successfully control the equivalent
weight of said polymers should exist. With the knowledge gained from this work and that
of Dr. DesMarteau and coworkers, a high yielding synthetic pathway to the desired
monomer was presented as well as successful copolymerizations with TFE by solution
polymerizations to afford a variety of equivalent weights ranging from as low as 797 to
over 3200. Ideally, the EW should be in the 700-900 range. The major challenge to this
work, however, was both the lack of solubility of the trifluorovinyl ether monomer as well
as the ability to control the solubility of TFE in the selected solvents. If one could find a
more suitable solvent system, whether it is by solution or aqueous emulsion
polymerizations, it is believed that a set of polymerization conditions could be found to
selectively yield an ionomer within the desired EW range.
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It has been proposed that, since the first pentafluorosulfanyl-containing PFA was
synthesized, it would also be of interest to explore a pentafluorosulfanyl-containing FEP
using the monomer SF5CF=CF2, the pentafluorosulfanyl analog of HFP. It is known that
this monomer has been copolymerized with VDF and its reactivity studied against HFP,
PMVE, and PPVE in said copolymerizations.1 Utilizing Clemson’s unique facilities, it
would be of great interest to successfully copolymerize SF5CF=CF2 with TFE to yield a
SF5-containing FEP.
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Appendix A
Standard Operational Procedures.

The following sections contain standard operational procedures (SOP’s) that were
followed before and throughout experiments involving the AMRL barricade. A list of
procedures associated with polymerizations utilizing the barricade facility is also included
below. Diagrams and figures for all procedures is also included at the end of the document.
Procedures:
•

•

•

A.1. Standard Operational Procedures (SOP) related to a polymerization reaction
o

SOP for leak checking the gas handling system

o

SOP for carrying out a polymerization

o

SOP for ISCO pump operation

A.2. SOP for scrubbing carbon dioxide (CO2) from TFE/CO2 mixture
o

SOP for preparing large autoclave for scrubbing procedure

o

SOP for preparation of caustic solution

o

SOP for carrying out scrubbing procedure

A.3. SOP for Idle Conditions

211

A.1. Standard Operational Procedures (SOP) related to a polymerization reaction

SOP for Leak Checking the Gas Handling System
NOTES:
• The controls of the underlined items (for example 3W1) are located in the reaction
room as part of the gas handling system, and the controls of the items that are not underlined
are located in the control room.
• The Figures listed in these SOPs are listed at the end of the document and will be
located in the reaction and control room as well.
• A Table with the location of every part in the system is provided at the end of the
document.
• In between runs/reactions only sections that have been broken into (for example
autoclaves, monomer feed lines, etc.) should be leak checked.

Section from N2_C_1 to 1TFE, 2TFE and 1V
1.

Make sure that 3W1 (Figure 01) is closed (vertical position).

2.

Make sure that 1N (Figure 01) is closed and verify that it is closed with the laser
indicator on the valve control panel.

3.

Open N2_C_1 tank valve (Figure 01) and adjust regulator to 400 psig.

4.

Verify that 1V (Figure 01), 2V (Figure 01), and 3V (Figure 01) are closed, 1TFE
(Figure 01) is closed and 2TFE (Figure 01) is closed.

5.

Open the 3W1 (Figure 01) valve connecting N2_C_1 (Figure 01) and 1N (Figure
01).

6.

Open 1N (Figure 01) and verify with the laser indicator. The PT2 (Figure 01) should
read 400 psig.

7.

Close 1N (Figure 01), wait 10 minutes and monitor the pressure on PT2 (Figure
01). If the pressure holds then the specified section is considered leak free.
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Section from N2_C_3 and N2_C_1 to BPR1 and BPR2
8.

Verify that BPR1 DOME, BPR2 DOME, BLEED 1 and BLEED 2 are closed.

9.

Verify 2W2 (Figure 01) is open.

10.

Reopen 1N (Figure 01)

11.

Open N2_C_3 tank valve (Figure 01) and adjust regulator to 350 psig.

12.

Open 2TFE (Figure 01) and 3V (Figure 01), and turn 3W2 (Figure 01) toward BPR1
inlet and open 3W3 towards 3V and watch PT3 rise to 400 psig.

13.

Open BPR1 DOME valve and BPR2 DOME valve and watch PT4 (Figure 01) and
PT5 (Figure 01) get to 350 psig.

14.

Close N2_C_3 tank valve (Figure 01) and 1N then wait for ten minutes. If the
pressure holds on PT3, PT4, and PT5then the specified section is considered leak
free.

Section from BPR1 and BPR2 to Small Autoclave
15.

Verify 1V (Figure 01), 2V (Figure 01), 1TFE (Figure 01), 2N (Figure 01), 2W1
(Figure 01), and 2W6 are closed.

16.

Make sure that 3W2 (Figure 01) is connecting the 2TFE (Figure 01) and BPR1
(Figure 01).

17.

Make sure that 3TFE (Figure 01) is closed.

18.

Reopen N2_C_3 (Figure 01).
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19.

Make sure that 3W3 (Figure 01) is open connecting BPR2 (Figure 01) and the
CaSO4 trap (Figure 01).

20.

Make sure that the TFE_MFC (Figure 01) (mass flow controller for the TFE line)
is open.

21.

Open 2W1 (Figure 01)

22.

Open 3TFE (Figure 01)

23.

Open 1N (Figure 01), verify pressure on PT2 (Figure 01) and PT3 (Figure 01) are
equal.

24.

Close 1N (Figure 01), monitor for 10 minutes. If the pressure holds then the
specified section is considered leak free.

Section from N2_C_2 and MON_C_1 cylinder to Small Autoclave (2W7)
25.

Make sure that the regulator on MON_C_1 (Figure 01) is closed.

26.

Make sure that 3W4 (Figure 01) is open between N2_C_2 (Figure 01) and
MON_C_1 (Figure 01) cylinder.

27.

Open N2_C_2 tank valve and adjust regulator to 410 psig.

28.

Close 2W7 (Figure 01)

29.

Make sure that the MON1_MFC (Figure 01) is open.

30.

Open 1MON1 (Figure 01) and 1MON2 (Figure 01) and verify with the laser
indicators that these valves are open (green - at the valve control panel).

31.

Monitor the pressure (LED and computer) on PT6 (Figure 01).

214

32.

Close 3W4 (Figure 01) and follow the pressure (LED and computer) for 10 minutes
on PT6 (Figure 01).

SOP for Leak Checking the Small Autoclave (600-mL) from MON1 Direction
33.

Make sure that the feed lines for MON1, TFE, and initiator (3W5 is turned away
from the large autoclave) are connected as well as the electronics for the autoclave’s
pressure transducer, thermocouple, tachometer, stirring motor, and oven.

34.

Make sure that 3TFE (Figure 01), 2N (Figure 01), and 1N (Figure 01) are closed.

35.

Make sure that 3W4 (Figure 01) is connecting the N2_C_2 (Figure 01) cylinder in
the direction of the autoclave.

36.

Make sure the vent valve AA11 (Figures 01, 02) on the large autoclave (2-gal) is
closed. To do this, turn 3WL (Figure 04) in the direction of the large autoclave
(AA11) and vent 3WK (Figure 04).

37.

Make sure that 2W6 (Figure 01), 2W7 (Figure 01), 2W8 (Figure 01), and AA12
(Figure 02) are closed; the latter is done by making sure that valve 3WL (Figure
04) is vented in the direction of AA12 (Figure 02) and by venting 3WK (Figure
04).

38.

Make sure that the radical initiator line is closed. This is done by turning 3W6
(Figure 03) to the closed position.

39.

Make sure that the MON1_MFC (Figure 01) is open.

40.

Make sure that the control box of the autoclave is turned ON.
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41.

Open 2W7 (Figure 01).

42.

Watch the PT (Figure 01) on the autoclave control box come up.

43.

Close 1MON2 (Figure 01).

44.

Monitor the pressure on the autoclave control box for 10 minutes. If the pressure
holds, then the specified section is considered leak free.

45.

Open vent (AA12) (Figure 02) on the autoclave by applying air back to 3WK
(Figure 02) (in the Control Room) and monitor the pressure drop on the autoclave
control box; close AA12 as soon as possible.

SOP for Polymerizations – Small Autoclave
46.

Follow the procedural steps suggested by the sponsor as well as the specifics
outlined in the Run Sheet for the specific run.

47.

Prepare the radical initiator solution and load the syringe pump (See SOP for
loading the ISCO pump).

48.

Open the bleed 3W6 (Figure 03) valve of the radical initiator line and place the
bleed line in a 20 cc vial (provided). Start the pump and wait until the solution is
coming out of the bleed end of the line and add a test strip to the vial. Bleed until
the flow is uniform and bubble free and changes the test strip to a dark purple color.

49.

Stop the ISCO pump and close the bleed 3W6 (Figure 03).

50.

Start the data acquisition system (See SOP for data acquisition system start up).
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51.

Make sure that 1MON2 (Figure 01) and 3TFE (Figure 01) are closed.

52.

Heat the reactor to 83 ˚C by adjusting the temperature on the Autoclave control box
located in the control room.

53.

Start the stirring on the reactor to the rpm specified on the run sheet.

54.

Open AA12 (Figure 01, 02) to drop the pressure of the reactor to atmospheric
pressure.

55.

Close AA12 (Figure 01, 02).

56.

Open 2W7 (Figure 01, 02).

57.

Open initiator feed line 3W6 (Figure 03) towards the small autoclave.

58.

Make sure that 1MON1 (Figure 01) and 1MON2 (Figure 01) are closed.

59.

Open MON_C_1 (Figure 01) valve and adjust regulator so that PT6 reads 400 psig.

60.

Open 2W6 (Figure 01, 02).

61.

Make sure that 1TFE (Figure 01) and 2TFE2 and 3TFE (Figure 01) are closed.

62.

Open TFE_C_1 (Figure 01) valve and adjust regulator so that PT1 reads 400 psig.

63.

Walk out of the reaction module, lock the reaction module and place the red shade
on the Status Lamp outside the reaction room to indicate that there is a reaction
running.

64.

Put up the yellow safety chain and signage blocking egress through the main gate
to the facility and go inside the control room and close the door.

65.

Set the MON1_MFC (Figure 01) feed rate to 1 SLM and change display to totalizer
SL.

66.

Open 1MON1 (Figure 01) and 1MON2 (Figure 01).
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67.

Monitor PT on the autoclave (Figure 02) until 200 psig is reached and then close
1MON2.

68.

If the pressure drops then the water inside the autoclave is not saturated with the
MON1 (Figure 01) gas. If this is the case, open 1MON2 (Figure 01) to bring the
pressure up to 200 psig.

69.

Once the pressure inside the vessel is stable, we know that the water has been
saturated with monomer.

70.

Set the TFE MFC (Figure 01) feed rate to 1SLPM and change display to totalizer
SL.

71.

Open 1TFE (Figure 01) and 2TFE and then 3TFE (Figure 01).

72.

The pressures of PT1 (Figure 01) and the PT (Figure 02) on the autoclave control
box should both read 400 psig after a few minutes.

73.

Close 3TFE (Figure 01) and observe the pressure. If the pressure drops then the
water inside the autoclave is not saturated with the TFE_C_1 (Figure 01) gas. If
this is the case, open 3TFE (Figure 01) and wait for few more minutes.

74.

Once the pressure inside the vessel is stable, we know that the water has been
saturated with monomer.

75.

Open 1MON2 and 3TFE (Figure 01) and observe little to no flow on both MFCs
before proceeding.

76.

Add the initial charge of radical initiator from the ISCO pump controller and then
set the feed to the desired feed rate of initiator for the remainder of the
polymerization.
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77.

Follow the totalizer on MON1 MFC controller until standard liters of MON1 have
been fed as specified on the run sheet. Follow the totalizer on TFE MFC and record
the value upon shutdown. Then proceed to SOP for Shut Down.

SOP for Shut Down (Small Autoclave)

78.

Turn OFF the heat from the autoclave control box (SEE SOP for operating the
Autoclave Control box).

79.

Close 1MON1, 1MON2, 1TFE, 2TFE and 3TFE.

80.

Stop initiator feed from ISCO pump.

81.

Let the reactor cool to less than 50 ˚C.

82.

Let the reactor reach an internal pressure of ideally less than 150 psig. If 150 psig
is not reached in a reasonable time proceed to next step.

83.

Vent the reactor using AA12 (Figure 02) for the 600-mL reactor.

84.

Turn off stirring.

85.

Reaction Module is now safe to enter.

SOP for collecting Latex (Small Autoclave)

86.

Drop the heater.
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87.

Close 2W7 (Figure 02), 2W8 (Figure 02), 3W6 (Figure 03).

88.

Disconnect monomer feed lines, vent line, initiator feed line, stirring motor, PT,
and thermocouple.

89.

Physically carry reactor into CETL.

90.

Place reactor in vice.

91.

Open the reactor, drop the vessel and take a picture or pictures of the inside.

92.

Execute the latex stability test (see SOP for taking a latex stability test).

93.

Take 2 samples of 1-2 mL of the latex and take them to AMRL for further testing
(% solids, etc.).

SOP for Purging the MON1 Line
94.

Close the MON1 cylinder regulator and valve.

95.

Make sure that 2N is closed and 3W4 is open from the N2_C_2 to the MON1 line.

96.

Open N2_C_2.

97.

Walk out of the reaction module and close the reactor module door and walk into
Control Room.

98.

Open 1MON1 and 1MON2 and flush the line for 5 minutes with nitrogen.

99.

Close 1MON1 and 1MON2.

100.

Follow SOP for Idle Conditions

SOP for Purging the TFE Line
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101.

Close the TFE_C_1 cylinder regulator and valve.

102.

Make sure that 1N is closed and 3W1 is open from the N2_C_1 to the TFE_C_1
cylinder line.

103.

Open N2_C_1.

104.

Walk out of the reaction module and close the reactor module door and walk into
Control Room.

105.

Open 1TFE, 2TFE and 3TFE and flush the line for 5 minutes with nitrogen.

106.

Close 1TFE, 2TFE and 3TFE.

107.

Follow SOP for Idle Conditions

A.2. SOP for Scrubbing Carbon Dioxide (CO2) from TFE/CO2 Mixture

NOTES:
• The controls of the underlined items (for example 3W1) are located in the reaction
room as part of the gas handling system, and the controls of the items that are not
underlined are located in the control room.
• Prior to evacuating any section of the gas handling system with the vacuum line, the
pressure in that section should be reduced to less than 40 psig, if at possible. If not
possible and one is suspicious of high pressure in the section, then vent pressure
through 3W7 prior to slowly opening 2W9.
• When evacuating a section of the gas handling system with the vacuum line, the
evacuation should continue for 15-20 minutes after the best vacuum level is reached in
order to insure sufficient removal of oxygen.
• When carrying out evacuation-refill with nitrogen steps, the procedure should be
carried out three (3) or more times in order to insure sufficient removal of oxygen.
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1.

As described in the following steps, first prepare the individual components of the
CO2 Scrubbing System shown in Figure 05 that will be used for scrubbing CO2
from the TFE/CO2 mix, which will take advantage of as much remote control from
the Control Room as possible with the system for scrubbing CO2 being set-up in
the Reaction Module.

2.

Replace the internal dip-leg on the 2-gallon autoclave on what will be the TFE/CO2
inlet (2W3, see Figure 05), as the large autoclave will be used to contain the
aqueous caustic solution that will be used to scrub the CO2. Connect the TFE/CO2
feed line (flex hose after 3TFE air-actuated valve) to the inlet valve 2W3 (on the
dip-leg) of the autoclave (Caustic Scrubber). Make sure that 2W3, 2W4, and 2W5
are closed.

3.

Make sure that the TFE gas handling system (through 1TFE, 2TFE, BPR1, BPR2,
etc.) from TFE_C_1 and TFE_C_2 to 3TFE is oxygen and leak free. To do this,
first carry out the following steps to evacuate and leak-check the system from 1TFE
back to TFE_C_1 and TFE_C_2. Make sure that 1N, 1TFE, 2TFE, and 3TFE are
closed, and open 1V. In case of high pressure in the system (PT2), first vent through
3W7, and then open 3W7 toward vacuum and slowly open 2W9 to evacuate the
gas-handling system back to 1TFE. Once this section is evacuated and leakchecked, open 1TFE and dial in the diaphragm on the in-line TFE regulator. This
should allow the system to be pumped out back to TFE_C_1 and TFE_C_2. Close
2W9, 3W7, 1TFE, and dial back the diaphragm on the in-line TFE regulator. Then
follow steps 1-24 in the SOP entitled Leak Checking the Gas Handling System for
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the large autoclave. This will leave 400 psig of N2 pressure up to 3TFE; open 1TFE
to also pressurize the section of the system back to TFE_C_1 and TFE_C_2 with
nitrogen. 1N will be closed once step 24 is completed.
4.

Cap off the vent line to the small autoclave, which will typically not be in place
when this procedure is being carried out. Open 1N, 3TFE, and 2W3 to pressurize
the autoclave with 400 psig of nitrogen and leak check the autoclave. Close 2W3,
and vent the autoclave by opening AA11 and monitoring the pressure transducer
on the autoclave. Close AA11, open 2W3, and re-pressurize the autoclave with
nitrogen, followed by venting again. Do this several times to flush out the gas
handling system and the autoclave with nitrogen. Make sure that both 2W3 and
AA11 are closed.

5.

While lowering the remaining pressure in the gas handling system and the autoclave
not more than 20 psig, adjust the N2 pressure to ca. 20 psig on the regulator on
N2_C_1; close 1N.

6.

Since this step will be done at AMRL, it can be done in advance of steps 1-5. In
the glove bag in AMRL Lab 3, prepare 5,000 mL of a 45-wt% solution of KOH
(1.456 g/mL) from ca. 4,004 g of deionized, deoxygenated water and ca. 3,276 g
(58.4 mol) of KOH flakes/pellets. Since the balance in the glove bag does not have
a sufficiently high weight range, the caustic solution will have to be made up in
aliquots in a large beaker, and each aliquot poured into the Jerry Can after weighing.
Four (4) aliquots each of ca. 1,000 g of water and ca. 820 g of KOH should work.
Caution: Carefully add the KOH flakes/pellets into the water in the beaker, as the
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dissolving of KOH will be very exothermic; some external cooling with an ice bath
may be necessary. (Note: The KOH flakes/pellets may contain some included air,
so it may become necessary to do addition degassing of the caustic solution with
nitrogen gas within the glove bag. The gaseous oxygen sensor should give an
indication of whether or not this is necessary.) This should give ca. 5,000 mL of a
45-wt% solution of KOH (1.456 g/mL) for use in the large autoclave, which will
make it nominally two-thirds full. This should be enough KOH to scrub at least
14.6 moles of CO2 (two-fold excess of base) by the reaction 2 KOH + CO2 →
K2CO3 + H2O, and all of the K2CO3 formed should still be soluble even if all of the
KOH is consumed.
7.

Connect the Jerry Can with the aqueous caustic solution to the large autoclave at
2W5 (water inlet valve for suspension polymerizations) via a section of Tygon
tubing. Connect the autoclave to the vacuum line through 2W4 and another section
of Tygon tubing. Evacuate first the Tygon tubing to valve 2W4, then open 2W4 to
evacuate the autoclave, and finally open 2W5 to evacuate the piece of Tygon tubing
making the connection to the Jerry Can. Make sure that these connections are leak
free, and if necessary back fill with 15-20 psig of nitrogen from the gas handling
system through 2W3, re-evacuate, and repeat the process two to three times to make
sure that the system is oxygen free.

8.

Once the system is leak free and evacuated, make sure that 2W3 and 2W4 are closed.
Open the valve at the bottom of the Jerry Can and allow the caustic solution to flow
into the large autoclave. When the bulk of the contents of the Jerry Can have
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emptied, close the valve at the bottom of the Jerry Can and valve 2W5. Remove
the Jerry Can and the connecting piece of Tygon tubing.
9.

Turn on the cooling machine connected to the internal cooling coil of the large
autoclave, adjust the set point to 0 °C, and start cooling the bath (ethylene
glycol/water) the set point. Adjust the autoclave controller so that the solenoid
valve to the cooling machine opens in order to start cooling the caustic solution to
0 °C.

10.

This step should be done in advance of steps 1-9. Load a 500-mL double-ended
cylinder with CaSO4 (Drierite without indicator, 8 mesh). This should take about
500 grams of Drierite with a loading density of ca. 50% of the density of CaSO4
(2.96 g/mL). Attach this cylinder to a vacuum line and heat to 180 °C overnight
to completely dry the Drierite. Then allow the CaSO4 scrubber to cool to RT under
vacuum, make sure that it is leak free, and then close the inlet- and outlet-valves.

11.

Connect the inlet of the CaSO4 scrubber to the outlet of 2W5.

12.

This step should be done in advance of steps 1-9. Load a 150-mL trap cylinder
with ca. 100 mL (84.11 g) of D-limonene, replace valve/dip-leg assembly, and take
through several freeze-pump-thaw cycles to remove all dissolved air. Close both
cylinder valves.

13.

This step should also be done in advance of steps 1-9. Assemble the TFE Collection
Trap after having added ca. 50 g of D-limonene in the cylinder, go through several
freeze-thaw-pump cycles in order to evacuate the cylinder and degas the D-
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limonene. Check to make sure that the cylinder is leak free. Close all cylinder
valves.
14.

Assemble the CO2 Scrubbing System as outlined in Figure 05. Connect the system
to the vacuum line after the TFE Collection Trap as shown. Cool the bottom of the
collection trap with liquid N2 in order to keep the Limonene from pumping away
(D-limonene: b.p. = 176 °C; m.p. = -74 °C). Pull a vacuum on the cooled TFE
Collection Trap, the connection between TFE Collection Trap and the Limonene
Bubbler, the connection between the Limonene Bubbler and the CaSO4 Scrubber,
the CaSO4 Scrubber, and the connection between the CaSO4 scrubber and the
Caustic Scrubber. Make sure that these sections are leak free, and after having
evacuated them all with vacuum, back fill with high purity nitrogen up to 14.7 psia
(0.0 psig) by use of the vacuum system (i.e., close 2TFE, 2V, 3W7, 2W9, and the
main stopcock on the vacuum manifold to the ‘muck trap’; open 1V, followed by
3W7, the stopcock on the vacuum manifold that connects the gas handling system
to the vacuum line, and then slowly open 2W9 while watching the test gauge
pressure come toward 760 Torr). Leave the system under vacuum after several
pump-purge cycles.

15.

Prepare the cold bath TFE Collection Trap shown in Figure 05. The cold bath
(isopropanol/Dry Ice) around the TFE Collection Trap should be ca. -70 °C (several
inches of solid pieces of Dry Ice in the bottom of the Dewar should be sufficient to
maintain -70 °C).
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16.

Once the cold baths are in place and at temperature and the CO2 Scrubbing System
has been assembled and made oxygen and leak free, open the inlet and outlet values
of the limonene bubbler at the same time, and then open the inlet and outlet valves
of the Caustic Scrubber at the same time. This is to prevent any suck-back in case
the pressure is different on either leg of these two trap cylinders.

The system should now be about ready to start the CO2 scrubbing process, and a
decision needs to be made by the Team whether to use the BPRs or not. If not, two
methods exist to not use the BPRs: (A) leave BPR1 DOME and BPR2 DOME at
atmospheric pressure, so they will basically act like open valves when inlet pressures
above atmospheric are applied, or (b) by-pass them by turning 3W2 towards 2W1,
opening 2W1, and turning 3W3 towards 2W1. If Method A is chosen, then bleed the
Dome pressures off the BPRs, and if Method B is chosen, then some of the following
steps with respect to the BPRs will not apply.

17.

Verify that BPR1 DOME, BPR2 DOME, BLEED 1 and BLEED 2 valves are closed.

18.

Verify 2W2 (Figure 01) is open.

19.

Make sure that 1TFE, 2TFE, and 3TFE are closed. Slowly open the cylinder valve
of either TFE_C_1 or TFE_C_2 and observe the pressure of the TFE/CO2 mix on
PT1. Adjust the in-line TFE regulator delivery pressure to 40 psig.
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20.

Open N2_C_3 tank valve (Figure 01) and adjust the regulator to 150 psig.

21.

Adjust the pressure on the regulator of N2_C_1 to ca. 40 psig.

22.

Open 2W3 and 2W5 to the Caustic Scrubber, i.e., the TFE/CO2 feed line and
scrubbed-TFE exit line. Close door to Reaction Module and go to Control Room
and close door.

23.

Open BPR1 DOME and BPR2 DOME valves to allow pressures of 150 psig on
PT4 and PT5. Close BPR1 DOME and BPR2 DOME valves. Close 2W2.

24.

Open 1TFE and observe TFE/CO2 pressure on PT2.

25.

Open 2TFE and monitor pressure on PT2, which should increase to ca. 40 psig.
Close 2TFE.

26.

Close BPR1 DOME valve, and decrease the pressure on BPR1 DOME by slowly
opening BLEED 1 valve. Allow the pressure on PT4 to decrease to within a few
psig (more or less) of the pressure on PT2. This should allow a slow flow of
TFE/CO2 through BPR1.

27.

Observe the pressure increase on PT7.

28.

Open TFE_MFC (to a slow flow rate – to be determined) and 3TFE to allow flow
of TFE/CO2 mix to the CO2 Scrubber System.

29.

Close BPR2 DOME valve, and by using the BLEED 2 valve for BPR2, slowly
lower the pressure on BPR2 DOME (PT5) to allow flow of TFE/CO2 toward 3TFE
at a pressure of about 20-40 psig; use the PT on the large autoclave (caustic
scrubber) to monitor this.
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30.

By opening and closing 2TFE and adjusting the BLEED 1 and BLEED 2 valves to
control the pressure on BPR1 DOME (PT4) and BPR2 DOME (PT5), respectively,
control the flow of TFE/CO2 to the CO2 Scrubber System. Should the flow become
too fast, then open BPR1 DOME valve and/or BPR2 DOME valve and 2W2, as
necessary, to either slow or stop the flow of TFE/CO2 toward the CO2 Scrubber
System or simply close 3TFE. Also, continually monitor the pressure on the PT8
on the TFE Collection Trap, as the pressure of TFE at -70 °C should be ca. 19-20
psi.

31.

As the TFE/CO2 tank pressure (PT1) drops, BLEED 1 valve will have to be
controlled in order to allow flow across BPR1 (and perhaps BLEED 2 valve for
BPR2). When the pressures on PT1, PT2, and PT7 approach atmospheric, then the
bulk of the TFE/CO2 mix has passed through the system.

This should also be

indicated by the cessation of flow across TFE_MFC, too. Close 1TFE, 2TFE, and
3TFE.
32.

Enter the Reaction Module and close the cylinder valves on the TFE Collection
Trap. Then close the exit valve of the Limonene Bubbler and disconnect the TFE
Collection Trap (cap/plug the valves to this cylinder).

33.

Open 1N, 1TFE, 2TFE, and 3TFE and allow approximately 40 psig of nitrogen
pressure to flow into and pressurize the system.

34.

Enter the Reaction Module and slowly open the exit valve on the Limonene Trap
allowing nitrogen to purge through the system. Exit the Reaction Module during
the purging procedure.
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35.

After 15-30 minutes of nitrogen purge, re-enter the reaction module and close the
exit valve of the Limonene Trap.

36.

Close 1N, 1TFE, 2TFE, 3TFE, and the valve to TFE_C_1 and TFE_C_2. The tare
weights of the TFE/CO2 feed cylinders should be checked to verify that all of the
mixture has been fed through the caustic scrubber system. It should now be safe to
disassemble the system and prepare the components for future use.
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A.3 Idle State SOP

1.

Turn crash valve, and check valves states on Table A.1. idle column.

2.

If the glass vacuum line trap needs to be cleaned, pump oil needs to be changes or the
glass line is out of use for an extended time, the vacuum pump should be turned off
and vented, line should be vented either. Turn off the diffusion pump heater, keep
vacuum in diffusion pump.

231

Table A.1. List of all the components located in the diagrams for the gas handling system
and reaction room.
Part Code

Description

Location on
Facility
Reaction Room
Reaction Room
Reaction Room
Reaction Room
Reaction Room
Reaction Room
Reaction Room

Location on
Drawing
Figure 01
Figure 01
Figure 01
Figure 01
Figure 01
Figure 01
Figure 01

N2_C_1
Nitrogen Cylinder Tank
N2_C_2
Nitrogen Cylinder Tank
N2_C_3
Nitrogen Cylinder Tank
TFE_C_1
Nitrogen Cylinder Tank
TFE_C_2
Nitrogen Cylinder Tank
MON_C_1
Nitrogen Cylinder Tank
Autoclave
Pneumatic Piston
Piston
Autoclave
Autoclave Vessel
Reaction Room
Figure 01
Vessel
TFE_MFC
Mass Flow Controller
Reaction Room
Figure 01
MON1_MFC
Mass Flow Controller
Reaction Room
Figure 01
3W1-3W4
Three Way Valve
Reaction Room
Figure 01
3W5-3W6
Three Way Valve
Reaction Room
Figure 03
2W1, 2W3,
Two Way Valve
Reaction Room
Figure 01
2W4
2W2
Two Way Valve
Control Room
Figure 01
1V-3V
Air Actuated Valve
Reaction Room
Figure 01
1TFE-3TFE
Air Actuated Valve
Reaction Room
Figure 01
1MON1Air Actuated Valve
Reaction Room
Figure 01
1MON2
CaSO4 Trap
Calcium Sulfate Trap
Reaction Room
Figure 01
BPR1-BPR2 Back Pressure Regulator
Reaction Room
Figure 01
BPR1
Needle Valve
Control Room
Figure 01
DOME
Valve
BPR2
Needle Valve
Control Room
Figure 01
DOME
Valve
Bleed 1
Needle Valve
Control Room
Figure 01
Valve
Bleed 2
Needle Valve
Control Room
Figure 01
Valve
PT1-PT6
Pressure Transducer
Reaction Room
Figure 01
1N-2N
Air Actuated Valve
Reaction Room
Figure 01
2WL, 2WR
Two Way Valve
Reaction Room
Figure 03
ISCO Pump
ISCO Syringe Pump
Reaction Room
Figure 03
3W7
Three Way Valve
Reaction Room
Figure 01
2W5-2W8
Two Way Valve
Reaction Room
Figure 02
AA11, AA12
Two Way Valve
Reaction Room
Figure 02
3WK
Three Way Valve
Control Room
Figure 04
3WL
Three Way Valve
Control Room
Figure 04
2W9
Two Way Valve
Reaction Room
Figure 01
• 3WL has to be placed in Idle position after 3WK is set to the idle position.
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Idle Condition
Closed
Closed
Closed
Closed
Closed
Closed
N/A
Open
OFF
OFF
Closed
Closed
Closed
Closed
Closed
Closed
Closed
N/A
N/A
Open

Open

Open
Open
N/A
Closed
Closed
OFF
Closed
Closed
Closed
Vent
Back and Forth*
Closed

Figure A.1. Reaction Room Gas Handling Diagram
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Figure A.2. Schematic of valves at autoclave heads
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Figure A.3. Schematic for ISCO pump system
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Figure A.4. Connection layout for air actuated valves. The Valve colored in black is located in the reaction room while the ones
colored in red are the ones located in the control room.
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Appendix B
Supplementary Data for Benchmark PFAs
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Figure B.1. TGA thermograms of benchmark PFAs from PEVE.
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Figure B.2. TGA thermograms of benchmark PFAs from PPVE.
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Figure B.3. TGA thermograms of benchmark PFAs from PMVE.
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Figure B.4. TGA thermograms of commercial PFAs.
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Figure B.5. DSC thermogram of benchmark PFA from PEVE (PFA-051414-E).
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Figure B.6. DSC thermogram of benchmark PFA from PMVE (PFA-062816-M).
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Figure B.7. DSC thermogram of benchmark PFA from PPVE (PFA-072616-P).
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Figure B.8. DSC thermogram of commercial Teflon® PFA 450 HP.
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Figure B.9. DSC thermogram of commercial Teflon® PFA 950HP Plus.
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Figure B.10. FTIR Spectra of vinyl ethers used in commercial PFAs (Top: PMVE, Middle: PEVE, Bottom: PPVE).
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Figure B.11. ATR-FTIR Spectrum of PFA-051414-E.
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Figure B.12. ATR-FTIR Spectrum of PFA-062816-M.
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Figure B.13. ATR-FTIR Spectrum of PFA-081416-P.
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Figure B.14. ATR-FTIR Spectrum of Teflon® PFA 450 HP.
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Figure B.15. ATR-FTIR Spectrum of Teflon® PFA 950HP Plus.
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Figure B.16. Powder X-ray diffractogram of PFA-061314-E pressed film.

Table B.1. Powder X-ray diffraction analysis of PFA-061314-E pressed film.
Name

PFA-061314-E-Film

2-theta (deg)
16.6
17.9
31.4
36.2
38.9

Integration
1617.5
862
23.8
34.2
1510.7
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Phase
Amorphous
Crystalline
Crystalline
Crystalline
Amorphous

d=4.8859(11), 2-theta=18.141(4)

Intensity (cps)
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Figure B.17. Powder X-ray diffractogram of PFA-072616-M pressed film.

Table B.2. Powder X-ray diffraction analysis of PFA-072616-M pressed film.
Name

PFA-072616-M-Film

2-theta (deg)
16.5
18.1
31.6
36.5
39.3

Integration
1591.4
1160
33
51.9
2879.0
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Phase
Amorphous
Crystalline
Crystalline
Crystalline
Amorphous

d=4.8520(10), 2-theta=18.269(4)
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Figure B.18. Powder X-ray diffractogram of PFA-081416-P pressed film.

Table B.3. Powder X-ray diffraction analysis of PFA-081416-P pressed film.
Name

PFA-081416-P-Film

2-theta (deg)
16.9
18.3
31.7
36.8
39.6

Integration
1380.4
866.3
39.1
49.7
1449.9
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Phase
Amorphous
Crystalline
Crystalline
Crystalline
Amorphous
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Figure B.19. Powder X-ray diffractogram of Teflon® PFA 450HP pressed film.

Table B.4. Powder X-ray diffraction analysis of Teflon® PFA 450HP pressed film.
Name
Teflon PFA-450HPFilm

2-theta (deg)
15.9
17.5
31.1
36.3
39.6

Integration
399.27
223.3
8.95
7.03
526.84
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Phase
Amorphous
Crystalline
Crystalline
Crystalline
Amorphous

d=2.31357, 2-theta=38.8947
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Figure B.20. Powder X-ray diffractogram of Teflon® PFA 950HP+ pressed film.

Table B.5. Powder X-ray diffraction analysis of Teflon® PFA 950HP+ pressed film.
Name
Teflon PFA 950HP+Film

2-theta (deg)
16.4
18.1
31.5
36.8
38.9

Integration
1657.6
1068.4
21.6
78.8
2662.8
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Phase
Amorphous
Crystalline
Crystalline
Crystalline
Amorphous

Appendix C
Supplementary Data for SF5CF2CF2OCF=CF2 and poly(TFE-coSF5CF2CF2OCF=CF2)
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Figure C.1. 19F NMR spectrum of SF5CF2C(O)Cl (3).
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Figure C.2. 19F NMR spectrum of SF5CF2C(O)F (4).
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Figure C.3. 19F NMR spectrum showing possible evidence of of SF5CF2CF2OF hypofluorite (8).
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Figure C.4. Additional 19F NMR spectrum showing possible evidence of of SF5CF2CF2OF hypofluorite (8).
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Figure C.6. 19F NMR spectrum of SF5CF2CF2OCF(CF3)C(O)F (5).
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Figure C.7. 19F NMR spectrum of SF5CF2CF2OCF(CF3)C(O)OK (7).
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Figure C.8. ATR-FTIR spectrum of SF5CF2CF2OCF(CF3)C(O)OK (7).
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Figure C.9. 19F NMR spectrum of SF5CF2CF2OCF=CF2 (1).
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Figure C.10. 13C NMR spectrum of SF5CF2CF2OCF=CF2 (1).
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Figure C.11. FTIR spectrum of SF5CF2CF2OCF=CF2 (1).
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Figure C.12. High Resolution Mass Spectrum for SF5CF2CF2OCF=CF2 (1).
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Figure C.13. ATR-FTIR spectrum of SF5-PFA-011217.
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Figure C.14. FTIR spectrum of SF5-PFA-011217 melt pressed film.
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Figure C.15. TGA thermogram of SF5-PFA-011217.
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Figure C.16. DSC thermogram of SF5-PFA-090216.
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Figure C.17. Powder X-ray diffractogram of SF5-PFA-090216 pressed film.

Table C.1. Powder X-ray diffraction data of SF5-PFA-090216 pressed film.
Name

SF5-PFA-090216-Film

2-theta (deg)
16.4
18.3
31.8
36.9
39.9

Integration
431.9
816
26.5
68.1
1003.6
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Figure C.18. Powder X-ray diffractogram of SF5-PFA-011217 pressed film.

Table C.2. Powder X-ray diffraction data of SF5-PFA-011217 pressed film.
Name

SF5PFA-011217-Film

2-theta (deg)
17.5
18.3
31.7
36.8
39.4

Integration
564
1040
35
130.7
2231.2
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Phase
Amorphous
Crystalline
Crystalline
Crystalline
Amorphous

Appendix D
Supplementary Data for TrFPD, TrFH, DiFD and Subsequent Terpolymers with
TFE and PPVE.
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Figure D.1. 1H NMR spectrum of allyl bromide.
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Figure D.2. 19F NMR spectrum of mixture of CF2=CFBr and dimer.
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Figure D.3. 19F NMR spectrum of reaction mixture of CF2=CFZnBr.
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Figure D.4. 19F NMR spectrum of reaction mixture of CF2=CFZnBr coupling with allyl bromide.
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Figure D.5. 19F NMR spectrum of 1,1,2-trifluoropenta-1,4-diene (TrFPD).
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Figure D.6. 1H NMR spectrum of 1,1,2-trifluoropenta-1,4-diene (TrFPD).
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Figure D.7. FTIR spectrum of 1,1,2-trifluoropenta-1,4-diene (TrFPD).
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Figure D.8. 1H NMR spectrum of n-butyllithium in diethyl ether.
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Figure D.9. 19F NMR spectrum of 5,6-difluoro-5-decene (DiFD).
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Figure D.10. 1H NMR spectrum of 5,6-difluoro-5-decene (DiFD).
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Figure D.11. FTIR spectrum of 5,6-difluoro-5-decene (DiFD).
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Figure D.12. 19F NMR spectrum of 1,1,2-trifluoro-1-hexene (TrFH).
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Figure D.13. 1H NMR spectrum of 1,1,2-trifluoro-1-hexene (TrFH).
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Figure D.14. FTIR spectrum of 1,1,2-trifluoro-1-hexene (TrFH).
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Figure D.15. FTIR spectrum of PFA terpolymer PFA-Ter-082016-PPVE-TrFPD.
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Figure D.16. TGA of PFA-Terpoly-082016-TFE-PPVE-TrFPD.
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Figure D.17. FTIR spectrum of PFA terpolymer PFA-Ter-010817-PPVE-DiFD.
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Figure D.18. TGA of PFA-Terpoly-021817-TFE-PPVE-DiFD.
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Appendix E
Supplementary Data for synthesis of N1-[[2-[1-[Difluoro[(1,2,2-trifluoroethenyl)oxy]
methyl]-1,2,2,2- tetrafluoroethoxy]-1,1,2,2-tetrafluoroethyl] sulfonyl]-1,1,2,2,3,3hexafluoro-N3-[(1,1,2,2,3,3,4,4,4-nonafluorobutyl)sulfonyl]-1,3propanedisulfonamide.

296

20.0
10.0
0
-10.0
-20.0
-30.0
-40.0
-50.0

X : parts per Million : 19F

Figure E.1. 19F NMR spectrum of Nafion® monomer PSEPVE.

297
-60.0
-70.0
-80.0
-90.0
-100.0
-110.0
-120.0
-130.0

-138.743
-138.981
-139.144
-146.715
-146.790
-146.866

30.0

-114.868
-117.246
-117.485
-117.554
-117.793
-124.637
-125.038
-125.340

40.0

-81.672
-82.690
-82.719
-82.748
-87.190

42.476
42.459
42.435
42.412
42.395

50.0
-140.0
-150.0-160.0

abundance
0

0.99

1.02

1.00

1.04

0.95

1.0

2.0

2.03

2.00

2.00

3.01

3.0

10.0
0
-10.0
-20.0
-30.0
-40.0
-50.0

298
-60.0
-70.0
-80.0
-90.0

X : parts per Million : 19F

Figure E.2. 19F NMR spectrum of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2F (2).
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Figure E.3. 19F NMR spectrum of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2NH2 (3).
-100.0
-110.0
-120.0
-130.0

-144.540
-144.616
-144.692
-144.767

30.0

-116.438

40.0

-71.724
-71.776
-71.875
-71.956
-77.823
-78.259
-78.986
-79.015
-79.050
-79.079

-63.711

50.0
-140.0
-150.0-160.0

-0.11m

abundance
0
0.2
0.4

0.6

0.8

1.01

1.01

0.99

0.99

1.0

1.2

1.4

1.6

2.0

2.00

1.94

1.8

2.24

2.2

2.4

2.6

2.92

2.8

3.0

3.2

5.68

7.0
6.0
5.0
4.0

2.00

3.0
2.0
1.0
abundance
0

3.0

2.0

1.0

1.946

4.0

3.514

5.0

X : parts per Million : 1H

Figure E.4. 1H NMR spectrum of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2NH2 (3).
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Figure E.5. 19F NMR of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)H (4).
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Figure E.6. 1H NMR spectrum of CF2BrCFBrOCF2CF(CF3)OCF2CF2SO2N(Na)H (4).

302

0

-90.0
-100.0
-110.0

X : parts per Million : 19F

Figure E.7. 19F NMR spectrum of compound n-C4F9SO2NH2 (5).
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Figure E.8. 1H NMR spectrum of compound n-C4F9SO2NH2 (5).
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Figure E.9. 19F NMR spectrum of compound n-C4F9SO2N(Na)H (6).
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Figure E.10. 1H NMR spectrum of compound n-C4F9SO2N(Na)H (6).
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Figure E.11. 19F NMR spectrum of FSO2C3F6SO2F.
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Figure E.12. 19F NMR spectrum of compound n-C4F9SO2N(Na)SO2(CF2)3SO2F (8).
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Figure E.13.
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F NMR spectrum of compound n-C4F9SO2N(Na)SO2(CF2)3SO2N(Na)SO2CF2CF2OCF(CF3)CF2OCFBrCF2Br
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Figure E.14. 19F NMR spectrum of compound n-C4F9SO2N(Na)SO2(CF2)3SO2N(Na)SO2CF2CF2OCF(CF3)CF2OCF=CF2 (1)
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