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ABSTRACT: The radical co- and terpolymerization of 4-[(a,3,B-trifluorovinyl)oxylbromo
benzene (TFVOBB) with 1,1-difluoroethylene (or vinylidene fluoride, VDF, or VF,),
hexafluoropropene (HFP), perfluoromethyl vinyl ether (PMVE), and chlorotrifluroro-
ethylene (CTFE) is presented. Although TFVOBB could be thermocyclodimerized, it
could not homopolymerize under radical initiation. TFVOBB could be copolymerized in
solution under a radical initiator with VDF or CTFE comonomers, while its copolymer-
ization with HFP or PMVE were unsuccessful. The terpolymerization of TFVOBB with
VDF and HFP, or VDF and PMVE, or VDF and CTFE also led to original fluorinated
terpolymers bearing bromoaromatic side-groups. The conditions of co- and terpolymer-
ization were optimized in terms of the nature of the radical initiators, and of the nature
of solvents (fluorinated or nonhalogenated). Various monomer concentrations in the co-
and terpolymers were assessed by '°F and 'H-NMR spectroscopy. The thermal and
physico chemical properties were also studied. © 2004 Wiley Periodicals, Inc. J Polym Sci
Part A: Polym Chem 42: 5077-5097, 2004

Keywords: 4-[(«a,B,B-trifluorovinyl)oxy] bromo benzene (TFVOBB); vinylidene fluo-
ride (VDF); hexafluoropropene (HFP); chlorotrifluorethylene (CTFE); perfluoromethyl

vinyl ether (PMVE); radical initiation; '°F and 'H-NMR spectroscopy

INTRODUCTION

Fluoropolymers are well known because of their
unique combination of outstanding properties,'~*
such as chemical inertness (to acids, bases, sol-
vents, and petroleum), low dielectric constants
and dissipation factors, low water absorptivities,
excellent weatherabilities, and very interesting
surface properties. Hence, these high value added
products can find relevant applications in many
fields of high technology: aeronautics,” microelec-
tronics, engineering, chemical and automobile in-
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dustries, optics,®™1° textile finishing,'® and mili-
tary use.'! The specific properties (adhesion, sol-
ubility, curability, surface properties, good
hydrophilicity, and heat or chemical resistance) of
a fluoropolymer are brought by the nature of the
functional group, which is subsequently intro-
duced in a lateral position of the copolymer back-
bone. The synthesis of fluoropolymers can be re-
alized by copolymerization of fluoroalkenes with
fluorinated or nonhalogenated monomers. How-
ever, fluorinated homopolymers (e.g., polyvinyli-
dene fluoride, polytetrafluoroethylene, or poly-
chlorotrifluoroethylene) exhibit a high crystallin-
ity rate that induces high costs in the processing
at the molten state, poor solubility in organic
common solvents, and difficult crosslinking. In-
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deed, to improve the properties of those flu-
oropolymers, crosslinkings from polyamines,'!3
polyphenols,'>71* electron beam,'®'® or perox-
ides'®1%16 can be required; and several ways are
possible.12’13’17’18

Among these fluoropolymers, those incorporat-
ing vinylidene fluoride (VDF) monomeric units
are of particular interest, because they can be
either thermoplastics,'®2° elastomers,'>1%21:22 or
thermoplastic elastomers.?*2° Such fluoropoly-
mers can be synthesized by radical copolymeriza-
tion of VDF with other fluoroalkenes leading to
statistic copolymers,'3?2:3031 except for copoly-
mers prepared from VDF and hexafluoroisobuty-
lene®?33 (commercialized by the Allied Company
under the trade mark of CMX®), methyl trifluoro-
acrylare/VDF,?* and a-trifluoromethyl acrylic ac-
id/VDF,?> which are unexpected alternating co-
polymers. As a matter of fact, VDF was copoly-
merized with various fluorinated monomers and
the resulting copolymers bear functions such as:
hydroxy,6—3° acetoxy,®® carboxy,*® thioace-
toxy,*°~42 sulfonyl fluoride,*> *7 nitrile,*®*° bro-
mine, 8?53 or a perfluoro group.*”*854-61

[(a,B,B-Trifluorovinyl)oxylbenzene and poly-
mers incorporating such a monomer are very in-
teresting materials®?%3 because of the combina-
tion of processability and performance provided
by trifluorovinyl ethers, and they have received
attention by various research groups®*~%® and in-
dustries,%?~"® and are currently used as materials
for the preparation of ion exchange resins, >
ionomer membrane and fuel cell,”>"" micro-
phonic,”® optics,”~®2 liquid crystalline,33-% in-
terlayer dielectrics,3¢%7 circuit board laminates,®®
and coating applications.5%:%°

[(a,8,B-Trifluorovinyl)oxylbenzene ethers were
initially synthesized by Beckerbauer®' in 1968,
and several routes concerning the preparation of
[(a,B,B-trifluorovinyl)oxylbenzene functionalized
by different chemical groups are reported in the
scientific literature.5263:92-101 (See Table 1.)

One of the most interesting properties of per-
fluoroalkyl [(a,B,B-trifluorovinyl)oxylbenzene is
to undergo thermal cyclopolymerization [27 + 2]
(Fig. 1). The formed perfluoroalkylpolymers is a
thermoplastic and thermoset perfluorocyclobu-
tane (PFCB).67’73’91’93’102_105

Surprisingly, before 2004, no co- and terpoly-
merizations, under radical conditions, of these
[(a,B,B-trifluorovinyl)oxylbenzene with fluoro or
non fluoro-olefins was achieved. Hence, the
present investigation wishes to reach two main
goals: the first one is to find fluoro-olefins able to

copolymerize with 4-[(a,B,B-trifluorovinyl)oxy]
bromo benzene, and the second target is to pre-
pare and to characterize (by NMR spectroscopy,
chromatography, calorimetry, and thermal
gravimetry) original terpolymers incorporating
TFVOBB, VDF/HFP, VDF/PMVE, and VDEF/
CTFE, or mixtures of all of them.

EXPERIMENTAL PROCEDURES

Materials

VDF, HFP, and 1,1,1,3,3-pentafluorobutane were
kindly offered by Solvay Solexis S.A., Tavaux,
France and Brussels, Belgium; perfluoromethyl-
vinyl ether (PMVE, Fluorochem was a gift from
CEA, Grenoble, France), 1,2-dibromotetrafluoro-
ethane was kindly offered by Professor Oldrich
Paleta (Institute of Chemical Technology, Czech
Republic); 2,5-bis(tert-butylperoxy)-2,5-dimethyl-
hexane, tech, 90% (Luperox 101®) (Aldrich
Chimie, 38,299 Saint Quentin-Fallavier, France);
tert-Butyl 2,2-dimethylperoxypropanoate and
tert-butylperoxypivalate were a gift from la Cha-
lonnaise des Peroxydes, Chalons sur Marne,
France. They were used as supplied. Acetonitrile
and dimethylsulfoxyde of analytical grade (Al-
drich Chimie, 38,299 Saint Quentin, Fallavier,
France) were distilled over calcium hydride prior
to use.

Analysis

The purity of 4-[(«,B,B-trifluorovinyl)oxy] bromo
benzene (TFVOBB) and the compositions of the
co- and terpolymers (the molar contents of VDF,
HFP, CTFE, PMVE, and TFVOBB) were deter-
mined by °F NMR spectroscopy. The NMR spec-
tra were recorded on Bruker AC 200 and AC 250
instruments, using deuterated acetone as the sol-
vent and TMS (or CFCl;) as the references for 'H
(or ®F) nuclei. Coupling constants and chemical
shifts are given in Hz and ppm, respectively. The
experimental conditions for 'H (or '°F) NMR
spectra were the following: flip angle 90 ° (or 30 °),
acquisition time 4.5 s (or 0.7 s), pulse delay 2 s (or
5 s), number of scans 16 (or 64), and a pulse width
of 5 us for °F NMR.

Differential scanning calorimetry (DSC) mea-
surements were conducted using a Perkin—Elmer
Pyris 1 instrument connected to a micro-com-
puter. The apparatus was calibrated with indium
and n-decane. After its insertion into the DSC



Table 1. Synthesis of [(«,3,8-Trifluorovinyl)Oxy|Benzene

Monomer Reference Monomer Reference
F:C—CFO~®—vuh /7\ OCF-CF; ‘
93,94 F,C=CFO Sll OCF=CF, 95
Cl
OCF-CFy
SiMe3
F2C=CFOOCF=CF2 93,94 FyC= CFOQ NC.. 95
SIMC3
F2C=CFO, OCF=CF,
BrOOCF=CF2 67 ‘I‘/ 95
cm=cpo@§i-o—§aOocy:CFz 67 FZC:CFOOU 92,95-97
CH; CH;
0.0 ” FZc:CFOOMgB’ %8
F,C=CFO OCF=CF;
OCF=CF, OCF=CF,
FiC_ CF;
‘N d
F,C=CFO OCF=CF, o” \r]x/ o
H
OCF=CF, OCF=CF,
H;C
OCF=CF
FHFOOJ% Y—ocr-cr, 90 97
S0,NHSO04(CF,)4S0,NHS0,
@_@ OCF=CF, 98 FyC=C F-o@—sozx 79
S X - F, Cl. OH
FZC:CFO—Q —<:\>—OCF CF,
FzC:CF04< \>—OCF=CF2
929 72
X=F ClLOH SOX
OCF=CF,
F.C=CFO OCF=CF
@ W
A
| F,C=CFO OCF=CF,
& 100 . . 72
XOS x=rcLon SOX
OCF=CF,
cn F,C=CFOQ
3
|
F2C=CFO—©—‘SIi-H 101 Q—oc&cn 72
CH; X0,8  X=F.ClL,OH
CH, F,C=CFO
.
pH 101 OCF=CF, 72
CHs X =F,Cl,0H
F,C=CFO S0,X
I\I/Ie
cmcho@?i_(}{:(}{z 95 F2C=CFO@P\OR 62,92
Me

(R :H, Et or Me)
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apparatus, the sample was initially cooled to —105
°C for 15 min. Then, the first scan was made at a
heating rate of 40 °C min ! up to 80 °C, where it
remained for 2 min. It was then cooled to —105 °C
at a rate of 320 °C min ! and left for 10 min at
that temperature before a second scan was
started at a heating rate of 20 °C min . Finally,
another cycle was performed, and a third scan at
a heating rate of 20 °C min ! was initiated, giving
the values of Tg reported herein, taken at the
half-height of the heat capacity jump of the glass
transition.

Thermogravimetric analyses were performed
with a Texas Instrument TGA 51-133 apparatus
in air at a heating rate of 10 °C min~! from room
temperature up to a maximum of 600 °C.

Gel Permeation Exclusion Chromatography
(GPC) or Size Exclusion Chromatography (SEC)
was carried out in tetrahydrofuran at 30 °C, at a
flow rate of 0.8 mL/min, by means of a Spectra
Physics Winner Station, a Waters Associate R 401
differential refractometer, and a set of four col-
umns connected in series: Styragel (Waters) HR4
5u, HR3 analyses 5u, PL and Gel (Polymer Lab-
oratories) 5 100 A. Monodispersed poly(styrene)
standards were used for calibration. Aliquots
were sampled from the reaction medium, diluted
with tetrahydrofuran up to a known concentra-
tion (C, ) ~ 4% wt. %, filtered through a 20 um
PTFE Chromafil Membrane, and finally analyzed
by GPC under the conditions described above.

Synthesis of TFVOBB

TFVOBB was prepared by published method.5”
Into a two-necked round bottom flask equipped
with a Dean-Stark azeotropic distillation assem-
bly, a reflux condenser, and a magnetic stirrer
were introduced, under nitrogen atmosphere,
100.1 g (0.582 mol) of 4-bromophenol, 37.4 g
(0.583 mol) of KOH, 320 mL of DMSO, and 80 mL
of xylene. The mixture was stirred and heated to
100 °C (~ 200 mmHg) for 48 h during which time
water was removed. The solution was cooled to 30
°C, and 166.5 g (0.641 mol) of 1,2-dibromotetraflu-
oroethane were added in 4 h such that the tem-

F

F
F F F
ayZl ot
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F
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Formation of aromatic perfluorocyclobutane (PFCB).67:73:91.93,102-105

perature did not exceed 30 °C. The mixture was
stirred for 16 h at 22 °, and 10 h at 35 °C. The
reaction mixture was diluted with H,0, extracted
with methylene chloride, and dried with MgSO,.
The 4-(2-bromotetrafluoroethoxy)bromobenzene
(1) was purified (yield 70%) from the crude oil by
distillation (bp = 110-115 °C/25 mm Hg). After-
wards, 100 g (0.284 mol) of the bromo ether (1)
was slowly added under nitrogen conditions to a
stirring mixture of 18.6 g (0.284 mol) of zinc turn-
ings in 250 mL of acetonitrile at 80 °C. The mix-
ture was refluxed for 24 h, then evaporated. The
crude product was extracted from the salts
successively with hexane, concentrated, and dis-
tilled (bp 65-75 °C, 20 mmHg), giving 57 g (78%)
of 4-[(trifluorovinyl)oxylbromobenzene. 'H-NMR
(250 MHz, CDCl;) &: 6.9 (2H, d, J = 8.8 Hz), 7.4
(2H,d, J = 8.8 Hz); '°F NMR (250 MHz, CDCl,) é:
—119.8(dd, cis-CF = CFy, F, Jp.r, = 96 Hz, I, pe
= 58 Hz, 1F), —126.7 (dd, trans-CF = CF,, F,,
Jppra = 96 Hz, Jpyp, = 110 Hz, 1F), —134.9 (dd,
CF = CF,, F,, Jpera = 58 Hz, Jp.m, = 110 Hz, 1F).

Homopolymerization

The batch homopolymerizations of TFVOBB were
performed in thick borosilicate Carius tubes
(length 130 mm, internal diameter 10 mm, thick-
ness 2.5 mm, total volume 8 cm?). After introduc-
ing initiator (tertiobutyl peroxide, 2.0 mol % rel-
ative for the monomer mixture), TFVOBB, and
acetonitrile under inert atmosphere, the tube was
connected to a vacuum line and purged several
times by evacuating and flushing with helium.
The reaction tube was sealed under vacuum and
placed into a shaking oven heated to the temper-
ature for the time required. At a given time, the
tube was cooled in liquid nitrogen, opened, and
the content was analyzed. Part of the mixture was
analyzed by °F and 'H-NMR spectroscopy, while
the remaining part of the mixture (ranging usu-
ally from a wax to solid particles) was precipi-
tated from 100 mL of cold pentane. The mixture
formed was isolated by filtration and dried under
vacuum at 80 °C for 4 h at least.
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Figure 2. Radical homopolymerization of TFVOBB by different methods of initiation.

Copolymerization and Terpolymerization

The batch co- or terpolymerizations of VDF, HFP,
CTFE, or PMVE with TFVOBB were performed
in a 160 mLL HASTELLOY (HC 276) autoclave,
equipped with a manometer, a rupture disk, an
inlet valve left closed for 20 min and purged with
20 bars of nitrogen pressure to prevent any leak-
age, and degassed afterwards. Then, a 20 mm Hg
vacuum was operated for 15 min, and the initiator
(2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane,
tech, 90%), TFVOBB, and 1,1,1,3,3-pentafluoro-
butane were introduced successively via a funnel
tightly connected to the introduction valve. Next,
HFP, CTFE, or PMVE, and VDF were, respec-
tively, introduced by double weighing. The auto-
clave was then heated up to 134 °C for 10 h. After
reaction, the vessel was cooled to room tempera-
ture and then put in an ice bath. Then, the crude
product was analyzed by °F NMR spectroscopy.
The solvent was evaporated, and the crude prod-
uct was solubilized in DMF and then precipitated
from cold water. The precipitate was filtered off
and dried over P,O5 agent at room temperature
under a 20 mm Hg vacuum for 48 h.

RESULTS AND DISCUSSION

TFVOBB was prepared by published method.®”
Its synthesis is based on a nucleophilic substitu-
tion of 4-bromophenate to 1,2-dibromotetrafluoro-
ethane, followed by a dehalogenation reaction:

CFZCFzBr CF =CF,
__DKOH
2)BrCF2CF2Br
TFVOBB
Yield =78 %

Radical Homopolymerization of TFVOBB

The aim of the first step of our work was to carry
out the radical homopolymerization of TFVOBB.
From this monomer we tried to generate radicals,
which could be able to initiate TFVOBB homopo-
lymerization (Fig. 2), by using initiating methods
such as heating (Experiment 1—Table 2), photo-
chemical (Experiment 2—Table 2), and peroxide
initiator (Experiment 3—Table 2) processes. All
the experiments were carried out in a sealed am-
poule containing reactants and acetonitrile as the
solvent.

In the thermal and peroxide radical homopoly-
merization reactions (Experiments 1 and 3), a
yellow color of the solution was observed. The °F
NMR showed the presence of characteristic peaks
(Fig. 3) of the thermocyclodimerization of
TFVOBB (Fig. 1),67-73:93:104.105 1,3t the absence of
signals that could be characteristic of the ho-
mopolymer -(C[b]F5-C[b]F(O-Ph-Br))- (i.e., a sig-
nal centered at —115 ppm assigned to a —C[b]F,-
group located between two methylene groups).

Table 2. Homopolymerization of TFVOBB (Experimental Conditions and Results)

Initial mol % of TFVOBB
Experiment F,C = CF-O-Ph-Br Tertiobutyl Time Conversion
# Initiation Process in Feed (mol) Peroxide Temperature (°C)  (hr) Rate (%)
1 Thermal 0.0093 0 140 16 100
Photochemical
2 Initiation (UV) 0.0090 0 Room temperature 16 0
3 Sealed Bulk Tube 0.0087 2 140 16 0
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Fa’ Fb, Fu Fd’ Fe, Ff

Figure 3. '°F NMR spectrum of the thermocyclodimerization [27+27] of [(a,B,8-

trifluorovinyl)oxy]bromobenzene.

This aryl «,B,B-trifluorovinyl ether [27 + 2]
thermocyclodimerization is favored thermody-
namically and is due to an increase of the double
bond strain,!%® a lower C = C m-bond energy,!®”
and the strength of the resulting fluorinated C-C
single bond. For trifluorovinyl ether (TFVE)
monomers, exothermal polymerization reached a
measurable rate (DSC at 10 °C/min) near 140 °C,
and polymerizations were typically carried out at
temperatures between 150 and 210 °C.1%8

In the photoinduced radical homopolymeriza-
tion (Experiment 2), no cyclodimerization and ho-
mopolymerization have been observed.

Radical Copolymerization of TFVOBB with VDF,
HFP, CTFE, or PMVE

The radical copolymerizations of TFVOBB with
VDF (X,W:H and Y,Z:F, Fig. 4), CTFE X,W,Y:F
and Z:Cl, Fig. 4), PMVE (X,W,Y:F and Z:OCFS,
Fig. 4), or HFP (X,W,Y:F and Z:CF;, Fig. 4) were
carried out in acetonitrile or 1,1,1,3,3-pentaflu-
orobutane solutions (these solvents do not induce
any chain-transfer reactions), and initiated by

X
cal :
aWXC=CYZ ~ bFsC=CF _ radical <rr(|C—C)C—CF2—$FE’—
|
0 Wz )

Br Br

Figure 4. Radical copolymerization of TFVOBB with
VDF, CTFE, HFP, or PMVE.

2,5-bis(tert-butylperoxy)-2,5-dimethylhexane or
ditertiobutyl peroxide, yielding random copoly-
mers as shown in Figure 4.

Influence of the Solvent and of the Initiator on the
Yields of VDF/TFVOBB or CTFE/TFVOBB
Copolymerizations

To find out the best reaction conditions (initiator,
solvent, and temperature) for which the fluoro-
olefin conversion rates and the mass yields were
the highest, two radical copolymerizations were
carried out using a high pressure autoclave sys-
tem. The initial molar percentages of CTFE in
feed were 94 and 96 (Experiments 4 and 5, respec-
tively, in Table 3). Acetonitrile (Experiment 4)
and 1,1,1,3,3-pentafluorobutane (Experiment 5)
were chosen as the solvents. We chose two radical
initiators, ditertiobutyl peroxide (Experiment 4)
and 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane
(Experiment 5), the half times of which, were one
hour at 140 and 135 °C, respectively.

However, the results listed in Table 3 showed
that the copolymerization initiated by 2,5-bis(tert-
butylperoxy)-2,5-dimethylhexane led to better
mass yields. In the same experimental conditions,
starting from CTFE feed molar percentages of 94
and 96 mol %, the copolymerization led to mass
yields of 5 and 25% (Experiments 4 and 5), respec-
tively. In addition, the CTFE conversion rate (the
mass conversion rate was defined as the ratio of
the weight of the gases that reacted in the poly-
merization to the total weight of the gases intro-
duced in the autoclave) (see Table 3) is higher for
Experiment 5 (initiated by 2,5-bis(tert-butylper-



Massic
Yields (%)

CTFE
Conversion
Rate (%)
12
41

Time of
Reaction
(hours)

Temperature
(°C)
140
135

Solvent
CH,CN
CF,CH,CF,CH,

Initiator
(mol %)
1.2
1.2

Initiator

2,5-bis(tert-butylperoxy)-2,5-
dimethylhexane

di-tertiobutyl peroxide

(mol %)

Influence of Solvent and of the Initiator in the Radical Copolymerization of CTFE with TFVOBB
(1) in Feed

CTFE in
Feed
(mol %)
94
96

#

Table 3.
Exp.
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oxy)-2,5-dimethylhexane and performed in
1,1,1,3,3-pentafluorobutane) than for Experi-
ment 4.

These results confirmed that 1,1,1,3,3-pen-
tafluorobutane has a lower transfer activity on
the growing macroradical than acetonitrile.'®®

Similar results were obtained with VDEF/
TFVOBB systems initiated by 2,5-bis(tert-butylp-
eroxy)-2,5-dimethylhexane and ditertiobutyl per-
oxide, and confirmed the results summarized in
Table 3.

Because of the low yields produced from diter-
tiobutyl peroxide/acetonitrile system, we have de-
cided to perform all the following experiments in
solution in pentafluorobutane initiated by 2,5-bis-
(tert-butylperoxy)-2,5-dimethylhexane.

Determination of the Copolymer Compositions by
using "°F NMR Spectra

VDF/TFVOBB copolymers. The second step of
this study concerns the estimation of the copoly-
mer compositions by using NMR method. All 'H-
NMR spectra exhibit: (1) the signals assigned to
methylene groups of VDF units (in the VDF/
TFVOBB copolymerizations) adjacent to diflu-
oromethylene groups in the 3.0-3.4 ppm range
arising from normal head-to-tail additions (with
high amounts of VDF units in the copolymer, the
tail-to-tail addition gave rise to signals centered
at about 2.4 ppm); and (2) the signals of aromatic
groups at about 7.3 ppm (Fig. 5). However, °F
NMR spectroscopy was chosen to identify the cor-
responding TFVOBB and VDF, HFP, CTFE, or
PMVE units in the copolymers.

Figure 5 also shows the 'F NMR spectrum of
dry poly(VDF-co-TFVOBB) produced with an ini-
tial [VDF]/[TFVOBB], molar ratio of 96/4.
Firstly, this spectrum shows the characteristic
peaks (see Table 4) centered at about —91 ppm
(noted I_g;), which is assigned to the difluorom-
ethylene groups in the head-to-tail arrangement
of VDF units (normal VDF addition). In addition,
other signals are also good evidence of VDF units
in the copolymers (Table 4). They are centered at
—95.1 (noted I_g54), —113.7 (noted I_;15,), and
—115.9 ppm (noted I_4;5,), assigned to the CFy
groups of (CH,-CF,)-(CF4,-CH,)-(CH,-CFy)-(CH,-
CF,) (CH,-CF,)-(CF4,-CH,)-(CH,-CFy), and (CH,-
CF,)-(C[b]F,-CH,)-(CH,-CF,) sequences, respec-
tively, attributed to CF, groups corresponding to
reverse VDF adducts (head-to-head addi-
tion).34:35:38-42,110.111 Py rthermore, the signal lo-
cated at —107.5 ppm is characteristic of -(C[b]F5-
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Figure 5 '°F (A) and 'H (B) NMR spectra of VDF/(TFVOBB) copolymer, recorded in
deuterated acetone. Copolymerization conditions: [2,5-Bis(tert-butylperoxy)-2,5-dim-
ethylhexane /([VDF], + [TFVOBBI,) = 1.2%, 134 °C, 6 h, and VDF/TFVOBB initial

molar ratio in the feed = 96/4.

CH,)-CF,-CH;, and the peak at —110.6 ppm re-
gion is assigned to the difluoromethylene groups
of the VDF units adjacent to TFVOBB units, and
are noted I_ ;475 and I_;;44, respectively. The
values of these chemical shifts fit with those of the
signal assigned to the difluoromethylene group of
VDF adjacent to a perfluoromethyl vinyl ether
base-unit in poly(VDF-co-PMVE) copolymers.5!
The signal I_;;54 centered at —113.9 ppm is at-
tributed to the difluoromethylene of TFVOBB
unit. Finally, and as explained above, the peak
located in the —125.7 to —130.7 ppm region, noted
I_,557,1s assigned to the tertiary fluorine atom in

the CF group of (1). The amount of VDF units in
the copolymer is assessed by using the following
equation (Eq. 1):

I
Mol % VDF in the copolymer = — % %100 (1a)
. Iy
Mol % TFVOBB in the copolymer = [ +L & 100
atlg
(1b)

with:
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Table 4. '°F NMR Assignments of VDF/TFVOBB Copolymers Recorded in

Deuterated Acetone

Integrals in

Chemical Shift (ppm) Structure (Eq. 1)
-91 -CF,-CH,-CF,-CH,-CF,- 1o
-95.1 (CH,-CF,)-(CF,-CH,)-(CH,-CF,)-(CH,-CF,) | P

~107.5 (CF,-CH,)-CF,-CH, I 1ors
—-110.6 (CH,4-CF,)-(CF,-CF(O-Ph-Br)) I_ 1106
-1138.7 (CH,-CF,)-(CF,-CH,)-(CH,-CF,) I 1157
~113.9 (CH,-CF,)-(CF,-CF(O-Ph-Br)) I 1m0
~115.9 (CH,-CF,)-(CF,-CH,)-(CH,-CF,) I 11me
—125.7 -CH,CF,-CF,-CF(O-Ph-Br)-CH,CF,- I

Iy =191 + 1 gs1 + Iqgrs + I1106 + 2 X L q159

Ig =T 1137 — Liiss

CTFE/TFVOBB copolymers. Both 'H and '°F
NMR spectroscopies enabled us to characterize
the microstructure of these CTFE/TFVOBB copol-
ymers. As explained in the former copolymeriza-
tion of TFVOBB, the 'H-NMR spectrum shows a
multiplet centered at 7.3 ppm and attributed to
the aromatic proton. Its °F NMR spectrum (re-
corded in the deuterated DMSO) exhibits some
signals''? between —107 (noted I_,,,) and —110.2
ppm (noted I_4;,5), corresponding to difluorom-
ethylene of CTFE adjacent to a TFVOBB and
CTFE unit, respectively. A signal centered at
—113.4 ppm(noted I_4;5,) is assigned to diflu-
oromethylene of TFVOBB. The presence of sig-
nals centered at —125.7 (noted I_1,5 7, assigned to
the tertiary fluorine TFVOBB), and —-128.5
(noted I_;555), and —130.9 ppm (noted I_,5, o) are
corresponding to the tertiary fluorine of CTFE
units (Table 5). Hence, the molar percentages of
CTFE in the copolymers can be assessed from the
following equation (Eq. 2):

Mol % of CTFE in the Copolymer

T I+ I,

X 100 (2a)

Mol % of TFVOBB in the Copolymer

_ b 100 (2b
Il PRI e (2b)

with:

_ I7107 + 17110.2

IC - 2 + I7128.5 + I7130.9

-~ I iiss

Ip = 5

Finally, radical copolymerizations using Hexaflu-
oropropene (HFP) or Perfluoromethyl vinyl ether
(PMVE) as comonomers have not been achieved.

Influence of the Molar Percentages of TFVOBB on
the Physicochemical Properties of the Copolymers

The next goal of the study was the copolymeriza-
tion of TFVOBB with fluoro-olefins. A series of

Table 5. '°F NMR Assignments of CTFE/TFVOBB Copolymers Recorded in

Deuterated DMSO

Chemical Shift (ppm)

Structure

Integrals in
(Eq. 2)

—107.6
-110.2
-113.4
—125.7
—128.5
—130.9

(CF,-CF(O-Ph-Br))-(CF,-CFCl)
(CF,-CFCD)-(CF,-CFCl)
(CF,-CF(0-Ph-Br))-(CF,-CFCl)
-CF,CFCI-CF,-CF(O-Ph-Br)-CF,CFCl-
(CF,-CFCD-(CF,-CFCl)
(CF,-CFCI)-(CF,-CF(O-Ph-Br))
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TFVOBB/fluorocomonomers (VDF or CTFE) co-
polymers were synthesized and characterized for
average molecular weights, degradation temper-
ature (Td), and glass transition temperature (Tg),
the results of which are summarized in Table 6.
All of the copolymers were soluble in common
organic solvents such as acetone, DMSO, and
DMF.

The initial molar percentages of VDF in feed
were 79, 90, and 96 (Experiments 6, 7, and 8,
respectively), and the initial molar percentages of
CTFE in feed were 83, 90, and 97 (Experiments 9,
10, and 11, respectively). These reactions were
carried out using a high pressure autoclave sys-
tem and performed at 134 °C using 2,5-Bis(tert-
butylperoxy)-2,5-dimethylhexane as the radical
initiator and 1,1,1,3,3-pentafluorobutane as sol-
vent (see Influence of the solvent and of the initi-
ator on the yields of VDF/TFVOBB or CTFE/
TFVOBB copolymerizations, above). By this pro-
cess, after precipitation in pentane, white
powders were produced and their compositions
were also determined by °F and 'H-NMR (see
Table 6). The 'H and °F NMR spectra exhibit
characteristic signals described in Determination
of the copolymer compositions by using °F NMR
spectra. above. The °F NMR spectroscopy was
chosen to identify the corresponding TFVOBB
and VDF or CTFE units in the copolymers (see
Table 6).

However, in the VDF/TFVOBB system, the re-
sults showed that the presence of TFVOBB in
feed made the massic yields decrease, while the
final mol % of TFVOBB in the copolymer in-
creases. In the same experimental conditions,
starting from TFVOBB feed molar percentages of
4 and 21 mol % led to copolymers containing 2 and
5 mol %, (Experiments 8 and 6), respectively.
Furthermore, SEC analyses showed that the
value of the molecular weights of the copolymer
synthesized in Experiment 8 (2 mol % of TFVOBB
in the copolymer) is higher than that of Experi-
ment 6 (5 mol % of TFVOBB in the copolymer);
The higher the mol % of TFVOBB in the copoly-
mer, the lower the average molecular weights. In
addition, the thermal analyses indicate that co-
polymers prepared in Experiment 8 are more
thermostable than those prepared in Experiment
6. The glass transition temperature values, mea-
sured by DSC, were in the average —33 °C and
+33 °C for poly(VDF-co-TFVOBB) and for
poly(CTFE-co-TFVOBB), respectively. In both co-
polymerization systems, Tg increased with the

growing value of TFVOBB in the copolymer,
which brings hardness in the copolymers.

Hence, in the CTFE/TFVOBB copolymeriza-
tion, the results listed in Table 6 showed also that
the molecular weights and the thermal properties
go down when the final mol % of TFVOBB in-
creases. Interestingly, if the initial mol % of
CTFE is lower than 85%, the copolymerization
does not occur, and homopolymer of CTFE was
obtained with a low yield by mass.

These results showed that the increasing mo-
lar percentages of TEFVOBB in the copolymers
made the thermal stability decrease, the glass
transition increase, and the molecular weights
decrease. It confirmed the hypothesis of the low
reactivity of ~ TFVOBB ° macroradical.

Radical Terpolymerization of TFVOBB with VDF/
HFP, VDF/CTFE, or VDF/PMVE Blends

To enhance the reactivity of VDF in a VDF/
TFVOBB copolymerization, and the final mol % of
TFVOBB in the polymer, we decided to introduce
a termonomer such as hexafluoropropene (HFP),
chlorotrifluoroethylene (CTFE), or perfluorom-
ethyl vinyl ether (PMVE). It could be a very in-
teresting way to yield fluoroterpolymers bromo
benzene side groups (Fig. 6). Furthermore, phys-
icochemical properties of the fluoropolymers can
be improved with the increase of mol % of fluorine
in the polymer backbone.? %113

The different series of terpolymerizations were
performed using initial C, ([initiator], / ([VDF],
+ [HFP], + [TFVOBBI,) molar ratio of 1%. These
radical terpolymerizations were carried out using
a high pressure autoclave system and performed
at 134 °C for 10 h using 2,5-bis(tert-butylperoxy)-
2,5-dimethylhexane as the radical initiator and
1,1,1,3,3-pentafluorobutane as solvent. After re-
action, the terpolymers were precipitated from
cold pentane, and the products were character-
ized by 'H and '°F NMR spectroscopies, which
enabled us to characterize the microstructure of
these terpolymers.

In all cases, statistic terpolymers were ob-
tained in which the different monomeric units
were randomly distributed in the chaining, and
microblocks of oligo(VDF)s were noted in the ter-
polymer. The amounts of termonomeric units in
the terpolymers were assessed by °F NMR. In
addition, all "H-NMR spectra exhibit: (1) the sig-
nals assigned to methylene groups of VDF units
adjacent to difluoromethylene groups in the 3.0—
3.4 ppm range (with high amounts of VDF units



T, (°C)
(Am = 10 %)

T, (°0C)
(Am = 5%)

Tg
C)

PDI

M,

(g/mol)

M,

(g/mol)

Yields
by
Mass
(%)

TFVOBB
in the
Copolymer
(mol %)

the
Copolymer
(mol %)

CTFE in

the
Copolymer
(mol %)

VDF in

(mol %)

TFVOBB
in Feed

in Feed
(mol %)

0.9 mol %, 134 °C, 10 hours. Average molecular weights, M,, and M,,, assessed from SEC with poly(styrene) standards. T, and T4
CTFE

VDF in
Feed
(mol %)

Copolymerization of VDF or CTFE with TEFVOBB. Copolymerization Conditions: [2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane] /([VDF or CTFE],

+ [TFVOBBI,)
were measured by DSC and TGA (under air conditions), respectively.

Exp.
#

Table 6. Determination of the TFVOBB/Copolymer Composition of VDF/TFVOBB and CTFE/TFVOBB vs. the Reaction Conditions in the Radical
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in the terpolymer, the head-to-head addition
gives rise to signals at about 2.4 ppm); and (2) the

sn2238 - -

SnRRIW signals of aromatic groups at about 7.5 ppm.
Determination of the Terpolymer Compositions by
using "’F NMR Spectra

100 00O . L .

S933I]D The radical terpolymerization of aromatic perflu-
orovinyl ethers has not been studied. The main
goal of this part was to identify the peaks char-

A e Qo acteristics of TFVOBB in the terpolymers. Never-

-33

Toee theless, the determination of the different NMR
signals of VDF, HFP, PMVE, or CTFE units in
the (ter)polymers have been the subject of differ-
ent papers.13’34’35’42’109’112

To attribute the monomer signals, three series
N SN S of three experiments were realized (Table 7) in-

1.6
1.5
14
1.7
1.6
1.5

D O = 00 = M

N A || volving an increasing molar ratio of TFVOBB.

cooooo Figure 7 represents the superposition of three °F

SIS = NMR spectra of a VDF/CTFE/TFVOBB terpoly-

B“RYI¥EY merization. Comparing the increasing of the high
of the signals, we concluded that the signals cen-

o &1 00 I 16 tered.at —113.5 and —124.5 ppm were assigned to

R the difluoromethylene group and the tertiary flu-
orine of TFVOBB, respectively.

10 ¥ N O A Terpolymerization of TFVOBB with VDF and CTFE
The same investigations were performed for the
radical terpolymerization of VDF, CTFE, and

oo oo w TFVOBB initiated by 2,5-bis(tert-butylperoxy)-

g e 2,5-dimethylhexane.

The °F NMR spectrum (Fig. 8) of the poly-
(VDF-ter-CTFE-ter-TFVOBB) shows the presence
of characteristic head-to-tail signals (CH,-

00RO OO C[b]F,), (“normal” additions in the VDF blocks)
at —91.9 ppm (noted I_g; ), and that of several
expected signals at —95.1, —113.4, and —115.8
ppm, assigned to the “reversed” head-to-head ad-
ditions and noted I_g54, I_;154, and 1_4;54, Te-

NEYERT spectively. Its °F NMR spectrum exhibits also

some signals between —107.6 and —110.1 ppm
(I_1p76and I_;107), and —118.7 and —153.9 ppm
(I_q187and I_q554), corresponding to the peaks of
the difluoromethylene and the tertiary fluorine
groups of CTFE, respectively. The main feature of
this spectrum comes from the signal at —113.5
(I_1155) and —128.5 ppm (I_1555), attributed to
difluromethylene and tertiary fluorine groups, re-
spectively, of TFVOBB (Table 8).

Hence, the molar percentages of VDF in the
terpolymers can be assessed from Equation 3:

79

920
96
83
90
97
T, stands for glass transition temperature.

T, stands for decomposition temperature.
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radical
nH,C=CF, + m F,C=CFZ + P FzC=(liF —_—
6]
HFP : Z=CF;
PMVE : Z=OCF;
CTFE : Z=Cl
Br

(CH2CF2)——(CF2—§F)—CF2—(IJFE||——v
! z " o,

Br

Figure 6. Terpolymerization of TFVOBB with fluoroalkenes (VDF, HFP, PMVE, and

CTFE).

Mol % of VDF in the terpolymer

Iy

= m X 100 (33)
Mol % of CTFE in the terpolymer
Mol % of TFVOBB in the terpolymer
= m X 100 (30)
with
I — oo+ Loy +2X1 1555
B 2
I 0.
Iy = 12101 + 1187 T Lisse
I -1
I, — 113.4 115.8

2

The final molar percentages of each termonomer
are given in Table 7.

Terpolymerization of TFVOBB with VDF and HFP

Firstly, this '°F NMR spectrum (Fig. 9) shows
different signals (see Table 9). First, there is a
peak centered at about —91.1 ppm (noted I_g; ;)
assigned to the difluoromethylene groups located
in the head-to-tail VDF chaining (i.e., normal
VDF addition). Furthermore, a series of other sig-
nals centered at —95.2 (noted I_455), —113.7
(noted I_;457), and —115.7 (noted I_4;5;) ppm
assigned to the CF, groups in (CH,-CF,)-(CF,-
CH,)-(CH,-CF[b] ;)-(CH5-CFy), -(CH,-CFy)-

(C[b]F5-CH,)-(CF5-CH,)-, and (CH,-CF,)-(C[b]Fy-
CH,)-(CH,-CF,) sequences, respectively, are also
observed and are attributed to the reverse VDF
addition (i.e., head-to-head addition) (Table 9).
Furthermore, the signals located at —109.8 ppm
(noted I_1p9g) and —110.1 (noted I_;;,,) range
are assigned to the difluoromethylene groups of
the VDF unit adjacent to HFP and TFVOBB unit,
respectively.

In addition, the chemical shifts centered at
—71.2 (noted I_;; 5) and —74.8 (noted I_-, g) are
assigned to the trifluoromethyl side group of HFP
in the terpolymer -CH,CF,CF,CF(C[b]F3)- CF,-
CH,- and -CH,-CF,-CF,-CF(C[b]F3)-CH,-CFy-;
while those centered at —118.8 (noted I_,;55) and
—183.5 (noted I_;455) ppm are attributed to the
difluoromethylene groups in -CH,CF,C[b]F,-
CF(CF5)- sequences and to the tertiary fluorine in
CF,C[b]F(CF;) of HFP, respectively.

Finally, the multiplet centered at —113.8 ppm
(noted I_4;5 ) is attributed to the difluoromethyl-
ene of TFVOBB unit in the terpolymer -(C[b]F-
CF(O-Ph-Br))-. Hence, the peaks located in the
—123.5 to —125.5 ppm region (noted I_;5, ) are
assigned to the tertiary fluorine atom in the CF
group of TFVOBB.

From the integrations in the °F NMR spectra
(denoted above), the determination of the molar
fractions of VDF, HFP, and TFVOBB units in the
terpolymer is given by the following equations
(Eq. 4):

Mol % of VDF in the terpolymer

__In 100 (4
—mx 00 (a)

Mol % of HFP in the terpolymer

L



Table 7. Determination of the Monomer/Terpolymer Composition of VDF/Terolefin/TFVOBB vs. the Reaction Conditions in the Radical

Terpolymerization of VDF, Terolefin (HFP, PMVE, or CTFE) with TFVOBB. Terpolymerization Conditions:

[2,5-Bis(tert-butylperoxy)-2,5-dimethylhexanel /([VDF], + [Terolefin], + [TFVOBB],) = 0.9 mol %, 134 °C, 10 hours. Average molecular weights, M,

and M, assessed from SEC with poly(styrene) standards. T, and Ty were measured by DSC and TGA (under air conditions), respectively.

Yields

TFVOBB

T, (°C) Am

by

Mass

in
Terpolymer

VDF in Terolefin in

Terpolymer

TFVOBB

Terolefin
in Feed

VDF in

Tg
0

M, (5%) (Am
(g/mol)

M,

(g/mol)

Terpolymer

in Feed
(mol %)

Feed
(mol %)

Exp.

(10%))

PDI

(%)

(mol %) (mol %)

(mol %)

(mol %)

-39
—34
—26
—38
-35
—26

260 (330)
180 (240)
160 (220)
310 (350)
260 (290)
250 (280)
250 (290)
240 (270)
220 (260)

1.5

38
20

10 HFP
8 HFP
5 HFP

84
82
81

12 HFP
13 HFP
9 HFP

83

12
13
14
15
16
17
18
19
20

1.7

10
14

79
80
70
66
64
71
62

1.6

17
41

11

1.7

15 PMVE
13 PMVE
10 PMVE
49 CTFE
44 CTFE
41 CTFE

78
72
71

5
10

25 PMVE
24 PMVE
22 PMVE
21 CTFE
24 CTFE
22 CTFE

17
15
45

15
19

1.9

14

21
—-17
-15

1.6

47

1.8

31

12
18

44

14
22

1.5

24

41

56

T, stands for glass transition (°C).

T4 stands for decomposition temperature (°C) (under air conditions).
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Mol % of TFVOBB in the terpolymer

L
= m X 100 (40)
with:

I — Loy + T g9+ Tqoes+ Iqi00 +2X 1454
o=

2
:[771.2 + :[774.8
="
If113.8 - :[7115.7
L=ty

The incorporation rates of each monomer in the
terpolymers are listed in Table 7.

Terpolymerization of TFVOBB with VDF and
PMVE

As for the characterization of VDF/HFP/TFVOBB
terpolymer, the °F NMR spectrum (Fig. 10)
shows the peaks characteristic of the difluorom-
ethylene groups of VDF addition and centered at
about —91, —94.4, —113.2, and —115.9 ppm,
noted I_g1, I_g44, 1 1159, and I_;45 o, respectively.
Furthermore, the signals located in the —110.1
and —110.8 ppm range are assigned to the diflu-
oromethylene groups of the VDF unit adjacent to
a PMVE (noted I_4;5;) and TFVOBB (noted
I_1108) unit, respectively.

In addition, the chemical shifts centered at
—52.2 (noted 1_5,,) are assigned to the triflu-
oromethyl side group of PMVE in the terpolymer
and those located at —120.9 (I_,5,4) and —122.4
(I_1994) are attributed to the difluoromethylene
groups, while those at —125.5 (I_;955) and
—145.1 (I_,,5 1) ppm are characteristic to the ter-
tiary fluorine of PMVE.

Finally, as mentioned above, the peaks cen-
tered at —113.7 (I_;15,) and —125.3 (I_1553) ppm
are attributed to the difluoromethylene group and
tertiary fluorine atom of the TFVOBB unit in the
terpolymer, respectively (Table 10).

The determination of the molar fractions of
VDF, PMVE, and TFVOBB units in the terpoly-
mer is given by the following equations (Eq. 5):

Mol % of VDF in the terpolymer

Ix

= m x 100 (5&)
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Figure 7. Assignment of the TFVOBB signals in the terpolymers. Spectra of VDF/CTFE/
TEFVOBB terpolymers recorded in deuterated DMSO. Terpolymerization conditions: [2,5-
Bis(tert-butylperoxy)-2,5-dimethylhexane /([VDF], + [CTFE], + [TFVOBB],) = 0.9%, 134
°C, 6 h. Terpolymer ratio (mol % TFVOBB) in feed: (a) 22, (b) 14, and (c) 8.

Mol % of PMVE in the terpolymer

L

Mol % of TFVOBB in the terpolymer

- 100 (5
Lo e T 10 09
with:
_ 1791 + 179444 + 17110.1 + I7110.8 +2X 17115.9
Ko 2
1752.2
I, = 3

_ 17113.7 - :[7115.9

Iy = 5

Table 7 indicates the final molar percentages of
each termonomer.

Characterization of the terpolymers

Table 7 presented the final molar percentages of
each termonomer and also the physicochemical
properties of each terpolymer.

However, the results listed in Table 7 showed
that the higher the TFVOBB molar percentage,
the lower the yields by mass. In the same exper-
imental conditions (Experiments 12, 13, and 14:
terpolymer VDF/HFP/TFVOBB, starting from
TFVOBB feed molar percentages of 5, 8, and 11
mol % led to copolymers containing 6, 10, and 14
mol %, respectively. The increasing mol % of
TFVOBB in feed increases its mol % in the ter-
polymer and decreases the yields. Interestingly,
the final molar percentages of VDF are higher
than the molar percentages in feed (except the
VDF/CTFE/TFVOBB terpolymerization). As a
matter of fact, these remark is the evidence of the
presence of oligo(VDF) in the terpolymer.

While the 'F NMR spectroscopy shows the
insertion of CTFE, VDF, and HFP base units in
the terpolymers, several methods were used to
characterize these fluorinated terpolymers: the
molecular weights by SEC (with poly(styrene)
standards, the polymers were solubilized in THF)
and the thermal properties by DSC and thermo-
gravimetric analyses (TGA).

The SEC chromatograms in all cases showed a
monomodal distribution that is in good agreement
with the statistic of terpolymerization (i.e., lack of
two binary systems). The value of the average mo-
lecular weights, Mn, of the VDF/HFP/TFVOBB (Ex-
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Figure 8. 'F NMR spectrum of VDF/CTFE/TFVOBB terpolymer, recorded in deu-
terated DMSO. Terpolymerization conditions: [2,5-Bis(ter¢- butylperoxy)-2,5-dimethyl-
hexanel /([VDF], + [CTFE], + [TFVOBB],) = 0.9%, 134 °C, 6 h, and VDF/CTFE/

TEFVOBB initial molar ratio in the feed = 71/21/8.

periments 12, 13, and 14; 5, 8, and 11 mol % in feed
of TFVOBB), VDF/PMVE/TFVOBB (Experiments
15, 16, and 17; 5, 10, and 14 mol % in feed of
TFVOBB), and VDF/CTFE/TFVOBB (Experiments
18, 19, and 20; 8, 14, and 22 mol % in feed of
TFVOBB) terpolymers were about 21,900, 20,700,
and 18,900 g.mol !, 23,100, 21,900, and 19,800
g.mol !, and 22,800, 20,200, and 17,000 g.mol ?,

respectively. As expected, the lower the mol % of
TFVOBB in the terpolymer (or the lower mol % of
TFVOBB in the feed), the higher the average Mn.
Regarding these results, the hypothesis of (1) the
low reactivity of ~ TFVOBB *macroradical, or (2) a
recombination of two oligo ~ TFVOBB ° can be
proposed. The transfer reaction on the macroradical
can be ruled out because of the absence of transfer

Table 8. '°F-NMR Assignments of Fluorinated Groups in the Poly(VDF-Co-CTFE-
Co-TFVOBB) Terpolymers Recorded in Deuterated DMSO

Integrals in

Chemical shift (ppm) Structure (Eq. 3)
-91.9 -CF,-CH,-CF,-CH,-CF - I o109
-95.1 -CH,-CF,-CH,-CF,-CF,-CH,- I o56
—107.6 -CH,-CF,-CF,-CFCl- I 1076
-110.1 -CF,-CFCIl-CF,-CFCI-CH,-CF,- I 1101
-113.4 -CH,-CF,-CH,-CF,-CF,-CH,- I 1134
-113.5 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]- I 1155
—115.8 -CH,-CF,-CF,-CH,-CH,-CF,- I 1158
—118.7 to 128.5 -CH,-CF,-CF,-CFCl1-CH,-CF,, I 1187
—128.5 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]- I 1085
—130.1 to —153.9 -CF,-CFCI1-CF,-CFCI-CF,-CFCl- I 1530
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Figure 9. '°F NMR spectrum of VDF/HFP/TFVOBB terpolymer, recorded in deuter-
ated acetone. Terpolymerization conditions: [2,5-Bis(tert-butylperoxy)-2,5-dimethyl-
hexane] /([VDF], + [HFP], + [TFVOBBI,) = 1%, 134 °C, 6 h, and VDF/HFP/TFVOBB

initial molar ratio in the feed = 83/12/5.

signals in °F (—114.8 ppm) and 'H (t.t. at 6.1 pmm)
NMR spectra. However, these measurements were
not quite accurate because of the lack of standards
for VDF polymers.

The thermogravimetry curves show that these
terpolymers exhibit a good thermal stability since

their decomposition occurs from 260, 310, and 250
°C (Table 7) for VDF/HFP/TFVOBB, VDF/PMVE/
TFVOBB, and VDF/CTFE/TFVOBB blends, re-
spectively. For example, Figure 11 represents the
TGA curves of VDF/PMVE/TFVOBB terpolymers.
As in previous cases, the higher the mol % of

Table 9. '°F-NMR Assignments of Fluorinated Groups in the Poly(VDF-Co-HFP-
Co-TFVOBB) Terpolymers Recorded in Deuterated Acetone

Integrals in

Chemical Shift (ppm) Structure (Eq. 4)
—71.2 -CH,CF,CF,CF(CF,)-CF,-CH,- |
—74.8 -CH,-CF,-CF,-CF(CF;)-CH,-CF,- |
-91.1 -CF,-CH,-CF,-CH,-CF,- I g4
-94.9 (CH,-CF,)-(CF,-CH,)-(CH,-CF,)-(CH,-CF,) | P

—-109.8 -CH,CF,CF,CF(CFy)- I 1008
~110.1 (CH,-CF,)-[CF,-CF(O-Ph-Br)]- I 1104
~113.7 «(CH,-CF,)-(CF,-CH,)-(CF,-CH,)- I 1157
-113.8 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]- I 158
-115.7 -(CH,-CF,)-(CF,-CH,)-(CH,-CFy)- I 157
-118.8 -CH,CF,CF,CF(CFy)- I 158
—124.5 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]- I 104+
~183.5 -CH,CF,CF,CF(CF,)- T iass
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Figure 10. 'F NMR spectrum of VDF/PMVE/TFVOBB terpolymer, recorded in deu-
terated acetone. Terpolymerization conditions: [2,5-Bis(tert-butylperoxy)-2,5-dimethyl-
hexanel /([VDF], + [PMVE], + [TFVOBB],) = 0.9%, 134 °C, 6 h, and VDF/PMVE/
TFVOBB initial molar ratio in the feed = 66/24/10.

TFVOBB in the terpolymer, the lower the ther-
mal properties of the copolymer.

Furthermore, the terpolymer thermal proper-
ties were assessed. DSC was used to determine
the glass transition temperature and the results
are listed in Table 7. In the VDF/HFP/TFVOBB

terpolymerization, Tg increases with the Mn and
decreases with the increasing molar percentages
of VDF in the terpolymer, confirming former in-
vestigations.'® In the VDF/PMVE/TFVOBB (Ex-
periments 15, 16, and 17) and VDF/CTFE/
TFVOBB systems (Experiments 18, 19, and 20),

Table 10. '°F-NMR Assignments of Fluorinated Groups in the Poly(VDF-Co-PMVE-Co-TFVOBB) Terpolymers

Recorded in Deuterated Acetone

Chemical Shift (ppm)

Structure

Integrals in
(Eq. 5)

—52.2

~94.4 -CH,-CF,-CH,-CF,-CF,-CH,-
~110.1 -CH,-CF,-CF,-CF(OCF,)-CH,-CF -
~110.8 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]-
~113.2 -CH,-CF,-CH,-CF,-CF,-CH,-
~118.7 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]-
~115.9 -CH,-CF,-CF,-CH,-CH,-CF,-
~120.9
~122.4 -CH,-CF,-CF,-CF(OCF,)-CH,-CF -
~125.3 -(CH,-CF,)-[CF,-CF(O-Ph-Br)]-
~1255 -CH,-CF,-CF,-CF(OCF,)-CH,-CF -
~145.1 -CH,-CF,-CF,-CF(OCF,)-CH,-CF -

-CH,-CF,-CF,-CF(OCF,)-CH,-CF -
-91 -CF,-CH,-CF,-CH,-CF,-

-CF,-CF(OCF,)-CH,-CF,-CF,-CF(OCF,)-CH,-CF,

e b e b b e e e = =
|
-
o
@
N
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Figure 11. TGA thermogram under air of VDF/PMVE/TFVOBB terpolymers (ter-
polymer 78/15/7:VDF/PMVE/TFVOBB:e; terpolymer 72/13/15:VDF/PMVE/TFVOBB:m;

terpolymer 71/10/19:VDF/PMVE/TFVOBB:A).

Tg increases with the molar percentages of
TFVOBB in the terpolymer. Except for the VDF/
CTFE/TFOVBB terpolymers, which were semic-
rystalline, the terpolymers were amorphous.
Moreover, the glass transition temperatures
ranged between —26 and —39 °C, —26 and —38
°C, and —15 and —21 °C for VDF/HFP/TFVOBB,
VDF/PMVE/TFVOBB, and VDF/CTFE/TFVOBB
blends, respectively. With such T,s, and as re-
ported in the literature,'® it is known that flu-
oropolymers containing VDF and HFP or PMVE
base units only exhibit average T, of —26 °C and
are fluoroelastomers.

Finally, regarding the results gathered in Ta-
ble 7, it appears that the TFVOBB incorporation
is favored in the VDF/PMVE system, which is
better than the VDF/HFP and VDF/CTFE.

CONCLUSION

The co- and terpolymerization of TFVOBB with
VDF, HFP, PMVE, and CTFE is for the first time
described. As a matter of fact, it has been shown
that radical polymerization of TFVOBB is opti-
mized in pentafluorobutane initiated by 2,5-bis-
(tert-butylperoxy)-2,5-dimethylhexane. Further-
more, the radical copolymerizations of TFVOBB
with VDF or CTFE enabled us to assess copoly-
mers incorporating a low molar percentage of
TFVOBB. To improve the final mol % of the per-
fluorinated bromoaromatic monomer, the terpoly-

merization has been investigated. Interestingly,
the synthesized terpolymers show that the VDF/
PMVE blend enhanced the incorporation of
TFVOBB. Hence, the VDF/PMVE blend allowed
us to have a better incorporation rate of TFVOBB
in the terpolymer than those obtained with VDF/
HFP and VDF/CTFE systems. Finally, DSC,
TGA, and GPC analyses indicated that the ter-
polymer incorporating the lower amount of
TFVOBB exhibited the better thermal properties
and the higher molecular weights. This study al-
lowed us to know the fluoroalkenes that could be
polymerized with aromatic perfluorovinyl ethers.
This polymerization model will be used for the
polymerization of aromatic perfluorovinyl ether
monomers functionalized by sulfonic or phos-
phonic acid groups.!!* The prepared materials
may have proton exchange properties and could
be used in fuel cell applications.5?
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