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Radical Homopolymerization of Vinylidene Fluoride Initiated by
tert-Butyl Peroxypivalate. Investigation of the Microstructure by '°F
and 'H NMR Spectroscopies and Mechanisms
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ABSTRACT: The radical polymerization in solution of vinylidene fluoride (VDF) initiated by different
peroxides (tert-butyl peroxide and tert-butyl peroxypivalate) and by azo-tert-butane is presented. Various
reaction temperatures and times and solvents were chosen to monitor the polymerization in terms of
initiating radical generated from these initiators and transferring agents. Homopolymers thus obtained
were characterized by °F and *H NMR spectroscopies. Different VDF telomers were synthesized (e.g.,
C4Fo(CH2CF2)3H, CsF13CH,CF,CH,CHj3, and CH3CF2(CH,CHy>).l) as models to explain the microstructure
of these PVDFs. They enable one to identify without any ambiguity most different signals observed in *H
and °*F NMR spectra of PVDFs. From those assignments, an overall reactional mechanism was proposed
that allows one to explain each step of polymerization of VDF. In particular, an interpretation of the
polymer microstructures and of end groups arising from the radical initiator and from eventual transfers

is suggested.

Introduction

Polyvinylidene fluoride (PVDF or PVF;) exhibits
various interesting properties (chemical inertness, re-
sistance to acids, and piezo- and pyroelectrical prop-
erties)5 and has thus found numerous applications®
in the semiconductor industry,”8 in the nuclear indus-
try,® and in paints and coatings.’® This polymer is
usually obtained by radical homopolymerization of VDF
according to various processes such as suspension,l11
emulsion,1216 gnd solution.1517 Different initiators have
successfully been used, in particular tert-butyl peroxide,
dicumyl peroxide, and tert-butyl perbenzoate.'® Fluori-
nated initiators have also been involved in such a
polymerization, such as bis(perfluorophenyl) peroxide
or bis(w-hydrooctafluorovaleryl) peroxide.l” However,
the homopolymerization of VDF initiated by tert-butyl
peroxypivalate has been scarcely investigated.'® Hence,
the objective of this present article deals with that
reaction under radical conditions involving this initiator.
First, the microstructure of these homopolymers is
studied to assign all the signals noted in their 1H and
F NMR spectra. These attributions enable us to
propose a mechanism of radical homopolymerization of
VDF.

Experimental Part

(a) Reactants and Methods of Analyses. Vinylidene
fluoride (VDF) was kindly donated by Solvay S. A. (Brussels,
Belgium). Acetonitrile (SDS, Peypin, France) was distilled over
calcium hydride and then degassed from an argon flow for 10—
15 min, prior to use. Azo-tert-butane and tert-butyl peroxide
were supplied by Aldrich while tert-butyl peroxypivalate (in a
75% solution of decane) was kindly donated by “La Chalonaise
des Peroxydes”. These three initiators were used without any
purification. CH3CF,l was synthesized by addition of HI onto
VDF.*® C4Fgl and CsF13l were kindly donated by the Atofina
Co. NMR spectra were recorded on Bruker AC 200 and AC
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250 instruments, using deuterated chloroform or acetone as
the solvents and TMS (CFCls;) as the references for *H (*°F)
nuclei. The letters s, d, t, g, and m stand for singlet, doublet,
triplet, quintet, and multiplet, respectively. Coupling constants
and chemical shifts are given in hertz (Hz) and ppm, respec-
tively. The experimental conditions to record 'H (or *°F) NMR
spectra were the following: flip angle, 90° (30°); acquisition
time, 4.5 s. (0.7 s); pulse delay, 2 s (5 s); number of scans, 16
(64); a pulse width of 5 us for **F NMR. Size exclusion
chromatography (or GPC) analyses were carried out at 40 °C
onto type 2HR5E and 1HR2E columns with DMF/LiBr in 0.1
mol L™ as eluent with an isocratic pump.

(b) Homopolymerizations. The homopolymerizations of
VDF were performed in thick borosilicate Carius tubes in a
batch process (length, 130 mm; internal diameter, 10 mm;
thickness, 2.5 mm; for a total volume of 8 cm3). After the
initiator and acetonitrile were placed, the tube was connected
to a vacuum line and purged several times by evacuating and
flushing with helium. After five thaw-freeze cycles at least, to
get rid of oxygen, VDF was trapped under vacuum, in the tube
frozen in liquid nitrogen, after a release into an intermediate
metallic container calibrated for pressure. The required amount
of VDF introduced into the tube was assessed by the relative
drop of pressure in this release container, initially fed by a
cylinder of 300 g of VDF. A beforehand calibration curve-
weight of trapped VDF (in g) vs drop of pressure (in bar) was
determined (for 0.75 g of VDF, a difference of pressure of 0.50
bar was required). The tube, under vacuum and immersed in
liquid nitrogen, was sealed and placed into the cavity of a
shaking oven at the temperature and for the time required.
After reaction, the tube was frozen in liquid nitrogen and then
opened, but the conversion rate of the VDF could not be
assessed. Hence, the yield of the reaction is not given in this
paper. Then, the homopolymer was precipitated from 100 mL
of cold pentane. After this precipitation, the solution was
removed, and the insoluble product was dried at 80 °C under
vacuum for 4 h at least. NMR characteristics are described in
the text (Tables 1 and 2).

(c) Synthesis of M; Model (1,1,1,2,2,3,3,4,4,6,6,8,8,10,-
10-Pentadecafluorodecane) and M, Model (1,1,1,2,2,3,3,-
4,4,6,6,8,8,9,9-Pentadecafluorodecane). First, 100.0 g (0.29
mol) of C4Fsl was introduced into a 500 mL hastelloy (HC 276)
autoclave equipped with outlet and inlet valves, a security
disk, and a manometer, cooled in an acetone/liquid nitrogen
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Table 1. Assignments of 1°F NMR Chemical Shifts in
PVDF Polymers

assignment

(CH3)3C—0O—CF2CH>—
-CF,CH>—CF,CH>—CF,—
(CH3)3C—CH2CF,—CH,CF,—
HCF,CH,—CF,CHz—
-CF,CH2;—CF,CH>;—CH,CF>,—CF,—
CH3—CHQCF2—CH2CF2— and

NC—-CH,—CH,CF,— (supposed)
—-107.5 multiplet CH3CF2—CF20H2—CF2—
—112.3 t,3Jgy =16.6 Hz (CH3)3C—CF,CH,—CF,—
—113.4 multiplet -CH,CF,—CF,CH,—CH,—
—-113.7 multiplet CH3CF2*CF2CH2*CF2*
—1145 dm, HCF,CH,—CF2CH,—

ZJFH =55.0 Hz

—115.7 multiplet
—150.0 multiplet

o (ppm) signal

—80.3 multiplet
—91.0 multiplet
—92.2 multiplet
—92.4 multiplet
—94.8 multiplet
—95.7 multiplet

-CH,>CF>,—CFCH>—CH>—
NC—CH,—CF>CH»>—
(supposed)

Table 2. Assignments of 1H NMR Chemical Shifts in
PVDF Polymers

assignment

CH3—CH,CF,—CH,CF,—
(CH3)3C—CH,CF,—CH,CF,—
(CH3)3C—CF,CH>—
(CH3)3C—0—CF,CH,—
CH3—CF2CH2—CHCFy—
CH3CF,—CF,CH,—CF—

o (ppm) signal

1.00 t, 3JHH =75Hz

1.05 singlet

1.20 singlet

1.30 singlet

1.55 t,3Jur = 18.6 Hz

1.80 tt, 3Jpr = 19.4 Hz
4JHF =1.6 Hz

2.30 multiplet

-CF>CH,—CH,CF,—CH,—,
CH3—CH2CF2—CH20F2— and
(CH3)3C—CH,CF,—CH,CF,—
-CH,CF,—CH,CF,—CH,—
HCF2CH,—CF,CH,—

2.90 multiplet
6.30 tt, 2JH|: =552 Hz
SJHH =44 Hz

bath. After 3 cycles, N, gas/vacuum, 32.0 g (0.5 mol) of VDF
was introduced by double weighing. The autoclave was then
heated in a silicone bath at 210 °C for 15 h. After reaction,
the vessel was cooled to room temperature and then put into
ice; the unreacted VDF was carefully released and the auto-
clave opened. Solid iodine from the total product mixture was
filtered off and mono- and diadducts [C4Fo(VDF)I, x = 1 and
2] were distilled. The next pure fraction was the triadduct (Bp
= 55-58 °C/24 mmHg), yield = 47%. Then, 10.7 g (20.0 mmol)
of this fraction was dropwise added to 6.4 g of tributyl
stannane (22.0 mmol) for 30 min under nitrogen. After
separation of both phases, the lower one contained the
expected fluorinated carbides (M; and M4 models) with 95%
purity (GC). The yield was 41% for M; model vs 4% for My
model).

oM, Model: C4F9_CHzCFz—CHchz—CHZCFz_H. F NMR
(acetone-de): o0 = —81.0 (S, CF3;—CF,—CF,—CF>,—CH>,—, 3F),
—88.3 (S, C4F9_CH2_CF2—CH2_, 2':), —-92.4 (S, _CHZ_CFZ_
CH,—CF:H, 2F), —112.6 (s, CF3—CF,—CF,—CF,—CH,—, 2F),
—114.7 (dtt, ZJFH = 45.2 HZ, 3‘]|:|-| =19 HZ, 4\]FH =58 HZ,
—CH;—CF,—CH>—CF;H, 2F) —124.4 (s, CF3—CF,—CF,—CF>—
CHZ_), —125.9 (S, CF3_CF2_CF2_CF2—CH2_, 2F)

IH NMR (acetone-ds): 6 = 2.7 (m, C4F9—CH,—CF,—CH,—
CFZ_CHZ', 6H), 6.3 (dt, ZJHF =552 HZ, SJHH =4.8 HZ, —CHz_
CF;—CH,—CF3H, 2H).

oMy Model: C4F9—CH2CFz—CHchz—CF2CH3. 19F NMR
(acetone-dg): 6 = —81.0 (s, CF3—CF,—CF,—CF,—CH;,—, 3F),
—87.4 (S, C4F9_CH2—CF2_CH2_, ZF), —-112.6 (S, CF3—CF2_
CF,—CF,—CH>—, 2F), —113.8 (s, —CH>—CF,—CF,—CHs, 2F),
—-107.5 (S, _CHZ_CFZ—CFZ_CH3, ZF), —124.4 (S, CF3—CF2_
CF,—CF;—CH;—, 2F), —125.9 (s, CF3—CF,—CF,—CF,—CH,—,
2F).

IH NMR (acetone-ds): 6 = 2.7 (m, C4F9—CH,—CF,—CH,—
CFZ_, 4H), 1.8 (tt, 3J|-||: =19 HZ, 4JHH =17 HZ, _CHZ_CFZ—
CF,—CHj3, 3H).

(d) Synthesis of M, Model: 1,1,1,2,2,3,3,4,4,5,5,6,6,8,8-
Pentadecafluorodecane (C¢F13—CH,—CF,—CH,—CHy3).
First, 100.0 g (0.22 mol) of CgsF13l was introduced into the
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autoclave. It was closed, cooled, and put under vacuum/liquid
N, as above. Then 17.9 g (0.28 mol) of VDF was condensed in,
and the autoclave was heated to 200 °C for 15 h. After reaction
and cooling in ice, the autoclave was degassed and opened. I,
formed was filtered off and the monoadduct C¢F13CH2CF,l was
distilled (bp = 66—69 °C (22 mmHg), yield = 66%). Then, 75.2
g (0.13 mmol) of this telomer was put into a 160 mL autoclave
that was cooled and degassed as above. Then 3.6 g (0.13 mol)
of VDF was condensed in it as above, and the mixture was
heated to 205 °C for 24 h. After filtration of the total product
mixture, the substrate was distilled. Bp = 69—-72 °C (23
mmHg), and CsF13CH,CF,CH,CH>l was obtained in 30% yield;
10.7 g (20.1 mmol) of this compound was dropwise added into
6.4 g (22.0 mmol) of tributylstannane under nitrogen and
stirring. After phase separation, the lower phase (dark liquid)
was the expected carbide (95% pure), and the overall yield was
17%.

9F NMR (acetone-ds): 0 = —80.8 (s, CF3—CF,—CF,—CF,—,
3F), —96.1 (hept, —CH,—CF,—CH,—CHs, 2F) —111.5 (s, C4Fo—
CFQ—CFQ_CHZ_, ZF), —121.0 (S, C4Fg—CF2—CF2—CH2—, ZF),
—122.1 (s, CF3—CF,—CF,—CF,—CF,—CF,—, 2F), —122.6 (s,
CFg—CFZ_CFz—CFz—CFQ—, 2F), —125.6 (S, CFg—CFg_CFQ—
CF,—CF,—, 2F).

IH NMR (acetone-ds): 6 = 1.07 (t, 3Jun = 7.5 Hz, CsF13—
CHZ—CFZ—CHz_CHg, 3H), 2.1 (tq, 3JHF =17.0 HZ, 3JHH =75
HZ, C5F13_CH2_CF2—CH2—CH3, 2H), 3.0 (q, 3J|-||: =17.0 HZ,
CeF13—CH,—CF,—CH,—CHgs, 2H).

(e) Synthesis of M3 Model: 1-lodo-5,5-difluorohexane
(CHs—CF»—CH,—CH,—CH,—CH,—1). First, 3.5 g (18.2
mmol) of CH3;CF;I prepared by addition of VDF into HI, 0.07
g (0.35 mmol) of tert-butyl cyclohexyl peroxydicarbonate, and
40.1 g of tert-butyl alcohol were introduced in a 160 mL
autoclave. It was cooled and flushed as above, and 2.0 g (70
mmol) of ethylene was condensed into it. Then, the mixture
was heated to 60 °C for 8 h. After reaction, the total product
mixture (purple liquid) was directly analyzed by gas chroma-
tography and characterized by *H and *°F NMR (the yield was
24%)).

19F NMR (acetone-de): 6 = —89.6 (hex, 3Jey = 18 Hz, CH3—
CF,—CH,—CH,—, 2F).

IH NMR (acetone-ds): 6 = 1.58 (t, 3Jur = 18.6 Hz, CH3—
CF,—CH,—CH,—), 2.5 (m, CH3—CF,—CH,—CH,—CH,—CH,—
|), 3.1 (m, CHZ_CHZ_CHZ—CHz_l).

Results and Discussion
The homopolymerization of VDF, initiated by a radi-

cal initiator (Ay), is based on a five-step process, as
follows:
Initiation A, — 2A°
A"+ VDF — A—VDF’
Propagation A-VDF' + VDF — A—VDF-VDF’
A—(VDF),_,—VDF + VDF — A—(VDF),,—VDF’

Termination
A—(VDF),—VDF" + A—(VDF)p—VDF' —
A_(VDF)n+p+2_A

Transfer
A—(VDF),—VDF" + X-Y — A—(VDF),,,— X+ Y*
Reinitiation Y*'+ VDF — Y—-VDF’

The transfer may occur to the initiator, to the
monomer (although, to our knowledge, no work has
reported such a behavior), to the solvent, and to the
polymer.20
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Hence, to assess the microstructure of PVDF (i.e., to
assign all the signals observed in the 'H and 1°F NMR
spectra), we have found it interesting to investigate the
possible decompositions of tert-butyl peroxypivalate
leading to various radicals which further initiate the
radical homopolymerization of VDF.

This initiator first undergoes a homolytic cleavage of
O—0 bond, hence generating two radicals (A and B, eq
1). tBuO (A) may rearrange to produce *CHj; radical and
acetone (eq 2), while the decarboxylation reaction of
*OCOtBu?! (B) yields tBur radical as follows:?2

tBuO-OCOtBu —A——>tBu0' +'OCOtBu (1)
A B
tBuO'—————"CHj; + H3C—ﬁ— CH; )
A (o} o
*OCOtBu — 5 tBu 1 CO, 3)
B —-CO, D

As a consequence, tert-butyl peroxypivalate can lead
to four types of radicals (A, B, C, and D). To enable one
to obtain a nonambiguous assignment of the signals in
the H and °F NMR spectra of PVDF initiated by
tBuOOCOtBuU, several key reactions were performed in
which VDF was initiated by various compounds gener-
ating certain radicals exclusively. We chose two initia-
tors mainly: tert-butyl peroxide, tBu—0O—0O—tBu (DTBP)
and azo-tert-butane, tBu—N=N-tBu (ATB).

Actually, the formation of A and C radicals can be
achieved from DTBP since it is known that this initiator
leads to two A radicals that may undergo a rearrange-
ment into C radicals.?324

To initiate the polymerization of VDF in the presence
of radical D, ATB can be regarded as an interesting
starting material since it generates the tBu* radical (D)
after losing N».2° Consequently, various homopolymer-
izations of VDF initiated by DTBP and ATB were
investigated as first model reactions. Then, under the
same conditions, tert-butyl peroxypivalate was used, and
the 'H and °F NMR spectra of all homopolymers
produced were compared. These assignments hence
enable one to further propose a mechanism of initiation
of the VDF homopolymerization by tert-butyl peroxypiv-
alate.

() Attributions of NMR Signals. (A) Homopo-
lymerization of VDF Initiated by tert-Butyl Per-
oxide. tert-Butyl peroxide (DTBP) was used as the
initiator at 100 and 150 °C. Actually, it is well-known
that the generated tBuO* can undergo a rearrangement
into *CH3 and acetone, according to the experimental
conditions?324 that it was required to revisit below.

(A-1) Reaction Temperature: 100 °C. First, four
homopolymerization reactions of VDF initiated by DTBP
were carried out in acetonitrile for 66 h (attempts 1—4
in Table 3). After precipitation from pentane and
filtration, the homopolymers thus formed were charac-
terized by 'H and °F NMR (Figures 1 and 2, respec-
tively.).

All the 'H NMR spectra show the presence of the
characteristic multiplet centered at 2.9 ppm assigned
to methylene groups of —CF,CH,—CF,CH,—CF,CH>—
sequence resulting from the normal tail-to-head VDF
addition. Such a structure was confirmed by the char-
acteristic signal at —91.0 ppm in the 1°F NMR spectra
attributed to the difluoromethylene group in —CH,CF,—
CH,CF,—CH,CF,—. These spectra also exhibit expected
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Table 3. Initial Molar Compositions and Experimental
Conditions of the Radical Polymerization of Vinylidene
Fluoride (VDF) Co

expt Co? time temp
no. initiator (%) (h) (°C) solvent
1 tBu—OO—tBu 1.2 66 100 CHsCN
2 tBu—OO—tBu 9.0 66 100 CHsCN
3 tBu—OO—tBu 19.4 66 100 CHsCN
4  tBu—OO-tBu 47.3 66 100 CHsCN
5 tBu—OO-tBu 50.1 216 50 CHiCN
6  tBu—N=N-tBu 50.2 72 120 CH3CN
7  tBu—N=N-tBu 25.0 72 120 CHsCN
8 tBu—OO-CO-tBu 938 16 50 CHiCN
9 tBu—OO-CO-tBu 20.1 16 50 CH3CN
10 tBu—OO—-CO-tBu 10.4 16 100 CHsCN
11  tBu—OO-CO-tBu 19.9 16 100 CHsCN
12 tBu—OO-tBu 1.6 66 100 CH3CO.CH3
13 tBu—OO—tBu 1.2 66 100 CeFis

a C, stands for the initial [initiator]/[VDF]o molar ratio.

multiplets centered at —94.8, —113.4, and —115.7 ppm,
corresponding to —CH,CF,—CF,CH,;—CH,CF,—CHj>-
CF,—; —CH,CF,—CH,CF,—CF,CH>,—, and CH,CF,—
CF,CH,;—CH,CF,—, respectively. All these three signals
arise from the inversion of a VDF base unit in the
polymeric chain, regarded as a head-to-head VDF ad-
dition.

Actually, tail-to-tail VDF additions were identified in
the 'H NMR spectra by the presence of a multiplet
centered at 2.3 ppm assigned to both methylene groups
in a role (as an inversed addition). These 'H and 1°F
NMR spectroscopic analyses were in good agreement
with those reported in the litterature.?6-3% The normal
to inversed addition ratio could hence be assessed from
the integrals of the characteristic peaks, indicated in
Table 2, in both 1H (eq 4) and °F (eq 5) NMR spectra,
as follows:

mole fraction of normal VDF sequence
|2.9 + |2.3/2 + |1.05/9 + Il.OO/3

1 —
(from "H NMR) = 21,31 1,,+ 1,

mole fraction of normal VDF sequence
(from F NMR) = [l _g10+ 1 gpp + 1 gs+ 1 g4+

I—95.7 + |—113.4 + I—113.7 + I—ll4.5]/[|—80.3 + |—91.0 +
|792.2 + |792.4 + |794.8 + I795.7 + I7107.5 + I7112.3 +

|—113.4 + |—113.7 + I—ll4.5 + I—115.7] (5)

where I, represents the integral of the signal centered
at n ppm. These formula represent the sum of the
integrals of the peaks assigned to normal VDF adducts
over the sum of the integrals of the peaks belonging to
VDF (normal and reversed base units). Obviously, the
signals attributed to the end group arising from the
initiators are not considered in eq 4 (*H NMR).

In addition, the 'H NMR spectra show a triplet (2Jne
= 55.2 Hz) of triplets (3Jun = 4.4 Hz) centered at 6.30
ppm attributed to the terminal proton in —CH,CF,H
end group arising from a transfer to the polymer, as
observed by various research groups.2°2830 The 1°F NMR
spectra confirm such an observation since the doublet
(3JuE = 55.0 Hz) of multiplets centered at —114.5 ppm
corresponds to —CH,CF2H.

Incidently, all 1°F NMR spectra display a signal at
—92.4 ppm, and we found it interesting to synthesize
models, the NMR chemical shifts of which could enable
us to supply accurate assignments. Hence, 1,1,1,2,2,3,3,-
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-(CH,-CF,)~(CH,-CF»)-

H-(CF,-CH,)- -(CF,-CHp(CH,-CF)-
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1

Acetone

H-(CH,-CF,)-(CF,-

CH;-(CF,-CH,)-

CH;-(CH,-CF,)-

Y

e , e L
1.6 100.0 0.9 0.9
T 17 I LR I T T l T T I T T T I T 1T ’ T T T ]' L J L | T T ] T [ T T T I T 17T | T
6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5

Figure 1. 'H NMR spectrum of PVDF homopolymer (experiment 2) initiated by tert-butyl peroxide at 100 °C for 66 h.

4,4,6,6,8,8,10,10-pentadecafluorodecane (C4F9CH,CF,-
CH,CF,CH,CF,;H) was prepared by thermal telomer-
ization of VDF with 1-iodoperfluorobutane, followed by
the selective reduction of the iodine atom of the distilled
VDF triadduct, as follows:
C4Fsl + NVDF 2225 C,Fo(VDF), |

A telomeric distribution was noted by gas chroma-
tography (GC), showing the formation of the first four
telomers. The yield of the reaction was 95%, and the
total product mixture was distilled, leading to several
fractions analyzed by GC. The pure fraction attributed
to the telomer containing three VDF base units was
characterized by 1°F NMR. Indeed, the distilled triad-
duct was composed of a mixture of three isomers: C4Fo-
CH,CF,—CH,CF,—CH,CF;l (88%), C4FsCH,CF,—CH>-
CF,—CF,CHal (9%), and C4F9CH,CF,—CF,CHLCF,CHl
(3%).

The selective reduction of the iodine terminal atom
was carried out in the presence of tributyl stannane, as
reported by Newman3! or in a previous work:%°

SnBu,H
C4Fo(CoH,F))sl C4Fo(CoH,Fy)H

with
M, model: C,F,CH,CF,—CH,CF,—CH,CF,H

M, model: C,F,CH,CF,—CH,CF,—CF,CH,

The overall yields of M; and My from C4Fgl were 41
and 5%, respectively. 1F NMR characterization of M;
model shows, by the signal centered at —114.7 ppm, a
peak centered at —92.4 ppm assigned to the difluorom-
ethylene group in the HCF,CH,—CF,CH,;—CF,CH,
sequence.

The 'H NMR spectra of the homopolymers exhibit the
triplet (3Jun = 7.5 Hz) centered at 1.0 ppm. It can be
expected that this signal arises from the methyl end
group of the CH3CH,CF, sequence. To prove the as-
signment of this peak, the M, model was synthesized
by thermal telomerization of VDF with CgFi3l, followed
by an ethylenation step on the obtained monoadduct
then followed by a selective reduction, as follows:

VDF H,C=CH,
CgFi3l — C4F5CH,LCF,I
SnBuzH

CF1sCH,CF,C,H,I C4F13CH,CF,CH,CH,
MZ

The VDF monoadduct shows the above formulas
arising from the regioselective addition of CgF13® onto
the methylene group of VDF.?° The ethylenation of this
monoadduct was carried out in the presence of CuCl/
ethanol amine catalyst, and the reduction of the iodine
atom into the corresponding derivative occurred quan-
titatively in the presence of tributyl stannane. The
overall yield of M, from CgF13CH,CF2l was 17%.

The *H NMR spectrum of M, (Figure 3) shows a
triplet ((Jyn = 7.5 Hz) centered at 1.05 ppm assigned
to the CH; end group. Its 1°F NMR spectrum (Figure 4)
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-CF;)-(CH,-CE;)-(CH,-CF»)-

/Hj(CF/z-CHz)'(CETCHz)'

T

-CH,)-(CE>-CH,)~(CH,-CF2)-(CF,

CH3-(CH2-CE2)'(CH2'
and NC-CH,-(CH,CF,)-

/ (supposed)
H-(CH,-CF2)-(CE,-CHy)-
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CF»)-(CH2-CE;)~(CE,-CH,)-(CHo-

H-(CF,-CHy)-

|

f

T T T
-105.0 -110.0 -115.0

T T T U
-85.0 -90.0 -95.0 -100.0
3 (ppm)
Figure 2. °F NMR spectrum of PVDF homopolymer (experiment 2) initiated by tert-butyl peroxide at 100 °C for 66 h.
CH;-CH,-CF,-CH,-CF,-CF,-CF,-CF,-CF,-CF;
(@ (b) ©)
@
(®) )
()
T ] \—'—___I ;‘__J
2.0 2.0 3.0
T T I T T T T [ T T T T ] T T T l T T T T I T T T T | T T T T ] T T T T 1 T T T T ; T T T T l L T T | T T T T |
3.2 3.0 2.8 2.6 24 22 2.0 1.8 1.6 1.4 1.2 1.0
5 (ppm)

Figure 3. 'H NMR spectrum of the M, model: 1,1,1,2,2,3,3,4,4,5,5,6,6,8,8-pentadecafluorodecane (CsF13—CH,—CF,—CH,—CHy).

shows a signal at —96.1 ppm. Besides, all the spectra
of our PVDF samples show a peak centered at —95.7
ppm. By comparison of the electronic environment of
the difluoromethylene group of the M, model for which
both methylene groups are adjacent and that of CF,

arising from PVDF in the CH3CH,CF,CH,CF,— struc-
ture, it is observed that the CF, group of the M, model
has a CsF11 group in the y-position while that coming
from PVDF has VDF units in the y-position. This
difference could explain the slight shift (=96.1 and
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Figure 4. F NMR spectrum of the M, model: 1,1,1,2,2,3,3,4,4,5,5,6,6,8,8-pentadecafluorodecane (CsF13—CH,—CF,—CH,—CHy).

—95.7 ppm) existing between °F NMR chemical shifts
corresponding to fluorine atoms of both CF, groups.
Thus, the signal centered at —95.7 ppm can be at-
tributed to CF; group in a C,HsCF,CH,CF,— sequence.

As mentioned above, a *CHj3 radical arising from
tBuO—OtBu can start the initiation by reacting onto the
methylene side of VDF. Besides, Walton et al.? and
later Sass et al.33 demonstrated that the *CHj; radical
can be added in a small way (ca. 10%) onto the CF; side
of this fluoroalkene so that the following sequences may
be obtained: CH3(CF.CH,)(CH2CF;)— (A type) or
CH3(CF,CH,)(CF2CHy)— (B type). Considering that a
low probability of structure formation containing a
double inversion is possible, structure B can be ne-
glected. In addition, Duc et al.’° have shown that, in
the course of the telomerization reaction of VDF with
methanol, the direct initiation of tert-butyl peroxide via
*CHj3; radical onto VDF was not regioselective. Hence,
to assess the presence of that type of end group (CH3—
CF,CH,—CH,CF,—) and thus the characteristic 1°F
NMR chemical shifts, the synthesis of the M3 model was
realized. 1-lodo-5,5-difluorohexane (CH3;CF,CH,CH,-
CH,CHj3l) (M3) was produced by telomerization of eth-
ylene with 1-iodo-1,1-difluoroethane3* (obtained by re-
action of HI onto VDF?9) as follows:

percarbonate/tBuOH
bbbttt

CH3CF,l + H,C=CH, *22 =
CH,CF,(CH,CH,),I; n=1or?2

Characterizing the total product mixture by gas
chromatography shows both the total conversion of CHs-
CF;l starting reagent and the production of ca. 90% of
the monoadduct and ca. 10% of diadduct (M3).

Its 1°F NMR spectrum confirms the quantitative
conversion of the iodinated reactant (absence of the peak

centered at —30.5 ppm assigned to CF;l) and exhibits
two multiplets centered at —89.5 ppm (corresponding
to 7.5% of the total product mixture) and at —90.6 ppm
(92.5%). This demonstrates, in comparison with the gas
chromatogram, that the chemical shift of the CF, group
in the diethylenated telomer (M3) appears at —89.5 ppm.

Its TH NMR spectrum displays two triplets having the
same coupling constants (3Jyy = 18.6 Hz) centered at
1.62 and 1.58 ppm. The respective integrals are in a 14:1
ratio (in favor of the former triplet) indicates that the
signal assigned to CHj3; end- group of M3 model is
centered at 1.58 ppm. Interestingly, all the 'H NMR
spectra of 1—4 samples (Table 3) show a signal of low
intensity centered at 1.55 ppm. As a result, this mul-
tiplet corresponds to the methyl end group in CH3—CF,-
CH,—CH,CF; sequence.

As a matter of fact, all the spectra also exhibit a
triplet (Jur = 19.4 Hz) of triplets (*Jur = 1.6 Hz)
centered at 1.8 ppm; the higher coupling constant
indicates that the methyl end group is linked to a —CF»-
CF,— group as previously shown.30

To confirm this statement, 1,1,1,2,2,3,3,4,4,6,6,8,8,9,9-
pentadecafluorodecane (C4F¢g—CH,CF,—CH,CF,—CF»,-
CH3) (M4 model) produced in the course of the synthesis
of M1 model has also been characterized by NMR. Its
IH NMR spectrum shows the presence of a triplet (Jur
= 19.2 Hz) of triplets (*Jur = 1.7 Hz) centered at 1.8
ppm. This confirms that the methyl end group of CH3-
CF,CF,CH,— sequence gives a triplet of triplets cen-
tered at 1.8 ppm. Furthermore, two distinct signals,
centered at —107.5 and —113.7 ppm, are also present
in all the 1°F NMR spectra. Interestingly, both signals
of the M4 model are centered at —113.7 and —107.5 ppm
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Figure 5. F NMR spectrum of PVDF homopolymer (experiment 5) initiated by tert-butyl peroxide at 50 °C for 216 h.

and hence confirm the presence of the CH3CF,CF,CH>-
CF,— structure in the polymer. This sequence can be
obtained from the transfer of a proton onto the —CH>-
CF,—CF,CH2* macroradical.

Finally, all 1°F NMR spectra exhibit the presence of
a multiplet centered at —150 ppm, discussed later.

Hence, the main signals present in the °F and H
NMR spectra of polymers (produced from the homopo-
lymerization of VDF initiated by tert-butyl peroxide at
100 °C) have been assigned. Regarding the assessment
of the molar masses of this PVDF, it is known that
several techniques can be possible: (1) size exclusion
chromatography, which is not adequate because of the
lack of PVDF standards; (2) viscosimetry, which would
be an elegant method since K and o are known353% put,
in this case, a high content of inititator was used, hence
reducing the molar mass; (3) NMR spectroscopy taking
into account the end groups arising from the initiator
or from transfer. Actually, less ambiguity is supplied
from the transfer end group that enables the determi-
nation of molar masses. As mentioned above, in the 'H
NMR spectrum (Figure 1), the signals correponding to
the transfer are centered at 6.3 and 1.8 ppm, and they
represent one (CH,—CF,—H) and three —(CF,—CHy3)
protons, respectively. Thus, the average degree of po-
lymerization in number, DP,, can be calculated as the
ratio of the integrals of the peak attributed to the —CH>
group belonging to VDF over those of the end group

(taking into account a factor of 2 related to both end
groups).

DP, =

n

2[1, /2 + 1,402 + 1, 4/3]
o3+ 1 os/9 + 1,09+ 1, 4/9 + I, /3 + 1, /3 + I 5

(6)

where I, represents the integral of the signal centered
at n ppm.

The same calculation can be possible from 1°F NMR
spectrum (Figure 2), obtained from the integrals of all
peaks divided by those of signals assigned to CF;
adjacent to an end group (as the peaks centered at
—107.5and —113.7 ppm represent two CF; groups with
the same end group, it must appear once only; this is
also the same for both multiplets signals centered at
—92.4 and —114.5 ppm).

DP,=2[l go3t 1 g101 | gpot 1 gpst 1 945+
lgs7t lagrs T laos T lqaga t lggsr + lapus +
I 1157011 o3t 1goo T 1 g7 T 1175+ 1qip5 T
I 1145 T 11500] (7)

As a matter of fact, these both determinations are
approximate since possible branching occurs.2°

It was thus interesting to perform the same study,
but investigated at 50 °C.
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Figure 6. 'H NMR spectrum of PVDF homopolymer (experiment 5) initiated by tert-butyl peroxide at 50 °C for 216 h.

(A-2) Reaction Temperature: 50 °C. It is well-
known that tert-butyl peroxide has a half-life of 1 h at
146 °C.37 Consequently, we have found it interesting to
carry out homopolymerization of VDF at 50 °C in the
presence of a high amount of that initiator (Co = 50%)
for about 9 days (Table 3).

After reaction and treatment, the samples were
characterized by 1°F and 'H NMR. The former series
(Figure 5) shows the characteristic signals centered at
—91.0, —94.8, —113.4, and —115.7 ppm. In the H NMR
spectra (Figure 6), expected multiplets were present at
2.3 and 2.9 ppm while a further singlet was noted at
1.3 ppm. Such an observation was compared to the
results obtained by Cuthbertson et al.3® who described
the addition of tBuO* onto VDF, the monoadduct being
trapped by a nitroxide. These authors supplied the 'H
NMR data of both molecules: tBuO—CH,CF,—ONR;
(Ms) and tBuO—CF,CH,;—ONR; (Mg). The chemical
shifts of tert-butoxy end groups in the 'TH NMR spectra
of both Ms and Mg molecules are 1.10 and 1.35 ppm,
respectively. This Australian team also showed that the
CH; group (in Ms) gives a triplet (Jur = 9.5 Hz)
centered at 3.65 ppm. Hence, it can be considered that
the signal centered at 1.3 ppm in the 'H NMR spectrum
of the PVDF corresponds to methyl groups of tBu in
tBu—OCF,CH> sequence.

In addition, the 1°F NMR spectra indicate another
signal centered at —80 ppm attributed to the difluo-
romethylene of the sequence above. This confirms Moggi
investigation’s,3® who showed that the signal assigned
to a CF; group adjacent to both an oxygen atom and a
methylene group (OCF,CH>) is centered at ca. —80 ppm.

A further investigation concerns the homopolymeri-
zation of VDF initiated by the azo-tert-butane (tBu—
N=N-tBu).

(B) Homopolymerization of VDF with Azo-tert-
butane. This initiator exhibits a high activation energy
of 180.0 kJ mol.”1 25> and a half-life of 10 h at 160 °C.
Hence, a high amount of initiator was used (25% and
50%) to be sure that a part of it is decomposed and thus
initiates the homopolymerization of VDF. Actually, at
120 °C for 72 h, 3.6% only of the initial amount of
initiator has reacted. Table 3 lists the results obtained
in acetonitrile in these conditions with initial molar
concentrations of tBu—N=N-tBu of 50% and 25%
(attempts 6 and 7, respectively).

The °F (Figure 7) and *H (Figure 8) NMR spectra of
the obtained polymers display the expected chemical
shifts as assigned above. Interestingly, the 1°F NMR
spectrum also shows the presence of a triplet (Jur =
16.6 Hz) centered at —112.3 ppm, assigned to a difluo-
romethylene group coupling with a methylene or a
difluoromethylene group, only. However, as we cannot
get the tBu—CF,CF; structure, thus the tBu—CF,CH;
end group, arising from the radical addition of tBu* onto
CF; of VDF, is produced. Moreover, the comparison of
the relative integrals of that signal above about the
integrals of the other signals for both samples indicates
1.4% and 0.7% for attempts 6 (c, = 50%) and 7 (¢, =
25%), respectively. This statement confirms that this
peak corresponds to a tBu—CF,CH,; end group.

Further, it is noted that the higher the initial amount
of initiator, the greater the integral of the signal
centered at —92.2 ppm.
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Figure 7. °F NMR spectrum expansion of the —110 to —118 ppm range of PVDF homopolymer (experiment 7) initiated by

azo-tert-butane at 120 °C for 72 h.

Regarding the signals arising from the proton transfer
to CF, group, two characteristic peaks centered at —92.4
and —114.5 ppm were noted. However, the latter has a
low intensity. That of the former can be also neglected
because of overlapping with the multiplet centered at
—92.2 ppm. The relative intensity of that peak is 11.4%
of the total number of fluorine atom for attempt 6 vs
6.8% for attempt 7. It can thus be deduced that it
corresponds to a CF;, group of a VDF unit having reacted
with tBu* as follows: tBu—CH,CF,—.

Furthermore, by comparing the relative integrals of
signal centered at —92.2 ppm (assigned to CF; in tBu—
CH,CF,—) with that centered at —112.3 ppm (tBu—CF»-
CH,—), it was found that 89% of the tBu* radicals react
with CH; in attempt 6 vs 90% in attempt 7.

However, signals having low integrals cannot be
assigned: in particular, a triplet (J = 16 Hz) centered
at —50.6 ppm, a singlet at —150 ppm, and two multip-
lets centered at —94.3 and —95.6 ppm. Nevertheless,
one of these signal could be assigned to the CF, group
of VDF unit located in § position about the tBu end
group:

tBu-CF,CH,—CH,CF,— structure

In the *H NMR spectra, it the presence of two singlets
centered at 1.05 and 1.20 ppm was noted, the respective
intensities of which for the total number of protons are
5.5 and 1.2% for attempt 6 and 3.6 and 0.7% for attempt
7. This can be assumed by considering that the signals
corresponding to methylene groups belong to the tert-

butyl end group. Hence, these integrals allowed us to
conclude that the peaks centered at 1.05 and 1.20 ppm
are assigned to tBu—CH,CF, and tBu—CF,CH, end
groups, respectively.

Similarly, as in °F NMR spectra, an estimation of
the addition of tBu* radical onto the methylene side of
VDF was assessed to 82% and 84% from the results of
experiments performed in experiments 6 and 7, respec-
tively.

Finally, after the NMR assignments of the various
hydrogenated or fluorinated groups of PVDF produced
from the initiations in the presence of tert-butyl peroxide
and azo-tert-butane, it was worth investigating that
from tert-butyl peroxypivalate.

(C) Radical Homopolymerization of VDF Initi-
ated by tert-Butyl Peroxypivalate. As mentioned
above, the thermal decomposition of tBu—OO—CO—tBu
can generate a *OCOtBu radical type, but its initiation
for the radical homopolymerization of VDF is question-
able. Hence, this fluoroalkene was reacted at 50 and 100
°C in the presence of that initiator. As in the latter
temperature, it is assumed that CO, can be produced
from *OCOtBu, two experiments were realized at these
above temperatures, with initial molar initiator con-
centrations of 10 and 20% for 16 h (experiments 7—10).

As tert-butyl peroxypivalate exhibits a half-life of 24.2
h at 50 °C,%" it can be deduced that, in 16 h, only 36.7%
of the initial amount of initiator was decomposed.

The NMR spectra of the PVDFs arising from these
four homopolymerization reactions show the presence
of the expected characteristic signals at 2.3 and 2.9 ppm
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Figure 8. 'H NMR spectrum of PVDF homopolymer (experiment 7) initiated by azo-tert-butane at 120 °C for 72 h.

and at —91.0, —94.8, —113.4 and —115.7 ppm, respec-
tively, for the 'H (Figure 9) and °F (Figure 10) NMR
spectra. In addition, the characteristic —CF,;H end
group, coming from the proton transfer to the macro-
radical, was indicated by the triplet of triplets centered
at 6.3 ppm and the multiplet centered at —114.5 ppm,
on the 'H and °F NMR spectra, respectively. Further,
the signal centered at —95.7 ppm in the °F NMR
spectra was assigned to CH3;—CH,CF,— groups (the
triplet centered at 1.0 ppm attributed to the methyl end
group was overlapping with the broad signal). The 1°F
NMR spectra also exhibit the presence of multiplets of
low integrals centered at —107.5 and —113.7 ppm
assigned to the —CH,CF,—CH,CF,—CF,CH3 sequence.

In addition, the triplet (3Jry = 16.6 Hz) centered at
—112.3 ppm indicates the presence of a tBuCF,CH,—
end group, while the signal centered at —92.2 ppm
corresponds to the tBuCH,CF,— sequence. However,
comparing the respective integrals of these peaks
enables us to deduce that tBu* radical is preferentially
added (ca. 90%) onto the methylene group of VDF. That
statement was also confirmed from the integral ratio
of both singlets at 1.05 and 1.20 ppm noted on the 'H
NMR spectra.

A peak centered at —150 ppm was also observed in
the 1F NMR spectra. Having assigned main signals
noted in the 'H and °F NMR spectra of PVDFs, it was
worth proposing a mechanism of radical homopolymer-
ization of VDF.

(I1) Mechanism of Homopolymerization. (A)
Mechanism of Initiation. The mechanism of initiation
were determined for each initiators.

(A-1) Initiation from tert-Butyl Peroxide (DTBP).
At 50 and 100 °C, DTBP undergoes a thermal decom-
position by homolytical cleavage of the O—O bond
according to the following reaction scheme

{BuO-OtBu 28u0 —YPF o (BUO-CH,CF, and tBuO-CF,CH,
E E
rea.rra.ngement
CH;COCH; + *CH; —Y2F :
3 3 3——» CH3~-CH,CF, and CH;~CF,CH,
G H

Four types of initiations are thus possible, generating
four different end groups (E—H).

(a) For Reactions Realized at 50 °C (Experiment
5). The presence of two peaks centered at 1.0 and 1.3
ppm in the 'H NMR spectrum and two peaks located
at —80.3 and —95.7 ppm in the °F NMR spectrum
indicate that the tBuO* radical initiates onto the CF,
site of VDF only and HsC: is added mainly onto the CH;
side. For the tBuOr* radical, this observation confirms
the results obtained by Elson et al.*® who have shown
that the photolysis of tert-butyl peroxide in the presence
of VDF afforded a product correponding to the addition
of tert-butoxy radical onto the difluoromethylene side,
only. This is also in good agreement with the results of
Cuthberson et al.,3® who have demonstrated that the
selectivity of addition of this radical depends on the
temperature according to the following equation: In(ky/
kn) = (1.06 + 0.01) — (800 + 40)/T where T, t, and h
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Figure 9. 'H NMR spectrum of PVDF homopolymer (experiment 9) initiated by tert-butyl peroxypivalate at 50 °C for 16 h.

stand for the temperature (in K), the addition rate of
tBuO* onto CH,, and the addition rate of tBuO* onto
CF», respectively. Using such an equation enables one
to deduce a kn/k; ratio of 4 at 50 °C.

(b) At 100 °C (Experiments 1—4). It is noted that,
in the 'H NMR spectrum, the absence of both signals
centered at 1.1 and 3.6 ppm assigned to nine protons of
tert-butyl end group and to those of the methylene group
adjacent to tBuO indicated that this PVDF did not
exhibit the E sequence. Hence, it can be deduced that
the initiation of tBuO* radical toward the CH; site of
VDF did not occur. Similarly, the absence of the peaks
centered at +1.3 and —80.3 ppm reveal that the tBuO*
radical does not initiate onto the CF, group of VDF.
Under these conditions, the initiation exclusively occurs
by *CHj; radical as shown by the presence of peaks
centered at 1.0 (G structure) and 1.55 ppm (H structure)
that is mainly favored to a CHj; site of a VDF unit.

Hence at 50 and 100 °C, the end groups arising from
the initiator are the following:

{BuO-OtBu ——» 2 tBuG —Y2F 5 (BuO-CH,CF; and tBuO-CF,CH

E E
(50°C) 0% 50%
(100°C) 0% 0%

CH3COCH; + “CH;—YPFY o CH;-CH,CF, and CH;-CF,CH,
G H
(50°C) 50% 0%
(100°C) 90% 10%

(A-2) Initiation by Azo-tert-butane. The initiator
undergoes a double homolytic thermal cleavage that
generates two tBu- radicals and a molecule of nitrogen
as follows:

tBu—N=N-tBu - 2tBu’ + N,

In a second step, these radicals were added onto VDF,
hence generating two fluorinated radicals, as follows:

tBU" 2~ tBu—CH,CF,” + tBu-CF,CH,’

As a consequence, two initiations are possible leading
to two types of end groups. Further, as indicated above,
it was noted that tBu* radical mainly attacks the
methylene side of VDF (80—85%), according to the
integrals of the characteristic peaks in the NMR spectra.

(A-3) Initiation by tert-Butyl Peroxypivalate. As
observed above, this initiator can generate four types
of radicals: tBuOr, *OCOtBu, HsC*, and tBu-.

At 50 °C, the first one does not react onto VDF as
evidenced by the absence of any signal centered at 1.3
and 3.6 ppm in the 'H NMR spectrum.

Similarly at 50 °C (attempts 8 and 9) or 100 °C
(attempts 10 and 11), the second radical does not enable
the initiation of VDF (the proof was also given from
NMR spectra). It undergoes a decarboxylation to lead
to tBu-.

In contrast, the H3C* radical initiates the homopo-
lymerization of VDF, mainly by reacting on the meth-
ylene group of VDF.
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Figure 10. °F NMR spectrum of PVDF homopolymer (experiment 9) initiated by tert-butyl peroxypivalate at 50 °C for 16 h.

Finally, tBu* radical can also be added, mainly onto
the CH; of the VDF side (80—90%).

As above, in the case of tert-butyl peroxide, the
integrals of the characteristic signals assigned to all the
groups enabled us to propose the following tendency:

€O+ Bu'—YPF _ BuCH,CF," and  tBu-CF,CH,
(50°C) major (80-90 %)  minor (10-20 %)

T (100°C)  major (80-90 %) minor (10-20 %)
VDF . .
BuOCO tBuOCO-CH,CF, and tBuOCO-CF,CH,
(50°C) 0% 0%
¥
(Bu0-0COBY ——> ) (100°C) 0% 0%
B . .
w0 ——bVDF tBuO-CH,CF, and tBuO—CF,CH,
(50°C) 0% 0%
(100°C) 0% 0%
VDF . .
CH3COCH;3 + *CH3——» CH3—CH,CF, and CH;-CF,CH,
(50°C) selectively 0%
(100°C) selectively 0%

(B) Mechanism of Propagation. In all the spectra,
the integrals of the multiplets corresponding to normal
head-to-tail additions are favored (90—95%) about those
of the inversed adducts (head-to-head and tail-to-tail:
5—-10%),27~30 as follows:

. H,C=CF,
A(VDF),CH,CF, ———*

A(VDF),CH,CF,~CH,CF,"
,C—CH,

E
A(VDF),CH,CF, —— =
A(VDF),CH,CF,—CF,CH,’

(C) Mechanisms of Transfer. The assignments of
the peaks in the NMR spectra have also shown the

presence of transfer of protons that can occur either onto
a macroradical exhibiting a —CH,CF,* end group or a
—CF,CHpg* inverse unit. These transfers may arise either
from the acetone generated in the course of the thermal
rearrangement of tBuO* or from a transfer to the solvent
or to the polymer, as follows:

wawnCH,CF,—CH,CF," + R—H —
wawnCH,CF,—CH,CF,H + R’

wawnCH,CF,—CF,CH," + R—H —
wenCH,CF,—CF,CH, + R®

To assess the ability of the solvent to promote a
transfer, two homopolymerization reactions were real-
ized under conditions similar to those of attempt 1 (1%
of tBu—O—0O—tBu, 66 h, 100 °C), but methyl acetate
(attempt 12) and perfluorohexane (attempt 13) were
used as the solvents.

The study of the signals corresponding to —CH,CF,H
and —CF,CF,CH3; sequences, arising from the transfers
of protons onto the growing macromolecular radical,
shows that a slight transfer occurred when perfluoro-
hexane was involved as the solvent. Hence, it can be
deduced that the acetone generated from the radical
coming from tBuO* rearrangement provokes a little
transfer; this may also be explained by the fact that a
small amount of acetone was produced. In contrast,
when methyl acetate was used as the solvent, it was
noted that the integrals of the peaks corresponding to
—CF;H and —CF,CHj3; end groups were greater. How-
ever, such an observation is in contradiction with the
investigations of Russo et al.?8 showing that, at 55 °C,
the transfer constant to methyl acetate was 1.63 x 1073
while that of acetone was estimated at 4.21 x 1073
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To confirm our results, size exclusion chromatography
(or GPC) analyses were done on these three samples.
It was noted that samples 1, 12 (from methyl acetate),
and 13 (from perfluorohexane) have molar masses of
15 000, 9600, and 19 000, respectively. Such observa-
tions are in good agreement with the above results:
transfer reactions limit the propagation step and hence
lower the molar masses.

Considering that the transfer step may occur from the
solvent (i.e., acetonitrile), the following equations can
be suggested:

waemCH,CF,~CH,CF," + H—CH,CN —
wawCH,CF,—CH,CF,H + "CH,CN

wawnCH,CF,—CF,CH," + H—CH,CN —
s CH,CF,—CF,CH, + ‘CH,CN

In addition, a signal centered at —150 ppm that
appears in all 1°F NMR spectra was not present in those
arising from samples 12 and 13. It could be supposed
that *CH>CN radical also can be added onto VDF to
produce either NCCH,CH,CF,* or NCCH,CF,CH3* radi-
cals. Hence, the former structure might be represented
by a signal centered at —95.7 ppm while the latter one
could have a chemical shift at —150 ppm

(D) Termination Step. As known, in the course of
the polymerization of VDF, recombination only occurs,!
as follows:

A(VDF)," + *(VDF),A — A(VDF),, /A

(E) Reinitiation. Some radicals can be produced by
transfer reactions, for example from CH3COCH;® or
CNCHg* radicals (see above). Hence, these radicals could
initiate polymerization reactions as follows:

VDF

CH,COCH,’
CH,COCH,—CH,CF," + CH,COCH,—CF,CH,’

VDF

NCCH," —— NCCH,—CH,CF," + NCCH,—CF,CH,"

The former reaction was reported by Pianca et al.20

Conclusions

IH and °F NMR spectroscopies of various PVDFs
synthesized by radical polymerization of VDF initiated
by tert-butyl peroxide, azo-tert-butane, and tert-butyl
peroxypivalate were investigated. Interestingly, the use
of model molecules prepared by telomerization reactions
or ethylene end-capping enabled one to assign most of
the chemical shifts of the different signals observed in
the H and 1°F NMR spectra of the PVDFs. Hence,
attributions of end groups gave us much information
on the mechanisms and, in particular, on the initiation
and transfer steps. This study has also shown that tert-
butoxy radical mainly reacts onto CF; side of the VDF,
in contrast to the methyl and tert-butyl radicals, which
can be mainly added onto the CH, of VDF. Furthermore,
when tert-butyl peroxypivalate was used as the initiator,
several radicals were generated but only methyl and
tert-butyl ones initiated the homopolymerization of VDF.
These spectral characterizations and the understanding
of the mechanisms are particularly interesting for
investigations regarding the copolymerization and the
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terpolymerization of VDF with other monomers,41~44
under progress.
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