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ABSTRACT: The kinetics of the iodine transfer polymerization (ITP) of vinylidene fluo-
ride (VDF) was achieved in the presence of three different chain-transfer agents
(CTAs): 1-iodoperfluorohexane (CgF3]), 1-iodo-2H,2H-perfluorooctane (CgF13CH;CFol),
and 1,1,2,2-tetrafluoro-3-iodopropane (HCFyCFyCH,I). ITPs of VDF carried out in
the presence of CgF3I and CgF13CH3CF3l showed the following: (1) a linear increase
in DP,, versus aypr, which evidenced the controlled character of ITP, although the
polydispersity indices were slightly high (ca 1.5), and (2) theoretical DP,, values close
to the targeted ones. In contrast, neither of these statements was observed for the
ITP of VDF in the presence of HCFoCFoCH,l achieved under the same conditions,
even if the synthesized oligomers could be reactivated. Although the Cr,. values of
CeF13l and CgF13CH5CF5l were close (i.e., 7.7 at 75 °C), that of HCF;CF,CH,l was
lower (0.3 at 75 °C). The percentages of —CFsI and —CH,l functionalities were also
assessed, and in the course of the reaction, a reduction of —CFsI end groups was
noted. Then, the mechanism of the ITP of VDF was proposed. © 2006 Wiley Periodicals,
Inc. J Polym Sci Part A: Polym Chem 44: 5763-5777, 2006

Keywords: degree of polymerization (DP); fluoropolymers; living polymerization;
molecular weight distribution/molar mass distribution; NMR; radical polymerization

INTRODUCTION

Though discovered in the late 1970s,' controlled
free-radical polymerization attracted much inter-
est in the mid 1990s.* This is based on adding to
a polymerization medium a species able to react
with active centers by reversible termination®*” or
transfer.!~>%13 Hence, equilibrium occurs between
the living radicals (or active species) and dormant
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(or nonpropagating) species. A radical polymeriza-
tion can be called controlled when the three fol-
lowing conditions are fulfilled:*

1. The controlling species must be quickly con-
sumed, and this consumption rate must be
faster than that of the propagation step.

2. The polymeric chain must be created in a
short time and not in the course of the poly-
merization, as in the traditional process.

3. The dormant (P—X) and active (P°®) species
must exchange quickly (Scheme 1).

In the last decade, nitroxide-mediated polymeriza-
tion,” atom transfer radical polymerization,®’ and
methods based on transfer [reversible addition—frag-
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Scheme 1. General scheme for reversible activation
in controlled radical polymerization.

mentation chain transfer (RAFT),'2'® macromolecu-
lar design by interchanges of xanthates,'®! and
iodine transfer polymerization (ITP):?%%14] have
been the three main emerging approaches.

Nowadays, ITP of fluorinated alkenes is a tech-
nique that enables various companies involved in
fluorine chemistry to produce fluorinated thermo-
plastic elastomers (TPEs), which have been
recently reviewed.'* These TPEs are diblock or tri-
block copolymers composed of hard and soft sequen-
ces prepared by the stepwise (or sequential) ITP of
various fluoroalkenes. They have been marketed by
Daikin,®'® Dupont,'®!” and Ausimont’®2° (now
Solvay Solexis) under the Daiel, Viton, and Tecno-
flon trademarks, respectively. These triblock co-
polymers [based on a large variety of different
monomeric units such as vinylidene fluoride (VDF),
hexafluoropropylene, chlorotrifluoroethylene, tetra-
fluoroethylene, perfluoromethyl vinyl ether, ethyl-
ene, and propylene or a combination of two or three
of these alkenes]>'®2! can be synthesized because
of the controlled behavior of that radical polymer-
ization in the presence of a fluoroiodinated transfer
agent. Besides, ITPs of other monomers have also
confirmed their controlled character in the presence
of alkyl iodides. These monomers are mainly hydro-
genated, such as styrene,?? methyl acrylate,?® butyl
acrylate,*~2¢ vinyl acetate,?” vinylidene chloride,?®
and vinyl chloride.?®** Although many industrial
breakthroughs have been achieved, leading to vari-
ous patents, ITP of fluorinated alkenes has been
described in a few articles’? and in a chapter of a
book.'* Nowadays, the evidence of the controlled
character of that polymerization (especially the
linear relationship between the molar masses of
the resulting polymers and the monomer conver-
sions) deserves to be proved, even if the kinetics of
these gaseous fluoroalkenes seem more difficult
to be determined than those of liquid, hydrogenated
monomers.

In a recent article,*® the microstructure of
oligo-VDF's is studied. This article considers the
influence of defects of VDF chaining on the control
of ITP, especially because the produced reversed

—CF5CHsl end group can be reactivated with dif-
ficulty. This inversion was evidenced by the choice
of three chain-transfer agents (CTAs) representing
the possible end structures of growing chains: 1-
iodoperfluorohexane (CgFy3l), 1-iodo-2H,2H-per-
fluoro-octane (CgFi3CH5CF5l), and 1,1,2 2-tetra-
fluoro-3-iodopropane (HCF>;CF>;CHyl). In contrast
to those observed from the last one, the first two
lead to a good fit between the targeted and experi-
mentally observed number-average degree of poly-
merization (DP,) values. Thus, it was worth inves-
tigating the kinetics of the ITP of VDF and assess-
ing the values of the transfer constant (Cr,) of
these three CTAs at different temperatures. Then,
it was also of interest to determine the ratio of the
square of the propagation rate coefficient (,) to
the termination rate coefficient (k.) of VDF in the
radical polymerization. These are the objectives of
this article.

EXPERIMENTAL

Materials

VDF (or 1,1-difluoroethylene; bp = —82 °C) and
1,1,1,3,3-pentafluorobutane were kindly offered
by Solvay S.A. (Tavaux, France, and Brussels,
Belgium). HCF;CFy;CHol (purity = 99%) was
purchased from Aldrich Chimie (Saint Quentin-
Fallavier, France), and CgF;3l or perfluorohexyl-
iodide (purity = 99%) were generously supplied
by Atofina (now Arkema; Pierre-Benite, France).
They were worked up with sodium thiosulfate
and then distilled before use. tert-Butylperoxypi-
valate (TBPPI; purity = 75%) and 2,5-dimethyl-
2,5-bis(tert-butylperoxide)hexane (DHBP; purity
= 90%) were gifts from Akzo Nobel (Chalons
sur Marne, France). They were used as supplied.
Acetonitrile, dimethylformamide (DMF), tetrahy-
drofuran, methanol, methyl ethyl ketone, and di-
methylacetamide (DMAc) (analytical-grade) were
purchased from Aldrich Chimie.

CgF13CHoCF5l was synthesized by the thermal
telomerization of VDF with CgFi3l at 200 °C for
12 h, and this monoadduct was purified by distilla-
tion, as previously reported.*” It was worked up with
sodium thiosulfate and then distilled before use.

Analyses

The compositions and structures of the oligomers
obtained by ITP were determined with F and
'H NMR spectroscopy. The NMR spectra were
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recorded on Bruker AC 200, AC 250, and 400
(200-, 250-, and 400-MHz) instruments with deu-
terated acetone, dimethyl sulfoxide (DMSO), or
DMF as the solvent and tetramethylsilane (or
CFCl;) as the reference for 'H (or '°F) nuclei.
Coupling constants and chemical shifts are given
in hertz and parts per million, respectively. The
experimental conditions for 'H (or '°F) NMR
spectra were as follows: a flip angle of 90° (or
30°), an acquisition time of 4.5 s (or 0.7 s), a
pulse delay of 2 s (or 5 s), 16 (or 64) scans, and a
pulse width of 5 us (for '°F NMR).

Size exclusion chromatography (SEC) analyses
were performed with a Spectra-Physics apparatus
equipped with two PLgel 5-um mixed-C columns
from Polymer Laboratories and a Spectra Physics
SP8430 refractive-index detector {the signals
assigned to PVDF-I [where PVDF is poly(vinyl-
idene fluoride)] gave negative values}. DMAc
was chosen as the eluent at 70 °C with a flow rate
of 0.6 mL min '. The standards were mono-
dispersed polystyrene purchased from Polymer
Laboratories.

Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) was performed with
an Ultraflex Bruker (Université de Montpellier II)
in the reflectron mode (accelerating potential of 20
kV) on a Bruker apparatus equipped with a nitro-
gen laser (337 nm). 2,3,4,5,6-Pentafluorocinnamic
acid and sodium iodide (Nal) (or silver trifluoro-
acetate AgTFA) were used as the matrix and the
cationizing agent, respectively. The concentrations
of the sample and matrix solutions were 10 g L !
in DMF, and the analyte/matrix ratio was 1/10 (v/v).
The mixture (1 uL) was deposited on a stainless
steel target, air-dried, and introduced into the
spectrometer in vacuo.

Reaction in an Autoclave

ITPs of VDF were performed in the presence of
CGF13I, CGFlchchQI, or HCFchchQI as the
CTA and initiated with TBPPI at 75 °C or DHBP
at 135 °C according to a procedure described in
the supplementary material.

After purification, the samples were character-
ized with °F and '"H NMR spectroscopy. For exam-
ple, for F NMR [deuterated acetone, § (ppm)] of
CglF'13CH>CFo—(VDF),—I (DP,, = 13; experimental
conditions for the ITP of VDF with CgF13CHyCFl:
[VDF]y[CeF13CHoCF.lly/ITBPPI], = 100.0:6.6:0.6 at
75 °C), we found.

F NMR: —38.0 (t, —CHy—CFsl, 1.2F); —60.0
(m, —CFy—CF,l, 0.0F); —82.0 (m, CF3—CFy—,

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola

IODINE TRANSFER POLYMERIZATION 5765

3OF), -91.0 (m, —CH2—CF2— CHg—CFg—,
23.1F); —95.7 (m, CH3—CHs—CFs—, 0.0F); —108.0
(m, CH3—CFy—, —CFy—CFy— CHyl, —CFs—CF,
—CHy—CFo—, 0.8F); —112.0 [m, (CH3); C—CFy
—CHQ—, 27F], —-1134 (m, —CHQ—CFQ —CF2
—CHz—CHz—, 2F), —114.8 (dm, —CHz— CFQH,
CHy—, 0.0F). '"H NMR: 1.0 [s, (CH3);CCHy,—CFy—,
0.0H]; 1.2 (t, CH3;—CH,—CFy—, 0.0H); 1.3 [s, (CH3)3
C—CFQ—CHQ—, OOH], 1.8 (t, CH3—CF2— CHQ—,
CF2—, 04H), 2.9 [m, —CHQ—CFQ—CHQ—CFQ
—CHy—CFs—, CH3—CHs;—CFy—, (CH3)3sCCHo—
CF,—, 21.5H]; 3.3 (q, *Jur = 15 Hz, CgF15—CH,
—CFy—, 2.0H); 3.7 (q, *Juyr = 140 Hz, —CH,
—CF,l, 1.1H); 3.9 (q, *Jur = 8.0 Hz, —CF,—CHS,],
09H); 65 (t, *Jur = 49.6 Hz, *Jyp = 4.0 Hz,
HCFy,CFy—, 0.0H).

For example, we determined '°F and '"H NMR
[deuterated acetone, 6 (ppm)] for the oligomer
obtained by the ITP of VDF with HCyF,CH,l
(DP, = 35; recorded in deuterated DMF, 400
MHz, 298 K; experimental conditions for the ITP
of VDF with HCoF,CHsl: [VDF]y/[HCoF,CHoIly/[
TBPPI], = 100.0:6.6:0.6 at 75 °C).

19F NMR: —38.0 (t, —CHy—CF5l, 0.0F); —91.0
(m, —CHy;—CF;—CHy;—CFy—, 78.0F); —95.7 (m,
CH3—CH2—CF2—, 20F), —108.0 (m, CH3—CF2—,
—CFy—CFy—CH,l, —CF;—CF;—CHy—CFo—,
1.9F); —112.0 [m, (CH3)sC—CFo—CHy—, 2.7F];
—113.4 (m, —CH2—CF2—CF2—CH2—CH2—, 55F),
—114.8 (dm, —CHy—CF5H, 0.0F); —115.7 (m, —CHy,
—CFy—CFy—CHy—CHy—, 5.5F), —136.0 (d, —CFy
— CF,H, 2.0F). 'H NMR: 1.0 [s, (CH3)3;CCHy—
CFy—, 0.1H]; 1.2 (t, CH3—CHy—CFy—, 0.2H); 1.3
[s, (CH3);C—CFo—CHy—, 0.2H]; 1.8 (t, CH;—CF,
—CHy—, 0.4H); 2.3 to 2.9 (m, —CHy—CFy—CFy—
CHQ—CHQ—CFQ—, m, —CHQ—CFQ—CHQ—CFQ—
CHy—CFs—, CH3—CHs—CFy—, (CH3)3sCCHy—
CFo—, 82.0H); 33 (q, Jur = 15 Hz, CgFy5
—CHy,—CFy—, 0.0H); 3.7 (q, °Jur = 14.0 Hz, —CH,
—CFsl, 0.0H); 3.9 (q, °Jur = 8.0 Hz, —CFy—CH,],
2.0H); 6.5 (t, %Jur = 49.6 Hz, *Jyp = 4.0 Hz,
HCF,CFo—, 1.0H).

Kinetics of the ITP of VDF

Aliquots were periodically sampled from the auto-
clave (with a probe) in the course of the polymeriza-
tion of VDF to monitor the following: (1) the conver-
sions of both the monomer and the CTA and (2) the
evolution of the molar masses. The collected sam-
ples were frozen into liquid nitrogen to stop the
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Scheme 2. Chain-transfer reaction in ITP (Rg rep-
resents C(;Flg, CGF130H2CF2, or HCFzCFgCHz)

polymerization reaction and then diluted in DMAc
and were characterized with SEC and NMR.

RESULTS AND DISCUSSION

Concept of ITP

ITP is a degenerative transfer polymerization
requiring alkyl iodides:*® an initiating radical
(A®), generated by the thermal decomposition of
a conventional radical initiator, reacts with a
monomer (M) and leads to a propagating radical
(P5,; direct initiation). This mechanism exhibits
two transfer reactions:

1. The first one deals with the exchange of io-
dine from the transfer agent, Rr—1I, to the
propagating macroradical, P;,, resulting in
the formation of the polymeric alkyl iodide,
P,—I, and in a new initiating radical, R%
(first transfer reaction, Scheme 2). The ratio
of the transfer rate coefficient (k) to &, is
called Cr,, which gives the intrinsic reactiv-
ity of the transfer agent. The reactivity of
the CTA is defined by this value. Indeed, a
high Cr, value (i.e., >1) means that the CTA
allows the molar masses of the resulting
polymers to be controlled.

2. The second transfer reaction concerns the
exchange reaction between P5 and P,,—I
(Scheme 3). This reaction allows the growing
chains to react with additional monomeric
units in each activation—deactivation cycle.
Ideally, in ITP, to lead to a polymer with a
narrow molar mass distribution, the ex-
change rate coefficient has to be higher than
the propagation rate coefficient [exchange
constant (Cyy) >1].2*® Litvinenko and Mul-
ler*® showed that the value of the polydisper-

+M +M
CF i
N kC.‘; -
Py—I + P, I Py f P—1

Scheme 3. Exchange reaction in ITP.

sity index (PDI) depends on C,, and can be
approximated at a high monomer conversion
as follows: PDI = 1 + [CTA]y/[M]y + (1/Cey) ~
14 (1/Cep).

Thus, in the ITP mechanism, Cr, indicates
the activity of the CTA. Therefore, the amount
of the CTA controls the number of chains and,
hence, the molar masses of the oligomers (in
the ideal case, e.g., when the chains formed by
direct initiation from the initiator can be
neglected).

In this work, the ITP of VDF was carried out
in the presence of three fluorinated CTAs initi-
ated with TBPPI at 75 °C (Scheme 4).

In each case, the reaction was monitored via
sampling in the autoclave. The targeted DP,
values were low enough (DP,, = 15-30) to allow
the formation of soluble oligomers to be easily
characterized with SEC in DMAc and with F
NMR spectroscopy (deuterated DMF was used
as the solvent). The former technique enabled
us to determine the relative molar masses and
their polydispersities, whereas the latter one
allowed us to assess the conversions of both the
monomer and CTA, DP,, and the nature of the
end groups.

ITP of VDF in the Presence of C¢F;l

The VDF conversion (oaypr) was determined by
9F NMR; we took into account the signals cen-
tered at —83.0, —91.0, —38.0, and —108.0 ppm,
which were assigned to CF3 in the CgF;3 end
group, to CF; of VDF units in PVDF-I, and to
—CH,CF,I and —CFoCH,l end groups, respec-
tively.*® As the initial amount of VDF (i.e., the
quantity of VDF introduced into the autoclave)
was known, oypr could be assessed:

(fCF2—38.0ppm+fCF;QI.Oppm+fCF2—108.0ppm+fCF;113ppm+fCF;116ppm)/2 o [CTA]O

UVDF =

(ferwe)

VDF), (1)
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CeF13-1 +nCF,=CH, T%P(‘:- CF13—CHy-CFy—(VDF)p -l (a)
C¢F13CH,CFy-1 + n CE,—=CH, -1PPTI © F 1. CHyC
-gL 13%--T12\-I'3 nCF,=CH;, —» CgF13CH,CFy—(VDF),-1 (b)
75 °C

TBPPI

HCF,CF.CH;-1 + nCF,=CH; —»
75°C

HCF,CF,CH,— (VDF),-1 (c)

Scheme 4. Synthesis of PVDF-I oligomers by the ITP of VDF in the presence of

different CTAs initiated with TBPPI.

where j"CFx*ippm, [CTA]y, and [VDF], represent
the integral of the signal assigned to the CF,
group centered at —i ppm and the concentra-
tions of CTA and VDF at ¢ = 0, respectively.

Interestingly, the ?F NMR spectrum shows
only traces of both multiplets centered at —113.0
and —116.0 ppm, which were assigned to —CH,
CFy—CF5,CHy—CH,CFs— reversed head-to-head
addition.*

The CgFi3l conversion (xcgrisr) could also be
calculated from °F NMR by the monitoring of
the decrease in the integral of the signal cen-
tered at —60.0 ppm (characteristic of the —CF5l
end group in CgFi3I) and that of the signal
located at —83.0 ppm, which was attributed to
the CF3— end group:

< fCF383<°PPm> / 3— ( [CFy _160~°Ppm> / 2

HCeF1al = —83.0ppm
[CF; 3
(2)

After 10 min at 75 °C (aypp was ca. 25%) in the
presence of TBPPI, CgF3l was totally converted.

Figure 1 presents the evolution of DP, versus
ovpr, showing that the higher oypr was, the
higher DP,, was. The experimental number-aver-
age degree of polymerization (DP,, vr nyr) Was
assessed with 'F NMR spectroscopy:

DPn719F NMR = (OCVDF X [VDF]O)/(OCCTA X [CTA]O)
(3)

where octa is the CTA conversion. Interest-
ingly, the experimental DP, linearly increased
with the monomer conversion, and this evi-
denced the controlled character of that reaction
[Fig. 1(a)l.* This figure clearly demonstrates
the controlled character of the ITP of VDF, and
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this is the first time that this behavior has been
reported in the literature. In addition, the ex-
perimental values of DP, were close to the the-
oretical number-average degree of polymeriza-
tion (DP,, theoretical) values, which were deter-
mined as follows:

DPnAtheoretical = (OCVDF X [VDF}O)/[CTA}O (4)

where [VDF], and [CTA]y represent the initial
concentrations of VDF and the CTA (CgFisl in
this case), respectively.

The controlled character of the ITP of VDF
with CgFi3l was also confirmed with SEC chro-
matograms of sampled PVDF-I. As expected,
the SEC signals assigned to PVDF-I were nega-
tive. The SEC chromatograms were shifted to
lower elution volumes, that is, to higher molar
masses [Fig. 2(a)]l. This behavior is typical of a
controlled character and also corresponds to a
high Cr, value.**?°

Because it is usually difficult to get absolute
values of the molar masses of fluoropolymers
(a lack of standards), the structures of the poly-
mers obtained by the ITP of VDF in the presence
of CgFi3l were further studied with MALDI-
TOF (Fig. 3). Figure 3 exhibits the spectrum of
CeF13—(VDF),~1I oligomers and shows a series of
peaks separated by 64 Da (corresponding to the
molecular weight of one VDF unit). This popula-
tion was centered at 1193 Da (n = 10).

The MALDI-TOF spectrum of the expected
CeF15—(VDF),—~I/Ag" structure exhibits signals cen-
tered at 1001.88(n = 7), 1065.90(n = 8), 1129.94
(n = 9) and others containing an increment of 64
Da. Interestingly, there is an absence of peaks
assigned to oligomers such as (CH3)3sC—(VDF),, ,,,,—
C(CHs)s/Ag",(CH3)3C—(VDF),~I/Ag*,CH3~(VDF),—
I/Ag*,(CH3);C—~(VDF),,,,,—CHs/Ag", and CHs-
(VDF),,,,,—CHs/Ag", which could be obtained by di-
rect initiation from a radical arising from the decom-
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Figure 1. Variations of DP, versus the monomer conversion for the ITP of VDF
performed with different CTAs and at two temperatures (targeted DP, = 15): (a) at
75 °C with (@) CgF3l and (x) CgF13CH2CFsl and (b) with HCF,CFo.CH,I at (M) 75
and (A) 135 °C. The straight lines represents the theoretical DP, values.

position of TBPPI [CH% or °C(CHj)3].°! These
results confirm those found by °F and 'H NMR
characterizations (see Figs. 4 and 5 in the supple-
mentary material).

ITP of VDF in the Presence of C¢F;3CH,CF,l

This CTA was chosen for checking its reactivity
in the ITP of VDF because its —CHsCFsI end
group mimics a PVDF-I model. It also com-
pletes this investigation when it is compared
with HCF;CFyCHsl, which also exhibits an iso-
meric VDF-I end group (reversed unit). It was
worth comparing the reactivity of the iodine
atom in both these models because the chemical
environments are different.

CeF13CH>CF3l was synthesized by the ther-
mal telomerization of VDF with CgFi3l at
200 °C for 12 h, and this monoadduct was puri-

fied by distillation, as previously reported.*” As
expected, the ®F NMR spectrum shows, besides
the unchanged chemical shift of the fluorinated
groups in the CF3(CF3)s— group, the absence of
a signal centered at —60.0 ppm characteristic of
CsF11CF5l and the presence of that signal cen-
tered at —38.0 ppm assigned to the —CHyCF5l
end group.*”%2

As previously stated, in the ITP of VDF in the
presence of HCFyCFoCHol, acpa was monitored
with F NMR on sampled aliquots. Indeed, the
chemical shift of —CHyCF5l underwent a slight
low-field shift from —39.8 to —38.6 ppm [Fig. 4(a)].
Interestingly, the 'F NMR spectrum exhibits the
chemical shifts of the —CHy;CF5l end groups of
the monoadduct, diadduct, triadduct, and higher
adducts centered at —39.8, —39.1, —38.7 and
—38.6 ppm, respectively. Incidentally, the quintet
observed for the peak assigned to —CHyCF5l in
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Figure 2. SEC chromatograms for various ITPs of
VDF with different CTAs (the percentages are the
oayvpr values): (a) PVDF-I obtained from the polymer-
ization of VDF with CgFi3l initiated with TBPPI at
75 °C (experimental condition for the ITP of VDF:
[VDF]o/[CeF131lo/[TBPPI], = 100.00:6.60:0.66), (b)
PVDF-I obtained from the polymerization of VDF
with HCF3;CF;CH,l initiated with TBPPI at 75 °C
(experimental condition for the ITP of VDF: [VDF]y/
[HCF,CF,CH,I1o/[TBPPI], = 100.00:6.60:0.66), and (c)
PVDF-I obtained from the polymerization of VDF
with HCFoCFoCH,lI initiated with DHPB at 135 °C
(experimental condition for the ITP of VDF: [VDF]y/
[HCF,CF,CH,Ilo/[DHPB], = 100.00:6.60:0.66).

the monoadduct arose from the same coupl-
ing constants CJur = “Jpr = 10.0 Hz), in contrast
to the triplets CJur = 15.0 Hz) of triplets (*Jyp
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= 13.0 H2)*"2 of the same signal in the diadduct
and the triadduct. This difference can be ex-
plained by the electronegativity effect of the
CTA (i.e., CgF130) on the end group (—CFsl). Fig-
ure 4(b) also presents the *F NMR spectrum in
these PVDF-I polymers after the irradiation of
the fluorine atoms in the —CF5I group, and the
series of triplets (3Jyr = 15.0 Hz) confirms these
assignments.

Thus, it was possible to monitor the CTA con-
sumption versus time by the shift of the peak cor-
responding to signals of —CHy—CF5I end groups
centered at —40 ppm (CgF13CH5CF5I) to —38 ppm
[CeF13(CH5CFy), Il. The CTA was quickly con-
sumed.

As discussed previously, the experimental
DP,wF NMR values linearly increased with
ayvpr [Fig. 1(a)] and were close to the theoreti-
cal ones. Actually, the evolutions of DP, versus
oayvpr in the ITPs of VDF achieved in the pres-
ence of both CgF;3l and CgF3CH5CF5l are simi-
lar [Fig. 1(a)]. This shows that the reactivities of
these two CTAs are close. Hence, in the course
of transfer reactions, chains terminated by a
—CH,CF5l end group are involved in a con-
trolled radical polymerization.

As in the case of CgFi3l, the SEC chromato-
grams gave a shift of the oligomeric distribution
toward the lower elution times (i.e., toward an
increase in DP, or in the molar mass) versus
the monomer conversions, in agreement with
the results of '°F NMR. This statement confirms
the controlled character of the ITP reaction per-
formed in the presence of CgF13CH;CF5l. The
PDI values were close to 1.2 even after 50 min
(O(VDF % 95%, odcTA = 1) at 75 °C.
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Figure 3. MALDI-TOF mass spectrum of low-molec-

ular-weight CgF15—(VDF),-1 (DP, '°F NMR = 12; ex-

perimental condition for the ITP of VDF: [VDF]y/

[CeF1311lo/[TBPPI], = 100.00:6.60:0.66). The analysis

was performed in the reflectron mode.
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Figure 4. Expansion of the —38 to —40 ppm zone in the 'F NMR spectra of the
oligomer obtained by the ITP of VDF with the CTA CgF3CHyCFsl at 75 °C (400
MHz, 298 K, in deuterated DMSO): (a) after the irradiation of the proton in

—CH,CF3lI and (b) without any irradiation of the proton.

Furthermore, MALDI-TOF analysis was per-
formed on a sample obtained by the ITP of VDF
with this CTA. The result was similar to that
involving CgF3l as the CTA. We have noted the
absence of the peaks assigned to oligomers
obtained by direct initiation.

ITP of VDF in the Presence of HCF,CF,CH>l

Two ITPs of VDF were achieved at 75 and
135 °C, initiated with TBPPI and DHBP, respec-
tively. The temperatures of these ITPs were cho-
sen because these radical initiators exhibit half-
lives of 1 h. The conversion of HCF;CF,CH,I
was monitored by °F NMR, and we took into
account the integral of the signal centered at
—136.0 ppm and attributed to the HCFy— «
group of the polymer, which underwent a slight
high-field shift to —138.0 ppm of the CTA (see
Fig. 7 in the supplementary material).

In contrast to both cases previously described,
the HCF;CF3CH,l consumption versus oypg
(Fig. 6 in the supplementary material) was
much slower and may have evidenced a lower
value of Cr, than those of both CTAs bearing an

w-CF5l group. However, an increase in the tem-
perature slightly increased ocrta. This statement
was confirmed by the plotting of the evolution of
DPn,lgF NMR values versus oypr at 75 and
135 °C. The experimental DP,, values of both
these experiments were far from the theoretical
ones and could indicate that Crt, of HCFyCFs-
CH,I was lower than 1 [Fig. 1(b)]. Moreover, at
high monomer conversions, the experimental
DP,, values obtained at 75 and 135 °C were close.

Figure 2(b,c) presents the SEC chromatograms
of oligomers produced from the ITPs of VDF car-
ried out in the presence of HCF;CF,CH,I at 75
and 135 °C, respectively. The oligomeric distribu-
tions did not shift toward higher molar masses
versus the monomer conversion, in contrast to
reactions carried out in the presence of the other
CTAs (C6F13I and C6F13CH20F21). This result
confirmed the poor control of ITP with HCF,
CF5CHsl and could be correlated to Litvinenko
and Mueller’s theory.*® Indeed, the PDI values
were close to 2.0 (with polystyrene calibration)
and confirmed the poor control of this radical po-
lymerization with this CTA.
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This result was confirmed by MALDI-TOF.
In contrast to the previous spectra, a Gaussian
distribution was not observed (Fig. 5), and the
spectrum of HCF;CF.CHy—(VDF),—I oligomers
(Fig. 5) shows a series of peaks separated by
64 Da, which corresponds to the molecular weight
of the VDF monomer unit. The expansion of
the zone ranging from 1200 to 1264 Da exhibits
three different series (A—C) that can be distin-
guished (Fig. 5).

The expected HCF;CF.CHy—(VDF) 5-I/Na™
structure (series B, Fig. 5) appears at 1225.28.
This structure was confirmed by °F NMR anal-
ysis. Similar structures stem from the following
equation: 1225.28 + m x 64 Da (with m ranging
from 1 to 7). Indeed, in the ITP reaction, the
polymerization of VDF can be initiated by the
radicals obtained from the decomposition of
TBPPI [CHS or °C(CHj)3l.”' The distribution
at 1205.27 + y x 64 Da (with y ranging from
0 to 7; series A, Fig. 5) could be ascribed to the
coupling of CHs—(VDF), with another CHs—
(VDF),;, radical to give CH;—(VDF),,,,,—CHs/Na™,
with n + m = 18. This hypothesis was
confirmed by 'H NMR spectra (see Figs. 7 and
8 in the supplementary material), in which the
characteristic signals centered at 1.0, 1.2, 1.3,
and 1.8 ppm were assigned to (CH3)3sC—CH,,
(CH3)3C—CF2—, CH3—CH2—, and CH3—CF2—
groups, respectively.’’ The (CHj3);C—(VDF),,,,—
C(CHj3)s/Na™ structures gave signals at 1225.28
and 1289.29 Da. These distributions overlapped
that of the HCFyCF;CHy—(VDF),—I/Na". The
distribution at 1245.28 Da (series C, Fig. 5)
could be attributed to the (CHj3)sC—(VDF),,,,—
CHs/Na'structure, which was generated by the
coupling of CH3—(VDF),, with CH3—(VDF),;, radi-
cals. Hence, there is a competition between the
transfer reaction and the direct initiation. Thus,
MALDI-TOF spectroscopy confirmed the poor ef-
ficiency of HCF,;CF,CHy-1 as the CTA in the
ITP of VDF.

Assessment of the Gy, Values of lodofluorinated
CTAs and C,, Values of PVYDF-I

The literature reports several methods for assess-
ing Cry values, such as those developed by Mayo,”®
O’Brien and Gornick,”* David and Gosselain,”®
Bauduin et al.,’® and Maeder and Gilbert,?” but
none of them took the living character into account
because they were applied only for telomeriza-
tion.?® For controlled radical polymerizations such
as ITP or RAFT, this becomes more complex
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Figure 5. MALDI-TOF mass spectrum of HCF,C-
FyCHo—(VDF),—I (DP,, = 32, as assessed by °F NMR;
experimental condition for the ITP of VDF at 75 °C:
[VDF]o/[HCF;CF;CH,Ilo/[TBPPI], = 100.00:6.60:0.66;
targeted DP,, = 15). The analysis was performed in
the reflectron mode. The A series corresponds to the
CH3—(VDF), ,,,—CHs/Na* structure. The B series cor-
responds to the HCF,;CFyCHo—(VDF);5-I/Nat and
(CH3)3C—(VDF),, ,,,—C(CH3)s/Na" structures. The C
series corresponds to the (CHjy)3C—(VDF),,,,—CHs/
Na"structure.

because the dormant chains also act as transfer
agents (Scheme 3). In the ITP mechanism, two dif-
ferent transfer reactions can occur, and we must
well differentiate these two reactions:

1. The first one is based on the CTA itself and
is defined by Cp. (Cr = kylky). Cry is
actually ascribed to the activity of the iodin-
ated transfer agent, and thus it determines
the evolution of DP, versus the monomer
conversion (see Fig. 10 in the supplemen-
tary material). There are two cases: if Cr, is
very low (Ct, < 1), the CTA consumption is
slow, and the experimental molar masses
will start high (and with very different val-
ues from the targeted ones) and decrease
versus the monomer conversion. On the con-
trary, if Cr, is high (Cr,. > 1), the experimen-
tal molar masses will increase almost line-
arly versus the monomer conversion and
will be close to the targeted values.

2. The second one occurs between two poly-
meric chains (degenerative transfer) and is
defined by Cex (Cox = kex/kyp). Unlike Cry,
C.x is characteristic of the degenerative
transfer, that is, the evolution of the molec-
ular weight distribution versus the mono-
mer conversion. It is noteworthy that an
increase in C., gives a lower PDI of the
polymeric chains (see Fig. 11 in the supple-
mentary material).
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Determination of Cy,

In this work, O’Brien and Gornick’s method®*
was used to determine the Crt, constant. This
method was previously used by Chong et al.’ to
determine the high Cr, value of a dithiobenzoate
used in the RAFT polymerization of styrene and
methyl methacrylate (MMA). Actually, this kind
of controlled radical polymerization requires a
transfer step as in the case of ITP. These
authors monitored both the CTA and monomer
consumptions, and plotting In [CTA] versus In
[VDF] led to a straight line, the slope of which
gave Cr, (eqs 5 and 6, the demonstration being
given in the supplementary material):

R,/[VDF] &, 1

R./[CTA] ky Cro (5)

where [VDF] and [CTA] represent the monomer
and transfer agent concentrations, respectively,
and R, and Ry, stand for the propagation and
transfer rates, respectively.

After integration, eq 5 gives

In([CTA},/[CTA]) = Cr, In([VDF],/[VDF]) (6)

This method was successfully used for this
investigation, and monitoring the ITP of VDF
with three CTAs (Fig. 6) led to different values
of Cr, (Table 1). The Ct, values of CgFi3l and of
CgF13CH3CFsl were rather close (7.9 and 7.4 at
75 °C, respectively), whereas that of HCF,
CF5CHjylI was much lower (0.3 and 0.4 at 75 and
135 °C, respectively, Table 1). Thus, the Cr,
value of a CTA bearing a —CFsl end group (Cr,
~ 7.7 at 75 °C) was about 20 times higher than
that of a CTA terminated by —CFyCHyl (Cp ~
0.3 and 0.4 at 75 and 135 °C, respectively).

An alternative method for assessing Cr, is
based on the evolution of DP, versus the mono-
mer conversion (eq 7), as suggested by Mueller
and coworkers.**?%%% This method arises from
the Bauduin et al’s law®® established in the
1980s for the telomerization process. Litvinenko
and Mueller*® demonstrated that eq 7 can be
used to assess the Cr,. value in the case of de-
generative transfer polymerizations, whatever
the polymerizations (i.e., anionic, cationic, group
transfer, and radical polymerization):

[VDF]
CTAl, X %or

DP, ~ () c
1 (1) x (1= o)

where [P°] represents the concentration of mac-
roradicals at a given time.

(7)

¥ =T7.9631x - 1237
R = 0,0963

Ln[CTA]

-1,5
-2 4 //
-254
In[VDF]
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0 : : : , Y
115 1,2 125 13 1,35 14
0,5 4
y=T.4347x- 11,466
e T R?=D,9993
bt
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9, 8
£
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Figure 6. Plots of In [CTA] versus In [VDF] for the
ITP of VDF at 75 °C initiated with TBPPI in the pres-
ence of three different CTAs: (a) CgFi3l, (b)
CgF13CH.CF3I, and (¢) HCF3CF,CH,l (experimental
condition for the ITP of VDF: [VDF],/[CTA]y/[TBPPI],
= 100.00:6.60:0.66). The Cr, values were evaluated
with the method of O’Brien and Gornick.?*

In the case of radical polymerization, eq 7 can
be simplified to obtain Bauduin’s equation (eq 8,
the demonstration being given in the supple-
mentary material). Indeed, in radical polymer-
ization, the concentration of the radicals, [P°], is
negligible (typically < 107® mol L), and thus
the value of 1 — ([P°)/[CTA]y) is close to 1:

F
CTA * %oe

1- (1 - O(VDF)CTr

DP, ~ (8)

The Crt, values of the CTAs were obtained by
the fitting of the experimental curves with eq 8.
A comparison of the theoretical and experimen-
tal curves is given in the supplementary mate-
rial. A good agreement was obtained between
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Table 1. Assessments of the Cp, Values of CTAs for the ITP of VDF?

Temperature
CTA °C) Crr Cox
CeF1sl 75 7.9° (7.59 —
CgF13CH,CF,I 75 7.4b¢ 7.4 (PVDF-CH,CF,I)
HCF,CFyCH,I 75 0.3>° 0.3 (PVDF-CF,CH,I)
HCF,CF,CH,I 135 0.4>¢ —

2 Experimental condition: [VDF]y/[CTA]y/[TBPPI], = 100.00:6.60:0.66.

> According to O’Brien and Gornick’s method.?*

¢ According to Litvinenko and Mueller’s method.*

the Ct, values determined by O’Brien and Gor-
nick’s method®® and the Litvinenko and Muel-
ler’s method*® (Table 1).

Determination of C., of PVDF-I

The C., value can be determined by the polymer-
ization being started from a macrotransfer agent
with the same structure as that of the dormant
polymeric chains because, in this case, Cr, is
equal to Cey. Fukuda and coworkers*®%1-63 used
O’Brien and Gornick’s method®® to monitor the
consumption of the macrotransfer agent, that is,
polystyrene oligomers with an iodine end atom
(PS-I), by SEC chromatography versus monomer
conversion, and they assessed the C., value. For
instance, this method was used to determine C.,
of PS-1I (Cey = 3.4 in the polymerization of sty-
rene®). Boutevin and coworkers®*® used a poly
(methyl acrylate)-I macrotransfer agent in the
polymerization of methyl acrylate and applied
Mayo’s method to assess Cex = 2.2 for poly(methyl
acrylate)—I at 70 °C.%* The same method was used
to assess C.x = 2.6 for poly(methyl methacry-
late)-I at 80 °C.%°

In this case, because CgFi13CH>CF5] mimics
the PVDF-I dormant chains bearing a normal
terminal VDF unit, the value of Crt, for this
CTA allows us to approximate C., of PVDF-
CH3CFo—I (normal dormant species). Thus, Cg,
for normal PVDF-I is approximately 7.4 at
75 °C.

Moreover, because HCF;CF5CH,I mimics the
PVDF-I dormant chain bearing a reversed ter-
minal VDF unit, the Cp. value of this CTA
allows us to assess Cox of PVDF-CF;CH,I (re-
versed dormant chains): thus, C. for reversed
PVDF-I is approximately 0.3 at 75 °C. To the
best of our knowledge, this is the first time that
C.x values have been determined for the ITP of
VDF.
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This study also enables us to understand why
oligomers of low DP, values contain only a
—CH,I end group. Indeed, in the course of the
ITP of VDF, two macromolecular transfer agents
have been produced (bearing either —CF5l or
—CHo,I end groups), and they do not exhibit the
same reactivity. Hence, when the reaction me-
dium contains macromolecular chains termi-
nated by —CFyI, the polymerization almost
exclusively occurs on these end groups rather
than on the poorly reactive —CH,I end groups.

Mechanism of ITP of VDF

Among the growing PVDF-I chains in the reac-
tion medium, the presence of two types of end
groups (—CFsl and —CH,I) can be observed. To
confirm and check the different reactivities of
these structures and also to investigate the com-
petition between them, the ITP of VDF was car-
ried out in the presence of stoichiometric
amounts of CgF 3l and HCoF,CH,I as the CTAs.
Methyl ethyl ketone was chosen as the solvent
(which allowed us to preserve the solubility of
high-molar-mass PVDF, thus leading to a homo-
geneous mixture), and it was initiated with
TBPPI. As previously stated, both acta and oaypr
were monitored by °F NMR. Figure 7 presents
the conversion versus time for several species
present in the reaction medium, allowing us to
understand better the mechanism of the ITP of
VDF when both CTAs and oligomers possess
—CF,I and —CH,I end groups.

Figure 7 shows that the ITP of VDF occurs
according to three steps:

1. At the beginning of the reaction, CgF'i3I was
quickly consumed, whereas the concentration
of HCoF,CH,l remained constant. This
behavior confirms the high reactivity of
CeF3I (Cry = 7.9 at 75 °C) compared with
that of HCoF 4,CH,I (Cr. = 0.3 at 75 °C).
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Figure 7. Evolution of the normalized concentra-
tions of CTAs CgFy31 and HC,F,CH,I and oligomers
bearing —CHsl and —CF,l end groups versus time
for the ITP of VDF initiated with TBPPI at 75 °C.
The normalized concentration represents the ratio of
the concentrations at different times to the concentra-
tion at the initial time.

2. In a second stage, after the consumption of
CeF13l, the transfer reaction took place on
the oligomers bearing a —CHsCF5I end
group, whereas HC,F,CHol still did not react
significantly. Because of the lower reactivity
of the reversed dormant chains (i.e., PVDF-
CFyCH,I), the number of —CHyCFsI end
groups decreased versus time, whereas the
concentration of PVDF-CF5CHsl increased.
This second step lasted until the DP,, value
was about 40, at which the concentration
of the —CHyCF5l end groups vanished,
whereas that of the —CF,CH,l end groups
reached its maximum.

3. In a last stage, because of the low Cr,.
value of HCF;CF>;CH,I, only a small num-
ber of new polymeric chains were created
(small effect on DP,). However, the low Cyy
value of the PVDF-CF;CHsl dormant
chains now led to a slow exchange between
active and dormant chains, and therefore
the molecular weight distribution became
poorly controlled (increase in PDI) (Figure
12 of the supplementary material).

These results confirm the difference in the reac-
tivities of the different CTAs. Thus, it is possible
to classify the reactivities of the end groups in
the following decreasing order: —CFy;CFyl >
—CH,CF;l > —CFyCH,l.

In conclusion, the ITP of VDF occurs accord-
ing to two stages. In the first stage, when
—CF,l end-group species are still present in the
reaction medium, the polymerization is well con-
trolled. This behavior corresponds to a conven-
tional ITP mechanism. On the contrary, in the
second stage, when —CF,I end-group species
are almost totally consumed, the —CHs,I end-
group species can still transfer, but the exchange
between active and dormant chains becomes
slower than propagation (Cey < 1). Thus, the po-
lymerization is no longer controlled, and this
second behavior is closer to that of a telomeriza-
tion mechanism. However, in the second stage of
the polymerization, because —CFsI end groups
can be created again by a new inversion, the
controlled character of the polymerization is pre-
served to some extent.

Assessment of k,/./ k. for the VDF for ITP

The evolution of In([VDF]y/[VDF]) versus time
(Fig. 8) is linear and shows that the macromolec-
ular radical concentration, [P°], is constant. The
slope of the straight line led to the assessment of
k, x [P°1=5 x 10 *s ' at 75 °C (Fig. 8).

In radical polymerization, kp/\/kte usually rep-
resents the reactivity of the monomer. The over-
all rate of polymerization depends on the kinetic
constant: & = kp/\/kte. Such a value can be
assessed with Tobolsky’s equation:6-67

Mo

k f
n ™M \/7:_m \/%, /[TBPPI],[1 — exp(—Fkq - ¢/2)]

9)
where f, kq, and ¢ represent the efficiency, the
decomposition rate coefficient of the initiator,

2,5
y = 0,0005x
2 - R® = 0,9909
= e
E 1~5
=
5 '
0.5 - *
L ]
0 r . ' . .
0 1000 2000 3000 4000 5000
time (s)

Figure 8. Plots of In([M]y/[M]) versus time for the ITP
of VDF initiated with TBPPI in the presence of HCF,
CF,CHyl at 75 °C (for the assessment of the apparent
propagation rate constant, k2P = k[P°] = 5.10 * s~ ; ex-
perimental condition for the ITP of VDF: [VDF]y
[HCF,CF,CH,lly[TBPPI], = 100.00:6.60:0.66).
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and time, respectively (the other symbols being
defined previously).

Thus, plotting In([M]o/[M]) versus 1 -
exp[(—kqt)/2] enabled us to assess the ky/\/ke
value from the slope of the obtained straight line.
Taking into account f = 0.9, kg = 2.79 x 10~*
s 1% and [TBPPI], = 2.6 x 10 *mol L', we find
a value of k%/kte =19 x 102 L mol ! st at
75 °C. To the best of our knowledge, this is the
first value for the radical polymerization of VDF
supplied in the literature.

Taking into account k}z)/k»Ee values, we can con-
sider VDF a reactive monomer in comparison
with other usual monomers, such as styrene (k2/
ki = 2.23 x 1073 L mol ! st at 70 °C)**~"! or
MMA (k2/ky = 3.1 x 107> Lmol ' s~ ' at 80 °C).”

CONCLUSIONS

This work highlights the existence of two differ-
ent mechanisms for the ITP of VDF. Hence, the
kinetics of this reaction were determined in the
presence of three different transfer agents. The
reactivities of CgFi3l and CgF;3CHyCFol were
rather close, and these CTAs were quickly and
totally consumed at 75 °C. In addition, the evo-
lutions of DP, versus the monomer conversion
were similar and linear. Thus, the controlled
character of the radical polymerization of VDF
in the presence of these transfer agents was
proved. However, reverse additions of the macro-
radical onto VDF were also observed. This reac-
tion was evidenced by the presence of —CHy-1
end groups in PVDF-I, leading to an unfavora-
ble ITP process. Indeed, in the case of the ITP of
VDF in the presence of the HCF;CF;CHosI trans-
fer agent, the DP, evolution versus oypr was
similar to that of a telomerization. This state-
ment was also confirmed by a low Cr, value of
HCF,CF,CH,lI (<1), which allowed nevertheless
the polymeric chains to preserve a controlled
character in the course of the polymerization.
Furthermore, with O’Brien and Gornick’s
method, the Cr, values of these three CTAs were
assessed. CgF3l and CgF;3CH,CF5] had similar
Cr, values (ca. 7.7 at 75 °C) whereas that of
HCF;CF,CH,I was much lower (0.3 or 0.4 at 75
or 135 °C, respectively). C., of PVDF-CH,CF5l
dormant chains was estimated to be Coy ~ Cpy
(C6F13CH,CF5l) = 7.4 at 75 °C, whereas C.x of
PVDF-CF;CHyl dormant chains was approxi-
mated to be Coy ~ Cp, (HCF;CFsCHoI) = 0.3 at
75 °C. Having carried out the ITP of VDF in the
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presence of CTAs CgF3l and HCF;CF;CH,I, we
can propose a general mechanism for the ITP of
VDF in two stages. The first stage corresponds
to a conventional ITP mechanism in which
CgF13l is first mainly consumed, and this is fol-
lowed by the produced oligomers bearing —CF5l
end groups. The second stage occurs once the
concentration of —CFsl species becomes negligi-
ble, and the polymerization then mainly proceeds
as a telomerization, in which species bearing
—CHyl end groups behave as transfer agents.
Finally, kg/kte of VDF was determined to be 1.9
x 1072 L mol ! s71 at 75 °C. Further investiga-
tions of the synthesis of block copolymers from
these PVDF-Is prepared by ITP are in progress.
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