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ABSTRACT: Poly(vinylidene fluoridelz-poly(styrene) graft copolymers (PVDgPS) were synthesized by the
“grafting from” method from a PVDF macroinitiator bearing bromine side groups. This fluorinated macroinitiator
was obtained from the radical copolymerization of VDF with 8-bronkhaH,2H-perfluorooct-1-ene (BDFO),

and then it was used in the atom transfer radical polymerization (ATRP) of styrene initiated By/1CL14,7 -
10,10-hexamethyltriethylenetetramine (HMTETA) catalyst. First, the synthesis of a model poly(styrene) was
investigated starting from 1-bromoperfluorooctangH@Br) as the initiator to check the reactivity 6fCF,—Br

in ATRP process. Successful ATRP of styrene in the presence of 1-bromoperfluorooctane was observed from a
kinetic study and NMR spectroscopy, and the activation rate constant of this initigior @5 x 103 M 151

at 35°C in acetonitrile) was assessed for the first time. In a second part, ATRP of styrene was also studied from
poly(VDF-co-BDFO) copolymers as the macroinitiators, taking into account: (i) the effect of the polymerization
temperature, (ii) the ligand concentration in the ATRP catalyst, and (iii) the amount of solvent vs the conversion
of poly(styrene). The formation of graft copolymers was confirmed by size exclusion chromatography’&hd by
and®®F NMR spectroscopies. Interestingly, the linear dependences of both the evolutions of/M]Ws time

and of the molecular weights of the resulting graft copolymers vs the styrene conversions, and the decrease of
their dispersity indexes vs the styrene conversions evidenced the controlled behavior of that graft polymerization.

Introduction ing through”®-8 the “grafting from”, and the “grafting onto”

Graft copolymers are well-defined copolymers, that have routes. The second method seems to be the most used, especially

already demonstrated relevant properties and hence have beeﬁy two main strategies: (i) by the irradiation (plasma, swift
eavy ions, X-rays, or electron beam, mainly ungeays or

used in many applications (such as emulsifiers for plastics, hot 600 £ | foll d b i h
melt, adhesives, ions exchange membranes, impact resistance —© S0urce) of fluoropolymers followed by a grafting (that

additives)!=2 It is well-known that heterogeneous (i.e., two Strategy was extensively used by Holmberg et atho
phases or more) graft copolymers tend to show the propertiesSYNthesized PVDIg-poly(styrene sulfonic acid) graft copoly-

of both (or more) polymeric backbone and the oligomeric or mers forfue! ce!l membranesl); .(ii) by transf_er to the polyrifer;
polymeric grafts rather than averaging the properties of both .('") .by ozonization of PVDF! (iv) by the direct terpolymer-
homopolymers. Among these copolymers, fluorinated graft ization of two fluoro_alkenes such as VDF and chlorotrifluoro-
copolymeré have drawn great interest, since in the past decade ethylene (CTFE)_wnhert—butylallyl perox_ycarbonate at low
the number of articles dealing with the synthesis, properties, tempgrature leading to terpolymgrg bearing P?TOXycarb%ate
and applications of fluorinated graft polymers has been increas-dang"ng groups. Hence, these original macroinitiators were able
ing to initiate the radical polymerization of VDF to yield poly(VDF-

' Lo . o : . co-CTFE)-g-PVDF graft copolymers as original thermoplastic

Poly(vinylidene fluoride) (PVDF) exhibits very interesting elastomers. However, these above methods did not allow to

piezo and pyroelectrical properties, chemical inertness to acidsassess the molecular weights of the araft seaments
and solvents (except DMF, DMSO, trifluorotoluene and dim- 9 9 9 '

ethy|acetamide)l low perrneabi]ityl and resistance to nuclear To avoid this draWbaCk, the controlled radical pOIymerization
radiations that enables it to be used in many applications (loud Was used and has become one of the most useful strategies for
speakers, piano keys, IR detectors, paints and coatings and irfhe synthesis of graft polymé#swhile this technique was also
various fields of mining, food, biomedical and engineering Successful in achieving fluorinated block copolyréfs?® from
industries). In addition, PVDF is not toxic and less expensive initiators containing €I, C—Br, and C-Cl bonds. For ex-
than other fluoropolymers such as poly(chlorotrifluoroethylene), @mples, Chen et &.and Ying et af?reported the synthesis of
poly(trifluoroethylene) or poly(tetrafluoroethylene). Thus, graft graft copolymer by reversible additiefiragmentation chain
copolymers containing a PVDF backbone would be particularly transfer polymerization (RAFT) to obtain original PVIy--
interesting, and potentially useful, because the incorporation of PMMA and PVDFg-poly(acrylic acid) (PVDFg-PAA) graft
PVDF would raise the chemical resistance and thermal stability Copolymers. Yin et at? prepared PVDF-PAA and PVDFg-

of the polymer and should lower the surface energy. PAA-b-PNIPAAM copolymers by RAFT polymerization of
Basically, three different methods enable one to synthesize &cylic acid with a ozone-pretreated PVDF.
fluorinated graft copolymers, recently summariZetie “graft- ATRP was also used to control the graft segments. Indeed,
ATRP?Z is regarded as one of the most efficient controlled (or
* Corresponding author. Telephone:33-467-144-368. Fax33-467- pseudeliving) polymerization methods to prepare polymers and
147-220. E-mail: bruno.ameduri@enscm.fr. copolymers endowed with different architectures and low
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polydispersitieg4~27 To the best of our knowledge, Inceoglu
et al.28 Chen et af® 3! and Hester et & synthesized different
graft copolymers of PVDF, such as poly(vinylidene fluoride)-
g-poly(methyl methacrylate) (PVDB-PMMA) or poly(vi-
nylidene fluoride)g-poly(oxyethylene methacrylate) (PVDOd--
POEM) graft copolymers by ATRP of various methacrylates
from PVDF. Surprisingly, these studies used the presence of
C—F bond on the polymeric chain of PVDF to initiate the ATRP
polymerization. More recently, Zhang and Ru8%eeported
another method of grafting poly(styrene) and pteyttbutyl
acrylate) from poly(vinylidene fluoridee-chlorotrifluoroeth-
ylene) (poly(VDFe€o-CTFE)) random copolymers via ATRP.
Indeed, such a controlled “grafting from” method has been
possible via the €Cl bond (from CTFE units in poly(VDF-
co-CTFE) statistic polymers) but, to our knowledge, the
literature does not report any investigation from polymers
bearing C-Br side groups to enable ATRP. However, we have
recently achieved the synthesis of PVDF containitQsF1.Br
dangling groups$? Interestingly, these €Br side-bonds may
offer a possible cleavage under radical conditions. Hence, the
objectives of this article deal with the synthesis and the
characterization of PVDIg-PS graft copolymers where PS
stands for poly(styrene) from the ATRP of styrene with poly-
(VDF-co-8-bromo-H,1H,2H-perfluorooct-1-ene), poly(VDF-
co-BDFO) copolymers, as original macroinitiators. First, it was
of interest to study the ATRP of styrene fromyFeBr as a
model initiator in term of radical polymerization (i.e., to
investigate its controlled character and the narrow polydispersity
indexes (PDI) of the producedsEi;—PS). The choice of this
model molecule can be explained by the similar structure of
the end group of g7Br with —CF,Br dangling groups borne
by poly(VDF-<o-BDFO) copolymers. Then, the experimental
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Scheme 1. Kinetics Isolation of the Activation Process in Atom
Transfer Radical Polymerization (ATRP)?

k o
CgF17Br + Cu'Br/HMTETA o CgFy7 + Cu''Bry /HMTETA
kot
TEMPO
bt 1 kTEMPO
CgF17 —O—N
(Alkoxyamine)

@ Kact Kdeaci TEMPO, krempo and HMTETA stand for activation rate
constant, deactivation rate constant, 2,2,6,6-tetramethylpiperidinyl-1-
oxy, rate constant for radical coupling between radical and TEMPO,
1,1,4,7,10,10-hexamethyltriethylenetetramine, respectively.

Size exclusion chromatography (SEC) was performed &C30
on a Spectra-Physics apparatus with three PL geh8VIIXED-D
columns, 500 A, and 100 A from Polymer Laboratories, and
equipped with two detectors: Shodex refractive index and UV. THF
was used as the solvent at 0.8 mL miinThe calibration was
established with poly(styrene) standards from Polymer Laboratories.

Gas chromatography analyses (GC) were carried out on a Delsi
Instruments Serial 330 apparatus coupled with a Shimadzu C-R6A
integrator A 2 m long Carbowax 20 M (poly(ethylene glycol))
column was used with nitrogen as the gas vector at 1 bar. The
analyses were achieved in an isothermal mode at C3@t Tiyjector
= 130°C andTgetect= 200 °C). GC enabled us to determine the
monomer conversion vs reaction time by means of the solvent
(generally DMF) as the internal standard.

The matrix-assisted laser desorptidonization time-of-flight
mass spectrometric (MALBDITOF-MS) analyses were executed
at “Ultraflex Bruker” (UniversiteMontpellier 1) in reflectron mode

conditions of this model reaction have been extended onto (accelerating potential of 20 kV) on a Bruker apparatus equipped
original copolymers based on VDF units and bearing perfluo- with a nitrogen laser (337 nm). 2,3,4,5,6-Pentafluorocinnamic acid
robrominated side groups. In addition, a preliminary kinetics (PFCA) and sodium iodide were used as the matrix and as the
of ATRP of styrene for the synthesis of PVRFPS graft cationizing agent, respectively. The concentrations of sample and

copolymers from poly(PVDRo-BDFO) copolymer as the matrix solutions were 10 g1t (in THF), while the analyte/matrix
macroinitiator has also been attempted ratio was 1/10 v/v. Then, AL of the mixture was deposited on a

stainless steel target, air-dried, and introduced in the spectrometer
under vacuum.

Thermogravimetric analyses (TGA) were performed with a TGA/
Materials. CuBr, 1,1,4,7,10,10-hexamethyltriethylenetetramine  SDTA 851 thermobalance from Mettler DAL 75965 and Lauda
(HMTETA), 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO, 99%, RC6 CS cryostat apparatus, under air, at the heating rate of 5

purified by sublimation), and styrene were purchased from Aldrich °C-min-1 from room temperature up to a maximun of 58D.
Chimie (Saint Quentin-Fallavier, France).'8uwas washed with Differential scanning calorimetry (DSC) measurements were
glacial acetic acid to remove any soluble oxidized species, filtered, conducted using a TA 2920 analyzer from TA Instruments DA
washed with ethanol and dried under vacuum. Styrene was distilled 73085, a RCS DA cooler, and Sartorius MC5 weighing machine.
over Cah and HMTETA was used as received. 1-Bromoperfluo- Scans were recorded at a heating rate of@@nin-! from —100
rooctane was kindly offered by Atofina (Pierre Benite, France). to+100°C, and the cooling rate was 2€-min-1. A second scan
Dimethylformamide (DMF, 99%), dimethylacetamide (DMAc), was required for the assessment of Tgedefined as the inflection
tetrahydrofuran (THF, 99%), acetonitrile (99.7%), and methanol point in the heat capacity jump.
(99.8%) provided from SDS (Peypin, France), were used as Assessmentofthe Activation Rate ConstantMeasurementgs3s-46
received. Poly(VDFeo-BDFO) copolymers were synthesized by The activation rate constants were determined using the trapping
radical copolymerization of vinylidene fluoride (VDF) with 8-bromo-  experiments that were also used for the determination of the
1H,1H,2H-perfluorooct-1-ene (BDFO) described in the Supporting dissociation rate parameters of alkoxyamifféBhe radicals arising
Information. from the homolytic halogen abstraction from the alkyl halides were
Analyses.Poly(styrene) and PVDE-PS aliquots, sampled from irreversibly trapped by a stable nitroxide radical, such as 2,2,6,6-
the reactional medium, were characterized'byNMR (250 or tetramethylpiperidinyl-1-oxy (TEMPO), to yield the corresponding
400 MHz) and'®F (200 or 400 MHz) spectroscopies. The NMR alkoxyamines (Scheme 13.This was achieved by using a large
spectra were recorded on Bruker AC 200, AC 250 and AC 400 excess of TEMPO (ca. 10 times) with respect to alkyl halides. This
instruments, using deuterated acetone or chloroform as the solventprocess was also made easier due to a higher rate constant for radical
and tetramethylsilane (TMS) (or CF{Llas the references fdH coupling than that of deactivatioRrmpo > Kgeac).*® An excess of
(or °F) nuclei, respectively. Coupling constants and chemical shifts Cu species (ca. 20 times about alkyl halide) was used to carry out
are given in Hz and ppm, respectively. The experimental conditions the kinetics straightforward, i.e., to provide pseudo-first-order kinetic

Experimental Part

for recording'H (or 1%F) NMR spectra were as follows: flip angle
90° (or 3C%), acquisition time 4.5 s (or 0.7 s), pulse delas (or

5 s), number of scans 16 (or 64), and a pulse width @$ $or 1°F
NMR.

conditions (Scheme 1). The apparéek§ and activationKxe) rate
constants were assessed from the slope of the pseudo-first-order
plots (eq 1). Thus, the slopes of the straight lines should follow

externally first-order dependence in respect to'T&{@s shown inCDV
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Figure 1. Pseudo-first-order kinetics plot of the activation process for
1-bromoperfluorooctane ¢;/Br) used as initiator with C@&r/
HMTETA catalytic system in acetonitrile at 3%. [CUBI]o:[CsF17
Br]o:[TEMPOJ;:[HMTETA]o = 20:1:10:20. HMTETA stands for
1,1,4,7,10,10-hexamethyltriethylenetetramine. Experimental condi-
tions: 0.143 g (1x 1072 mol) of copper bromide, 0.230 g (¢ 1073

mol) of HMTETA, 0.025 g (5x 1075 mol) of CgF17Br, 0.080 g (5%

10 mol) of 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO), and
acetonitrile (50 mL) were placed into a dry round-bottom flask at 35
°C.

50
40
30

0%  45%  20% 10%

Styrene Conversion:

Figure 2. Evolution of the size exclusion chromatography (SEC) traces
of the resulting polymers at different styrene conversions for the ATRP
of styrene using €1/Br as the initiator. Experimental conditions:
[CsF17Br]o:[styrene]:[CUBr]o:[HMTETA] o = 1.0:100.0:1.0:1.0 in DMF

at 110°C; copper bromide (28.6 mg, 2 10~* mol), 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA) (46.6 mgx2L0~4 mol),
CgF17Br (0.10 g, 2x 107* mol), and styrene (2.08 g, 1072 mol)

and 10.0 g of dimethylformamide (DMF); experiment no. 5 in Table
1.

Figure 1). The initial concentration of Cuspecies ([CBr/
HMTETA]o) enabled us to calculatg,, whereas the concentration
of active Clispecies ([CIBI/THMTETA] 4¢) Was used to determine
Kact because [CBI/HMTETA] 4 could be different from [C\Br/
HMTETA],, especially in less polar solvefidut not in the case
of acetonitrile?3:35-46 However, the activation rate constaRig;
should be constant and independent from'BEIHMTETA] et TO
obtain pseudo-first-order kinetics, the following condition was
required and the activation rate constait) was assessed from
the slope of the pseudo-first-order plot.

pseudo first order [C8r]J[HMTETA] ,> [C4F,;Br],

—d In [CgF,/Br] |
—a slope= k,,, [CUBI/HMTETA], =
Koo [CUBIHMTETA] ., (1)

k.= 35 x 10 >mol *s " at 35°C in acetonitrile

General Procedure for the Assessment of the Activation Rate
Constant in Acetonitrile at 35 °C (with Initial Molar Ratio
[Cu'Br] o:[CgF17BI] o:[TEMPO] o:[HMTETA] o = 20:1:10:20).
Freshly purified and dried copper bromide (0.143 ¢ 102 mol),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (0.230 g,
1 x 1072 mol), GF/Br (0.025 g, 5x 10°° mol), 2,2,6,6-
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Figure 3. Dependence of molecular weigh®) and polydispersity
index () of poly(styrene) vs styrene conversion for the ATRP of
styrene in the presence ofgk;/Br as the initiator. The full line
represents the theoretical curve. Experimental conditions:{Br]o:
[styrene]:[CUBr]o:[HMTETA] o = 1.0:100.0:1.0:1.0 at 11TC; copper
bromide (28.6 mg, 2< 104 mol), 1,1,4,7,10,10-hexamethyltriethyl-
enetetramine (HMTETA) (46.6 mg, 2 10~* mol), GsF17Br (0.10 g, 2

x 1074 mol), and styrene (2.08 g, 1072 mol) and 10.0 g of
dimethylformamide (DMF); experiment no. 5 in Table 1.

80 100

tetramethylpiperidinyl-1-oxy (TEMPO) (0.080 g, 6 104 mol),
and acetonitrile (50 mL) were placed into a dry round-bottom flask.
The mixture was purged with nitrogen and then stirred in an oil
bath at 35°C. The conversion of §F1-Br was monitored by°F
NMR, and the activation rate constaky,;, was assessed as reported
above.

a(CgFBr)=1—[(3 x f (—CF,Br) (—60.0 ppm))/(2x

J(=CF) (~82.0 ppm))] (2)

with a(CgF17Br), f(—CFBr) and f(—CFs) standing for GF1/Br
conversion, integral of CF,Br, and integral of-CF;, respectively.

IN[CgFBr]/[CgF17Br] = —In(1 — a(CqFy7Br)) 3)

General Procedure for the Radical Polymerization of Styrene
with CgF17/Br as the Initiator (with Initial Molar Ratio [C  gF1/Bf]o:
[styrenelo:[Cu'Br] o:[HMTETA] (= 10:100: 1:1).Freshly purified
and dried copper bromide (28.6 mg,x210~* mol), 1,1,4,7,10,-
10-hexamethyltriethylenetetramine (HMTETA) (46.6 mgx 204
mol), GF1-Br (1.002 g, 2x 1072 mol), freshly distilled styrene
(2.080 g, 2x 102 mol), and the solvent (DMF or DMAc) were
placed into a dry round-bottom flask. The mixture was purged with
nitrogen and then stirred in an oil bath at 1°[0. The progress of
the reaction was monitored B and'°F NMR and GC and SEC
chromatographies. At the end of the reaction, the mixture was
filtered through a short column of silica gel (diameter, 10 mm;
length, 30 mm) to remove the catalyst. The polymer was then
precipitated from methanol, filtered, and dried at 8D under
vacuum for 16 h.

19 NMR (acetoneds, ppm,d, Figure 5): —80.6 (m, G&-3—CF—
CeF12—(Sty),—Br, 3F); —112.4 (m, GF13—CF,—CF,—(Sty)},—Br,
2F); —121.5 (m, GF15—CF,—CF—(Sty),—Br, 2F); —121.8 (GFo—
CF,—CF,—C,F4—(Sty),—Br, 4F); —=122.6 (m, GF;—CF,—CF,—
C3Fe—(Sty)—Br, 2F); —123.5 (m, GFs—CF ,—CF,—C4Fg—(Sty)—

Br, 2F); —126.0 (m, CE—CF;—CF,—CsF10—(Sty),—Br, 2F).

IH NMR (acetoneds, ppm, d, Figure 4): 1.2-1.6 (methylene
groups of poly(styrene), 2tk n, with n corresponding to the
number of styrene units); 1-8.1 (methyne groups adjacent to
aromatic ring in poly(styrene), 1k n); 2.5-2.8 (R—CF,—CH,—
CH(CgHs)—, 2H); 4.2-4.7 (—CH(CgHs)Br, 1H x n); 6.5—7.4 (aryl
protons of poly(styrene), 5k n).

MALDI —TOF-MS (Figure 6).

Synthesis of 8-Bromo-H,1H,2H-perfluorooct-1-ene. In a
round-bottom flask equipped with a condenser, 50.0 g (0.102 mol)
of 1,8-dibromo-H,1H,2H,2H-perfluorooctane diluted with ethanol
was dropwise added in a mixture composed of KOH in ethanol.
After the addition at room temperature, the expected unsaturcﬁ.g\(}
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Table 1. Summary of the Targeted, Theoretical and Experimental Molecular Weights, Conversions and Polydispersity Indexes of the Polymers
Obtained by Atom Transfer Radical Polymerization (ATRP) of Styrene in the Presence of CiBr/1,1,4,7,10,10-Hexamethyltriethylenetetramine
(HMTETA) as the Catalytic System and 1-Bromoperfluorooctane (GF17Br) as the Initiator at 110 °C

targeted theor exptl
expt time Mn od MpP Mpe
no. solvent [GF17Br]o:[styrened:[Cu'Br]o:[HMTETA] o (h) (g mol1) (%) (g mol1) (g mol™%) PDI¢
la DMF 10.0:100.0:0:0 6.0 1500 05 - 45 000 29
1b DMF 0.0:100.0:1.0:1.0 6.0 1500 06 - 40 000 2.7
1c DMF 10.0:100.0:1.0:1.0 35 1500 60 1100 1800 1.6
2 DMAc 10.0:100.0:1.0:1.0 4.5 1500 70 1200 1900 1.4
3 DMF 3.3:100.0:1.0:1.0 5.0 3500 85 2980 4300 1.7
4 DMAc 3.0:100.0:1.0:1.0 4.0 3800 55 2550 3500 15
5 DMF 1.0:100.0:1.0:1.0 4.5 10 500 80 8500 12 000 1.8
6 DMAc 1.0:100.0:1.0:1.0 4.0 10 500 70 7500 9500 1.5

a Conversion of monomer assessed by gas chromatogréflaygeted molecular weights determinedMy = (o x [styrene})/[CsF17Br]o x Msiyrenet
Mcsr17er, Wherea, [styrene), and [GF17Br]o represent the styrene conversion and the concentrations of styrene and of 1-bromoperfluorogEtag),(C
respectively ¢ Molecular weights and polydispersity indexes measured by size exclusion chromatography (with Polystyrene standards).

product was distilled under vacuum (bp48 °C/20 mmHg). 33.0 and GC and SEC chromatographies. At the end of the reaction,

g (0.081 mol) of a colorless liquid were obtained (yietd79%). the mixture was filtered through a short column of silica gel
The purity of the product was checked Hy, 1°F, and'3C NMR (diameter, 10 mm,; length, 30 mm) to remove the catalyst. The
spectroscopies (see Figures3 in the Supporting Information, polymer was then precipitated from methanol, filtered, and dried
respectively), mass spectroscopy, and gas chromatography. at 60°C under vacuum for 16 h.
8-Bromo-1H,1H,2H-perfluorooct-1-ene.CH,~CH—CF,—CF— 19 NMR (acetoneds, ppm,d, Figure 10): —91.4 (-CH,—CF,—

CF,—CF—CF—CFR—Bri% NMR (acetoneds, ppm,d): —64.5  CHo—, 2F); —94.8 (~(CH,—CF;)—[CH,—CH(CsF1-(Sty)-Br)],
(t, Br—CFy—CoF1~ CH=CH,, 3Jsr = 14.0 Hz, 2F);—113.7 (m,  2F); from —112.4 to—124.0 ppm (m,~CeF 1o~ (Sty)—Br, 12F,

Br—R¢—CF,—CH=CH,, 2F); —=117.3 (m, BF-C4Fg—CF,—CF,— and —(CH,CF,)—(CF,—CH,)—(CH,CF,)—).

CH=CH,, 2F); —121.2 (m, Br-C,F;—CF,—CF,—C,F,—CH=CH,, IH NMR (acetoneds, ppm, o, Figure 9): 1.2-1.6 ppm (meth-
4F); —123.5 (m, BF-CF,—CF,—C,Fg—CH=CH,, 2F). ylene group of poly(styrene)H); 1.8—2.1 ppm (methyne groups
IH NMR (acetoneds, ppm, 8): 6.1 (m, B—CgF1,—CH=CH,, adjacent to aromatic ring in poly(styrene), 1H); 258 (R—CF,—

3H). CH,—CH(CgHs)—, 2H) and ((CH,CF,)—(CF,—CH,)—(CHy—

13C NMR (acetoneds, ppm, d): 108 to 122 (it,\Jcr = 312.6 CR)-); 3.0 ppm (~(CH:CR,)—(CH2—CRy)—); (4.2-4.7 ppm(-
Hz2cr = 37.4 Hz, assigned to the differe@F, groups of the CH(CgHs)Br, 1H x n, wheren corresponds to the number of styrene

perfluorinated chain); 125.5 (t, BiCsF10— CF-CH=CH,, 2Jce = units); 6.5-7.4 (aromatic protons of poly(styrene), 5kin).
23.3 Hz); 127.4 (t, BrCgF1.— CH=CH,, 3Jcr = 9.9 H2). DSC (Figure 11):Tg; = —25°C; Ty, = +88 °C.
Radical Copolymerization of Vinylidene Fluoride (VDF) with TGA (under air) Figure 12.

8-Bromo-1H,1H,2H-perfluorooct-1-ene (BDFO). The radical . )

copolymerizations of VDF with BDFO were performed in a 160 Results and Discussion

mL Hastelloy autoclave Parr System, equipped with a manometer, (1) Model Reaction : ATRP of Styrene with 1-Bromop-

a rupture disk, inlet and outlet valves, and a mechanical anchor. erfluorooctane (CgF17Br). The model polymerizations of
An electronic system regulated and controlled the mechanical styrene by atom transfer radical polymerization (ATRP) using
stirring and the heating in the autoclave. The autoclave was left CeF1Br as the initiator were performed at 110 in the presence
closed for 20 min and purged with 30 bar of nitrogen pressure to f CUBI/1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTE-

prevent any leakage, degassed, and put under vacuum. Then, 1.3 - ’ .
g (4.1x 10-3 mol) of 2,5-bistert-butylperoxy)-2,5-dimethylhexane A) as the catalyst in dimethylformamide (DMF) or dimethy-

(DHBP), 12.67 g (0.0311 mol) of BDFO, and 80 g of 1,1,1,3,3- lacetamide (DMAC) as the solvents (Scheme 2). Both solvents
pentafluorobutane were successively introduced. Afterward, 19.70 were used to improve both the solubilities of all the reactants
g (0.3078 mol) of VDF were introduced (checked by double for that ATRP system and the efficiency on the polymerization
weighing). The autoclave was then progressively heated t6@35  of styrene.
that temperature being maintained for 7 h. After reaction, the  Preliminary reactions were carried out with an initial molar
autoclave was cooled to room temperature and then put in an iceratio Ry = [CgF17Br]o/[styrene} ranging from 0.033 to 0.100.
bath for 30 min. After unreacted VDF monomer was degassed, the afier reaction, the total product mixture was characterized by
vessel was opened. 1,1,1,3,3-Pentafluorobutane was ev.a.porat.eda EC and!H NMR and 1F NMR spectroscopy. Results are
the poly(VDF€o-BDFO) copolymer formed was solubilized in . .

summarized in Table 1.

acetone and precipitated from cold pentane. The polymer was . .
filtered off, washed, and dried under vacuum (yietd50%) and As expected, the molecular weights of the obtained poly-

the resulting brown fine powder was characterized%yand?H (styrene)s directly depend on the initial amount of the bromi-
NMR spectroscopies (Table 1 and Figures 4 and 5 in the Supportingnated initiator (GF;17Br). This observation is in agreement with
Information, respectively). the regular ATRP mechanism proposed in Schemes 2 and 3.
General Procedure for the Synthesis of Graft Copolymers Nevertheless, Table 1 shows that the experimental values are
in the Presence of PVDFeo-BDFO as the Macroinitiator by higher than the theoretical ones and the lower the initial molar
ATRP (with Initial Molar Ratio [Br] o: [Styrenelo: [Cu'Br]o: ratio, ro, the higher the difference between theoretical and

[HMTETA] o = 5:100: 0.5‘:10.5).Freshly purified and dried copper  axperimental molecular weights. DMAc was the best solvent
blrom|td? (28.6 mlqi’lvﬁé% mgg,al,1,4,72,11()6}?-hel><ar8(e/t83éltrleth- to solubilize the ATRP system and in the control of the
ylenetetramine ( ) (46.6 mg, mob), <o molecular weights even if conversions were still low (60%).

BDFO copolymer 1, = 15 000 g mot! and PDI= 2.3, experiment . /
no. 8 in Table 3, determined by SEC with poly(styrene) standards) The poor agreement between experimental and theoretical

(4.2 g, 2x 102 mol) and freshly distilled styrene (4.16 g, > molecular weights and the high polydispersity indexes are not
10-2 mol) were placed into a dry round-bottom flask. The mixture €Ommon in controlled radical polymerization. This observation
was purged with nitrogen and then stirred in an oil bath at°1.0 may arise from the difference of reactivity betwee@F,—Br

The progress of the reaction was monitored'byand 1% NMR of the initiator and—CH,—CH(CsHs)-Br (of the end-cappe%DV
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Figure 4. 'H NMR spectrum of @F7—poly(styrene) synthesized by ATRP usingFGBr as the initiator (recorded in deuterated acetone) (experiment
no. 3, Table 1). Experimental conditions:gf&e7Br]o:[styrene]:[CUBr]o:[HMTETA] o = 3.3:100.0:1.0:1.0; copper bromide (28.6 mgx 20~* mol),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (46.6 mg, 20~* mol), GsF17Br (0.33 g, 6.67x 107 mol), and styrene (2.08 g,

1072 mol) and 10.00 g of DMF.

intermediate) end groups. Without any catalytic complex or  This result was compared to those among the most widely
initiator in the reaction mixture (experimient nos. 1a and 1b in used initiators of ATRF® (Table 2). Three alkyl halides were
Table 1), the styrene conversion was low, and this can be chosen for comparison: ethyl 2-bromoisobutyrate (EBriB),
explained by the thermal polymerization of styrene. methyl 2-bromopropionate (MBrP), and 1-phenylethyl bromide

The mechanism of ATRP proposed in Scheme 3 is indeed a(PEBY). This last one is the model compound for a polymeric
multistep mechanism: to obtain a good control of that ATRP, chain end commonly used in ATRP of poly(styrefie).
CgF17Br initiator has to be more reactive than the obtained  The decreasing order of the activation rate constants with
oligomers, GF17—[CH,—CH(CeHs)]n—Br. Thus, the assessment  CuBriN,NN',N',N'-pentamethyldiethylenetriamine (PMDETA)
of the activation rate constank,{) was required to establish ~ or 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)
the reactivity of the initiator. was: EBriB> PEBr > MBrP > CgF1/Br (Table 2). EBriB
Assessment of the Activation Rate Constantkie). The activates ATRP .of styrene very fast with an activation rate
activation rate constank{;) was assessed in acetonitrile in the constant ca. 10 times higher than those of PEBr and MBrP and
presence of both CBr and HMTETA at 35°C as described in 50 times greater_than that ogl&i/Br. The fact tha_kactof PEBr
the Experimental Section (Scheme 1). Acetonitrile is not was 3.5 times higher than that ogf7Br (experiment nos. 2

regarded as a common solvent for ATRP but was used to obtainand 4 in Table 2) implies a better reactivity of the growthing

homogeneous catalyst solutions of the system and to Comparénacromolecular chains [€;7—(poly(styrene)y-Br] than that

the measured rate constant to those reported in the Iiterature.Of the GyF17Br initiator. This confirmation can partially explain

The low temperature of reaction was necessary to avoid the'flma. quk. of control Oft thihptohlymerlzatlorllfft.styrene by A,[-!—RP' f
dissociation of the gF17—TEMPO species. Initial molar ratios th IS I'St'mt agré'e:mgn Wld th e(;!?fnquan |§|:/e conf#mp 1on o
of reactants were fixed at [(Br]o:[CgF17Br]o:[TEMPO]: e initiator (GF.7Br) an e difference between the experi-

[HMTETA] = 20:1:10:20. The results are summarized in Table mental and theoretical molecular weights.

2. Monitoring the consumption of the initiator (decrease of the  Then, all ATRP polymerizations of styrene below using
signal located at-65 ppm assigned to difluoromethylene group CeF17Br as the initiator were performed at 110 with CuBr/

in C;F15—CF,—Br) vs time, we assessed the value of the HMTETA as the catalytic system in DMF.

activation rate constank,c (the details are reported in the Typical SEC curves for controlled radical polymerization are
experimental part). The activation rate constant for this system displayed in Figure 2. THF was used as the eluent while SEC
iS kact = 35 x 1073 mol~L.s™! at 35°C in acetonitrile. apparatus was equipped with a refractive index detector. H%EBQ/
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Figure 5. °F NMR spectra of gF:7Br (upper figure) and gF1;—poly(styrene) (lower figure) synthesized by ATRP of styrene usigig8r as
the initiator (recorded in deuterated acetone) (experiment no. 3, Table 1). Experimental conditibn®r[E[styrene]:[CUBr]o:[HMTETA], =
3.3:100.0:1.0:1.0; copper bromide (28.6 mgx2L0~* mol), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (46.6 mg, 20~ mol),
CgF1/Br (0.33 g, 6.67x 1074 mol) and styrene (2.08 g, 2 1072 mol) and 10.0 g of DMF.

Table 2. Activation Rate Constants Measured in Acetonitrile

at 35°C?
Catalytic kaet M)
Structure Ref.
initiator System at 35°C
o
CH;-C-Br
EBriB Lo Cu'Br/PMDETA 1.700 48
|
OCH,CH;
CH3CH—Br
PEBr Cu'Br/PMDETA 0.120 48
i
CH;—C-Br
MBrP o Cu'Br/PMDETA 0.110 48
|
OCHj;
CsF17Br R(CF,-Br Cu'Bi/HMTETA 0.035  This work

aNote: PMDETA and HMTETA stand foN,N,N',N"",N""-pentameth-

yldiethylenetriamine and 1,1,4,7,10,10-hexamethyltriethylenetetramine.

distributions or polydispersity indexes (PDI) are slighty larger

for those corresponding to the polymers obtained from the ATRP
of styrene but remained lower than those produced from
conventional radical polymerizations. No evidence, such as
multimodal SEC signals (suggesting thermal initiation of

styrene) was noted for the reported polym@rinterestingly,

the polydispersity indexes slowly decreased throughout the
polymerization, reaching a value of 1.78 for 70% of styrene
conversion. Nevertheless, a tailing was observed with the
increase of the molecular weight suggesting a lack of the control
of the polymerization at high conversion rates.

The kinetics plots of the polymerization are shown in Figure
3 (and in Figure 6 of the Supporting Information). That latter
figure represents a In([styrer#btyrene]) vs polymerization
time linear relationship, where [styregednd [styrene] stand
for the styrene concentrationstat 0 and at t time, respectively.
The apparent polymerization rate was first order with respect
to monomer concentration, which means that the concentrations
of the growing radicals are constant. The apparent rate coef-
ficients ,2°° = —d(In[M])/dt) can be obtained from the slope

hydrogenated and fluorinated compounds were detected asOf the straight line given by the kinetics plot. Deviation from
positive and negative signals, respectively. Consequently, thelinear kinetics occurs at long reaction times due to some side
decrease of the negative signal arised from the consumption ofréactions including elimination and terminati®yBoth elimina-

CgF17Br for the initiation of styrene. In addition, the curves

tion and termination steps removegdFgBr from the reaction.

shifting toward low retention times when monomer conversion In addition, termination also reduced [$goncentration and
was increasing indicate an increase of the molecular weightsincreased [Cl] concentration. The overall effect resulted in the
of the resulting grafted copolymers. The molecular weight decrease of the polymerization rate. Figure 3 represent%g\?
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Table 3. Determination of the Composition of Comonomers in the Poly(VDFeo-BDFO) Copolymers vs the Reaction Conditions in the Radical
Copolymerization of Vinylidene Fluoride (VDF) with 8-Bromo-1H,1H,2H-perfluorooct-1-ene (BDFO) (Initiated by
2,5-Bistert-butylperoxy)-2,5-dimethylhexane (DHBP) at 134°C for 7 h)

VDF2in  BDFOin VDF in BDFO in
expt feed feed gaseous yieldsby copolymer copolymer no.of BDFO T4 (°C)® Ty
no. (mol%) (mol%) G(%) convn (%) mass (%) (mol %) (mol %) by chair? Am(5%) (°C) Mpd PDId
7 95.5 4.5 1.1 85 75 96.4 3.6 6 340 -—16 12800 5.0
8 95.0 5.0 0.8 60 54 93.9 6.1 11 345 —16 15000 2.3
9 90.8 9.2 1.2 56 50 87.8 12.2 12 325 —12 10200 25

aThe content of different comonomers could be calculated as follows: mol % VDF in the copotyigéfia + Ig) x 100, wherela = (I-432+ |-91.4
+ l—gs8+ I-1138+ 1-1169/2 andlg = 14 d2 Wherel 4 represents the integral of the signal centereebappm in the'®F NMR spectrum of poly(VDF-
co-BDFO) copolymers (see Table 1 in the Supporting Informati®@alculated from the equation: number of BDFO by chairfBDFQ copolymer 5
Mp)/[(VDFFn copolymer . \|VDF) 4 (BDFQN copolymer \|BDFO)] whereMVDPF, MBPFO and M, VDFN copolymer and BDFQ copolymercorrespond to the molecular
weights of VDF, BDFO and poly(VDEo-BDFO) copolymers, to the composition in VDF of copolymer, and to the composition of BDFO in copolymer,
respectively ¢ Thermal stability determined by TGA under air (5% lossetermined by SEC chromatography (using poly(styrene) standards).

Scheme 2. Atom Transfer Radical Polymerization (ATRP) of
Styrene in the Presence of CBr/
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) as the
Catalytic System, Dimethylformamide (DMF) or
Dimethylacetamide (DMACc) as the Solvent, and
1-Bromoperfluorooctane (GsF17Br) as the Initiator

CuBr / HMTETA
CgFi7;Br + n == C8F174<CH2—CH%>BI”
n

DMF 110 °C
DMAc

spectrum of that analyzeBr—oligo(styrene). The difference
of mass between peaks was 104.606gl", corresponding to
one styrene unit. For example, the expansion of the zofize
= 3600-4000 gmol~! exhibits two different series: (i) first,
the expected gF1,—[CH,—CH(CeHs)]s>—Br/Nat is located at
mvz 3850 gmol~? (series A) with a strong intensity; (ii) second,
a distribution at 3770 gnol~! (series B) with a weak intensity
can be ascribed to the elimination of HBr in the polymeric
chains of structure A. This loss of HBr induces a vinyl-
terminated poly(styrene). It can occur either at a temperature
higher than 150°C or in the course of the MALD+TOF

evolution of molecular weights vs the monomer conversion analysiss-53 Moreover, it is important to note the absence of

showing a linear dependence. However, the experimental the distribution corresponding to the thermal initiation of styrene,
molecular weights were higher than the theoretical ones, andwhich would appear at 3767 g malfor [CH,—CH(CsHs)] ¢/
this observation may arise from the low value of the activation Nat. Thus, the MALDFTOF analysis confirms that the

rate constant of &1,Br initiator.

Characterization of CgF17;—Poly(styrene)s.The polymeri-
zation of styrene initiated by 4€,7Br was also evidenced by
NMR spectroscopy. Figure 4 shows a typitdINMR spectrum
of a poly(styrene) synthesized by usingFBr as the initiator.

polymers obtained from ATRP was initiated bygFg;Br,
yielding original poly(styrene)s which bear theFg;— end
group. In addition, the g7 group does not disturb the
MALDI —TOF analysis.

As the ATRP of styrene was successfully achieved from

First, the presence of two characteristic signals of poly(styrene) CsF1-Br as the initiator, the experimental conditions of this

is noted: (i) in the 6.57.4 ppm range assigned to the aryl

protons of styrene units and (ii) in the 2.1 ppm range

attributed to the methylene and methyne protons of the
signals

poly(styrene) backbone. Interestingly, additional
located in the 4.24.7 ppm and in the 2:52.8 ppm ranges are
assigned te-CH(CgHs)Br and R—CF,—CH,—CH(CsHs)— end
groups, respectively. On the other hand, fieNMR spectrum
of a poly(styrene) synthesized usingFgBr as the initiator
(Figure 5) shows the absence of signal centereg&i ppm

assigned to @15—CF,—Br extremity, and evidences the

ATRP process via g7Br initiator. This observation

excludes the hypothesis of thermal polymerization of styrene

and is in agreement with the study of Zhang etédfigure 5
also exhibits the presence of an AB system located Ht2.5

ppm attributed to the difluoromethylene group adjacent to the
first styrenic unit. Finally, the signal assigned to the difluorom-
ethylene group, located in tiieposition about the bromine atom

for the GF17Br initiator, centered at-118.5 ppm, underwent a

high field shift to —121.5 ppm when the polymerization

occurred.
An oligo(styrene) synthesized by ATR®{ = 4300 gmol~?

model were extended to original copolymers based on VDF units
and bearing perfluorobrominated side groups.

(2) Graft Polymerization of Styrene with Poly(VDF-co-
BDFO) Copolymers via ATRP. The fluorinated poly(VDF-
co-BDFO) copolymeric initiators bearing-CFBr dangling
groups were achieved by radical copolymerization of vinylidene
fluoride (VDF) and 8-bromo-#,1H,2H-perfluorooct-1-ene
(BDFO), initiated by 2,5-bigért-butylperoxy)-2,5-dimethyl-
hexane (DHBP), in 1,1,1,3,3-pentafluorobutane as the solvent,
at 134°C for 7 k#* (Scheme 4).

The synthesis of BDFO, reported in the Supporting Informa-
tion, was achieved in two steps: (i) by ethylenation of
commercially available B+CgF1,—Br, (ii) followed by the
dehydrobromination of the monoadduct in the presence of KOH
in methanol. After work up and distillation, the monomer,
characterized bjH, 1°F, and'3C NMR spectroscopies (Figures
1-3in the Supporting Information, respectively), was obtained
in 79% yield.

Three radical copolymerizations of VDF and BDFO
(Table 3) were carried out wusing an initial

and PDI= 1.7, experiment no. 3, Table 1, determined by SEC [initiator]o/([VDF]o+[BDFO]p) molar ratio Cg) ranging from
with poly(styrene) standards) was also studied by matrix-assisted0.8 to 1.2 mol % and [VDFRJ[BDFO] initial molar ratios (in

laser desorptionionization time-of-flight mass spectrometry
(MALDI —TOF—MS). The analyses were carried out in reflec-

feed) of 90/10 and 95/5, respectively. The initial amounts of

BDFO were chosen low (from 5 to 15% in feed) compared to

tron mode using 2,3,4,5,6-pentafluorocinnamic acid (PFCA) as that of VDF since a few amount of BDFO in the copolymer
the matrix. Sodium iodide was added as the cationization agent.was necessary to enable further initiation of styrene by ATRP

Consequently, a Nacation might be complexed with each

macromolecule. Figure 6 represents the MAEDIOF mass

via the brominated-CF,Br end group. The number 6fCF,-

Br moieties by chain ranged from 6 to 12 (number of BDE%V



9094 Sauguet et al. Macromolecules, Vol. 39, No. 26, 2006

A

T T T T
3700 3800 3900 4000
miz

T T
4000 6000

1
8000
m/Z

Figure 6. MALDI —TOF mass spectrum ofgE;;—poly(styrene) synthesized by ATRP usingFGBr as the initiator 1, = 4300 g mot?! and PDI

= 1.7 (experiment no. 3, Table 1) assessed by size exclusion chromatography with poly(styrene) standards) in 2,3,4,5,6-pentafluorocinnamic acid
(PFCA) as the matrix. Thesegki7—poly(styrene)s were Nacationized (addition of Nal in the polymeric solution). The data were acquired in a
reflectron mode. Experimental conditions:sfeBr]o:[styrene]:[CUBr]o:[HMTETA]o = 3.3:100.0:1.0:1.0; copper bromide (28.6 mgx210~*

mol), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (46.6 mg, 0% mol), GF17Br (0.33 g, 7x 104 mol), and styrene (2.08 g, 2
x 1072 mol) and 10.0 g of DMF, experiment no. 3, Table 1.

Scheme 3. Main Steps in the Atom Transfer Radical Polymerization (ATRP) of Styrene Initiated by 1-Bromoperfluorooctane

(C8F17Br)a
Initiation :
CsF1—Br + CuUBr ——»  CgF;~ + Cu'Bn
CgFpy  + ED — > (gF;y—CH,CH®
Propagation :

CeF17—CH,CH® &+ n Ej — c8F17—§CHZCH>—CHZCH°
n

Reversible termination :

cst—éCHQCH CH,CH® + Cu'Br, —— C8F17—€CH2CH>—Br + CuBr
nHm

6" O
Q HMTETA
o O

aHMTETA stands for 1,1,4,7,10,10-hexamethyltriethylenetetramine.

Scheme 4. Radical Copolymerization of Vinylidene Fluoride (VDF) with 8-Bromo-H,1H,2H-perfluorooct-1-ene (BDFO)
H,C=CF, + HyC=CH—C4F,—Br radical

poly(VDF - co- BDFO)
134 °C
VDF BDFO 1,1.1,3,3-pentafluorobutane

by chain= [BDFQ" copolymer ». N T/[(VDFn copolymer 5 |\|VDF) weights of VDF, BDFO and poly(VDEo-BDFO) copolymers
+ (BDFQn copolymer . MBDFO)] - where MVPF, MBDFO M, and to the compositions of VDF and BDFO in the copolymers,
VDFin copolymergnd BDFQP corolymercorrespond to the molecular  respectively). After reaction, the copolymers were precipit%%({/
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Scheme 5. Synthesis of Poly(vinylidene fluorided-poly(styrene) Graft Copolymers by Atom Transfer Radical Polymerization of
Styrenet

%(CHZCFZ)X—CHch } Ej > {(CHZCFZ)X—C[bCH%
: Cu'Br/HMIETA / DMF | y

FoBr— Y
CeF 1ol (e

90°C
poly(VDF-co-BDFO) (|3H2
CH
L,
Br
PVDEg-PS

aNote: VDF, BDFO, HMTETA, and DMF stand for vinylidene fluorid&;bromo-1H,1H,2H-perfluorooct-1-ené&,1,4,7,10,10-hexamethyltri-
ethylenetetramine, and dimethylformamide, respectively.

Table 4. Experimental Conditions of ATRP of Styrene Initiated by Poly(VDF-co-BDFO) Copolymer

initial concentrations temp
experiments [DMF]o:[styrened:[Br]o:[HMTETA] o:[CU'BI]o (°C) observations
10 100.0:100.0:1.0:1.0:1.0 110 cross-linking
11 100.0:100.0:1.0:1.0:1.0 90 styrene conversion-a8% followed by cross-linking
12 100.0:100.0:1.0:0.5:0.5 110 styrene conversion of 15% followed by cross-linking
13 100.0:100.0:1.0:0.5:0.5 90 styrene conversion of 20% followed by cross-linking
1l4a 500.0:100.0:1.0:0.0:0.0 90 low conversion of styrene (5%)
14b 500.0:100.0:1.0:0.5:0.5 90 polymerization, styrene conversioff 6%

DMF and HMTETA stand for dimethylformamide and 1,1,4,7,10,10-hexamethyltriethylenetetramine, respectively.

Table 5. Graft Copolymerization of Styrene Initiated by Poly(VDF-co-BDPO) Copolymers at 90°C (Poly(VDF-co-BDPO) Copolymers 8 in

Table 3)f

targeted theor exptl graft
expt  poly(VDF-co-BDFO) Mn ob Mye Mpd M
no. copolymer solvent  [Bg[styrene}:[CUBro:[HMTETA]2 (gmoll) (%) (gmoll) (gmoll) PDHE (gmol?d
15a 8 DMF 1.0:100.0:0.0:0.0 - - - 15 000 2.3 0
15b 8 DMF 1.0:100.0:0.5:0.5 125 000 70 92 000 90 800 2.2 8100
16 8 DMF 5.0:100.0:0.5:0.5 37500 70 30 000 28 300 25 1400
17 8 DMF 2.5:100.0:0.5:0.5 72 000 85 60 000 59 000 2.7 4000
18 8 DMF 1.0:100.0:0.5:0.5 130 800 70 91 000 78 000 2.6 6800

a[Br]o:[styrene}:[Cu'Br]o:[HMTETA] o is the initial molar ratio of bromine atom (macronitiator), monomer, CuBr, and ligand, respecti&tiyrene
conversion determined by gas chromatography andHbyNMR. ¢ Targeted molecular weights determined By = ng; (o0 x [styrene})/[Brlo +
Mn poly(vDF—g-BDFO), Wherea., [styrene}, [Br]o, Mn poly(vbr—g—BDFO), @ndng, represent the styrene conversion, the concentrations of styrene and of bromine
of poly(VDF—BDFO), the molecular weight of poly(VDE-BDFO) copolymers, and the number of bromine per chain, respecti¥®plecular weights
and polydispersity indexes determined by size exclusion chromatography (using styrene standards and UV #i€tedtanolecular weight calculated by
the equation graf¥l, = (Mpcorolymer— Minitial)/number of Br atom by chain, withi,coreymerdetermined by SEC after grafting of styre @ corresponding
to the molecular weight of poly(VDIEe-BDFO) copolymers before grafting of styrene. The molecular weights of the graft copolymers obtained by SEC
calibrated by linear poly(styrene) standards are apparbiate: DMF and HMTETA stand for dimethylformamide and 1,1,4,7,10,10-hexamethyltriethyl-
enetetramine, respectively (eq 1).

from cold pentane twice and, after drying, the products (soluble is assigned to—(CH,—CF,)—[CH;—CH(CgF12—CH,—CF,—

in acetone) were characterized By and °F NMR spec- Br)]— resulting from an insertion of VDF after homolytic
troscopies. _ _ cleavage of the €Br bond of BDFO under radic#is6? (see
Figure 4 in the Supporting Information represents e Figure 4 in the Supporting Information). It is remarkable to note

NMR spectrum of a poly(VDFeo-BDFO) copolymer from a  the great low field shift of the signal centered-a64.9 ppm
feed content of VDF/BDFO molar ratio of 95.0/5.0. First, it (assigned to—CF,—CF,—Br) to —43.2 ppm (assigned to
shows the characteristic signal centereet@t.4 ppm -CHy— —CH,—CF,—Br) that confirms previous work&.:62 However,
CF2—CH,—) resulting from the head-to-tail addition of VDF. o 1y0tioned below, the amount of transfer is low (3%). As
Mgrtlaover, ? serlesl of otr(ljer signals, also ass%ned to dIfIUOIrc)m'expected difluoromethylene side-group adjacent to CH in the
ethylene of VDF, located at+94.8,—113.8 and—116.0 ppm ' . .

attributed to difluoromethylene groups#(CH,—CF,)—(CFR— giélzt::%r;gr:iid;ﬁtg zinli\g 53 };)S;’)trirgr?gfi b_oltgglléogg]ri)asv)itn;f are
CH;)—(CH,—CF2)—(CHy—, —(CHz—CF2)—(CFR,—CH,)—(CHy— > s ' - : '

ané) —((Cljz—Clgz)—((CFzz—Cl(-lz)—z(CH:)—C(F;):Z— 54—62()) r(espzec- a slight overlapping with the signals centered in thEl7.1 to
tively (Table 1 in the Supporting Information). These three last ~123.1 ppm range attributed to the characteristic difluorom-
signals resulted from the inversion of VDF unit in the chain €thylene groups in the pendant chain of BDFO units. Finally,
(head-to-head addition). Furthermore, the signal centered atthe signal located at64.9 ppm is assigned to the difluorom-
—94.8 ppm is assigned to the difluoromethylene group of the ethylene group adjacent to the bromine atom in BDFO (Table
VDF unit adjacent to a BDFO unit. That located-e43.2 ppm 1 and Figure 4 in the Supporting Information). CDV
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Figure 7. Evolution of size exclusion chromatography (SEC) traces of poly(MDBDFO) (negative signal) and PVDgPS (positive signal)
copolymers after ATRP of styrene using poly(VB-BDFO) copolymer as the macroinitiator. [Bistyrene§:[HMTETA] o:[Cu'Br]o = 1.0:100.0:

0.5:0.5;T = 90°C, experiment no. 18 in Table 5. DMF and HMTETA stand for dimethylformamide and 1,1,4,7,10,10-hexamethyltriethylenetetramine,

respectively.
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Figure 8. Dependence of molecular weight®) and polydispersity
indexes A) of PVDF-g-PS copolymers vs styrene conversion for the
atom transfer radical polymerization (ATRP) of styrene using poly-
(VDF-co-BDFO) copolymers as the macroinitiators. [Bi3tyrene}:
[HMTETA] o:[CU'Br]o = 1.0:100.0:0.5:0.5T = 90 °C (experiment no.

18 Table 5). VDF, BDFO, HMTETA, and DMF stand for vinylidene
fluoride, 8-bromo-H,1H,2H-perfluorooct-1-ene, 1,1,4,7,10,10-hexam-
ethyltriethylenetetramine, and dimethylformamide, respectively. The
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BDFO is not able to homopolymerize, and the same behavior
was observed for the radical copolymerization of VDF with
perfluoroalkylvinyl ethe3:64 trifluorovinyloxyaryl mono-
mers®5862-pentafluorosulfanyl-1,1,2-trifluoroetheflegr HFP%8
Nevertheless, according to Table 3, it is clearly observed that
BDFO is active enough to be incorporated in sufficient amount
into the poly(VDFeo-BDFO) copolymers. In addition, three
statements can be deduced from these first results.

1. The radical copolymerization of both comonomers was
successfully achieved (Yield 50%) when the molar ratio of
BDFO in feed was lower than 10%, as evidenced by the
presence of the characteristitt and’H NMR signals of the
expected groups attributed to both monomers.

2. The fluorinated side chain keeps its bromine end atom
(—=CFR,—Br) in the course of the copolymerization.

3. By comparison between the integrals of the triplet of triplets
located at-43.2 ppm (assigned te CF,—CH,—CF,—Br%?) with
that of the triplet centered at64.9 ppm (attributed to the;R
CF,—Br of BDFO), the percentage of transfer to th&®;—Br

dotted straight line represents the theoretical curve. Note: The molecularside chain of BDFO comonomer was assessed by eq 5:

weights of graft copolymers obtained from SEC calibrated are apparent

values, which are smaller than the absolute molecular weights.

By comparison with the integrals of the multiplets located at
—43.2 ppm, in the-90.0 to—95.0 ppm and-113.8 to—116.0
ppm range (assigned to the difluoromethylene group of VDF)
with the signal centered at64.9 ppm (attributed to-CFBr

I
% of transfer to BDFG= 43.2 x 100= 3%

|—43.2+ |—64.9

®)

TheH NMR spectrum (Figure 5 in the Supporting Information)
exhibits the presences of the characteristic multiplets centered

in BDFO), the content of different comonomers can be assessedat 2.9 and 2.3 ppm assigned to the methylene group<H,—

(Table 3) as follows (eq 4):

IA
Ip+1g

mol % of VDF in the copolymer= x 100 (4)

With 1y = (143t 1914t | gagt | 1158
I_1169/2 andlg =1_4,42

The results are listed in Table 3. Indeed, tHE NMR

CF,—CH,;—CFR—CH,—CF,— and —CF,—CH;—CH,—CF,—
sequences resulting from the normal tail-to-head and reversed
tail-to-tail VDF additions. Furthermore, théd NMR spectra
show a triplet located at 1.0 ppmJGn = 7.5 Hz) generally
attributed to—CF,—CH,—CH3.5859This end group could result
from the direct initiation of CH® onto VDF, arising from the
decomposition (at 134C) of DHBP initiator which undergoes

a thermal decomposition by homolytical cleavage of the@D
bonds, hence generating tBti@dicals which produce GH

characterization of their microstructures evidenced that randomand acetone after rearrangemeifi

copolymers were obtained in which microblocks of PVDF were

The results of the copolymerization (experimental conditions

separated by one BDFO unit. This observation confirms that and feed vs contents of comonomers in the copolymers)cﬂ\e/
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Figure 9. *H NMR spectra of poly(VDFeo-BDFO) copolymer (upper figure) and PVDF-PS graft copolymer (lower figure) (recorded in deuterated
acetone). [Bif:[styrene}:[HMTETA] ¢:[Cu'Br]o = 1.0:100.0:0.5:0.5T = 90 °C (experiment no. 18 Table 5). VDF, BDFO, and HMTETA stand for
vinylidene fluoride, 8-bromo-,1H,2H-perfluorooct-1-ene, and 1,1,4,7,10,10-hexamethyltriethylenetetramine, respectively. The resonances located
at 2.75, 2.92, and 7.95 ppm are assigned to the chemical shifts of dimethylformamide.

summarized in Table 3. PVD§PS graft copolymers were The curve shifting to the left when the monomer conversion
synthesized by ATRP of styrene in the presence of these poly-was increasing indicates the evolution toward higher molecular
(VDF-co-BDFO) statistic copolymers (Scheme 5). weights. As above, SEC chromatograms (Figure 7) showed that

ATRP reactions were carried out in DMF. Actually, fluo- the negative signal (from a refractive index detector) of the
ropolymers such as PVDF exhibit poor solubility in solvents macroinitiator (arising from the presence of fluorinated seg-
commonly involved in ATRP process. This is the case for DMF Mments) changed into a positive one corresponding to the increase
while it is a suitable solvent of poly(VDEe-BDFO) macro- of hydrogenated polystyrene grafts with respect to the fluorinated
initiator. In fact, preliminary tests of radical polymerization of ~backbone. This is in agreement with a behavior noted for the
styrene using poly(VDRo-BDFO) copolymer as the macro- ~ Syntheses of PVDIg-PS graft® and PVDFb-PS blocR®20
initiator in the presence of CBr and HMTETA led to cross- copolymers. The absence of negative signal characteristic of
linking. The coupling of radicals of the side groups during the the poly(VDF€o-BDFO) macroinitiator in the ATRP of styrene
polymerization induced the formation of a network. This clearly demonstrates the grafting of styrene onto poly(VDF-
observation is in agreement with the results obtained by Zhang co-BDFO) copolymers. Moreover, the absence of a polymeric
and Russel3 On the other hand, this side reaction is also well- network exhibits that there is no coupling reaction between
known to synthesize telechelic compou@i€? Indeed, the Br pendant groups, and this confirms the efficiency of initial
constants of these terminations (such as the coupling reaction)conditions of ATRP.
are proportional té[P°]2. Various different parameters of ATRP Figure 7 in the Supporting Information plots the In([styrghe]
of styrene in the presence of the poly(VR2B-BDFO) copoly- [styrene]) vs time dependence. That linear relationship indicates
mers have been studied: the amount of ligand, the amount ofthat the polymerization is of first-order with respect to monomer
catalytic system (CuBr/HMTETA, CuBr/bipyridine), the reac- and that the concentration of active species is constant through-
tion temperature (ranging from 90 to 110) and the concentra-  out the reaction. The slope of the straight line enabled the
tion to reduce the amount of radicals in the medium. Tables 4 assessment of the “apparent” rate constig, which worths
and 5 summarize the initial conditions (reactant feed ratios, 0.0050 L mot?! s™1 at 90°C in DMF.
concentrations, and experimental conditions) to avoid any Figure 8 represents the plots of the molecular weights (from
coupling reaction and to improve the styrene conversion. SEC analysis) and the polydispersity indexes of PMPIFES

The evidence of that atom transfer radical polymerization was graft copolymers vs the styrene conversion. Interestinigly,
provided by monitoring the evolution of the molecular weights increases with styrene conversion while polydispersity index
of the resulting PVDRg-PS graft copolymers by SEC (Figure slightly decreases (from 2.3 attributed to the statistical macro-
7). initiator to 1.8 for that of the PVDF-PS graft copolymer) irbDV
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Figure 10. °F NMR spectra of poly(VDFeo-BDFO) copolymer (upper figure) and PVDFPS graft copolymer (lower figure) (recorded in
deuterated acetone). (Feed VDF/BDEO5/5 molar ratio; in the copolymer 93.9/6.1) [Ribtyrene:[HMTETA] o:[Cu'Br]o = 1.0:100.0:0.5:0.5;
T = 90 °C (experiment no. 18, Table 5). VDF, BDFO, and HMTETA stand for vinylidene fluoride, 8-bramaHL,2H-perfluorooct-1-ene, and
1,1,4,7,10,10-hexamethyltriethylenetetramine, respectively.

the course of the radical graft polymerization as a first evidence
of the controlled character. Moreover, the theoretical (dotted
straight line in Figure 8) and the experimental values are in
good agreement, and such a behavior confirms the controlled
character of the radical polymerization. The molecular weights
of the graft copolymers are apparent molecular weights, because
the SEC apparatus was calibrated with linear poly(styrene) '
standards. Indeed, the molecular weights of the graft copolymers’
are smaller than the “absolute” molecular weights because of
the compact structure probably linked to their different gyration Figure 11. DSC thermogram of PVDRg-PS graft copolymer (experi-
. f ment no. 18 in Table 5).
radius compared to these of linear PS.
The graft molecular weights calculated by the equation: bromine concentrations at initial time and styrene conversion,
respectively.
graftM, = Characterization of PVDF-g-PS Graft Copolymers. The
satisfactory reactivity of styrene was also evidenced by NMR
spectroscopy. Figure 9 exhibits typicdéd NMR spectra of a
. i . poly(VDF-co-BDFO) macroinitiator and a PVDB-PS graft
with Myeopobmer determined by SEC after grafting of styrene, copolymer. The characteristic signals centered at 3.0 and 2.5
Myl correspond to molecular weight of poly(VDfe-BDFO) ppm are attributed to the head-to-tail and tail-to-tail addition of
before grafting of styrene. ) . VDF units of the macroinitiator (Figure 8 in the Supporting
The theoretical curve was determined from the equation Information), respectively. The spectrum of the PVBPS graft
copolymer exhibits additional signals located in the-6/4
Mustheoretica™ [StYreneg x gy ,end[Brlo, ppm and 1.5-2.1 ppm ranges assigned to the aromatic protons
and to methylene and methyne groups of poly(styrene), respec-
where [styrene)] [Br]o, and asyrene Stand for the styrene and tively. In addition, the'H NMR spectrum confirms the absen&%v

0 50 100
Temperature (°C)

(M, CoPOYMer_ pq InBah i mber of Br atom per chain,
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Figure 12. TGA thermograms of poly(VDFo-BDFO) copolymer (dotted line, experiment no. 8 in Table 3) and P\EHFS graft copolymers
(full line, experiment no. 18 in Table 5) recorded under air.

of any signal in the 5.86.0 ppm range arising from possible backbone and it is obviously higher than that of PVDF because
dehydrofluorination of the VDFBDFO diads (the possible  of the presence of poly(styrene) grafts. The sechyid assigned
basicity of HMTETA might decompose VDF units, via hydrof- to that of poly(styrene) grafts. As th&; depends on the
luoric acid elimination). Furthermore, the absence of the molecular weight values, it is not surprising that the PS side
characteristic triplet of triplets centered at 6.15 ppm, assigned segments exhibit &, ranging from 80 to 100C since their
to —CR,CFH clearly indicates that no transfer reaction to the molecular weights are lower than 10 000 g moFor example,
solvent, to the monomer or to the polymer occurred onto the molecular weights of poly(styrene) grafts in the analyzed

—CsF10—CFR,° side radicals. graft copolymers were estimated at around 8100 g #nahd
The characterization of the microstructure of PVBHPS graft this explains such low value.
copolymers was also confirmed ByF NMR spectroscopy. The thermal stability of poly(VDFo-BDFO) copolymers

Figure 10 represents tH&F NMR spectra of a poly(VDFo- (Figure 9 of the Supporting Information) and of PVIQHRS
BDFO) macroinitiator and of PVDIg-PS graft copolymer. The  graft copolymers were obtained by thermogravimetric analyses
latter figure shows the absence of the signal located&8.0 (TGA) (Figure 12). The thermograms of poly(VDie-BDFO)
ppm assigned to the Ri—Br extremity, and evidences its good copolymers show a satisfactory thermal stability since the main
reactivity as a quantitative consumption -oR—Br units. As decomposition, assigned to the dehydrofluorination of VYDF
above, this spectrum shows the absence of both (i) the signalsBDFO diads, occurs from 350C (5% in weight loss under
at about—100 ppm confirming the absence of any dehydrof- air), while a second thermal degradation is noted from 450 to
luorination of the VDFBDFO diads which could occur inthe 490 °C characteristic of the PVDF backbone degradation. As
course of the ATRP reaction and (ii) that at abetit36.0 ppm expected, the thermograms of PVI@MRS graft copolymers
assigned to-CF,H end group in the €F1,H dangling group, show a lower thermostability than that of poly(Ve-BDFO)
which also evidences the absence of the transfer to the monomermacroinitiator arising from the low molecular weight of the
to the solvent, or to the polymer. The simplification of complex poly(styrene) grafts (of estimated molecular weights ca. 8100
signals assigned to the(CF,),—CFBr of BDFO in the—120.0 g mol1). Thus, their TGA thermograms exhibit high weight
to —125.0 ppm range is observed, this behavior arising from a losses in the 206250°C temperature range, as noted for PVDF-
certain symmetry of the perfluorinated chain also noted in VDF b-PS block copolymef8 showing a superior thermal stability
telomers’! for PVDF polymeric main chain or block.

Thermal Properties of PVDF-g-PS Graft Copolymers.The )
glass transition temperatureky) of PVDF-g-PS graft copoly- ~ €onclusion
mers were assessed by differential scanning calorimetry (DSC). For the first time, 1-bromoperfluorooctane was successfully
As expected, the thermograms exhibit two glass transition used as the initiator in the atom transfer radical polymerization
temperatures assigned to both blocks (Figure 11).Tghv&lues (ATRP) of styrene. The activation rate constant efFGBr (Kact

of poly(VDF-co-BDFO) copolymers incorporating-5L0 mol =35 x 103 M1 stat 35°C in acetonitrile) was assessed
% of BDFO were ranging from~16 to —11 °C, respectively, and compared to those of the most widely used initiators in
hence being higher than that of PVDFy(= —40 °C) because ATRP. The results show a better reactivity of the macromo-
of the presence of the-CgF1,Br grafts. After grafting poly- lecular chains in growth than thesi/Br initiator and explain

(styrene), the resulting graft copolymers exhibit tlys at about the difference between experimental and theoretical molecular
—30 and+90 °C. The first one corresponds to the PVDF weights. Nevertheless, the ATRP process of styrene &B%/
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confirmed from kinetics data, NMR spectroscopy and SEC.

Then, original macroinitiators comprising poly(vinylidene fluoride-
c0-8-bromo-H,1H,2H-perfluorooct-1-ene), poly(VDIEo-BDFO)

copolymers, prepared by radical copolymerization, initiated the
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