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ABSTRACT: The synthesis of poly(VDF-ter-TFMA-ter-HFP) terpolymers (where VDF, TFMA, and
HFP stand for vinylidene fluoride, R-trifluoromethacrylic acid, and hexafluoropropylene, respectively) and
their blends with silica filler for preparing original fluorocomposites are presented. First, the radical
terpolymerization of VDF, TFMA, and HFP by iodine transfer polymerization without any surfactant
was investigated in the presence of 1,6-diiodoperfluorohexane as the chain transfer agent. TFMAmonomer
was well incorporated, and the terpolymers were obtained in good yields (>65%). Themicrostructures of the
produced terpolymers were characterized by 1H and 19F NMR spectroscopy to assess the amounts of each
comonomer, themolecularweights, and the nature of the end groups of the copolymers.Molar percentages of
VDF, TFMA, and HFP were in the 45-80, 12-53, and 1-8 ranges, respectively, whereas the molecular
weights of the resulting terpolymers were ca. 5400-12 600 g 3mol-1. End groups were VDF-I only with a high
amount of CH2CF2-I. Then, these poly(VDF-ter-TFMA-ter-HFP) terpolymers were involved in the
preparation of the fluorinated polymers/silica nanocomposites by sol-gel reactions in the presence of
tetraethoxysilane and silica nanoparticles under alkaline and acidic conditions, respectively. Interestingly,
poly(VDF-ter-TFMA-ter-HFP) terpolymer/silica nanocomposites, which were prepared under alkaline
conditions, showed exceptional thermal properties because they were found to exhibit almost no weight loss
up to 800 �C.

Introduction

Fluoropolymers exhibit unique and remarkable properties,1-4

such as thermal stability, chemical inertness (to acids, bases,
organic solvents), low refractive indices, dielectric constants, and
dissipation factors, are hydrophobic, display excellentweathering
capabilities, and show interesting surface properties.Hence, these
high-value-added materials can find applications in many fields
of high technology: aeronautics,5 microelectronics,6 optics,7,8

textile finishing,9,10 the nuclear industry,11 paints and coatings,12

photovoltaic devices,13 and lithography.14 These specialty poly-
mers are usually produced by radical (co)polymerization of
fluorinated monomers. Among these polymers, poly(vinylidene
fluoride) (PVDF) plays an interesting role because its properties
(such as the chemical inertness, the resistance to acids and to
chemical agents, piezo-, pyroelectrical, and gas-barrier proper-
ties, and low toxicity) can be tuned and enhanced by the presence
of specific functional groups born by the backbone,15-17 that is,
adhesion, solubility, cross-linkability, ion exchange, and so on.
The strategy to insert functional groups in PVDF currently deals
with the radical copolymerization of fluoroalkenes with a func-
tional fluorinated or nonhalogenated monomers.

In fact, vinylidene fluoride (VDF) has been copolymerized
with various fluorinated monomers,4,16,17 and the resulting

copolymers bear functionality such as hydroxy,17 carboxylic
acid,18-20 acetoxy,17 thioacetoxy,17 sulfonyl fluoride,17 nitrile,17

trialkoxysilane,21,22 bromine,23 or a pentafluorosulfonyl22 group.
An interesting way to insert a carboxylic acid function (which

opens up to various further chemical modifications) arises from
the copolymerization of VDF with comonomers containing such
acid group. Actually, acrylic acid (AA) or methacrylic acid
(MAA)25 are too reactive (their propagation rates, kp, are very
high compared with that of VDF26) to lead to poly(VDF-co-
(M)AA) copolymers containing a too-low content of VDF.19 In
contrast, R-trifluoromethacrylic acid (TFMA) does not homo-
polymerize under radical conditions27,28 but has already evi-
denced a satisfactory reactivity with VDF.18 In addition, its
conventional free-radical terpolymerization with VDF and hexa-
fluoropropylene (HFP)18 was successfully carried out in organic
solvent. Iodine transfer polymerization (ITP)29 has been chosen
because this is a suitable technique that is able to control the
polymerization of fluorinated olefins.30Nanocompositesmade of
polymers have shown exceptional properties, but few fluoropo-
lymer/nanofillers blends composites have been reported.31 There
is a real challenge to disperse nanofillers in fluorinated polymers,
although examples on PVDF are scarce. Among them, PVDF/
nanofiller or PVDF/clay nanocomposites have been investigated,
and four examples are given hereafter. First, Lui et al.32 studied
the effect of montmorillonite clay containing various quater-
nary alkylammonium salts for the preparation of gel PVDF
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nano-composite electrolytes for lithium ion batteries. The result-
ing materials showed better film formation, solvent-maintaining
capability, and dimensional and electrochemical stabilities
and enhanced ionic conductivity (reaching a value up to 103

mS 3 cm
-1) than electrolyte films without any added organophilic

clays. The same year, Priya and Jog33 obtained PVDF/clay
nanocomposites by melt intercalation with organophilic bento-
nite clay (Cloisite 6A-treated with dimethyl dehydrogenated
allowed quaternary ammonium chloride) and noted three major
features: (i) PVDF in the nanocomposites crystallized in the β
form33 (which was stable after thermal annealing34); (ii) an
enhanced rate of crystallization with the addition of clay; and
(iii) significant improvement in the storage modulus over the
temperature range of -100 to 150 �C. Then, Dillon et al.35

investigated the PVDF/nanoclay composites prepared by both
solution casting and coprecipitation methods and using three
nanoclay morphologies (exfoliated, partially intercalated, and
phase-separated morphology). From solution cast samples,
phase separation and intercalation occurred, depending on the
organic modifiers, whereas complete exfoliation of the nanoclays
was noted in the coprecipated nanocomposites. Chung’s group36

prepared nanocomposites on the basis of PVDF as an original
“polymeric surfactant”, which showed interfacial activity in the
exfoliated fluoropolymer/clay nanocomposites.

Wuet al.37 obtainedmatrices for high-conducting, low-leakage
porous polymer electrolytes poly(VDF-co-HFP) copolymers/
metaloides (TiO2, MgO, ZnO, BaTiO3) that led to original con-
ducting porous polymer electrolytes with improved conductivity
than that of pure poly(VDF-co-HFP) copolymers. In addition,
PVDF composite membranes filled with different weight frac-
tions of SiO2 nanoparticles have been prepared by a blending
method for organic-inorganic hybrid fuel cell membranes38 that
exhibit high thermal stability, improved selectivity, andmoderate
membrane conductivity and may be suitable for use in the
electrodriven separation processes. A more recent strategy also
led to fuel cell membranes from sol-gel process39 involving
poly(VDF-ter-VTEOS-ter-PFSVE) terpolymers (where VTEOS
and PFSVE stand for vinyl triethoxysilane and perfluoro-
(4-methyl-3,6-dioxaoct-7-ene) sulfonyl fluoride, respectively).

Many other groups also investigated the preparation of
original composites made of PVDF and nanofillers40-44 or in
blends with poly(styrene)-b-poly(vinylpyridine)-b-poly(ethylene
oxide) triblock tercopolymers.45

Recently, Sawada’s group46 has been able to encapsulate (or to
blend) diamonds47 or silica48 with RF-(AA)nRF triblock cool-
igomers. No similar work involving copolymers based on VDF
has already been achieved. However, few investigations on
composites based on copolymer containing VDF and silica have
been reported, and itwasworth revisiting it. Hence, the objectives
of this Article concern the preparation of stable fluoropolymer
nanocomposites from mixing nanosilica with poly(VDF-ter-
TFMA-ter-HFP) terpolymers.

Experimental Part

Materials. VDF (or 1,1-difluoroethylene, b.p. = -82 �C),
HFP (b.p.=-28 �C), and TFMAwere kindly offered by Solvay
S.A. (Tavaux, France andBrussels, Belgium) andTosohF-Tech
Company (Shunan, Japan), respectively. 1,6-Diiodoperfluoro-
hexanewas purchased atUgarit (France). It wasworked upwith
sodium thiosulfate and then distilled prior to use. Na2S2O8

(purity 99%) was purchased from Aldrich. Acetonitrile, di-
methylformamide (DMF), tetrahydrofuran (THF), methanol,
methylethylketone, and dimethylacetamide (DMAc) of analy-
tical grade were purchased from Aldrich Chimie, 38299 Saint
Quentin-Fallavier, France. Silica-nanoparticle methanol solu-
tion [30 wt% average particle size: 11 nm (Methanol Silica-sol)]
and tetraethoxysilane (TEOS) were supplied by Nissan Chemical

Industrials, Tokyo, Japan and Tokyo Chemical Industrial
(Tokyo, Japan), respectively. They were used as supplied.

Analyses. The compositions and the structures of the diiodo-
fluorotelechelic oligomers obtained by ITP were determined by
19F and 1H NMR spectroscopies. The NMR spectra were
recorded on Bruker AC 250 or 400 (250 or 400 MHz) instru-
ments using deuterated acetone, dimethylsulfoxide (DMSO) or
DMFas the solvents and tetramethylsilane (TMS) (orCFCl3) as
the reference for 1H (or 19F) nuclei. Coupling constants and
chemical shifts are given in hertz and ppm, respectively. The
experimental conditions for 1H (or 19F) NMR spectra were the
following: flip angle 90� (or 30�), acquisition time 4.5 s (or 0.7 s),
pulse delay 2 s (or 5 s), number of scans 16 (or 64), and a pulse
width of 5 s for 19F NMR.

Size exclusion chromatography (SEC) analyses were per-
formed with a Spectra-Physics apparatus equipped with two
PLgel 5 μmMixed-C columns fromPolymer Laboratories and a
Spectra Physics SP8430 refractive index (RI) detector. (The
signals assigned to poly(VDF-ter-TFMA-ter-HFP)-I terpoly-
mers gave negative values.) DMF containing 1.5 wt % LiCl
was chosen as the eluent at T = 40 �C, with a flow rate of
0.8 mL min-1. Monodispersed standards were poly(styrene)s
purchased from Polymer Laboratories.

19Fmagic-angle spinning (MAS)NMRspectrawere recorded
at room temperature using JEOL JNM-ECA500 with 3.2 mm
19F MAS probe. Fourier-transform infrared (FTIR) spectra
were measured using a Shimadzu FTIR-8400 FT-IR spectro-
photometer (Kyoto, Japan). We recorded thermal analyses by
increasing the temperature from room temperature to around
800 �C (at a heating rate of 10 �C/min) under atmospheric
conditions by using a BrukerAXSTG-DTA2000SAdifferential
thermobalance (Kanagawa, Japan). Dynamic light scattering
(DLS) measurements were performed by means of an Otsuka
Electronics DLS-7000 HL (Tokyo, Japan) apparatus. The
zeta potential was assessed by the use of a Microtec Nition
ZEECOM/ZC-2000 (Chiba, Japan) apparatus.

Field-emission scanning electron microscopy (FE-SEM)
images were measured by using a JEOL JSM-5300 (Tokyo,
Japan) apparatus.

Reaction in Autoclave. Iodine transfer terpolymerizations of
VDF, TFMA, and HFP were carried out in deionized water in
the presence of 1,6-diiodoperfluorohexane as the CTAs and
initiated by Na2S2O8 at 80 �C. A 160 mL Hastelloy (HC-276)
autoclave, equipped with inlet and outlet valves, a manometer,
and a rupture disk, was degassed and pressurized with 30 bar of
nitrogen to check eventual leaks. Then, a 7 mmHg vacuum was
operated for 30 min. Under vacuum, 0.904 g (0.0038 mol) of
Na2S2O8, 4.12 g (0.0075 mol) of 1,6-diiodoperfluorohexane,
10.22 g (0.073 mol) of TFMA, and 80.0 g of deionized water
were transferred to the autoclave. Then, by double weighing,
10.0 g (0.10 mol) of VDF and 3.4 g (0.023 mol) of HFP were
introduced to the mixture. Afterward, the autoclave was pro-
gressively heated to 80 �C by carrying out various plateaus at
50, 60, and 70 �C for 2 min. A small exotherm of ca. 5 �C was

Scheme 1. Iodine Transfer Terpolymerization of Vinylidene Fluoride,
r-Trifluoromethacrylic Acid and Hexafluoropropylene Performed in

the Presence of 1,6-Diiodoperfluorohexane
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observed; then, a sharp drop of pressure to 10 bar occurred.
After 6 h of reaction, the autoclave was placed in an ice bath for
∼60min, and 3 g of unreactedVDFandHFPwere progressively
released (conversion 78%). After opening the autoclave, about
100 g of latex miniemulsion was obtained. Water was removed
by lyophilization (evaporation at -90 �C under 10 mbar).
The TFMA was eliminated by precipitation from methanol
to obtain a terpolymer (yield= 70-85%) as a white powder.

The sample was characterized by 19F and 1H NMR spectrosco-
py and SEC analysis.

The poly(VDF-ter-TFMA-ter-HFP) terpolymers are soluble
in polar solvents, such as acetone, DMF, dimethylacetamide,
DMSO, NMP, THF, and methylethyl ketone.

Preparation of Poly(VDF-ter-TFMA-ter-HFP) Copolymers/

Silica Gel Nanocomposites under Alkaline Conditions. To a
methanol solution (4 mL) of poly(VDF-ter-TFMA-ter-HFP)

Figure 1. (a) Expansion of the-56 to-134 ppmzone of the 19FNMRspectrum (registered in acetone-d6) of poly(VDF-ter-TFMA-ter-HFP) terpolymer,
synthesized in emulsion (runGKE9 inTable 1). Initialmonomermolar ratio ofVDF/TFMA/HFP64/27/9; terpolymer compositionofVDF/TFMA/HFP
49/53/7. (b) Expansion of the 0.6-4.2 ppm zone of the 1H NMR spectrum (registered in acetone-d6) of poly(VDF-ter-TFMA-ter-HFP) terpolymer,
synthesized in emulsion (run GKE9 in Table 1). Initial monomer molar ratio of VDF/HFP/TFMA 64/27/9 mol %; terpolymer composition of VDF/
TFMA/HFP 49/53/7 (VDF, TFMA, and HFP stand for vinylidene fluoride, R-trifluoromethacrylic acid, and hexafluoropropylene, respectively).
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terpolymers [Mn=5900 (0.20 g)] were added 0.10 mL of TEOS,
and 30 wt % silica-nanoparticle methanol solution [0.67 g;
average particle size: 11 nm (Methanol Silica-sol (TR)), and
25% aqueous ammonia solution (0.10 mL)]. The mixture was
stirred with a magnetic stirring bar at room temperature for 2 h.
After the solvent was evaporated off, 25 mL of methanol was
added to the obtained crude products. The methanol solution
was then stirred with a magnetic stirring bar at room tempera-
ture for 2 days and then was centrifuged for 30 min. The
produced fluorinated nanocomposite was easily separated from
the methanol solution. Fluorinated nanocomposite powders
thus obtained were dried in vacuo at 50 �C for 2 days to afford
purified particle powders (0.08 g).

Preparation of Poly(VDF-ter-TFMA-ter-HFP) Copolymers/

Silica Gel Nanocomposites under Acidic Conditions. To a metha-
nol solution (10 mL) of poly(VDF-ter-TFMA-ter-HFP) terpo-
lymers [Mn=5900 (0.10 g)] were added 0.25 mL of TEOS and 1
N HCl (0.38 mL). The mixture was stirred with a magnetic
stirring bar at room temperature for 2 h. After the solvent was
evaporated off, 13 mL of methanol was added to the obtained
total product mixtures. The methanol solution was then stirred
with a magnetic stirring bar at room temperature for 2 days
and then was centrifuged for 30 min. The produced fluorinated
nanocomposite was easily separated from the methanol solu-
tion. Fluorinated nanocomposite powders thus obtained were
dried in vacuo at 50 �C for 2 days to afford purified particle
powders (0.04 g).

Results and Discussion

The radical terpolymerization of VDF with TFMA and HFP
was carried out in aqueous solution (initiated by Na2S2O8 at
80 �C) in the presence of telechelic 1,6-diiodoperfluorohexane in
water (Scheme 1) to obtain a stable emulsion. The polymer chain
is composed of several VDFunits (or even of oligo(VDF) blocks)
separated by one TFMA unit due to the nonpropagation of
TFMA27,28 and random distribution of HFP.

At the end of the terpolymerization, the total product mixture
was freeze-dried and then lyophilized to remove water. These
products were precipitated from methanol and characterized by
1H and 19F NMR and by SEC.

Characterization of the Microstructure of Poly(VDF-ter-
TFMA-ter-HFP)Terpolymers byNMRSpectroscopy.Figure 1a
represents the 19F NMR spectrum of the dried poly(VDF-ter-
TFMA-ter-HFP) terpolymer produced from an initial [VDF]0/
[TFMA]0/[HFP]0 molar ratio of 62/29/9 and in the presence of
IC6F12I as the chain transfer agent (CTA). This spectrum shows
the characteristic peak centered at-92 ppm (of small intensity)
assigned to the difluoromethylene groups located in the head-to-
tail VDF chaining (i.e., normal VDF addition, -CH2-CF2-
CH2-CF2). The signals centered at -93.8 ppm (of high in-
tensity) correspond to the difluoromethylene group of the VDF
unit adjacent to a TFMA unit.18,20 This arises from a micro-
structure of the terpolymer composed of poly(VDF-alt-TFMA)
blocks separatedbyoneHFPunit.Hence, it is noted the absence
of signals centered at -113.4 and -115.7 ppm assigned to the
CF2 groups in -CH2-CF2-CF2-CH- and -CH2-CF2-
CF2-CH2- sequences, characteristic of the head-to-head addi-
tion of VDF adduct, which is also a clear evidence of the
controlled of that terpolymerization, as reported in the ITP of
VDF.30,53,54 A broad peak at -68.1 ppm is attributed to the
fluorine atoms in the-CF3 groupofTFMA incorporated in the
copolymer,18,20,49 whereas the signal of themonomer appears to
be a single signal at -65.3 ppm. The characteristic signals of
HFPunits are centeredat-72,-121, and-182ppmassigned to
CF3, CF2, and CF groups, respectively. The incorporation of
difluoromethylene units in CTA is evidenced by the signals
centered at -122, -124, and -112.2 ppm assigned to central
-(CF2)2- and -(CF2)2-CF2-CH2 groups in CTA,20,50,51

respectively, as useful labels to assess the numbers of VDF,
HFP, and TFMA units (eqs 1-3).

The characteristic end groups of the terpolymers termi-
nated by a VDF unit appear at -40.0 and -108.0 ppm,
which are assigned to -CH2CF2I and -CF2CH2I, respec-
tively. The presence of two different end groups was ex-
plained by the special ability of VDF to undergo the addition
of a macroradical onto the CH2d site (normal addition,
major proportion (95mol%), yielding head-to-tail addition)
but also onto the CF2d one (reverse addition, minor propor-
tion (5 mol %), yielding head-to-head addition). It is worth
noting that the sum of-CF2I and-CH2I (termination by a
VDF unit) corresponds to total end chains. This proves the
absence of end chain terminated by a TFMA unit (-C(CF3,
CO2H)-I) or by (HFP)I because CF2CF(CF3)I and CF2-
CFICF3 should lead to signal centered at -60 and -145
ppm, respectively (Figure 1a).52 Both the weak stability of
the C-I bond and the steric hindrance from the presence of
both CF3 and CO2H groups support this hypothesis. More-
over, the absence of the -CF2-I end group for high-
molecular-weight material was observed (Table 1). This
result can also be explained by the difference of reactivity
between -CF2I and -CH2I species, as noted in previous
works on the ITP of VDF.20,24,53,54 Thus, -CF2I species is
more reactive than-CH2I, which explains the accumulation
of -CH2I in the course of the copolymerization. In con-
clusion, the suggested decreasing order of reactivity is as
follows: -C(CF3)-I > -CF2-I > -CH2-I.

Examination of the 19F NMR spectra allowed us to assess
the DPn,experimental,VDF (i.e., the number of VDF units), that
of TFMA, DPn,experimental,TFMA (i.e., the number of TFMA
units), and HFP, DPn,experimental,HFP (i.e., the number of
HFP units) in the terpolymer from eqs 1-3.
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�Z
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Z
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Table 1. Molecular Characteristic Features of the Poly(VDF-ter-
HFP-ter-TFMA) Terpolymers Utilized in this Studya

sample
Mn (g/mol)

(assessed by 19F NMR)
mol %
of VDF

mol%
of HFP

mol %
of TFMA PDI

GKB6 5400 80 8 12 1.4
GKE9 12 300 46 6 48 1.8
GKE15 5900 48 1 51 1.5

aMn, PDI, VDF, TFMA, and HFP stand for average molecular
weight in number, polydispersity index, vinylidene fluoride, R-trifluor-
omethacrylic acid, and hexafluoropropylene, respectively.
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where (
R

CFx
at-ippm represents the integral of the signal

centered at -i ppm assigned to CFx (x=2 or 3).
For example, from run GKE-15 (Table 1), eqs 1-3 in-

dicate that poly(VDF-ter-HFP-ter-TFMA) terpolymer is
composed of 25 VDF, 0.5 HFP, and 26.5 TFMA units,
hence leading to an average molecular weight, Mn=5900.

The 1H NMR spectrum (Figure 1b) confirms the terpoly-
merization of TFMA by the absence of signals at 6.5 and at
6.7 ppm assigned to the methylene group of the double bond
(CH2d) of TFMA monomer. The spectrum also shows
different multiplet and triplet centered in the 2.7 to 3.1
ppm range and 3.6 ppm attributed to -CH2- of VDF and
TFMAand to-CF2CH2-I, respectively. The absence of the
triplet of triplets centered at 6.3 ppm, assigned toHCF2CH2,
is evidence that there is no observable transfer to water, to the
monomers, or to the copolymer. The absence of signal
centered in the 2.3 to 2.5 ppm range attests the absence
of tail-to-tail addition of VDF (i.e., -CF2-CH2-CH2-
CF2-), which is also an evidence of the controlled behavior
of the terpolymerization, as noted for the iodine transfer
homopolymerization of VDF53,54 in the iodine transfer copo-
lymerizations of VDF with perfluoromethyl vinyl ether,51 or
with TFMA,20 and the iodine transfer terpolymerization of
VDF with HFP and pentafluorosulfonyle monomers.24

The presence of end group, such as-CF2I or-CH2I, can be
exploited to incorporate a range of chemical functionalities,
such as alcohol, carboxylic acid, azido, ester, and allylic func-
tions4,16,17 or to synthesize block polymers.17However,-CH2I
end group is less reactive54 and cannot easily react onto another
monomer (to lead to block copolymer), and its modification
under nucleophilic substitution should induce some dehydro-
fluorination of VDF units in VDF-HFP dyads.4,17

The -CF2I amount in the poly(VDF-ter-HFP-ter-TFMA)
terpolymer decreases with the number of VDFunits inserted in
the polymer chain. This result was also observed in the case of
thehomopolymerizationofVDF,53,54 the copolymerizationsof
VDFwith perfluoromethyl vinyl ether51 or with TFMA,20 and
the terpolymerization of VDF with HFP and pentafluorosul-
fonyle monomers.24 This can be explained by the inversion of
VDFduring the polymerization and the difference of reactivity
between-CH2I and-CF2I endgroups shownby their transfer
constants (Ctr=7.7 and 0.3, respectively at 75 �C).54

The comparison of different polymerizations, that is, the
homopolymerization of VDF,50 the copolymerization of
VDF and TFMA,20 and the terpolymerization of VDF with
HFP and 1,1,2-trifluoro-2-pentafluorosulfanylethylene,24

exhibits a similar trend on the evolution of -CF2I function-
ality versus the number of VDF units. However, the terpo-
lymer induced a less significant decrease. Presently, the
explanation is not clear, but it is possible to claim that the
insertion of HFP- and SF5-containing monomers24 can limit
the inversion of VDF by the electronic effect or by the steric
hindrance of their CF3 and SF5 side groups.

When the feed VDFpercentage is higher than 75mol%, the
incorporationofVDF in the copolymerwas alwayshigher than
that in the initial composition. This showed that TFMA and
HFPare less reactive thanVDF,as evidencedby their reactivity
ratios, rTFMA=0and rVDF=1.618,20 and rHFP=0and rVDF=3
to 517 at 80 �C. However, as noted in a previous work,18 when
feed VDF percentage is lower than 70 mol %, an alternating
tendency of VDF and MTFA is observed, hence leading to a
random microstructure where poly(VDF-alt-TFMA) alter-
nated blocks are separated by one HFP unit.

2. Assessment of the Molecular Weights of Poly(VDF-ter-
TFMA-ter-HFP)-I Terpolymers. As expected for the ITP,29

the polydispersity indices (PDIs) are close to 1.4 to 1.8 and
indicate a certain control of the radical polymerization.30

Themolecularweights of the copolymers can also be tuned
by varying the CTA concentration. The targeted molecular
weights were determined from eq 4. Table 1 shows that
these values are in good agreement with experimental ones
assessed by NMR (from average degree of polymerization
assessed from eqs 1-3).

Mn, targeted ¼ ð½VDF�0 �MVDF þ ½TFMA�0 �MTFMA þ ½HFP�0
�MHFPÞ=ð½CTA�0ÞþMCTA ð4Þ

where [i], MTFMA, MVDF, MHFP, and MCTA stand for the
number of i base units and the molar masses of TFMA
(140 g 3mol-1), VDF (64 g 3mol-1), HFP (150 g 3mol-1), and
CTA (554 g 3mol-1), respectively.

In addition, the SEC results show a good correlation with
the molecular weights assessed by NMR, and as mentioned
above, a low PDI (1.4 to 1.8).

As expected,18,20 the increase in the TFMA concentration
in the feed ratio favored an increase in the TFMAmonomer
in the copolymers.

Preparation of Poly(VDF-ter-TFMA-ter-HFP) Terpoly-
mers/Silica Gel Nanocomposites. Poly(VDF-ter-TFMA-ter-
HFP) terpolymers exhibit a good solubility in water and polar
organic solvents such as methanol, ethanol, dimethyl forma-
mide, dimethyl acetamide, and tetrahydrofuran. They also
exhibit a stimuli thermoresponsive behavior because poly-
(VDF-ter-TFMA-ter-HFP) terpolymers disassembled upon
heating above 50 �C and reassembled upon cooling.45 Further-
more, they may be regarded as novel fluorinated polysoaps,
which can form self-assembled fluorinated aggregates in these
solvents.46,48 The size of fluorinated polymeric aggregates was
assessed in methanol by the DLS measurements at 25 �C, and
the size of the aggregates was found to be nanometer-size-
controlled (76 ( 8 nm). ABA triblock-type fluorinated poly-
soaps such as fluoroalkyl end-capped acrylic acid oligomer
[RF-(CH2CHCOOH)n-RF; RF = fluoroalkyl groups] were
previously reported to form similarly nanometer-size-con-
trolledmolecular aggregates in aqueousandorganicmedia.46,48

In addition, these fluorinated oligomers were applied to
the preparation of fluorinated oligomers/silica nanocompo-
sites that can exhibit interesting characteristics imparted by
both fluorine and silica nanoparticles.48 Actually, many
hydrogenated polymers mixed with TEOS and cross-linked
via a sol-gel process led to hydrogenated polymers/silica
composites and were recently reviewed.55 Hence, for the first
time, novel poly(VDF-ter-TFMA-ter-HFP) terpolymers/silica
nanocomposites were prepared by sol-gel reactions of the
corresponding fluorinated terpolymer with TEOS and silica
nanoparticles inmethanolunder alkaline andacidic conditions,
respectively. These results are displayed in Scheme 2.

Hence, poly(VDF-ter-TFMA-ter-HFP) terpolymers/sili-
ca composites were produced in 17-24% isolated yields
under alkaline or acidic conditions. These fluorinated silica
composites thus obtained were found to exhibit good dis-
persibility and stability not only in water but also in metha-
nol, ethanol, and tetrahydrofuran. The size of these
fluorinated composites in methanol was assessed by DLS
at 25 �C. These composites are nanometer-size-controlled
(24-137( 2-23 nm) fine particles. The size of each compo-
site was found to increase effectively by the nanocomposite
reactions compared with the parent silica nanoparticles
(11 nm), indicating that core (silica nanoparticle)/corona
(fluorinated copolymer)-type nanoparticles should be
smoothly produced by sol-gel reactions (Scheme 2). In
particular, fluorinated terpolymer should be incorporated
homogeneously into the silica gel nanoparticles that include
thehydrolyzateofTEOS,utilizinghydrogen-bonding interaction
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between the silanol groups and carboxyl groups of terpoly-
mer to afford expected fluorinated terpolymer/silica nano-
composites depicted in Scheme 3.

The thermal properties of these new poly(VDF-ter-
TFMA-ter-HFP) terpolymers/silica nanocomposites
were investigated by thermogravimetric analyses (TGA)
under air. The weight loss of these nanocomposites was

measured by increasing the temperatures to ∼800 �C at a
heating rate of 10 �C/min. Figures 2 and 3 display the
thermograms of the poly(VDF-ter-TFMA-ter-HFP) ter-
polymers and of the poly(VDF-ter-TFMA-ter-HFP) ter-
polymers/silica nanocomposites achieved under either
alkaline (Figure 2) or acidic (Figures 3) conditions,
respectively.

Scheme 2. Preparation of Poly(VDF-ter-TFMA-ter-HFP) Terpolymer/Silica Nanocomposites

Scheme 3. Schematic Illustration of Poly(VDF-ter-TFMA-ter-HFP) Terpolymer/Silica Nanocomposites

Figure 2. TGA thermograms under air of silica gel, parent poly(VDF-ter-TFMA-ter-HFP) terpolymer (Mn = 5900 g 3mol-1), and poly(VDF-ter-
TFMA-ter-HFP) terpolymer/SiO2 nanocomposites, the size of which are (a) 37.0 nm (run 2, Scheme 2) and (b) 23.7 nm (run 1, Scheme 2) achieved by
alkaline sol gel procedure (where VDF, TFMA, and HFP stand for vinylidene fluoride, R-trifluoromethacrylic acid, and hexafluoropropylene,
respectively).
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The weight of parent poly(VDF-ter-TFMA-ter-HFP) ter-
polymersmarkedly dropped around 255 �Cand decomposed
completely at ca. 500 �C. First, a decarboxylation of MTFA
units occurred, followed by the dehydrofluorination of
VDF-HFP dyads. A similar tendency was observed in poly-
(VDF-ter-TFMA-ter-HFP) terpolymer/silica nanocompo-
site, which was prepared under acidic conditions, and a
quasi-constant value for its weight loss was observed above
500 �C. Differential thermal analyses (DTA) (Figure 4) of
this nanocomposite in air atmosphere (heating rate: 10 �C/min)
showed that as the temperature reached∼350 �C, exothermic
phenomenon occurred, and a sharp exothermic peak was
noted around 490 �C, which arises from the complete
decomposition of poly(VDF-ter-TFMA-ter-HFP) terpoly-
mers in the nanocomposite.

Poly(VDF-ter-TFMA-ter-HFP) terpolymer/silica nano-
composites, which were prepared under alkaline conditions,
were unexpectedly found to exhibit almost no weight loss
even after calcination at 800 �C as well as that of the original
silica gel (Figure 2). Additionally, DTA measurements did
not show any clear exothermic peak for these nanocompo-
sites (Figure 4b). This result may arise from the exceptional
thermal stability of these nanocomposites, even at 800 �C.

To clarify the surface morphology of these nanocompo-
sites, we measured the mean zeta potential of well-dispersed

aqueous solutions based on poly(VDF-ter-TFMA-ter-HFP)
terpolymer/silica nanocomposites that do not show any
weight loss (run 1, Scheme 2), and the results are supplied
in Table 2.

The mean zeta potential of poly(VDF-ter-TFMA-ter-
HFP) terpolymers/silica nanocomposite (run 1, Scheme 2)
before calcination had a negatively enhanced charge
(-20.9 mV) compared with that of the original silica nano-
particle (-11.7 mV, Table 2), indicating that negatively
charged carboxyl groups in fluorinated copolymer should
be arranged on the composite particle surface through the
nanocomposite reactions in Scheme 2. A similar negatively
enhanced charge (-18.4mV)was obtained in poly(VDF-ter-
TFMA-ter-HFP) terpolymers/silica nanocomposite that
possess a clear weight loss behavior. The decrease in the
negatively charged values from -20.9 to -14.1 mV in the
calcinated nanocomposites demonstrates that the carboxyl
groups onto the particle surfaces can be partially consumed
all along the calcination process. These results suggest that a
certain core/corona (silica nanoparticle/fluorinated copoly-
mer containing carboxyl groups)-type nanoparticles could
be smoothly prepared by the sol-gel reactions mentioned in
Table 3.

The field-emission scanning electron micrograph (FE-
SEM) of poly(VDF-ter-TFMA-ter-HFP) terpolymer/silica
nanocomposite (runs 1 and 2 in Table 3) before and after

Figure 3. TGA thermograms of various poly(VDF-ter-TFMA-ter-
HFP) terpolymers/silica nanocomposites obtained by acidic sol gel
procedure (Scheme 2) under air compared with silica gel (where VDF,
TFMA, and HFP stand for vinylidene fluoride, R-trifluoromethacrylic
acid, and hexafluoropropylene, respectively).

Figure 4. Differential thermal analyses of poly(VDF-ter-TFMA-ter-HFP) terpolymer/SiO2 nanocomposites: (a) weight loss for nanocomposites
synthesized from acidic sol gel conditions and (b) no weight loss for nanocomposites synthesized from alkali sol gel conditions (run 1, Scheme 2).

Table 2. Particle Size and Zeta Potential of Poly(VDF-ter-TFMA-
ter-HFP) Terpolymers/Silica Nanocomposite before and after Cal-

cinations

composites particle size (nm) zeta potential (mV)

before calcination 24a -20.9
after calcination 50a -14.1
original silica nanoparticle 11 -11.7

aDetermined bydynamic light scatteringmeasurements (whereVDF,
TFMA, and HFP stand for vinylidene fluoride, R-trifluoromethacrylic
acid, and hexafluoropropylene, respectively).

Table 3. Mean Diameter (Assessed by Field-Emission Scanning
Electron Micrograph, FE-SEM) of Poly(VDF-ter-TFMA-ter-HFP)

Terpolymer/Nanocomposites before and after Calcinations

mean diameter (nm)

before calcination after calcination

run 1 53 20
run 2 17 24
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calcination showed the formation of fine particles, respec-
tively, and the mean diameter of these nanocomposite par-
ticles is listed in Table 3 (from Figures 5-8).

Interestingly, the similar particle sizes were observed
before and after calcinations (Figures 5-8). In addition, it
was noted that the white color of all nanocomposite powders
did not change before and after calcination at 800 �C.

To confirm the absence of weight loss, we characterized
calcinated poly(VDF-ter-TFMA-ter-HFP) terpolymer/
silica nanocomposites prepared under alkaline (Run 1,
Scheme 2) and acidic conditions (Run 3, Scheme 2) by 19F
MAS NMR spectroscopy (Figure 9).

The 19F MAS NMR spectrum of each poly(VDF-ter-
TFMA-ter-HFP) terpolymer/silica nanocomposite before
calcination exhibits the characteristic signals centered be-
tween-50 and-80ppmand in the-100 to-130 ppmrange,
assigned to CF3 and to CF2 groups, respectively, as evidence
of the presence of the fluorinated terpolymer in the nano-
composites. However, when the nanocomposite was pre-
pared under alkaline conditions, a relatively clear signal was

unexpectedly noted at ca. -190 ppm. That signal would be
ascribed to the presence of hexafluorosilicate derivatives, but
Zeng and Stebbins56 and Kao and Chen57 reported that 19F
MASNMRchemical shifts of sodiumhexafluorosilicate and
ammonium hexafluorosilicate are centered at -152 and
-158 ppm, respectively. Thus, in this present study, the
signal centered at -190 ppm seems different from these
above ones. Nevertheless, the 19F NMR spectrum of C4F9-
[CF2CF(CF3)](CH2CF2)I

58 exhibits a signal centered at
-184 ppm assigned to the CF group of the HFP unit.58

However, the HFP content that induces the presence of a
signal assigned to CF in poly(VDF-ter-TFMA-ter-HFP)
terpolymer (GKE15 in Table 1) is quite low (1 mol %) and
is even negligible in the 19F MAS NMR spectrum of the
virgin poly(VDF-ter-TFMA-ter-HFP) terpolymer before
calcination. Therefore, the chemical shift present at -190
ppm cannot be attributed to CF in polymers. In fact, it might
be assumed that iodine atoms in I-[(VDF)x-HFP-TFMA]n-
C6F12-[TFMA-HFP-(VDF)y]m-I could react with ammo-
nium hexafluorosilicate through anion exchange reactions

Figure 5. FE-SEM (field-emission scanning electron microscopy)
image of poly(VDF-ter-TFMA-ter-HFP) terpolymer/SiO2 nanocom-
posite (run 1 in Scheme 2) before calcination at 800 �C.

Figure 6. FE-SEM (field-emission scanning electron microscopy)
image of poly(VDF-ter-TFMA-ter-HFP) terpolymer/SiO2 nanocom-
posite (run 1 in Scheme 2) after calcination at 800 �C.

Figure 7. FE-SEM (field-emission scanning electron microscopy)
image of poly(VDF-ter-TFMA-ter-HFP) terpolymer/SiO2 nanocom-
posite (run 2 in Scheme 2) before calcination at 800 �C.

Figure 8. FE-SEM (field-emission scanning electron microscopy)
image of poly(VDF-ter-TFMA-ter-HFP) terpolymer/SiO2 nanocom-
posite (run 2 in Scheme 2) after calcination at 800 �C.
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to lead to [[(VDF)x-HFP-TFMA]n-C6F12-[TFMA-HFP-
(VDF)y]m]SiF6 and ammonium iodide. This hexafluorosili-
cate derivative could afford signals at around -190 ppm in
the 19F MAS NMR. This observation may explain that the
nanocomposites generated from poly(VDF-ter-TFMA-ter-
HFP) terpolymers with silica nanoparticles should proceed
smoothly under alkaline conditions to yield not only the
expected poly(VDF-ter-TFMA-ter-HFP) terpolymer/silica
nanocomposites but also ammonium hexafluorosilicate, as
shown in the suggested reactionmechanism (Scheme 4). This
observation may occur because these terpolymers based on
VDF should undergo a possible dehydrofluorination under
such basic conditions15-17 in the presence of silica nanopar-
ticles as the cocatalyst (Scheme 4).

The formation of ammonium hexafluorosilicate during the
composite reactions can afford no weight-loss characteristic of
poly(VDF-ter-TFMA-ter-HFP) terpolymer. This means that
such fluorinated terpolymers involved in the preparation of
nanocomposites should effectively be encapsulated (or con-
fined) to the nanometer-size-controlled silica gel matrices
through a molecular-level synergistical combination. This
arises from not only the strong interactions between fluorine
atoms in the copolymer and silicon atoms in silica gel nano-
composite but also the efficient interactions between hexafluor-
osilicic acid and poly(VDF-ter-TFMA-ter-HFP) terpolymers
in silica gel matrices to afford such a high thermal stability of
these resulting nanocomposites in the calcination process.

Fluoroalkyl end-capped oligomer-containing carboxyl
groups, such as [RF-(CH2CHCOOH)n-RF]/silica nanocom-
posites, have already been reported to favor a clear weight
loss at 800 �C corresponding to the contents of oligomer in

the composites.59 Similarly, fluoroalkyl end-capped met-
hacrylic acid oligomer [RF-(CH2CMeCOOH)n-RF]/silica
nanocomposites can exhibit a clear weight loss behavior
under similar conditions.60 RF-(CH2CMeCOOH)n-(CH2-
CCF3COOH)n-RF cooligomer can possess a higher acidic
carboxyl groups as well as poly(VDF-ter-TFMA-ter-HFP)
terpolymer because of the presence of electron-withdrawing
CF3 groups in the cooligomer compared with that of
RF-(CH2CHCOOH)n-RF or RF-(CH2CMeCOOH)n-RF oli-
gomers. Therefore, the resulting composite achieved from
this fluorinated cooligomer is expected to give almost no
weight loss at 800 �C, similarly to those obtained from
poly(VDF-ter-TFMA-ter-HFP) terpolymers.60

In this way, the present interesting result of exceptional
thermal stability of poly(VDF-ter-TFMA-ter-HFP) terpo-
lymer/silica nanocomposites would be due to the higher
acidity of carboxyl groups possessing electron-withdrawing
CF3 units as neighboring groups in these terpolymers.
Hence, these higher acidic carboxyl groups of poly(VDF-
ter-TFMA-ter-HFP) terpolymers should enable us to pro-
ceed to smooth dehydrofluorination of the carboxyl protons
with fluorine atoms in the copolymer catalyzed by ammonia
and silica nanoparticles to afford ammonium hexafluorosi-
licate suggested in Scheme 4. In contrast, no dehydrofluor-
ination should afford a usual weight loss behavior in
fluorinated copolymer/silica composites.

Conclusions

Iodine transfer terpolymerization of TFMA, VDF, and HFP
led to terpolymers in high yields in aqueous medium in the

Figure 9. 19FMASNMRspectra of poly(VDF-ter-TFMA-ter-HFP) terpolymer/SiO2 nanocomposites possessing (a) noweight loss characteristic and
(b) weight loss characteristic before calcination at 800 �C determined by 3.2 mm 19F MAS probe.

Scheme 4. Plausible Mechanism for the Formation of Ammonium Hexafluorosilicate
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absence of any surfactants and in the presence of 1,6-diiodoper-
fluorohexane as the chain transfer agent. A first part showed that
VDF, HFP, and TFMA can be terpolymerized by ITP, leading
to relevant microstructures of resulting poly(VDF-ter-TFMA-
ter-HFP) terpolymers composed of poly(VDF-alt-TFMA) alter-
nated copolymeric blocks separated by one HFP unit. Interest-
ingly, the introduction of TFMA in the emulsion of VDF allows
us to improve the control and the process of the polymerization
without adding any surfactant. Although the linear “molar
masses - comonomer conversions” relationship was not supplied,
the good agreement between the theoretical and experimental
molecular weights was demonstrated, and the controlled char-
acter of that terpolymerization was enhanced by the narrow PDI
values and the absence of reversed VDF-VDFdyads. Poly(VDF-
ter-TFMA-ter-HFP) terpolymers were involved in the prepara-
tion of fluorinated copolymer/silica nanocomposites under alka-
line and acidic conditions. According to the experimental
conditions, various features of the nanocomposites were ob-
served in terms of size (the acidic procedure led to bigger
average-diameter nanocomposites) and thermal stability. The
fluorinated nanocomposites, prepared under alkaline conditions,
were interestingly found to exhibit almost noweight loss behavior
at 800 �C (because of the formation of hexafluorosilicate),
although those synthesized under acidic conditions exhibited a
clear weight-loss behavior. Further surveys on the potential
applications as fuel cell membranes,61 surfactants, or paints
and coatings are under progress.
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