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ABSTRACT: A new method of surface modification based on
the “grafting from” polymerization process enabled to prepare
original silica nanoparticles covered with PDVF “hair”. This
strategy involved two steps: (i) the radical addition of 1,4-
diiodoperfluorobutane initiated by tert-butylperoxypivalate
onto the double bonds of silica nanoparticles (specific area of
150 m? gfl) led to silica that bore C,Fgl end-groups on its
surface, and (ii) its use as original macrochain transfer agent in
the “grafting from” polymerization of vinylidene fluoride (VDF)
initiated by bis(4-tert-butylcyclohexyl) peroxydicarbonate. The
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characterizations of both modified silica were achieved by elemental analysis, 'Hand F magic angle spinning solid state rotational-
echo double resonance NMR spectroscopy, thermogravimetry, and water contact angle (WCA) assessments. The grafting efficiency
was confirmed by three features: (i) the increase of weight percentage of fluorine atom (that ranged from 0 for the starting
unsaturated silica to 2.50% for silica-bearing —C,Fsl end-group and to 3.32% for original silica—PVDF core—shells), (ii) a high
thermostability (that reached more than 400 °C under air), and (iii) a good hydrophobicity: the WCA values were ranging from 84°
to 109° and to 126° for vinyl silica, for silica coated with —C,Fgl, and for PVDF-covered silica nanoparticles, respectively.

B INTRODUCTION

Nanohybrids composed of an inorganic core and a polymeric
shell have been of great interest to improve the properties of
nanostructured polymeric materials."* In the specific case of
nanocomposites, the quantity and the dispersion of nanoparticles
in the polymer matrix have a real input on the properties of the
final materials.”* Dispersion improvement generally requires a
physical® or chemical modification of nanoparticles surfaces."
Physical methods improved the physisorption of polymer chains
onto particles surfaces with van der Waals interactions or hydro-
gen bonds." Chemical modifications® ® or “chemisorptions”
created a covalent bond between macromolecules and particles
surface. Such strategies usually consider three pathways: (i) the
“grafting through”™ which allows a copolymerization between
growing polymeric chains and polymerizable groups on the sur-
face, (ii) the “grafting from”'®”'® where initiation and propaga-
tion steps of polymeric chains are achieved from the surface, even
in a controlled radical polymerization of styrene'® or styrene sodium
sulfonate,”® and (iii) the “grafting onto”>*' > that enables a
covalent reaction between the end-groups of polymeric chains
and the surface.

The synthesis of nanocomposites combining high polarity of
fillers with oleo- and hydrophobicity of coating (typically fluoro-
polymers) is a great challenge. Additionally, it is known that these
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nanohybrids can be used for scratch-resistant coatings thanks to
their low surface tension and high temperature.

Generally, various routes lead to a fluorinated silica: by sol—gel
process between a perfluoroalkyl di- or trialkoxysilane,**** by
condensation of perfluoroalkyl alkoxysilanes®*® (or chloro-
silanes®”) onto silica surface, from a fluorinated functional copoly-
mer with tetraethoxysilane and nanosilica,®® or by radical addi-
tion of w-iodofluorinated telomers.* In cases of coating, polymeric
matrix could be in solvent or aqueous dispersion and limited the
dispersion of nanoparticles. Though PVDF/nanofiller composites
have already led to extensive studies,*’ to the best of our knowl-
edge, the radical polymerization of vinylidene fluoride (VDF) with
silica activated with a,w-diiodoperfluoroalkane has never
been reported in the literature. Our present approach is based
on dispersion polymerization of fluooralkenes, especially
tetrafluoroethylene (TFE) which involves several param-
eters: (i) various initiators such as persulfates (K,S,05 and
(NH,),8,04)," ;)eroxide (hydrogen peroxide, dialkyl peroxide,
or benzoyl peroxide”) or azoic (CgH;,N, or AIBN),*" 49,6470
and (ii) the nature of transfer agents such as alkanes (C,Hg, C5Hg,
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etc.),41’42’46’50’58’62’63’67’69 halogenated derivatives (CCL,, CH,CL,
C,Fsly,  etc),PHo#3901763656970  leohols  (including
methanol),?4¢862636970 o1 athers (CH;OCH;3 and CH30C-
(CHs)3).*® However, as TFE is highly explosive, it was worth
replacing it by VDF. Hence, silica first was modified by I-C,Fq-I
used as a transfer agent via its radical addition onto double bonds
of silica, followed by the polymerization of VDF initiated by
bis(4-tert-butylcyclohexyl)peroxydicarbonate.

B EXPERIMENTAL PART

Materials. Activated silica bearing vinyl groups (named S,50) with a
specific area of 150 m> g71 was given from Sébastien LIVI (IMP/LMM-
INSA de Lyon). The particle size of S-150 is 14 nm. 1,4-Diiodoper-
fluorobutane (C,4Fgl,) (purity 99%) was kindly supplied by Dupont
Performance Elastomers (Experimental Station, Wilmington, DE). This
1,4-diiodoperfluorobutane was worked up with sodium thiosulfate and
then distilled prior to use to remove impurities and molecular iodine.
1,1-Difluoroethylene (vinylidene fluoride, CH,=CF,, VDF) was kindly
supplied by Solvay S.A. (Tavaux, France). Bis(4-tert-butylcyclohexyl)
peroxydicarbonate (BBCHPDC, Perkadox 16S) (purity 99%) and tert-
butyl peroxypivalate (TBPPi) dissolved in isodecane (Trigonox25-C7S5,
purity 75%) were gifts from Akzo Nobel (Chalons sur Marne, France).
Sodium thiosulfate and acetonitrile (purity 99%) were purchased from
Sigma-Aldrich (Saint Quentin-Fallavier, France).

VDF telomers were synthesized by radical telomerization of vinyli-
dene fluoride (VDF) with a chain transfer agent (silica modified by
radical addition of C,Fgl,) and a radical initiator, bis(4-tert-butylcyclo-
hexyl) peroxydicarbonate** (BBCHPDC, Perkadox 16S). The radical
addition of these fluorinated telomers onto silica nanoparticles was achieved
in acetonitrile and initiated by tert-butyl peroxypivalate (TBPPj).

Radical Addition of TFE Telomers onto Silica Containing
Vinyl Groups. Silica activated with vinyl groups (4.00 g, referred as
S1s0 in this paper) was homogeneously dispersed into a dry acetonitrile
solution (100 mL) under vigorous stirring and warmed to 74 °C. 1,4-
Diiodoperfluorobutane (24.63 g, 54.2 mmol) and tert-butyl peroxypi-
valate (0.06 g, 3.9 mmol) were added, and the mixture was refluxed
under stirring for 48 h. After reaction, the total product mixture was
filtered and washed several times with acetone and led to a powder.
Finally, the resulting fluorosilica was dried under vacuum (10" mmHg)
at 80 °C for 8 h until constant weight.

“Grafting From” Polymerization of Vinylidene Fluoride
(VDF) from Fluorinated Silica by Radical Polymerization of
VDF. The radical polymerizations of vinylidene fluoride (VDF) were
performed in a 160 mL Hastelloy HC 276 Parr autoclave system
(HC 276) equipped with a manometer, a mechanical Hastelloy anchor,
a rupture disk (3000 psi), and inlet and outlet valves. An electronic
device regulated and controlled both the stirring and heating of the
autoclave. Prior to reaction, the autoclave was pressurized with 30 bar of
nitrogen to check for leaks. The autoclave was then conditioned for the
reaction with several nitrogen/vacuum cycles (10* mbar) to remove
any trace of oxygen. The liquid and dissolved solid phases (bis(4-tert-
butylcyclohexyl) peroxydicarbonate) (0.31 g, 0.78 mmol), SiO-Rg-I
(2.00 g), and acetonitrile (50 mL) were introduced via a funnel, and then
VDF (5.0 g, 0.078 mol) was introduced by double weighing (i.e., the
difference of weight before and after filling the autoclave with the gas).
The autoclave was then progressively heated to 60 °C for 4 h, where-
upon a decrease of pressure from 6 to 1 bar up was noted. After cooling
to 35 °C, the autoclave was placed in an ice bath for about 60 min and
was opened, and the total product mixture was recovered, washed with
acetone, filtered, and dried under vacuum at 60 °C until constant weight.
This procedure yielded 3.65 g of a white powder.

Characterization. The weight percentages of X (where X repre-
sents the carbon or fluorine atoms) were assessed by elemental analysis

Scheme 1. Silica Surface Modified by Radical Addition of
1,4-Diiodoperfluorobutane Followed by the “VDF Grafting
From” Polymerization of Vinylidene Fluoride (VDF)*
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“TBPPi and BBCPHDC stand for fert-butyl peroxypivalate and bis-
(4-tert-butylcyclohexyl) peroxydicarbonate, respectively.

on different silica samples at the CNRS-Service Central d’Analyze
(Solaize, France).

Solid-state nuclear magnetic resonance spectra were recorded on
Varian VNMRS 400 and 600 spectrometers with magnetic fields
strength of 9.4 and 14.1 T, respectively. T3 triple and quadruple
resonance magic angle spinning (MAS) probes with Vespel stators
and Zirconia pencil MAS rotors were used at room temperature. A HXY
probe with 1.6 mm o.d. rotors was used for "H and '’F MAS up to
35 kHz spinning rates. A HFXY probe with 2.5 mm o.d. rotors was used
for "H{"’F} and "’F{'H} REDOR experiments with a spinning rate of
25 kHz. The REDOR pulse sequence used in this study is similar to that
described by Matsuoka and Inoue’" using direct polarization instead of
cross-polarization for the detected nucleus. The echo delay is the
duration between the 77 pulse and the beginning of acquisition on the
detected channel. Typically, 7r/2 pulse durations were 4 us and the
recycle delay was set to 3 s (64 transients) for 'H and to 10 s (128
transients) for '°F. The "H chemical shifts reported herein are relative to
tetramethylsilane, and the F chemical shifts are relative to CFCl,,
referenced via the CF,—CF,—CF, signal of PTFE at —122 ppm.

Thermogravimetric analyses were carried out on a TA Instruments
QS0 apparatus. Samples were heated under a mixed atmosphere of
nitrogen and oxygen (60 and 40 mL min ", respectively) with a ramp
temperature of 20 °C min~ ' from room temperature to 800 °C.

The sessile drop method was used for static contact angle measure-
ments at ambient temperature with an automatic video water contact
angle (WCA) testing apparatus (Contact Angle System OCA-Data
Physics). The average WCA values were determined by measuring five
different positions of the same sample with 0.8 #L water volume and
used to assess water repellency of modified silica.

B RESULTS AND DISCUSSION

The structure of vinyl groups grafted onto silica ;5o surface
and the efficiency of radical addition of TFE telomers were
characterized in a previous study.> Results are subsequently used
to assign the grafting steps. Indeed, the modification method
used was composed in two steps (Scheme 1): (i) the radical
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Table 1. Carbon and Fluorine Contents, Water Contact
Angles (WCAs), and Thermal Properties of (i) Vinylsilica
(Specific Area = 150 m> g~ '), (ii) Vinylsilica Modified by
Radical Addition (S;5-C4Fsl), and (iii) Silica—PVDF

Core—Shell Achieved by “Grafting From” Polymerization of

VDF (S,50-C4Fs-PVDF)

wt wt  WCA T,'° T/ T3 * wt%loss
samples %C %E (deg) (°C) (°C) (°C) at800°C
S1s0 250 000 8442 300
S150-CaFa1 187 250 10942 280 570

S150-C4FsPVDF 378 332 12642 300 430 570
“ Maximum of the derivative peaks in the TGA thermograms.
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Figure 1. 35kHz 'H magic angle spinning NMR spectra of $150-C4Fg-I
and S$150-C,Fg-PVDF samples (a); rotational-echo double-resonance
magnetic nuclear (REDOR NMR) S, rotor synchronized spin—echo
experiment (top), S rotor synchronized spin—echo with reintroduction
of the "H/'F dipolar interaction (middle), and (So — S) difference
(bottom) for S150-C4Fg-I (b), and S150-C,Fg-PVDF (c). Spinning
frequency is 25 kHz, and echo delay is 0.76 ms for REDOR. Lines are
labeled according to Table 2.

addition of a,w-diidoperfluoroalkane (C,F,,L,) initiated by tert-
butylperoxypivalate at 74 °C onto double bonds of silica
nanoparticles bearing vinyl groups (S;s0) and (ii) the use as that

a) |3
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« f1 * fz fs *
- N N —
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* f2 5 *
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) If3
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*
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Figure 2. 20 kHz "°F magic angle spinning NMR spectra of $150-C,Fs-
I and S150-C4Fg-PVDF samples (a); rotational-echo double-resonance
magnetic nuclear (REDOR NMR) S, rotor synchronized spin—echo
experiment (top), S rotor synchronized spin—echo with reintroduction
of the "’F/'H dipolar interaction (middle), and (So — S) difference
(bottom) for S150-C4Fg-1 (b), and S150-C,Fg-PVDF (c). Spinning
frequency is 25 kHz, and REDOR echo delay is 0.76 ms. Lines are
labeled according to Table 2.

resulting chain transfer agent during the radical polymerization of
fluoride vinylidene (VDF) initiated by bis(4-tert-butylcyclohexyl)
peroxydicarbonate at 60 °C.

Modified silica was characterized by elemental analysis (EA),
water contact angle measurements (WCA) achieved by sessile
drop method, and thermogravimetric analysis (TGA). Results
obtained are reported in Table 1. Results obtained for silica
modified by radical addition of TFE and VDF telomers® were
compared to them.

The increasing weight percentage of carbon and fluorine
atoms onto modified nanoparticles was determined with ele-
mental analysis (Table 1) and confirmed the grafting of C,Fgl,
and PVDF chains.

To deeper evidence these results, these modified nanoparti-
cles were characterized by 'H (Figure 1) and F (Figure 2) solid-
state NMR spectroscopy. Isotropic chemical shift values for "H
and '°F in both samples are gathered in Table 2.
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Table 2. Main 'H and '’F Isotropic Chemical Shift Values
Observed in the Present Work Together with Their Attrib-
uted Groups and Labels

'H 00 (ppm) = °F 0y, (ppm) &

groups 0.5 ppm 1 ppm label®

Si—CH=CH, 6 h1
Si—CH;, 0 h2
Si—OH 1-4 h3
—(CE,—CH,)— 26 h4

0.7* hS
CH;COCH, 2 hé
—CF,—CF,l —59 f1
—CH,—CF,—CF,— —113 f2
—CF,—CF,—CF,— ~122 3
—(CH,—CF,),— —90 4
—CH,—CF—* —150° £s

“Close to silica surface. * Broad line. © Figures 1—3.

h2

h1

h3

(ppm)

Figure 3. 20 kHz "H magic angle spinning NMR spectrum of starting
silica $150 recorded at 400 MHz (B, = 9.4 T).

Indeed, the 'H NMR spectrum of silica S;so used in this
present study exhibits one multiplet and one singlet centered at 6
and 0 ppm (Figure 3) assigned to Si—CH=CH, and Si—CHj
groups,”””” respectively, and this confirms a previous study based
on Sgg silica.*® The small signal located at 1.2 ppm and the broad
one at 3.2 ppm may be attributed to silanol groups already
present in the starting material.

After modification of vinyl silica by radical addition with
I-C,4Fg-1, almost no difference was observed by standard 'H
MAS NMR between S;5, (Figure 3) and S;50-C4Fs-I spectra
(Figure 1). Traces of acetone used during washing process of
the sample led to a small line at 2 ppm (line labeled h6). The
intensity of the multiplet at 6 ppm remained high, indicating
that the radical addition was partial. This arises from (i) the slow
reaction previously mentioned®” and (ii) the smaller excess of
1,4-diiodooctafluorobutane compound which prevents a total
conversion of the vinyl groups. However, the 'H{'°F} differ-
ence rotational-echo double resonance magnetic nuclear (REDOR
NMR) spectrum presented in Figure 1b evidence that all the "H
nuclei except the acetone line have fluorine atoms in their
neighborhood. This means that vinyl groups modified by radical
addition are close enough to unmodified groups so that dipolar
interaction between 'H and '’F NMR spectra is present. Such
an additional feature brings further evidence of the successful
fluorination.

100 . 006
al \:‘\-\'.‘ ________ - S1s0
~ 005
% - Sts0-C4Fs-PVDF - }r§1§‘f__cff"
] N ' -1 Seas
o . Vi 004
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Figure 4. TGA and DTGA thermograms of silica activated with vinyl
groups (full curves, S50), modified with C,Fgl, (dotted curves, S;5o-
C4Fg-1), and VDF grafting from (dashed curves) S,50-C4Fg-PVDF.

Strong differences were observed with "H NMR between S, -
C4Fg-I and S;50-C4Fs-PVDEF. Signals observed in the NMR
spectrum of $150-C,Fs-I sample were still observed. Unmodified
vinyl groups 'H lines at 6 and 0 ppm present increasing 'H line
width for singlet and multiplet led to a lower resolution. This
may be due to interactions with PVDF chains that create local
disorder and/or reduce motional narrowing. Extra lines were
observed at 2.6 and 0.7 ppm. The first one can unambiguously be
attributed to methylenes in —(CF,—CH,)— groups of PVDF
grafts which is the main polymeric constituent added during the
process. The second one is then expected to correspond to the
similar groups in interaction with the silica surface. As for S;so-
C,4Fs-1, every 'H line except acetone evidences 'H{'’F} REDOR
effect (Figure 1c).

'F solid-state NMR spectra were also examined and char-
acteristic signals of PVDF chains’> were detected. Various
teams’* ' observed crystalline forms of VDF telomers and
(co)polymers by '°F solid-state NMR spectroscopy. Figure 2
displays the '"F echo solid-state NMR spectra of telomers
(synthesized by radical telomerization of VDF’®) and silica
modified by the “grafting from” polymerization of VDF from
S150-C4Fs1 (S150-C4Fg-PVDF).

Figure 2a indicates that the MAS R spectrum of S;5-C4Fg-I
contains three main entities directly related to the radical addition:
the signal at —59 ppm is assigned to —CF,— CF,]I terminal groups
(as shown in '°F liquid NMR spectra”**), and the one at —113
ppm is characteristic of the reversed —CH,—CF,—CF,— groups
in VDF—VDF dyads.”>** The signal centered at —122 ppm is
obviously attributed to —CF,—CF,—CF,— sites. However, the
intensity of this line is higher than expected from the formulation.
A possible explanation is that recombination of S;50-C,Fs’
radicals may occur. This step leads to S;5o-CgF16-S150 which
enables to yield a central oligo(TFE). In such CgF¢ group, most
difluoromethylenes are adjacent to other CF, groups and thus
cannot be spatially close to protons. These attributions are sup-
ported by the '"F{'H} REDOR difference spectrum in Figure 2b
(bottom) which indicates that the line at —122 ppm contains a
main contribution with no dipolar interaction with protons in
opposition to lines at —59 and —113 ppm. It can be noted at
—123 ppm that the small right shoulder of the —122 ppm line

8490 dx.doi.org/10.1021/ma2018167 [Macromolecules 2011, 44, 8487-8493
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Figure 5. Water droplets on silica that bears vinyl groups (a), modified with C,Fgl, (b), silica—PVDF core—shell achieved by “grafting from”
polymerization of vinylidene fluoride (VDF) (c), and modified by radical addition of VDF telomer, C4Fo(VDF)I* (4).

corresponds to fluorine atoms spatially closer to protons as for
instance in —CH,—CF,—CF,— groups. The last broad line
at —150 ppm is not unambiguously attributed, but the slope of
the REDOR curves (Figure SI in the Supporting Information)
which are similar for —(CH,—CF,)— in S;50-C4Fg-I and S;so-
C,Fg-PVDF suggests that it could correspond to fluorine atoms
in —CH,—CF— groups. Such a line position has never been
observed in the fluoropolymers that our group have studied, and
we were unable to found any attribution in the literature. The
more probable hypothesis may arise from the line position
closely related to the presence of silica in the materials, and we
tentatively assign it to —CH,—CF— groups close or in interac-
tion with the silica surface.

The ""F MAS spectrum of S;50-C4Fg-PVDF (Figure 2a)
enables to confirm that the “grafting from” process was success-
ful. The chemical shift at —59 ppm is not present anymore, which
indicates that all —CF,I terminations available for the polymer-
ization of VDF were consumed. The reactivity of such end-group
confirms previous studies.”*** In addition, a new signal appears
at —91 ppm that is characteristic to normal VDF-VDF normal
additions (or —(CH,—CF,),— alternations) in PVDF.**®** The
other groups previously observed in S;50-C4Fs-I are still present
but as in 'H spectra, and for the same reasons (local disorder,
lower motion) the line widths are broader. The difference
REDOR spectrum (Figure 2c) evidences that all fluorine atoms
are in dipolar interaction with protons, except for the highest
contributions at —122 ppm.

Silica nanoparticles activated with vinyl groups (S;s0) show an
onset decomposition temperature around 300 °C (Figure 4).
However, silica modified with I-C,Fg-I exhibits two weight losses
(at 280 and 570 °C) assigned to vinyl groups and those reacted
(S150-C4Fs-L, Scheme 1), respectively. In the case of the “grafting
from” polymerization of VDF from S;50-C4Fg-I (S;50-C4Fs-
PVDF, Scheme 1), a third temperature was observed around
430 °C and attributed to PVDF grafted chains.*

Figure S displays the water contact angles (WCA) of drops of
water deposited onto vinyl silica that exhibit a great increase
ranging from WCA = 84 £ 2° for S5 silica to WCA = 109 £ 2°
or 126 % 2° for silica modified by I-C,Fg-I and VDF grafting,
respectively. This is interesting since WCA value of PVDF is
lower (ca. 120°)%* showing that a possible organization should
occur in that core—shell. We have tried to characterize these
three different silica by transmission electronic microscopy to
assess the averaged size such silicas. In fact, Hasegawa et al®
reported that for satisfactory grafting density attractive interac-
tions between grafted chains dominate and induce aggregation of
particles. Thus, the grafting of fluorinated telomers onto silica
nanoparticles thus clearly favors an increase in the hydrophobi-
city of such silica (Table 1).

B CONCLUSIONS

The modification of vinyl silica (S;50) by radical addition
of 1,4-diiodoperfluorobutane was successfully initiated by

tert-butylperoxypivalate. Then, the “grafting from” polymeriza-
tion of VDF from such fluorinated silica (S;50-C4Fg-I) led to
original silica—PVDF core—shell polymeric nanoparticles
achieved for the first time. The reactivity of vinyl groups with
1,4-diiodoperfluorobutane was evidenced by 'H MAS NMR
spectroscopy while the grafting of PVDF chains onto the silica’s
surface was monitored by '’F MAS NMR spectroscopy, espe-
cially from REDOR. Thermogravimetric analysis as well as
elemental analysis confirmed the grafting of C4Fgl, and VDF
chains on silica nanoparticles. Finally, the contact angle measure-
ments indicated the sharp evolution of hydrophobicity of these
original fluorosilica. Initial vinyl silica exhibited a water contact
angle of 84° which is clearly lower than that assessed after the
modification with C4Fgl, (109°) and even lower than that of
silica—PVDF core—shell (126°). So far, no evidence has been
supplied on the possible controlled radical polymerization of
VDF from such original fluorinated macrotransfer agents (i.e.,
iodine transfer polymerization of VDF®*®) and is presently
investigated. In addition, such nanosilica that bear PVDF have
been blended with various fluoropolymers to lead to original
nanocomposites, under study.
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© Supporting Information.  Assessment of the chain length
of PVDF grafted onto the silica and '’F{'"H} REDOR curves
(S — S)/Sy for S150-C4Fg-I and S150-C4Fg-PVDF silica
nanoparticles. This material is available free of charge via the
Internet at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author
*Tel: +33-467-144-368. Fax: +33-467-147-220. E-mail: bruno.
ameduri@enscm.fr.

B ACKNOWLEDGMENT

The authors thank the National Agency of Research (NaFEL
project from “Matériaux & Procédés”) for financial support, J.-F.
Gérard, J. Duchet, and S. Livi (INSA Lyon) to offer silica acti-
vated with vinyl groups (S;s0), and Dupont Performance Elas-
tomers to supply 1,4-diiodoperfluorobutane.

B REFERENCES

(1) (a) Ajayan, P.; Schadler, L. S.; Braun, P. V. Nanocomposite Science
and Technology; Wiley-VCH: Weinheim, 2003. (b) Gomez-Romero, P.;
Sanchez, C.; Functional Hybrid Materials; Wiley-VCH: Weinhem, 2004.
(c) Zou, H; Wu, S.; Shen, J. Chem. Rev. 2008, 108, 3893-3957.
(d) Lukehart, C. M.; Scott, R. A. Nanomaterials: Inorganic and Bioinor-
ganic Perspectives; Wiley: New York, 2008. (e) Achilleos, S. D.; Vamva-
kaki, M. Materials 2010, 3, 1981-2026.

8491 dx.doi.org/10.1021/ma2018167 [Macromolecules 2011, 44, 8487-8493



Macromolecules

(2) (a) Zhang, J. X;; Ma, P. X. Angew. Chem., Int. Ed. 2009, 48,
964-973. (b) Dai, T.; Chen, K; Qing, X;; Lu, Y;; Zhy, J.; Gao, F.
Macromol. Rapid Commun. 2010, 31, 484-489.

(3) Alexandre, M. ; Dubois, P. Macromolecular Engineering. In
Precise Synthesis, Materials Properties, Applications; Matyjaszewski, K,
Gnanou, Y., Leibler, L., Eds; Wiley-VCH Verlag GmbH & Co.:
Weinheim, 2007; Chapter 2, pp 4—38.

(4) (a) Shah, D.; Maiti, P.; Jiang, D. D.; Batt, C. A.; Giannelis, E. P.
Adv. Mater. 2005, 17, 525-528. (b) Vo, L. T.; Giannelis, E. P. Macro-
molecules 2007, 40, 8271. (c) Giannelis, E. P. Proceedings of the
Fluoropolymer 2008 Conference, Charleston, SC, Oct 19—22, 2008.
(d) Ansari, S.; Giannelis, E. P. J. Polym. Sci,, Part B: Polym. Phys. 2009,
47, 888-897.

(5) (a) Tanahashi, M.; Hirose, M.; Watanabe, Y.; Lee, J.-C.; Takeda,
K. J. Nanosci. Nanotechnol. 2007, 7, 1-10. (b) Tanahashi, M.; Watanabe,
Y.; Lee, J.-C.; Takeda, K; Fujisawa, T. J. Nanosci. Nanotechnol. 2009,
9, 539-549.

(6) (a) Ruiz-Hitzky, E. Chem. Rec. 2003, 3, 88-100. (b) Hoffmann,
F.; Cornelius, M.; Morell, J.; Froba, M. Angew. Chem., Int. Ed. 2006,
4S5, 3216-3251.

(7) Li, K; Liang, S.; Lu, Y.; Wang, Q. Macromolecules 2007, 40,
4121-4123.

(8) Bourgeat-Lami, E.; Lansalot, M. Adv. Polym. Sci. 2010, 233, $3-123.

(9) Wang, Y; Ke, Y; Li, J.; Du, S,; Xia, Y. China Particulogy 2007, S,
300-304.

(10) (a) Flesh, C; Delaite, C.; Dumas, P.; Bourgeat-Lami, E.;
Duguet, E. J. Polym. Sci,, Part A: Polym. Chem. 2004, 42, 6011-6020.
(b) Joubert, M.; Delaite, C.; Bourgeat-Lami, E.; Dumas, P. Macromol.
Rapid Commun. 2005, 26, 602-607. (c) Bartholome, C.; Beyou, E;
Bourgeat-Lami, E.; Chaumont, P.; Lefebvre, F.; Zydowicz, N. Macro-
molecules 2005, 38, 1099-1106. (d) Konn, C.; Morel, F.; Beyou, E,;
Chaumont, P.; Bourgeat-Lami, E. Macromolecules 2007, 40, 7464-7472.

(11) Barbey, R;; Lavanant, L.; Paripovic, D.; Schiiwer, N.; Sugnaux,
C.; Tuguly, S.; Klok, H. A. Chem. Rev. 2009, 109, 5437-5527.

(12) Radhakrishnan, B.; Ranjan, R.; Brittain, W. J. Soft Matter 2006,
2, 386-396.

(13) Perruchot, C.; Khan, M. A.; Armes, S. P. Langmuir 2001, 17,
4479-4481.

(14) Li, X.; Hong, C.Y.; Pan, C. Y. Polymer 2010, 51, 92-99.

(15) Carrot, G.; Diamanti, S.; Manuszak, B.; Charleux, B.; Vairon,
J. P. J. Polym. Sci,, Part A: Polym. Chem. 2001, 39, 4294-4301.

(16) (a) El Harrak, A; Carrot, G.; Oberdisse, J.; Eychenne-Baron,
C.; Boue, F. Macromolecules 2004, 37, 6376-6384. (b) El Harrak, A.;
Carrot, G.; Oberdisse, J.; Jestin, J.; Boue, F. Polymer 200S, 46,
1095-1104.

(17) Pardal, F.; Lapinte, V.; Robin, J. J. . Polym. Sci,, Part A: Polym.
Cherm. 2009, 47, 4617-4628.

(18) Liberelle, B.; Giasson, S. Langmuir 2007, 23, 9263-9270.

(19) (a) Save, M.; Granvorka, G.; Bernard, J.; Charleux, B.; Boissiere,
C,; Grosso, D.; Sanchez, C. Macromol. Rapid Commun. 2006, 27,
393-398. (b) Chevigny, C.; Gigmes, D.; Berttin, D.; Jestin, J.; Boue,
F. Soft Matter 2009, S, 3741-3753. (c) Chevigny, C,; Jestin, J.; Gigmes,
D.; Schweins, R.; Di Cola, E.; Dalmas, F.; Berttin, D.; Boue, F. Macro-
molecules 2010, 43, 4833-4837.

(20) Niepceron, F.; Laffite, B.; Galiano, H.; Bigarre, J.; Nicol, E.;
Tassin, J.-F. J. Membr. Sci. 2009, 338, 100-110.

(21) Carrot, G.; Rutot-Houzé, D.; Poitier, A.; Degée, P.; Hilborn, J.;
Dubois, P. Macromolecules 2002, 35, 8400-8404.

(22) Impens, N. R. E. N;; Van der Voort, P,; Vansant, E. F.
Microporous Mesoporous Mater. 1999, 28, 217-232.

(23) Suzuki, K;; Siddiqui, S.; Chappell, C.; Siddiqui, J. A.; Ottenbrite,
R. M. Polym. Adv. Technol. 2000, 11, 92-97.

(24) Spange, S. Prog. Polym. Sci. 2000, 25, 781-849.

(25) Dyer, J. D. Adv. Polym. Sci. 2006, 197, 47-65.

(26) Bachmann, S.; Wang, H.; Albert, K; Partch, R. J. Colloid
Interface Sci. 2007, 309, 169-175.

(27) Cai, L. F.; Mai, Y. L;; Rong, M. Z.; Ruan, W. H.; Zhang, M. Q.
Express Polym. Lett. 2007, 1, 2-7.

(28) Gann, J. P.; Yan, M. Langmuir 2008, 24, 5319-5323.

(29) Kar, M.; Vijayakumar, P. S.; Prasad, B. L. V,; Gupta, S. S.
Langmuir 2010, 26, 5772-5781.

(30) Yu,Y,; Rong, M. Z.; Zhang, M. Q. Polymer 2010, S1, 492-499.

(31) Hiibner, H.; Allgaier, J.; Meyer, M,; Stellbrink, J.; Pyckhout-
Hintzen, W.; Richter, D. Macromolecules 2010, 43, 856-867.

(32) (a) Sawada, H,; Ikeno, K.; Kawase, T.; Miura, M. Macromole-
cules 2002, 35, 4306-4313. (b) Sawada, H.; Narini, T.; Kajiwara, A.;
Ueno, K.; Hamazaki, K. Colloid Polym. 2006, 284, S51-555. (c) Sawada,
H.; Sasaki, A.; Sasazawa, K.; Toriba, K. I; Kakehi, K. I; Miura, M. Polym.
Adv. Technol. 2008, 1, 76371-76380.

(33) Matsuo, Y.; Yamada, Y.; Nishikawa, M.; Fukutsuka, T.; Sugie, Y.
J. Fluorine Chem. 2008, 129, 1150-1155.

(34) Sheen, Y. C; Huang, Y. C; Liao, C. S.; Chou, H. Y.; Chang,
E. C. J. Polym. Sci., Part B: Polym. Phys. 2008, 46, 1984-1990.

(39) Wang, H,; Fang, F.; Cheng, T.; Ding, J.; Qu, L.; Dai, L.; Wang,
X.; Lin, T. Chem. Commun. 2008, 7, 877-879.

(36) Durand, N.; Mariot, D.; Améduri, B.; Boutevin, B.; Ganachaud,
F. Langmuir 2011, 27, 4057-4067.

(37) (a) Ogawa, M.; Miyoshi, M.; Kuroda, K. Chem. Mater. 1998,
10, 3787-3789. (b) Tarasevich, Y. L; Polyakov, V. E.; Serdan, A. A;
Lisichkin, G. V. Colloid J. 2004, 66, 592-597.

(38) Sawada, H.; Tashima, T.; Nishiyama, Y.; Kikuchi, M.; Goto, Y.;
Kostov, G.; Améduri, B. Macromolecules 2011, 44, 1114-1124.

(39) Durand, N.; Gaveau, P.; Silly, G.; Améduri, B.; Boutevin, B.
Macromolecules 2011, 44, 6249-6257.

(40) (a) Liu, H.J.; Hwang, J.J.; Chen-Yang, Y. W. J. Polym. Sci,, Part
A: Polym. Chem. 2002, 40, 3873. (b) Priya, L.; Jog, J. P. J. Polym. Sci,, Part
B: Polym. Phys. 2003, 41, 31. (c) Wachtler, M.; Ostrovskii, D.; Jacobson,
P.; Scrosati, B. Electrochim. Acta 2004, 50, 357-361. (d) Saika, D.;
Kumar, A. Eur. Polym. ]. 2008, 41, 563-568. (e) Li, Z.; Su, G.; Wang, X;
Gao, D. Solid State Ionics 2005, 176, 1903-1908. (f) Gosalawit, R.;
Chirachanchain, S.; Manuspiya, H.; Traversa, E. Catal. Today 2006,
118, 259-265. (g) Wu, C. C; Lu, M. L; Tsai, C.-C.; Chuang, H.-J.
J. Power Sources 2006, 159, 295-300. (h) Kim, K. M.; Park, N. G; Ryu,
K. S; Chang, S. H. J. Appl. Polym. Sci. 2006, 102, 140-148. (i) Dillon,
D. R;; Tenneti, K. K; Li, C. Y.; Ko, F. K; Sics, I; Hsiao, B. S. Polymer
2006, 47, 1678-1683. (j) Zhang, Z.-C.; Wang, Z; Chung, T. C.
Macromolecules 2007, 40, 5235. (k) Saika, D.; Chen-Yang, Y. W.; Chen,
Y. T,; Li, Y. K; Lin, S. L Desalination 2008, 234, 24-32. (1) Kim, J.-L;
Cheruvally, G.; Li, X.; Ahn, J.-H.; Kin, K.-W.; Ahn, H.-J. ]. Power Sources
2008, 178, 815-820. (m) Raghavan, P; Choi, J. W.; Ahn, J.-H,;
Cheruvally, G,; Chauhan, G. S.; Ahn, H.-J.; Nah, C. J. Power Sources
2008, 184, 437-443. (n) Yu, L.-Y.; Xu, Z.-L.; Shen, H.-M,; Yang, H.
J. Membr. Sci. 2009, 337, 257-265. (o) Aravindan, V.; Vickraman, P.
Mater. Chem. Phys. 2009, 115,251-257. (p) Yu, S.; Zuo, X.; Bao, R;; Xu,
X.; Wang, J; Xu, J. Polymer 2009, 50, 553-559. (q) Ferrari, S,;
Quartarone, E.; Mustarelli, P.; Magistris, A.; Fagnoni, M.; Potti, S.;
Gerbaldi, C.; Spinella, A. J. Power Sources 2010, 195, 559-566. (r) Zhang,
D, Li, R;; Huang, T.; Yu, A. ]. Power Sources 2010, 195, 1202-1206.
(s) Sel, O.; Soules, A.; Ameduri, B.; Boutevin, B.; Laberty Robert, C.;
Gebel, G.; Sanchez, C. Adv. Funct. Mater. 2010, 20, 1090-1098.
(t) Huang, W.; Edenzon, K; Fernandez, L.; Shabnam, R.; Woodburn,
J.; Cebe, P. J. Appl. Polym. Sci. 2010, 115, 3238-3248.

(41) Ebnesajjad, S. In PDL Handbook Series: Fluoroplastics: Non-melt
processible fluoroplastics; Plastic Design Library, 2000; Vol. 1, Chapter 5,
pp 33—47.

(42) Peng, S.; Tang, P. L. WO 2010/056688 Al (E.I Du Pont de
Nemours and Company).

(43) Kapeliouchko, V.; Poggio, T.; Musio, S. WO 2009/013214 Al
(Solvay Solexis S.p.A).

(44) Coughlin, M. C.; Hung, M.-H. WO 2009/094346 A1 (Dupont
Performance Elastomers).

(45) Lehmann, D. WO 2005/092939 A1 (Leibniz-Institut fur Poly-
mer for Schung Dresden E.V.).

(46) Bissinger, P.; Dadalas, M. C.; Hintzer, K.; Mayer, L. Schwertfeger,
W.; Zipplies, T. C. WO 2008/033721 (3M Innovative Properties
Company).

8492 dx.doi.org/10.1021/ma2018167 [Macromolecules 2011, 44, 8487-8493



Macromolecules

(47) Wu, S.; Hegenbarth, J. WO 1995/06072 (W.L. Gore &
Associate Inc.).

(48) Wu, S.; Hegenbarth, J.; Hazlebeck, D. E. WO 1995/06073
(W.L. Gore & Associate Inc.).

(49) Wu, S.; Hegenbarth, J.; Xing-Kang, C.; Jian-Guo, C. WO 1996/
22313 (W.L. Gore & Associate Inc.).

(50) Smith, R. P. British Patent 1960/836741 (Imperial Chemical
Industries Limited).

(51) Blaise, J.; Herisson, J.-L. European Patent 1981/040136 Al
(P.C.UK. Produits Chimiques Ugine Kuhlmann).

(52) Marchese, E.; Kapeliouchko, V.; Colaianna, P. European Patent
1999/0969027 Al (Ausimont S.p.A).

(53) Kobayashi, S.; Hoshikawa, J.; Kato, K.; Kamiya, H.; Hiral, H.
European Patent 2001/1217014 Al (Asahi Glass Company Ltd).

(54) Tournut, C.; Grimaud, E. German Patent 1972/2203465
(Pechiney Ugine Kuhlmann).

(55) Shimizu, T.; Ichiba, S.; Koizumi, S.; Okuno, C. T. German
Patent 1977/2711455 (Daikin Kogyo).

(56) Kuhls, J.; Hartwimmer, R. German Patent 1979/2949908 Al
(Hoechst).

(57) Gangal, S. V. European Patent 1979/0006346 Al (E.I Du Pont
de Nemours and Company).

(58) Morgan, R. A. US Patent 1996/5543217 (E.I Du Pont de
Nemours and Company).

(59) Peng, S.; Tang, P. L. US Patent 2010/012102S Al (EI Du
Pont de Nemours and Company).

(60) Wu, H. S.; Hegenbarth, J.; Hazlebeck, D. E. US Patent 1995/
5403900 (W.L. Gore & Associate Inc.).

(61) Mueller, M. B.; Salatiello, P. P.; Sawhney, D. L. German Patent
1972/2157170 (Allied Chemical Corp.).

(62) Brothers, P. D.; Gangal, S. V. US Patent 2008/0114143 Al
(E.L Du Pont de Nemours and Company).

(63) Leffew, K. W,; Lloyd, R. B.; Noelke, C. J. US Patent 2010/
0160490 Al (E.I Du Pont de Nemours and Company).

(64) Marchionni, G.; Tortelli, V.; Wlassics, I; Kapeliouchko, V. WO
2010/003929 Al (Solvay Solexis S.p.A.).

(65) Marchionni, G.; Tortelli, V.; Wlassics, 1; Kapeliouchko, V.
European Patent 2010/2143738 A1 (Solvay Solexis S.p.A.).

(66) Duddington, J. E. ; Sherratt, S. British Patent 1960/836741
(Imperial Chemical Industries Limited).

(67) Tuminello, W. H.; Treat, T. A.; English, A. D. Macromolecules
1988, 21, 2606-2610.

(68) Mori, T; Tsuchiya, Y.; Okahata, Y. Macromolecules 2006, 39, 604—608.

(69) Bissinger, P.; Dadalas, M. C.; Hintzer, K; Mayer, L.; Schxertfeger,
W.; Zipplies, T. C. US Patent 2010/7,678,859 (3M Innovative Properties
Company).

(70) Ameduri, B.; Boutevin, B. Well-Architectured Fluoropolymers;
Elsevier: Amsterdam, 2004; Chapter 1, pp 30—34.

(71) Matsuoka, S.; Inoue, M. Chem. Commun. 2009, 5664-5675.

(72) Kao,H.M,; Chang, P. C; Wuy,]J. D.; Chiang, A. S. T.; Lee, C. H.
Microporous Mesoporous Mater. 2006, 97, 9-20.

(73) Durand, N.; Améduri, B.; Boutevin, B. J. Polym. Sci,, Part A:
Polym. Chem. 2011, 49, 82-92.

(74) Zhang, M.; Zhang, A. Q;; Zhu, B. K; Dy, C. H; Xu, Y. Y.
J. Membr. Sci. 2008, 319, 169-175.

(75) Wormald, P.; Ameduri, B.; Harris, R. K.; Hazendonk, P. Solid
State NMR 2006, 30, 114-123.

(76) Yamada, H.; Fukuma, T.; Umeda, K.; Kobayashi, K.; Matsushige,
K. Appl. Surf. Sci. 2002, 188, 391-398.

(77) Allayarov, S. R.; Konovalikhin, S. V.; Gordon, D. A.; Chernysheva,
T. E; Barkalov, I. M. High Energy Chem. 2002, 36, 405-407.

(78) (a) Holstein, P.; Scheler, U.; Harris, R. K. Solid State NMR
1997, 8, 201-206. (b) Holstein, P.; Scheler, U.; Harris, R. K. Magn.
Reson. Chem. 1997, 35, 647-649. (c) Holstein, P.; Scheler, U.; Harris,
R. K. Polymer 1998, 39, 4937-4941.

(79) Harris, R. K.; Monti, G. A.; Holstein, P. In Solid State NMR of
Polymers in Studies in Physical and Theoretical Chemistry; Ando, I,
Asakura, T., Eds.; Elsevier: Amsterdam, 1998; Vol. 84, pp 667—712.

(80) Su, T. W.; Tzou, D. L. M. Polymer 2000, 41, 7289-7293.

(81) Hucher, C; Beaume, F.; Eustache, R. P.; Tekely, P. Macro-
molecules 20085, 38, 1789-1796.

(82) Boyer, C.; Valade, D.; Sauguet, L.; Ameduri, B.; Boutevin, B.
Macromolecules 2008, 38, 10353-10362.

(83) Ameduri, B. Chem. Rev. 2009, 109, 6632-6686.

(84) Pittman, A. G. Surface Properties of Fluorocarbon Polymers in
High Polymers; Wiley: New York, 1972; Vol. 25, pp 419—449.

(85) Hasewaga, R.; Aoki, Y.; Doi, M. Macromolecules 1996, 29,
6656-6662.

(86) Ameduri, B. Macromolecules 2010, 43, 10163-10184.

8493 dx.doi.org/10.1021/ma2018167 [Macromolecules 2011, 44, 8487-8493



