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Introduction

Fluorinated polymers are valuable materials with various
remarkable properties, which are not exhibited in other organic
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Direct surface modification of poly(VDF-co-TrFE)
films by surface-initiated ATRP without
pretreatmentt
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The direct surface modification of poly(vinylidene fluoride-co-trifluoroethylene) (VDF-co-TrFE) copolymer
films via surface-initiated atom transfer radical polymerization (ATRP) is presented. The surface-initiated
ATRP of tert-butyl acrylate (tBA) and styrene was carried out on poly(VDF-co-TrFE) films containing 75
mol% VDF at 383 K. Such a reaction was monitored by H and °F NMR, attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and by water
contact angle measurements. First, the °F NMR spectra of poly(VDF-co-TrFE)-g-poly(tBA) graft
copolymers revealed a reduction in the signal intensity at —123 ppm compared with that of the poly(VDF-
co-TrFE) copolymer, indicating that the polymerization of tBA occurred exclusively by fluorine abstraction
from the TrFE units. ATR-FTIR spectra of the resulting poly(VDF-co-TrFE)-g-poly(tBA) and poly(VDF-co-
TrFE)-g-polystyrene (PS) films evidenced the characteristic absorption frequencies assigned to carbonyl and
aromatic C-H stretching. The atomic ratio on the surface of polymer-grafted poly(VDF-co-TrFE) film
observed by XPS well agreed with theoretical value of poly(tBA) and PS hompolymers. These results
indicated that poly(tBA) and PS were successfully grafted onto the poly(VDF-co-TrFE) film surfaces forming
grafting layers, the thickness of which was over 10 nm. The poly(VDF-co-TrFE)-g-poly(tBA) film was
subsequently treated with p-toluenesulfonic acid and sodium hydrogen carbonate to modify the grafted
chains into poly(acrylic acid sodium salt). Surface-grafted polystyrene was also converted to poly(styrene
sulfonic acid sodium salt) by treatment with sulfonic acid. Each reaction step was characterized by ATR-IR
and XPS. The static water contact angle of poly(VDF-co-TrFE) copolymer was remarkably reduced from 91
to 15° by hydrolysis of the tBA chains, sulfonation of the styrene chains and their neutralization. A
hydrophilic surface was successfully achieved on the poly(VDF-co-TrFE) film by direct surface-initiated
polymerization from the outermost surface of the TrFE unit without any change in the bulk physical properties.

polymers.’” Among various synthetic pathways for the surface
modification of fluorinated polymers, the direct “grafting-from”
procedure from fluorinated polymer artifacts, which include
films, fibers and membranes, seems the most appropriate
pathway.®? Various studies regarding polymer-grafting, which
is achieveed by the polymerization of various monomers,
such as acrylate or styrene derivatives, onto activated fluori-
nated polymers, such as poly(tetrafluoroethylene) (PTFE),”*°
poly(chlorotrifluoroethylene) (PCTFE),"* and poly(vinylidene
fluoride) (PVDF),** or copolymers, such as poly(ethylene-co-
tetrafluoroethylene) (ETFE),"* poly(TFE-co-hexafluoropropylene)
(FEP)," poly(TFE-co-alkoxyethylene) (PFA),** poly(VDF-co-hexa-
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fluoropropylene),’® poly(VDF-co-TFE),'* and poly(VDF-co-tri-
fluoroethylene) (VDF-co-TrFE)* copolymers, have been reported
for a wide variety of applications such as fuel cell membranes
and corrosion protection coatings. Because of the chemical
stability of fluorinated polymers, the pretreatment of the fluo-
rinated polymers is necessary for the “grafting-from” procedure.
The activation has been accomplished by ozonization,>*'” by
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high energy technologies such as gamma rays,'® swift heavy
ions,?° electron beam, or plasma.* Conventional free
radical polymerization strategy was also applied to surface
modification by means of a fluorinated copolymer bearing
a peroxycarbonate radical initiator.>

The “grafting-from” procedure based on controlled radical
polymerization (CRP) techniques has attracted considerable
interest due to the possibility to control the macromolecular
architecture. The polymer grafting on PVDF-based macro-
initiators through nitroxide-mediated living free radical poly-
merization (NMP),* atom transfer radical polymerization
(ATRP)** and reversible addition-fragmentation chain trans-
fer (RAFT)**” has been reported, as shown in Table 1. ATRP is
regarded as the most pertinent strategy for the fluorinated
copolymers because the technique utilizes a reversible cleavable
of C-X (where X represents a halogen) bond in the backbone,
and is widely used as an efficient polymerization for well-
defined graft copolymers preparation. Fluorinated copolymers
having C-Cl and C-Br groups at the backbone have been used to
initiate ATRP by the reversible activation of the C-X bonds,****
whereas C-F bond is too stable (ca. 486 k] mol ) to initiate the
polymerization.>® Mayes et al** reported surprising direct
preparation of the graft copolymer of methacrylates from

21-23
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Characterization of SEC and "H NMR of graft copolymer ob-
tained by solution method, and XPS study of a copolymer film
prepared by grafting from PVDF membrane revealed the graft
polymerization was directly initiated from PVDF.

Until now, huge number of ATRP with PVDF macroinitiator
has been further reported.*>”3*3%-** Table 1 lists research works
on “surface-grafting” from outermost surface of fluoropolymer
film or membranes by radical method, and related studies on
the grafting from macroinitiator in solution. Nandi et al.** have
reported that the polymerization of N,N-dimethylaminoethyl
methacrylate (DMAEMA) was initiated from head-to-head
defects of the PVDF macroinitiator to give PVDF-g-poly-
(DMAEMA) graft copolymers with increasing graft density for
longer polymerization times. On the other hand, the direct
surface-initiated ATRP from the polymer articles including
films, fibers, and porous membrane has been demonstrated not
only for PVDF***4>% but also for polyethylene,"*¢ polyester"”
and polyolefin articles.*® Takahara et al.*® reported the direct
surface-initiated ATRP of tert-butyl acrylate (¢BA) from pol-
y(VDF-co-TrFE) films. Sundholm's group® performed the
synthesis of PVDF-g-poly(vinyl benzyl chloride) (PVBC) graft
copolymers by irradiation of PVDF by electron beam followed by
grafting vinyl benzyl chloride (VBC). In a subsequent step,

PVDF via ATRP using secondary fluorine as the initiator. these PVDF-g-PVBC graft copolymers acted as suitable
Table 1 Overview of the synthesis of fluorinated graft copolymers achieved by radical method
Method* Initiator or chain transfer” Structure of F-graft’ Ref.
NMP PVDF bearing TEMPO PVDF-g-PSSA 26
RAFT PVDF bearing dithioester group PVDF-g-PPEOMA 35
PVDF-g-PAA 36
PVDF bearing azo group PVDF-g-PPEOMA 37
PVDF-g-PMMA 37
ATRP PVDF PVDF-g-PSSA 29, 42 and 43
PVDF-g-poly(DMAEMA) 29 and 30
PVDF-g-PSPMA 28
PVDF-g-poly(BMA) 31
PVDF-g-PMAA 42
PVDF-g-PPEOMA 42
PVDF-g-PVBC PVDF-g-PVBC-g-PS 50
P(VDF-co-CTFE) P(VDF-co-CTFE)-g-poly(¢tBA) 11 and 51
P(VDF-co-CTFE)-g-PS 11, 38 and 51
P(VDF-co-CTFE)-g-PSSA 11, 33, 34, 38 and 44
P(VDF-co-CTFE)-g-PPEOMA 11 and 52
P(CTFE-alt-VE) P(CTFE-alt-VE)-g-PSammonium 45
P(VDF-co-TrFE) Poly(VDF-co-TrFE)-g-poly(tBA) 49
Poly(VDF-co-TrFE)-g-PAAsalt 49
P(VDF-co-BDFO) PVDF-g-PS 28
P(VDF-ter-TrFE-ter-CTFE) P(VDF-ter-TrFE-ter-CTFE)-g-PS 38 and 40
SET-LRP P(VDF-co-CTFE) P(VDF-co-CTFE)-g-PMMA 41
Uncontrolled P(VDF-co-CTFE)-g-peroxycarbonate P(VDF-co-CTFE)-g-PVDF 25
PVDF ozonization PVDF-g-PPEOMA 17
PVDF bearing azo group PVDF-g-PAA 36
Radio grafting FP/irradiation FP-g-PS, FP-g-PMMA 1

“ NMP, RAFT, ATRP, and SET-LRP stand for nitroxy-mediated polymerization, reversible addition fragmentation chain-transfer, atom transfer
radical polymerization, single-electron transfer-living radical polymerization, respectively. b pVDF, TEMPO, PVBC, CTFE, VE, TrFE, BDFO, and
FP stand for poly(vinylidene fluoride), 2,2,6,6-tetramethylpiperidinyl-1-oxy, poly(vinyl benzylchloride), chlorotrifluoroethylene, vinyl ether,
trifluoroethylene, 8-bromo-1H,1H,2H-perfluorooct-1-ene, and fluoropolymers, respectively. ¢ PSSA, PPEOMA, PAA, PMMA, DMAEMA, PSPMA, PS,
tBA, PSammonium, BMA, and PMAA stand for styrene sulfonic acid, poly(oxyethylene) methacrylate, poly(acrylic acid), N,N-dimethylaminoethyl
methacrylate, poly(3-sulfopropyl methacrylate), polystyrene, tert-butyl acrylate, poly(4-vinylbenzyltrimethylammonium salt), butyl methacrylate,

and poly(methacrylic acid), respectively.
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macroinitiators (via their chloromethyl side-groups) in the
ATRP of styrene leading to controlled (PVDF-g-PVBC)-g-poly-
styrene (PS) graft copolymers. In another approach, Zhang and
Russell”* prepared PVDF-g-PS and PVDF-g-poly(tBA) graft
copolymers of molecular weights up to 250 000 g mol ™" by ATRP
initiated with a poly(VDF-co-CTFE) copolymer. Similarly, Koh
et al.*® synthesized poly(VDF-co-CTFE)-g-poly(poly(oxyelthylene
methacrylate)) (PPOEMA), as an amphiphilic comb copolymer
with hydrophobic poly(VDF-co-CTFE) backbone and hydrophilic
PPOEMA side chains at 73/27 wt%. The microphase separation
structure generated by poly(VDF-co-CTFE)-g-PPOEMA comb
copolymer®* was useful to produce the homogeneous nano-
composite films containing the silver nanoparticles (average
size was 4-8 nm) by the in situ reduction of tri-
fluoromethanesulfonate precursor under UV irradiation. In the
last decades, various types of hydrocarbon polymers, such as
polybutadiene, polyisoprene, PMMA, PDMS, polyphosphazene,
polysulfone, and poly(vinyl alcohol), were grafted from the
perfluoroalkyl groups or the fluorinated (co)polymers.*

Although various direct graft polymerization from fluo-
ropolymers have been investigated as listed in Table 1, it was
worth bringing spectroscopic proofs to elucidate ATRP initia-
tion from CF, groups of PVDF or another site. Therefore, we
started the project to study the evidence which is the cleavable
bond involved in ATRP from the poly(VDF-co-TrFE) copolymer
to initiate the graft polymerization. The detail spectroscopic
analysis of ATRP with poly(VDF-co-TtFE) macroinitiator was
also conducted by '°F and 'H NMR to understand the poly-
merization mechanism. In addition, the graft polymerization
strategy of poly(VDF-co-TrFE) copolymer was applied to the
surface modification of fluoropolymer substrates by the surface-
initiated ATRP of ¢BA and styrene directly from poly(VDF-co-
TrFE) films. The change in surface wettability from hydrophobic
to hydrophilic was also observed by the successive hydrolysis of
butyl ester or sulfonation of phenyl groups.

Experimental
Materials

Vinylidene fluoride (VDF)-trifluoroethylene (TrFE) copolymer
[poly(VDF-co-TrFE)] film (thickness = 80 pm) containing 75
mol% VDF units was provided by Daikin Industries. The
number-average molecular weight (M,,) and molecular weight
distribution of poly(VDF-co-TrFE) film were M, = 88700 g
mol ' and M,,/M, = 3.34, respectively. The films were pressed
between polished Si wafers (15 x 15 mm) under vacuum at 363
K under 40 MPa for 10 minutes to make the surface smooth for
the characterization, and rinsed with hexane before use. Cop-
per(r) chloride (CuCl, Wako Pure Chemicals) was purified by
washing with acetic acid and ethanol, and was dried under
vacuum. tert-Butyl acrylate (¢BA), styrene and ethyl 2-chlor-
opropionate (EC) were purchased from Tokyo Chemical
Industry, and purified by distillation under reduced pressure
over calcium hydride prior to use. Anisole and methanol were
purchased from Wako Pure Chemicals and purified by distil-
lation after reflux with metallic sodium for 4 hours.
N,N,N,N" ,N"-Pentamethyldiethylenetriamine (PMDETA), and
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4,4'-dimethyl-2,2’-bipyridyl (DMbpy) were purchased from
Aldrich and used without further purification. Heptane, tetra-
hydrofuran (THF), sodium hydrogen carbonate (NaHCO3), and
p-toluene sulfonic acid monohydrate were purchased from
Wako Chemicals and used as received. Sulfuric acid (Nacalai
Tesque Inc.) and N,N-dimethylformamide (DMF, Kishida
Chemical Co.) were used as received. Water for the contact
angle measurement was purified with the NanoPure Water
system (Millipore, Inc.). Deuterated acetone was purchased
from Euriso-top (Grenoble, France) (purity > 99.8%). All other
reagents and solvents were purchased from Wako Pure Chem-
icals and used as received.

Measurements

'H NMR measurement was carried out on a Bruker AC 400
instrument, using deuterated acetone as the solvent and tetra-
methylsilane (TMS) as the references at 298 K. The experimental
conditions for recording 'H NMR spectra were as follow: flip
angle 90°, acquisition time 4.5 s, pulse delay 2 s, and number of
scans 128. "°F NMR spectroscopic measurement was carried out
on a Bruker AC 400 instrument, using deuterated acetone as the
solvent and CFCl; as the references at 298 K. The experimental
conditions for recording '°F NMR spectra were as follows: flip
angle 30°, acquisition time 0.7 s, pulse delay 2 s, number of
scans 512, and a pulse width of 5 ps.

The M, and the molecular weight distribution were deter-
mined by size exclusion chromatography (SEC) using a HLC-
8220 system (TOSOH Co., Ltd.) equipped with three directly
connected polystyrene gel columns of TSKgel SuperH6000, 4000
and 2500, and a refractive index (RI) detector. Tetrahydrofuran
(THF) was used as the eluent at a flow rate of 0.6 mL min~" at
313 K. Calibration curves were prepared with a series of
PS standards (3690 K, 672 K, 218.8 K, 52.2 K, 21.0 K, 4920,
1060 g mol ™).

Attenuated total reflectance Fourier transformed infrared
spectroscopy (ATR-FTIR) was carried out on a Spectrum One
(Perkin Elmer Inc.,). A ZnSe with a 45° angle crystal was used
and all spectra were recorded at 1.0 cm ™' resolution for 128
scans, and the empty ATR cell spectrum was used for
background.

X-ray photoelectron spectroscopy (XPS) measurement was
carried out using an XPS-APEX (Physical Electronics Inc.) at 1 x
10~° Pa using a monochromatic Al K,, X-ray source operated at
200 W. XPS spectra were collected at takeoff angle of 45°, and
a low-energy (25 eV) electron flood gun was used to minimize
sample charging. The survey spectra (0-1000 eV) and high-
resolution spectra (narrow scan) of the C;5 were acquired at
an energy step of 1.0 and 0.1 eV, respectively. Sputter depth
profiling using Ce," ion source was recorded on a PHI Quantera
SXM (ULVAC-PHI, Chigasaki, Japan) system using a micro-
focused (100 um, 24.8 W, 15 kV) Al X-ray beam (1486.6 €eV)
with a photoelectron take-off angle of 45°. Details are described
in the ESL{

Atomic force microscopy (AFM) observation was operated
with the dynamic force mode at optimal force under ambient
atmosphere at room temperature, using a 20 x 20 pm?> PZT-

RSC Adv., 2016, 6, 86373-86384 | 86375
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scanner with SPA 400 (SII NanoTechnology, Inc.). Rectangular
shaped silicon cantilevers (tip radius: ~10 nm; SI-DF20; Seiko
Instruments Inc.), with spring constant of 15 N m ™" and reso-
nance frequency of 130 kHz, were used for imaging. The root
mean square (rms) roughness (R,) was calculated by the
following equation;

1)

where L and z(x) are scanning distance and the height variation
function of the surface along with the scanning direction (x),
respectively.

The static contact angles against water (2 pL) were recorded
with a drop-shaped analytical system DSA 10 (KRUSS Co., Ltd.)
equipped with a video camera. The average of five measure-
ments were used as the data.

Solution polymerization of tBA from poly(VDF-co-TrFE)
copolymer

Poly(VDF-co-TrFE) film (200 mg, VDF unit = 2.19 mmol, TrFE
unit = 0.73 mmol), CuCl (8.0 mg, 0.081 mmol), PMDETA (22.2
mg, 0.128 mmol) were added in a glass vessel and dried by
repeating a degas and argon purge. The ¢BA (5.00 mL, 34.0
mmol) and DMF (7.0 mL) were transferred into the glass vessel,
and the poly(VDF-co-TrFE) film was dissolved in the solution.

Paper

Oxygen was removed by three freeze-thaw cycles. The reaction
vessel was placed into an oil bath, and heated at 358 K for 80
min under argon atmosphere. After cooling to room tempera-
ture, the solution was diluted with small portion of methanol
and poured into an excess volume of methanol aqueous solu-
tion (water/methanol = 4/1, vol/vol) to precipitate the resulting
poly(VDF-co-TrFE)-g-poly(¢BA) copolymer. The precipitated
polymer was collected by vacuum filtration and dried under
vacuum prior to the characterization.

Surface-initiated ATRP of tBA from poly(VDF-co-TrFE) film

A typical procedure of surface-initiated ATRP is described in
Scheme 1. A poly(VDF-co-TrFE) film (200 mg), CuCl (8.0 mg,
0.081 mmol) and PMDETA (22.2 mg, 0.128 mmol) were added in
a glass vessel and dried by repeating a degas and argon purge.
The tBA (5.00 g, 34.0 mmol) and EC (10.9 mg, 0.08 mmol) were
introduced into the glass vessel. Oxygen was removed by the
freeze-thaw cycles. The reaction vessel was placed into an oil
bath, and heated at 358 K for 18 h under argon atmosphere. The
solution was diluted with a small portion of methanol and
poured into an excess volume of methanol aqueous solution
(water/methanol = 4/1, vol/vol) to precipitate unbound poly-
(tBA). The resulting poly(VDF-co-TrFE)-g-poly(tBA) film was
washed by methanol with a Soxhlet apparatus for 24 h to remove
the adsorbed free polymer, and dried under vacuum prior to the
characterization. Surface-initiated ATRP of styrene was also

- tBA %CHZ CH)—X %CHZ CHQ—X AQCHZ—CH%—X
CuCll PMDETA TsOH/ heptane NaH003 - C.’éo ®
I_F 358K, 18 h | OBU 358K, 6 h OH 313K, 1h | O~'Na
—F Poly(tBuA)-grafted film PAA-grafted film PAANa-grafted film
<
Styrene %I_/\éf — i\r — 9_ ﬁv — 9_
y! CH,-CH mX CH,—-CH mX CH,-CH mX
_C ) ( ¢ C y L CuCl/ DMBpy conc. HSO, = | NaHCOs3 4,
z 358 K, 18 h 1 313K, 24 h X 313K, 1h 1 0. ®
poly(VDF-co-TrFE) film SO3H SO3 Na

PS-grafted film

PSSA-grafted film

PSSANa-grafted film

Scheme 1 Schematic diagram of the direct modification of the poly(VDF-co-TrFE) films by surface-initiated ATRP and the successive hydrolysis

and sulfonation reactions.

Table 2 Direct surface-initiated ATRP of tert-butyl acrylate (tBA) and styrene (St) from poly(VDF-co-TrFE) film surface®

Amount of reagents (mmol)

Run CuCl Ligand EC Monomer Time h M, x 10737 My/M,?
1 0.089 PMDETA: 0.131 0.080 tBA: 34.13 12 34.5 1.60
2 0.095 PMDETA: 0.131 0.080 tBA: 34.13 12 42.0 1.76
3 0.080 PMDETA: 0.128 0.070 tBA: 34.13 18 30.5 1.49
4 0.081 PMDETA: 0.128 0.070 tBA: 34.13 18 23.4 1.60
5 0.081 DMbpy: 0.162 0.070 St: 34.70 18 24.7 1.24

“ Polymerization were carried out under Ar at 358 K. ? Determined by SEC using polystyrene standards. PMDETA, DMbpy, and EC stand for
N,N,N',N" N"-pentamethyldiethylenetriamine, 4,4’-dimethyl-2,2'-bipyridyl, and ethyl 2-chloropropionate, respectively.
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carried out under similar conditions in the presence of CuCl
and DMbpy at 358 K, and the obtained poly(VDF-co-TrFE)-g-PS
film was washed by toluene with a Soxhlet apparatus for 24 h.
Table 2 lists the molecular weight and molecular weight
distribution of the resulting unbound poly(tBA) and
polystyrene.

Hydrolysis and neutralization of surface-tethered poly(tBA)
chains

Heptane (20 mL), distilled water (0.5 mL) and p-toluenesulfonic
acid monohydrate (0.2 g) were introduced in a glass vessel.
Poly(VDF-co-TrFE)-g-poly(¢BA) graft copolymer was introduced
into the solution, and the glass vessel was placed into an oil
bath, and heated at 358 K for 6 h. The film was washed with
water, and dried under vacuum to yield the hydrolyzed pol-
y(VDF-co-TrFE)-g-poly(acrylic acid) (PAA) film. The hydrolysis of
tert-butyl ester was monitored by ATR-FTIR. The poly(VDF-co-
TrFE)-g-PAA film was immersed into NaHCO; aqueous solution
(0.01 g mL ™). The solution was heated at 313 K for 60 min. The

ML) ]

CuCl/PMDETA/DMF
358K, 80 min CHZ O
H-C—C-0fBu
X=ForCl n
X

Scheme 2 Proposed mechanism of graft polymerization of tBA from
poly(VDF-co-TrFE) via ATRP.

RSC Advances

film was washed with water, and dried under vacuum to yield
the neutralized poly(VDF-co-TrFE)-g-poly(acrylic acid sodium
salt) (PAANa) graft copolymer film.

Sulfonation and neutralization of surface-tethered PS chains

Poly(VDF-co-TrFE)-g-PS film (Table 2, run 5) was introduced into
a glass vessel and immersed into a concentrated sulfuric acid.
The glass vessel was placed into an oil bath at 313 K for 24 h.
The film was washed with water, and dried under vacuum to
give the poly(VDF-co-TrFE)-g-poly(styrene sulfonic acid) (PSSA)
film that was subsequently immersed into NaHCO; aqueous
solution (0.01 g mL ") at 313 K for 60 min. The film was washed
with water, and dried under vacuum to give the neutralized
poly(VDF-co-TrFE)-g-poly(styrene sulfonic acid sodium salt)
(PSSANa) film.

Results and discussion

Solution polymerization of tBA from poly(VDF-co-TrFE)
copolymer

First of all, we carried out ATRP of ¢tBA in DMF using poly(VDF-
co-TrFE) copolymer (200 mg) as a macroinitiator in the presence
of CuCl/PMDETA complex at 358 K for 80 min under argon
atmosphere (Scheme 2) to give a poly(VDF-co-TrFE)-g-poly(¢BA)
graft copolymer with 210 mg yield. Therefore, the weight frac-
tion of poly(tBA) was estimated to be 4.8 wt%. The resulting
graft copolymer was characterized by 'H and '’F NMR, as
described in following section.

k3 ®
g s
I3
VAR :
AR
HFX'HFY]z
VDF
normal addition
\ VIEF
reverse fddition
TrFE
S, . il

1.00

T
a
<

0.32 4

64 62 60 58 56

54 52 50 48 46 44 42 40 38 3.6 34 32 30 28 26

24 22 20 18

Chemical Shift (ppm)

Fig. 1 'H NMR spectrum of the poly(VDF-co-TrFE) recorded in acetone-dé.
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AV
9‘99\&."9
HFX'HFY]z

-CF; - in VDF-TrFE diads

-CF, - of VDF
(normal addition)

f -CF2- of VDF
(reverse addition)
-CFH- of TrFE
-CF,- of TrFE
_ | l v /\/‘ _— T
1 Il L L L
iy L S A A

220

60 70 -80 -9 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210

Chemical Shift (ppm)

Fig. 2 1°F NMR spectrum of the poly(VDF-co-TrFE) recorded in acetone-d6.

H20  acetone tBu

F

AVIRAYA S
S HE-S o
FaviE o LY.

X=ForCl OBu

poly(VDF-co-TrFE)
L-CH,-CH,-CF -
258 2.56 254 2.52 2.50 248 2.46 244 242 240 238 236 234 232 230 228 226 224 222 220 2.18 216 214
Chemical Shift (ppm)
oCH
-CH,-CFo-

BCH,

|
-CFH-CF,- /] Lg j !

W |
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P aei F

7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5
Chemical Shift (ppm)

1.0 0.5 0.0

Fig. 3 H NMR spectra of one poly(VDF-co-TrFE) (red line) and three poly(VDF-co-TrFE)-g-poly(tBA) (blue, green, purple lines). All the spectra

were overlapped.
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NMR analysis for the polymerization mechanism
investigation

The "H NMR spectrum of poly(VDF-co-TrFE) copolymer shows
signals for VDF assigned to the normal tail-to-tail additions and
signals attributed to the reverse tail-to-tail additions at 2.8-3.3
ppm and 2.2-2.5 ppm, respectively (Fig. 1). The signals for
—-CHF- of TrFE units are located between 5.0 and 5.8 ppm.°® The
integral of those signals indicates 71.4 mol% of VDF in the
copolymer. In the case of Fig. 1, the content of VDF (Cypg) was
estimated as follows.

421 40.32/2
421+032/2+1.0/1

x 100 = 71.4% )

CVDF =

The '°F NMR spectrum of poly(VDF-co-TrFE) displays signals
for both VDF and TrFE. Signals for -CFH- of TrFE are found at
—199 (TrFE-TrFE dyad) and —209 ppm (VDF-TrFE dyad), while
—CF,- signals for both VDF and TrFE are located between —92
and —132 ppm.°® Signals for -CF,- of TrFE correspond to the two
AB systems centered at —131 and —123.5 ppm. Inverse addi-
tions of VDF are located at —115 and —117 ppm. The signal
centered at —107.6 ppm corresponds to a -CF,— of VDF adjacent
to a -CFH- of TrFE while the signal centered at —114 ppm was
assigned to a —-CF,- of VDF adjacent to a -CF,- of TrFE. Normal
addition of VDF is located between —92 and —97 ppm (Fig. 2).
Integrals of the signals indicate that the copolymer contain
70.4 mol% of VDF.

poly(VDF-co-TrFE)
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Fig. 3 exhibits a typical "H NMR spectrum of poly(VDF-co-
TrFE)-g-poly(tBA) graft copolymer synthesized by solution
polymerization of tBA with a poly(VDF-co-TrFE) macroinitiator
in the presence of CuCl/PMDETA complexes in DMF. The 'H
NMR spectra do not show any changes for the signals at 3.0-3.3
ppm of VDF units and 5.0-5.8 ppm of TrFE units. A slight
change is observed for the signal at 0.8-1.7 ppm and 2.3 ppm
that were assigned to the presence of the methylene and
methine protons of the ¢tBA units, respectively, though as the
change is small, only a few grafted chains are expected. A new
singlet also appears at 1.4 ppm assigned the tert-butyl protons
of tBA units. The weight fraction of grafted poly(¢BA) chains was
estimated to be around 3.6 wt%. It was assessed from the
integral ratio of tBu at 1.5 ppm and the sum of the integral of
signals at 5.0-5.8 ppm and 3.0-3.3 ppm assigned to the CFH
and CH, protons. Therefore, the grafting efficiency is not
sufficient in this system and the polymerization initiates from
a part of the main chain.

Fig. 4 exhibits a "’F NMR spectrum of poly(VDF-co-TrFE)-g-
poly(¢BA). The superposition of the '°F NMR spectra shows no
changes in the intensities of the signals of the VDF units
whereas all signals assigned to TrFE highlights some changes in
chemical shifts and shape. These changes are attributed to the
grafting reaction where the electron-donating tert-butyl ester
group induces a high field chemical shift so that differences are
noted at about —208.5 ppm and —199 ppm. The effect is also
visible on the -CF,- of TrFE adjacent to the graft (signals at

poly(VDF-co-TrFE)-g-poly(tBA)

-CFHof TrFE

Chemical Shift (ppm)

-CF,-in VDF-TrFE diads

-122.2 -122.4 -122.6 -122.8 -123.0 -123.2 -123.4 -123.6 -123.8 -124.0 -124.

2 -1244

-208.0

-CF - of VDF
-CFy-of VDF -CF,-of TrFE
] _‘_\
_

-2082 -2084 -2086 -208.8 -209.0 -209.2

Chemical Shift (ppm)

-2094 -209.6 -209.8 -210.0

-CFHof TrFE

-CFHof TrFE
—

LA

-85 -95

T T T

-115

T T T T T
-105 -125 -135 -145 -155

T T T
-165 -175 -185 -195 -205 -215

Chemical Shift (ppm)

Fig. 4 °F NMR spectra of one poly(VDF-co-TrFE) (red line) and three po
were overlapped.
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ly(VDF-co-TrFE)-g-poly(tBA) (blue, green, purple lines). All the spectra
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about —123 to —124 ppm). The reduction in the signal intensity
at —123 to —124 ppm suggests that the cleavage of C-F bond of
-CF,- in TrFE unit initiated the graft polymerization of ¢BA. It
has been also noted that these signals, originally doublets due
to AB systems, are present as singlet upon grafting. This indi-
cates that the AB system disappeared and became more simple
system due to the introduction of flexible graft chains. From
these findings, the grafting reaction occurs exclusively by
abstracting a fluorine atom on the -CF,- of TrFE units, as
shown in Scheme 2.

If ATRP of ¢BA was initiated by —CF,- groups of TrFE units,
a fluorine atom must be attached to the propagating chain end of
poly(tBA). However, it is still unclear whether the C-F bond
continuously worked as a dormant species to generate the poly-
mers by ATRP process or not, because the terminal halogen of the
grafted poly(¢BA) chains was very difficult to be identified by XPS
and ATR-IR in this experiment. In general, homolytic cleavage of
C-F bond hardly occurs due to large bonding energy compared
with C-Cl and C-Br. One possible mechanism is that the halogen
exchange of the fluorine to chloride would occur at the propa-
gating chain end during ATRP in the presence of CuCl, because
the C-Cl bonds has less bonding energy than the C-F ones.* The
reversible oxidation and reduction cycles are possibly repeated
between terminal C-Cl groups and CuCl/ligand complex catalysts
due to the C-X bonds stability.

Surface-initiated ATRP of ¢BA and styrene from poly(VDF-co-
TrFE) film surfaces

Surface-initiated ATRP of tBA or styrene from a poly(VDF-co-TrFE)
films and successive hydrolysis or sulfonation were carried out as
shown in Scheme 1. Poly(VDF-co-TrFE) copolymer does not
dissolve in ¢BA nor styrene but slightly swells with the monomers,
so that the polymerization initiates from the surface of the film
and also partially from the bulk. XPS depth profiling using Ceo"
sputtering (Fig. S1 in ESIt) revealed gradient distribution of
oxygen and fluorine atoms in-depth, indicating that outer most
surface was almost covered with poly(tBA), while the mixture
layer of poly(tBA) and poly(VDF-co-TrFE) was also formed inside
the film. Thickness of surface-grafted poly(¢BA) on poly(VDF-co-
TrFE) film was estimated by sputter depth profiling to be 26.6
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nm. Poly(tBA) was not found in deeper region (>83 nm) of the
film. Therefore, the bulk poly(VDF-co-TrFE) chains remained
inside the film. Details are described in ESI.f Unbound (free)
polymers were also obtained simultaneously by sacrificial initi-
ator, EC. Table 2 represents the reaction conditions of surface-
initiated ATRP of ¢BA and styrene from poly(VDF-co-TrFE) films,
and the M, and molecular weight distribution (MWD) of the
unbound polymers. The MWD values of the obtained poly(tBA)
were M, /M, = 1.3-1.7, which were rather broad, because 2-
chloropropionate was used as a sacrificial initiator in this study,
instead of 2-bromoisobutylate. In fact, it is known that the
combination of 2-bromoisobutylate initiator and CuBr/PMDETA
catalyst polymerizes ¢BA in a controlled manner to give the
polymer with predictable M,, and narrow MWD.*® However, the 2-
bromoisobutylate initiates the polymerization of tBA much faster
than poly(VDF-co-TrFE) thus yielding more free polymer, low-
yield, and low-M, surface-grafted polymer. Therefore, 2-chlor-
opropionate and CuCl were used as a sacrificial initiator and
catalyst, respectively, to regulate the polymerization rate in
solution and to promote the simultaneous polymerization from
free initiator and poly(VDF-co-TrFE) film, although the MWDs of
free polymer become rather broad.

The film surface was analyzed by ATR-FTIR using a ZnSe ATR
prism. ATR-FTIR spectra of the pristine, poly(tBA)-grafted, PAA-
grafted and PAANa-grafted poly(VDF-co-TrFE) films are shown
in Fig. 5. The characteristic absorption band appeared at 1723
cm ! corresponding to the ester carbonyl group of poly(tBA).
Absorption peaks corresponding to the C-H bond stretching
vibrations (2934 cm™', 2979 cm™*, 3008 cm ') considerably
increased compared with the initial poly(VDF-co-TrFE) films.*
After hydrolysis reaction, the broadening of carbonyl stretching
vibration to the lower wavenumber region and the absorption
intensity decrease of C-H bond stretching vibration were
observed indicating that the elimination of tert-butyl groups
proceeded through the hydrolysis reaction. After neutralization,
a new absorption corresponding to the carboxylic acid with
counter cation was observed at 1575 cm™',* indicating the
formation of carboxylic acid sodium salt units.

ATR-FTIR spectra of the pristine, poly(VDF-co-TrFE)-g-poly-
(tBA) and poly(VDF-co-TrFE)-g-PS films are shown in Fig. 6.
Aromatic C=C bond stretching vibrations (1493 cm ™', 1601

(d) PAANa-grafted

(c) PAA-grafted

(b) Poly(tBA)-grafted

Absorbance

(a) Poly(VDF-co-TrFE)

N

1

Wavenumber, cm!

1 1 1 1 1 1 " 1 L 1 L
3500 3000 2500 2000 1500 1000 3400 3200 3000 2800

1
1700 1500

Wavenumber, cm-? Wavenumber, cm-

Fig. 5 ATR-IR spectra of (a) poly(VDF-co-TrFE) film, (b) poly(VDF-co-TrFE)-g-poly(tBA), (c) poly(VDF-co-TrFE)-g-PAA, and (d) poly(VDF-co-
TrFE)-g-PAANa films. Full-range spectra (left), narrow range from 2800 to 3400 cm™! (center), narrow range from 1500 to 1800 cm™! (right).
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(c) PSSA-grafted

(b) PS-grafted

Absorbance

(a) Poly(VDF-co-TrFE)

1 1 1 1 n 1 n 1

S

C-H(Ar)

MY

1 1 1 1 1

3500 3000 2500 2000 1500 1000
Wavenumber, cm?

3100 3000 2900 1700 1600 1500 1400
Wavenumber, cm’ Wavenumber, cm’

Fig.6 ATR-FTIR spectra of (a) poly(VDF-co-TrFE) film, (b) poly(VDF-co-TrFE)-g-PS, and (c) poly(VDF-co-TrFE)-g-PSSA films. Full-range spectra
(left), narrow range from 2850 to 3150 cm™! (center), and narrow range from 1400 to 1700 cm™* (right).

em™ ') and aromatic C-H bond stretching vibrations (3025
cm™', 3060 cm™*, 3082 cm™ ') are observed in the PS-grafted
poly(VDF-co-TrFE) films. After the sulfonation reaction,
a broad absorption attributable to the sulfonyl groups was
clearly observed at 1620 cm ™" as well as the absorptions derived
from aromatic rings, indicating the transformation of the
aromatic rings to the styrene sulfonic groups.

The surface modified poly(VDF-co-TrFE) surfaces were also
confirmed by XPS measurement as shown in Fig. 7. XPS spectra
of the poly(VDF-co-TrFE)-g-poly(tBA) films exhibited a large
decrease in fluorine peak intensity. Three peaks at 688, 532, and
285 eV were observed on the poly(VDF-co-TrFE)-g-poly(tBA)
films, corresponding to fluorine, oxygen and carbon, respec-
tively. The atomic ratios of C/O/F in the poly(VDF-co-TrFE)-g-
poly(¢BA) films were estimated to be 75.1/21.3/3.6, which is
relatively close to the theoretical values calculated from the
atomic assigned to poly(tBA) (C/O = 72.4/27.6) (Table 3). The
narrow scan spectrum of C;5 showed peaks corresponding to
the carbons of C=0, C-O, and C-C bonds, respectively (in
Fig. S2, ESIT), due to poly(tBA). Although the C;4 peak of CF,
bond was also slightly observed (3.2%) in narrow scan spec-
trum, the area ratio of three main peaks due to C=0, C-O, and
C-C calculated by three fitting curves relatively agreed with
poly(tBA). The intensity of C;, peak due to the C-F bond (700 eV)
was very low in Fig. 7, indicating that the poly(¢BA) brush layer is
thick enough to cover the poly(VDF-co-TrFE) film surface. After
hydrolysis reaction, atomic ratio of C,¢ considerably reduced
and C/O/F ratio was calculated to be 66.7/11.5/21.8. The atomic
ratios disagree with PAA and the fluorine content increased
significantly, indicating the incomplete hydrolysis and the
thickness reduction as well as the graft-density reduction
through the elimination of bulky tert-butyl groups. The
detachment of grafted poly(VDF-co-TrFE)-g-PAA chains on the
hydrolysis reaction process is also expected. After neutraliza-
tion, Na,; peak was observed whereas the atomic ratio of Na was
insufficient for complete neutralization calculated from O
based atomic ratio. The relatively high pK, of the PAA would
lead to the partial neutralization only.

XPS spectrum of the poly(VDF-co-TrFE)-g-PS films exhibited
C;s peaks with a large fluorine peak, indicating a low graft-
density and low thickness. Three peaks at 180, 240, and 285

This journal is © The Royal Society of Chemistry 2016

eV were observed on poly(VDF-co-TrFE)-g-PSSANa films, corre-
sponding to Sy, S, and Oy, respectively. The atomic ratio of S/
O in the poly(VDF-co-TrFE)-g-PSSA films were estimated to be
approximately 1/3, indicating the formation of sulfonyl groups.
After neutralization, Na,;s peak was observed, and the atomic

_ 015 C1s
Fis NagL Sy
SZs
(9) PSSNa-grafted
MA'graﬂed
%N (e) PS-grafted
=]
©
} o1s C1s
2 N (d) PAANa-grafted
E L
oy (c) PAA-grafted
F1s
| (b) Poly(tBuA)-grafted
Cis (a) Poly(VDF-co-TrFE)
C_. PR RS HE S R E |
1000 800 600 400 200 0

Binding energy, eV

Fig.7 XPS spectra of (a) poly(VDF-co-TrFE), (b) poly(VDF-co-TrFE)-g-
poly(tBA), (c) poly(VDF-co-TrFE)-g-PAA (d) poly(VDF-co-TrFE)-g-
PAANa, (e) poly(VDF-co-TrFE)-g-PS, (f) poly(VDF-co-TrFE)-g-PSSA,
and (g) poly(VDF-co-TrFE)-g-PSSANa films.
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Table 3 Atomic ratio of the poly(VDF-co-TrFE) film and surface
modified poly(VDF-co-TrFE) film by surface-initiated polymerization®

Sample Cis Oy Fis S2p Na;g
Poly(VDF-co-TrFE) copolymer  0.499 — 0.501 — —
Poly(VDF-co-TtFE)-g-poly(tBA)  0.751 0.213  0.036 — —
Poly(VDF-co-TrFE)-g-PAA 0.667 0.115 0.218 — —
Poly(VDF-co-TrFE)-g-PAANa 0.559 0.080 0.347 — 0.014
Poly(VDF-co-TrFE)-g-PS 0.609 — 0.391 — —
Poly(VDF-co-TtFE)-g-PSSA 0.705 0.185 0.045 0.065 —
Poly(VDF-co-TrFE)-g-PSSANa 0.642 0.206 0.040 0.052 0.060

% Observed by XPS spectra. See also Fig. 7.

ratio of S/Na was approximately 1/1 indicating the quantitative
neutralization (i.e.; transformation of the sulfonic acid into

sulfonate groups).

(a) Pon(VDF co- TrFE)
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Fig. 8 shows the surface morphology of the poly(VDF-co-
TrFE) films before and after the surface grafting of poly(¢BA)
observed by AFM. Some pattern was observed on the surface of
original poly(VDF-co-TrFE) film, however, no remarkable
roughness was noted. After the surface grafting of poly(tBA) on
the poly(VDF-co-TrFE) films, the root mean square (rms) of the
surface roughness increased from 8.72 nm to 23.8 nm in a dry
state in the 3 x 3 um” scanning area. The poly(VDF-co-TrFE)
films are slightly swollen with ¢BA to induce the film deforma-
tion, and the roughness would be enhanced by the poly(tBA)-
grafting. Also, the poly(VDF-co-TrFE)-g-poly(tBA) component
would slightly dissolve into tert-butyl acrylate during the poly-
merization process making the surface rough.

The polymer-grafting and the subsequent hydrophilization
were also confirmed by water contact angle measurement.
Typical photographs of water droplets on the surfaces are

7 (b) Poly(VDF co- TrFE) g- pon(tBA)

E T T
c 40 40 - e
5 20} 20! d
s 0
T 0 1 1 0 L M PR B

0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0

Horizontal distance X, um

Horizontal distance X, um

Fig.8 AFM images (3.0 x 3.0 um?) of the (a) poly(VDF-co-TrFE) film and (b) surface poly(VDF-co-TrFE)-g-poly(tBA) film. Vertical height profiles

along with a line across the image are shown at the bottom of the top
and (b) were 8.72 and 23.8 nm in 3.0 x 3.0 um? area, respectively.

view images. The root mean square (rms) of the surface roughness of (a)

o0

P(VDF-co-TrFE) Poly(tBA)-grafted

P

PAA-grafted PAANa-grafted

PS-grafted

‘ (e) 92°\ ‘ () 21°H (@) 17"\

PSSA-grafted PSSANa-grafted

Fig. 9 Photographs (side view) of water droplets on (a) poly(VDF-co-TrFE), (b) poly(VDF-co-TrFE)-g-poly(tBA), (c) poly(VDF-co-TrFE)-g-PAA (d)
poly(VDF-co-TrFE)-g-PAANa, (e) poly(VDF-co-TrFE)-g-PS, (f) poly(VDF-co-TrFE)-g-PSSA, and (g) poly(VDF-co-TrFE)-g-PSSANa films. Static

water contact angles are represented inside of the images.
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displayed in Fig. 9. The water contact angle on the pristine
poly(VDF-co-TrFE) films was 91°, implying a slight hydrophobic
behavior. Poly(tBA)-grafting increased the water contact angle to
105°, which is related to the low surface free energy of the tert-
butyl groups. The tert-butyl groups segregate at the outermost
surfaces due to the low surface free energy to afford a stable
hydrophobic surface. The hydrolysis of the poly(VDF-co-TrFE)-g-
poly(¢BA) films and the sulfonation of poly(VDF-co-TrFE)-g-PS
films drastically reduce the water contact angle. Especially, the
styrene sulfonic acid groups make the water contact angle lower
than those of graft polymer bearing carboxylic acid groups due
to the large electrostatic interaction derived from the low
PK..>*°® Awater droplet on the neutralized polyelectrolyte brush
surface of PAANa and PSSANa had further lower contact angles
around 15-17 degree. The wettability and the surface free
energy of neutralized polyelectrolyte brushes have been care-
fully investigated.”” The electrostatic interaction makes the
neutralized polyelectrolyte brush surface hydrophilic. Although
the conversion of the hydrolysis, sulfonation and subsequent
neutralization might not be complete, the hydrophilic chains
segregate to the brush/water interface to show low contact angle
similar to pure PAANa and PSAANa brushes. The hydrophilicity
of PAANa-grafted and PSSANa-grafted films has been main-
tained for more than 3 months without any surface rearrange-
ment by chain migration due to the thick modified layer unlike
other hydrophilization techniques such as corona and y-radia-
tion treatments.

Conclusion

Direct modification of the poly(VDF-co-TrFE) films through
surface-initiated ATRP of ¢BA and styrene, and the subsequent
hydrophilization were demonstrated. The graft chains of
poly(tBA) or PS were directly generated from the outermost
surface of poly(VDF-co-TrFE) films by ATRP to afford a grafting
layer with an approximately 10 nm thickness, although the graft
density remains unclear. Subsequently, the acidic treatment of
the surface-grafted film induced the hydrolysis of the tert-butyl
ester or the sulfonation of the PS chains to yield a super
hydrophilic and wettable surface on the hydrophobic poly(VDF-
co-TrFE) films. 'H and "°F NMR analyses of the unbound (free)
poly(VDF-co-TrFE)-g-poly(tBA), synthesized by direct ATRP of
tBA onto poly(VDF-co-TrFE) copolymer in solution, revealed that
the graft chains were covalently bonded with TrFE unit in the
fluoropolymer backbone, suggesting that the homolytic
cleavage of C-F bond of the -CF,- from TrFE units occurred in
the presence of Cu catalyst to afford the radicals for the initia-
tion reaction of the ATRP of vinyl monomers. This unique
reactivity of TrFE made it possible to induce the direct “grafting-
from” ATRP, thus enabling an effective and useful surface
modification of the PVDF-based fluorine polymers.
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