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ABSTRACT: Controlled grafting of well-defined polymer
brushes on the poly(vinylidene fluoride) (PVDF) films was
carried out by the surface-initiated atom transfer radical
polymerization (ATRP). Surface-initiators were immobilized
on the PVDF films by surface hydroxylation and esterifica-
tion of the hydroxyl groups covalently linked to the surface
with 2-bromoisobutyrate bromide. Homopolymer brushes
of methyl methacrylate (MMA) and poly(ethylene glycol)
monomethacrylate (PEGMA) were prepared by ATRP from
the a-bromoester-functionalized PVDF surface. The chemi-
cal composition of the graft-functionalized PVDF surfaces
was characterized by X-ray photoelectron spectroscopy
(XPS) and attenuated total reflectance (ATR)-FTIR spectros-

copy. Kinetics study revealed a linear increase in the graft
concentration of PMMA and PEGMA with the reaction time,
indicating that the chain growth from the surface was con-
sistent with a “controlled” or “living” process. The “living”
chain ends were used as the macroinitiator for the synthesis
of diblock copolymer brushes. Water contact angles on
PVDF films were reduced by surface grafting of PEGMA
and MMA. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101:
3704-3712, 2006
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INTRODUCTION

Surface modification of polymers via molecular de-
sign is one of the most versatile approaches to impart-
ing new functionalities, such as improved hydrophi-
licity, biocompatibility, conductivity, and lubricative
and adhesive properties, to the existing polymers.'™
Surface modification of fluoropolymers, for example,
poly(vinylidene fluoride) (PVDEF), has been of partic-
ular interest because the fluoropolymers are one of the
most important families of engineering polymers.
They are well known for their physical and chemical
resistance.* ® In addition to numerous and versatile
industrial applications, new developments of PVDF
have been found in biotechnology,”"* and in the bio-
medical sector (vascular sutures and regeneration
templates)."''* But the biomedical equipments could
be polluted easily because of the low surface energy
and hydrophobility of PVDF. To improve surface hy-
drophilicity of PVDF, a large amount of work had
been devoted to the surface modification of flu-
oropolymers by chemical,'* plasma,'>" irradiation,'®
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corona discharge,'® flame,® and ozone treatment.”!

Recently, much attention has been centered on the
modification of fluoropolymers via surface graft copo-
lymerization or surface-initiated polymerization.”**%

Progress in polymerization has made it possible to
produce polymer chains or brushes on a surface with
controlled length and structure."* Polymers of vari-
ous architectures (block, comb, graft, hyperbranched,
star, etc.) have been synthesized by living radical po-
lymerizations. Successful examples of the living radi-
cal polymerization include nitroxide-mediated radical
polymerization,® atom transfer radical polymeriza-
tion (ATRP),**** and reversible addition—fragmenta-
tion chain transfer (RAFT) polymerization.”> ATRP
does not require stringent experimental conditions, as
in the case of cationic and anionic polymerization.
Preparation of well-defined polymer brushes via sur-
face-initiated living radical polymerization has also
received a considerable amount of attention in recent
years.>*~*

In the present work, surface modifications of the
PVDF film with well-defined polymer brushes from a
combination of surface hydroxylation and surface-ini-
tiated ATRP are reported. Surface hydroxylation is
first generated on the PVDF surface by chemical treat-
ment. The wet chemical treatment is applicable to
modify the larger bulky materials, whereas the other
traditional treatments are unsuitable. Immobilization
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of initiators is carried out by esterification of hydroxyl
groups covalently linked to the surface and 2-bro-
moisobutyrate bromide. The tethered 2-bromoisobu-
tyrate is used as the surface-immobilized initiator for
ATRP. Homopolymer brushes of methyl methacrylate
(MMA) and poly(ethylene glycol) monomethacrylate
(PEGMA) are prepared by ATRP on the bromoester-
functionalized PVDF surface. Diblock copolymer
brushes were prepared by using the homopolymer
brushes as the macroinitiators for the ATRP of the
second monomer. The chemical composition and hy-
drophilic property of the nontreated and functional-
ized PVDF surfaces are determined by X-ray photo-
electron spectroscopy (XPS) and contact angle mea-
surement.

EXPERIMENTAL
Materials

PVDF films having a thickness of 0.5 mm were ob-
tained from Goodfellow Cambridge Limited of Hunt-
ingon, England. The PVDF films were sliced into rect-
angular strips of about 1 cm X 2 cm in size. To remove
the organic residues on the surface, the PVDF film was
washed with acetone, methanol, and doubly distilled
water in the order. The films were dried under re-
duced pressure at room temperature for about 24 h
and then stored in a clean and dry box.

Lithium hydroxide monohydrate (LiOH H,O, 56%),
sodium borohydride (NaBH,, 99% ), and diisobutylalu-
minium hydride (DIBAL-H, 1.0M solution in toluene)
were purchased from Acros Organics (Geel, Belgium)
and used as received. Poly(ethylene glycol) methyl ether
monomethacrylate (PEGMA) macromonomer (M,,~300)
was passed through the inhibitor remover column to
remove the inhibitors. Methyl methacrylate (MMA)
and (2-dimethylamino)ethyl methacrylate (DMAEMA)
were distilled under reduced pressure and stored in an
argon atmosphere at —10°C. Copper(l) bromide and
copper(I) chloride were purified according to proce-
dures described in the literature.* 22-Bipyridine
(Bpy), ethyl bromoisobutyrate (EBiB), 2-bromoisobu-
tyrate bromide, 1,1,4,7,10, 10-hexamethyltriethyl-
enetetramine (HMTETA), and other chemical reagents
were used without further purification.

Surface characterization

Attenuated total reflectance (ATR) FTIR spectra of the
surface-functionalized films were obtained from a
Nicolet 5700 FTIR spectrophotometer, using a ZnSe
prism with an incident angle of 60°. Each spectrum
was collected by cumulating 1024 scans at a resolution
of 4 cm ™. A contact angle measurement JC2000A was
used to measure static water contact angles of the
polymer films at 25°C and 60% relative humidity us-

ing a sessile drop method. For each angle reported, at
least five sample readings from different surface loca-
tions were averaged. The angles reported were reli-
able to = 1°. Gel permeation chromatography (GPC)
measurements were carried out using a Waters 1515
HPLC equipped with a Styragel MIXED-C column
and a Waters 2414 refractive index detector. THF was
used as the mobile phase. Monodispersed polystyrene
(PSt) standards (Aldrich Chemical Co.) were used to
generate the calibration curve.

The chemical composition of the nontreated and the
functionalized PVDF surfaces was determined by X-
ray photoelectron spectroscopy (XPS). The XPS mea-
surements were performed on a Kratos AXIS Ultra
spectrometer, using a monochromatic Al Ka X-ray
source (1486.71 eV photons) at a constant dwell time
of 100 ms and a pass energy of 40 eV. The samples
were mounted on the standard sample studs by means
of double-sided adhesive tapes. The core-level signals
were obtained at a photoelectron takeoff angle (o,
measured with respect to the sample surface) of 90°.
The X-ray source was run at a reduced power of 225 W
(15kV and 15 mA). The pressure in the analysis cham-
ber was maintained at 10~ ® Torr or lower during each
measurement. All binding energies (BE’s) were refer-
enced to the C 1s hydrocarbon peak at 284.8 eV. Sur-
face elemental stoichiometries were determined from
the spectral area ratios, after correcting with the ex-
perimentally determined sensitivity factors, and were
reliable to within = 10%. The elemental sensitivity
factors were calibrated using stable binary com-
pounds of well-established stoichiometries.

The thickness of the polymer films grafted on the
PVDF substrates was determined by ellipsometry. The
measurements were carried out on a variable angle
spectroscopic ellipsometer (M-2000, J. A. Woollam
Inc., Lincoln, NE) at incident angles of 60° and 65° in
the wavelength range 370-1000 nm. The refractive
index of the dried films at all wavelengths was as-
sumed to be 1.5. All measurements were conducted in
the dry air at room temperature. For each sample,
thickness measurements were made on at least three
different surface locations. Each thickness reported
was reliable to = 1 nm. Data were recorded and pro-
cessed using the WVASE32 software package.

Surface hydroxylation of PVDF film

The surface hydroxylation of PVDF films was carried
out by treatment of PVDF films with aqueous LiOH,
followed by successive reductions with NaBH, and
DIBAL-H, according to the literature.*® The PVDF film
was immersed into a solution of 1.8 mol/L LiOH H,O
in water. The solution was maintained at 80°C and
stirred. After 24 h of reaction, the sample was de-
tached and rinsed successively with water and 2-pro-
panol. The film was dried under vacuum. The film
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sample, previously treated with LiOH, was immersed
into a solution of 0.078 mol/L NaBH, in 2-propanol.
The solution was maintained at 20°C and stirred. After
17 h of reaction, the sample was detached and rinsed
successively with 2-propanol, a 1:1 (v/v) mixture of
IN HCI and ethanol, and a 1:1 (v/v) mixture of
acetone and water. The film was dried under vacuum.
Subsequently, the film sample previously treated with
LiOH and NaBH, was immersed into a 0.104 mol /L of
DIBAL-H/toluene solution. After 65 h of reaction at
room temperature, the sample was rinsed successively
with hexane, a 1:1 (v/v) mixture of 1IN HCIl and
ethanol, and a 1:1 (v/v) mixture of acetone and wa-
ter.

Immobilization of the initiator on the hydroxylated
PVDF surface

To a solution of 3 mL of pyridine in 100 mL dry
diethyl ether was added 9 pieces of the hydroxylated
PVDF substrates, followed by dropwise addition of 4
mL of 2-bromoisobutyrate bromide in 60 mL of dry
diethyl ether over 10 min. The reaction mixture was
gently stirred at 0°C for 2 h, and then at room tem-
perature for another 10 h. The so-modified PVDF sub-
strates (PVDF-Br) were removed and washed with
ethanol and doubly distilled water. The substrates
were then dried by pumping under reduced pressure
for about 10 h.

Surface initiated atom transfer radical
polymerization

For the preparation of poly(methyl methacrylate)
(PMMA) brushes on the PVDF-Br surface, MMA (2
mL, 18.6 mmol), CuBr (9 mg, 0.062 mmol), and
HMTETA (51 uL, 0.186 mmol) were added to 2 mL of
a mixed solvent (anisole:acetonitrile, 1:1, v/v). The
solution was degassed with argon for 20 min. The
PVDEF-Br substrate and the free initiator, EBiB (9 uL,
0.062 mmol), were then added to the solution. The
reaction flask was sealed and kept in a 70°C oil bath
for a predetermined period of time. After the reaction,
the PVDF substrate with surface-grafted PMMA (the
PVDF-g-PMMA surface) was removed from the solu-
tion and extracted thoroughly with excess acetone for
48 h. The “free” PMMA formed in solution by the free
initiator was recovered by precipitating in excess
methanol. Monomer conversion was determined
gravimetrically.

For the preparation of poly(ethylene glycol)
monomethacrylate) (PPEGMA) brushes on the PVDF-
Br surface, PEGMA (2.5 mL, 7.5 mmol), CuCl (7.5 mg,
0.075 mmol), CuCl, (2 mg, 0.015 mmol), and Bpy (28
mg, 0.18 mmol) were added to 2 mL of doubly dis-
tilled water. The mixture was stirred and purged with
argon for 30 min. The PVDEF-Br substrate was then
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Figure 1 Schematic diagram illustrating the processes of
hydroxylation of PVDF surface, formation of the 2-bro-
moisobutyrate-functionalized PVDF surface, and surface
graft polymerization via ATRP from the bromoester-flinc-
tionalized PVDF surface.

introduced into the solution. The reaction flask was
sealed and placed in a 25°C water bath for a predeter-
mined period of time. After the reaction, the PVDF
substrate with surface-grafted PPEGMA (the PVDF-g-
PPEGMA surface) was removed from the reaction
mixture and extracted thoroughly with excess ethanol
over 10 h.

For the preparation of poly((2-dimethylamino)ethyl
methacrylate) (PDMAEMA) block on the PVDF-g-
PMMA and PVDF-¢-PPEGMA surfaces, DMAEMA
(3.3 mL, 20 mmol), CuBr (14.4 mg, 0.1 mmol), and
HMTETA (81.6 wL, 0.3 mmol) were added to 3 mL of
a mixed solvent (anisole: acetonitrile, 1:1, v/v). The
solution was degassed with argon for 30 min. The
PVDF-g-PMMA (or PVDF-g-PPEGMA) substrate, in-
stead of PVDEF-Br substrate, and the free initiator, EBiB
(14.4 pL, 0.1 mmol), were added to the solution. The
reaction flask was sealed and placed in a 60°C oil bath
for 12 h. After the reaction, the PVDF substrate with
surface-grafted PMMA-b-PDMAEMA (or PPEGMA-b-
PDMAEMA) copolymer brushes (the PVDF-g-PMMA-
b-PDMAEMA or PVDF-g-PPEGMA-b-PDMAEMA
substrate) was removed from the solution and washed
thoroughly with excess acetone, ethanol, and doubly
distilled water to remove any adhered monomer and
homopolymer.

RESULTS AND DISCUSSION
Surface hydroxylation of PVDF films

The surface of PVDF film was selectively modified by
wet chemistry according to the procedures (Fig. 1).*°
Treatment with aqueous LiOH produced HF elimina-
tion and the emergence of an oxygen-containing func-
tionality. The dehydrofluorination of PVDF films was
performed with aqueous lithium hydroxide solution
at 80°C. No color change was observed. Examination
of the treated samples by optical microscopy did not
show cracks or other surface defects. The results indi-
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Figure 2 XPS wide-scan spectra of (a) the nontreated PVDF surface and (c) the hydroxylated PVDF surface, and C 1s
core-level spectra of (b) the nontreated PVDF surface, and (d) the hydroxylated PVDF surface. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

cated the presence of ketone-, ether (epoxide)-, and
alcohol motifs. It gave rise to the increase of surface
hydrophilicity of the PVDF films treated with LiOH-
H,O from 93 to 63°. The percentage of alcohols could
be significantly increased by reduction of the ketones
with NaBH, in 2-propanol, followed by reduction of
the epoxides with DIBAL-H in toluene. The PVDF
films, initially treated with LiOH, were immersed into
a solution of NaBH, in 2-propanol, followed by a
solution of DIBAL-H in toluene. After neutralization,
rinsing, and drying, the sample surfaces were charac-
terized by the contact angle of water. An unexpected
diminution of the hydrophilic character was observed.
The static contact angle of the PVDF film treated with
NaBH, and DIBAL-H increased to 80° and 83°, respec-
tively, even though still lower than that of the non-
treated PVDF film. The literature also reflected the
similar tendence.*® The wide-scan and C 1s core-level
spectra of the nontreated PVDF film and the hydroxy-
lated PVDF film are shown in Figures 2(a—d), respec-
tively. For the nontreated PVDF surface, the wide-scan
spectrum comprises, predominately, two peaks at the
BEs of about 286 and 688 eV, attributable to the C 1s
and F 1s signals, while the wide-scan spectrum of the
hydroxylated PVDF surface comprises not only C 1s
and F 1s but also O 1s signal. A [O]/[F] ratio of about
0.13 was obtained from O 1s and F 1s spectral area.

The C 1s core-level spectrum of the nontreated PVDF
surface consists of two peak components of about
equal integral area with BE at 286.4 eV for the CH,
species and at 290.9 eV for the CF, species. There is a
substantial peak component at 284.6 eV, attributable
to neutral carbon, which might be the result of organic
contamination on the surface. Hydroxylation treat-
ment causes the breakage of C—F bonds, resulting in
formation of C—OH of the PVDF surface. Surface
hydroxylation was also ascertained by the appearance
of two new peak components at the BEs of about 286.6
and 288.1 eV, attributable to the C—O and C=0O
species, in the C 1s core-level spectrum of the hy-
droxylated PVDF surface. The presence of a trace
amount of the C=0 species was arisen from incom-
plete reduction by NaBH, treatment.

The hydroxyl coverage on the treated PVDF films
was further estimated by radiolabeling experiments.
Small samples were immersed into a mixture of [*H]-
acetic anhydride and pyridine in toluene (1 h, 20°C), a
reactive medium that could selectively derivatize the
alcohols into acetates, without affecting the other ox-
ygen-containing functions (ketone, epoxide). After ap-
propriate washings for removing most of the unre-
acted [*H]-acetic anhydride, the radioactivity associ-
ated to the samples was determined by liquid
scintillation counting (LSC). The measured radioactiv-
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Figure 3 XPS C 1s core-level spectra of (a) the PVDF-Br surface, (b) the PVDF-g-PMMA surface from 1 h of surface-initiated
ATRP, (c) the PVDF-g-PPEGMA surface from 5 h of surface-initiated ATRP, and (d) wide-scan spectrum of PVDEF-g-
PPEGMA-b-PDMAEMA surface. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

ity could be correlated with the amount of fixed label.
Nevertheless, some irreversible adsorption, or diffu-
sion, of the radioactive label into the polymer interface
could not be excluded. This contribution of nonspe-
cific fixation of [*H]-acetic anhydride was estimated
by the counting (LSC) of a blank sample. Subtraction
of this nonspecific contribution from the experimental
counting values gave the accurate reactivity assays of
the hydroxyl functions covalently linked to the sur-
face. The experimental radioactivity was converted to
hydroxyl units per surface area (nm?). About 0.4
units/nm? of the hydroxyl coverage on the treated
PVDF surface was obtained.

Immobilization of the initiator on the hydroxylated
PVDF surface

To prepare the polymer brush on the PVDF surface, a
uniform and dense layer of initiators immobilized on
the PVDF surface is indispensable. Coupling of the
a-bromoester group-terminated monolayers to the
PVDF surface was performed using the well-estab-
lished esterification of the hydroxyl groups covalently
linked to the surface with 2-bromoisobutyrate bro-
mide. The presence of the absorption band at 1710
cm ™, attributable to the stretching of the ester car-

bonyl group, in the ATR FTIR spectrum of the PVDE-
Br substrate indicated that the 2-bromoisobutyrate
species has been successfully immobilized on the
PVDF surface. After immobilization of the 2-bro-
moisobutyrate segments, the static contact angle of the
PVDEF-Br surface was measured to be 90°, due to the
presence of halide. The presence of the Br 3 days
core-level spectrum at the BE of around 70.5 eV and
the appearance of the O—C=0 peak component in
the C 1s core-level spectrum of the 2-bromoisobu-
tyrate-functionalized PVDF surface indicated that the
2-bromoisobutyrate species has been successfully im-
mobilized on the PVDF surface. The C 1s core-level
spectrum of the PVDE-Br surface is shown in Figure
3(a). Fairly good agreement between the XPS-derived
and theoretical [C—O] : [O—C=0] ratio is observed
for the 2-bromoisobutyrate-functionalized PVDF sur-
face. The initiator concentration on the PVDF surface
can be defined simply as the [Br]/[F] ratio and can be
derived from the Br 3 days and F 1s spectral area. An
initiator concentration of about 0.09 is obtained for the
PVDF-Br surface. The persistence of very strong F
signals in the wide scan spectrum of the PVDF-Br
surface provides additional evidence to the fact that
the thickness of monolayer is much less than the sam-
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pling depth of the XPS technique (about 7.5 nm in an
organic matrix). Because of the probing depth of XPS
technique, an initiator concentration of about 0.09, as
defined by [Br]/[F] ratio, should be less than actual
values. The radiolabeling experiments revealed that
all hydroxyl groups were consumed to immobilize the
initiator groups. Therefore, the initiator coverage on
the PVDF-Br surface was regarded as 0.4 units/nm?.

Surface initiated polymerization from the a-
bromoester-functionalized PVDF surface via ATRP

The advantage of ATRP over other living polymeriza-
tion, such as anionic and cationic polymerization, is
the tolerance for various functionalities in the mono-
mers, leading to polymers with functionalities along
the chains. Therefore, the physicochemical properties
of the PVDF surface can be tuned by the choice of a
variety of vinyl monomers. In addition to the selection
of MMA as the model monomer, an additional func-
tional monomer, PEGMA, is also selected. The
PEGMA polymer-grafted PVDF surface could be ef-
fective in preventing protein adsorption and platelet
adhesion. A biocompatible PVDF surface prepared
from PEGMA graft polymerization can be used in the
PVDEF-based biomedical microdevices.

A sufficient concentration of the deactivating Cu(II)
complex is necessary to rapidly establish an equilib-
rium between the dormant and the active chains at the
begin of ATRP. In the absence of this controlled equi-
librium, the process resembles that of the conventional
redox-initiated radical polymerization.>® The Cu(Il)
species can be obtained by the reaction of Cu(l) com-
plex with the initiator to produce the active radical for
propagation, or by addition at the beginning of reac-
tion. The main difference between ATRP from a sur-
face and ATRP in bulk or solution is the relatively low
concentration of the initiator immobilized on the sur-
face. The low surface initiator concentration can lead
to a low concentration of the deactivating species
(Cu(l) complex) being formed at the beginning of
polymerization. The problem can be resolved by two
approaches. One is the addition of the free initiator at
the begin of reaction, and the other is the addition of
the deactivator (Cu(ll) complex). Because of the diffi-
culty in obtaining the molecular weight of the grafted
polymer on the PVDF surface, the first approach was
chosen to control the ATRP from the surface. In addi-
tion, the “free” polymer formed by the free initiator in
solution can be used to monitor the properties of the
grafted polymer. Thus, the free initiator serves not
only as a mediator for ATRP on the surface, but also as
an indicator of surface graft polymerization.

Initial experiments using anisole as solvent for
ATRP from the PVDF-Br surface did not yield good
results. Copper precipitation on the flask wall was
observed at high conversion. Previous studies have
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T T d T T T T T d T T T T
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Figure 4 ATR-FTIR spectra of (a) the nontreated PVDF
surface, and the PVDEF-Br surface subjected to ATRP of
MMA for (b) 0.5 h, (c) 1 h, (d) 10 h, and (e) 17 h. Reaction
conditions: [MMA] : [EBiB] : [CuBr] : [HMTETA] = 300:1:
1:3, [MMA] = 4.7M, solvent anisole/acetonitrile = 1/1
(v/v), temp. 70°C.

shown that the use of polar solvents for ATRP can
result in an increase in polymerization rate and disso-
lution of the copper complex.*! Thus, a mixed solvent
(anisole:acetonitrile = 1:1, v/v) was chosen for car-
rying out the ATRP of MMA on the PVDF-Br surface.
No copper precipitation was observed during ATRP.
The reaction medium remains homogeneous through-
out the polymerization process.

The presence of grafted polymer on the PVDF sur-
face is ascertained first by ATR-FTIR spectra. The
ATR-FTIR spectra of the PVDF-g-PMMA and the
PVDF-¢g-PPEGMA surface reveal the appearance of
the absorption band at 1730 cm™*, attributable to the
stretching of ester carbonyl group, as shown in Fig-
ures 4 and 5, respectively. The variations in graft
concentration are reflected in the changes in ratio of
the intensity of the absorption band at 1730 cm ™' to
that of the absorption band at 1400 cm ™.

The presence of grafted polymer on the PVDF sur-
face is ascertained by XPS analysis. The results are
shown in Figure 3. The C 1s core-level spectra of the
PVDF-g-PMMA surface (part b) and PVDF-g-
PPPEGMA surface (part c) can be curve-fitted with
five peak components having BE’s at about 284.8,
286.2, 286.6, 288.9, and 290.9 eV, attributable to the
C—H, CH,, C—0O, O—C=0, and CF, species, respec-
tively. The [C—O] : [O0—C=0] ratios of the PVDF-g-
PMMA and PVDEF-g-PPPEGMA surface, obtained
from XPS analysis, are in fairly good agreement with
the respective theoretical ratios. In addition, the CF,
peak component associated with the PVDF substrate
persists in the curve-fitted C 1s core-level spectra of
the PVDF-¢-PMMA and PVDF-¢g-PPPEGMA surface,
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TABLE 1
a Water Contact Angle of the Functionalized-
b PVDF Surfaces
-~ Contact Film
=] angle thickness
% c Sample ) (nm)
% PVDF-¢g-PMMA?® 84 7.9
S d PVDF-g-PPEGMAP 58 8.6
8 PVDEF-g-PMMA-b-PDMAEMA® 56 14.5
g e PVDF—g-PPEGMA-b—PDMAEMAd 61 17.0
@ Reaction conditions: [MMA] : [EBiB] : [CuBr] : [HMTETA]
= 300:1:1:3, [MMA] = 4.7M, solvent anisole/acetonitrile
= 1/1 (v/v), temp 70°C, reaction time 5 h.
—— T P Reaction conditions: [PEGMA] : [CuCl] : [CuCl,] : [Bpyl
1000 1500 2000 2500 3000 3500 =100:1:0.2:24, [PEGMA] = 1.8M, solvent water, temp.

Wavenumber (cm™)

Figure 5 ATR-FTIR spectra of (a) the nontreated PVDF
surface, and the PVDEF-Br surface subjected to ATRP of
PEGMA for (b) 1 h, (c) 5h, (d) 17 h, and (e) 22 h. Reaction
conditions: [PEGMA] : [CuCl] : [CuCL,] : [Bpy] = 100:1:
0.2:2.4, [PEGMA] = 1.8M, solvent water, temp. 25°C.

but presents a lower area in comparison to the CH,
component. The graft concentration of the PMMA and
PPEGMA brushes grown on the PVDF surface can be
derived from the O—C=0 peak component to the
CF, peak component. With the increase of graft poly-
merization time, the [O—C=0)] : [CF,] ratio increases
for both graft-functionalized PVDF surfaces, until CF,
peak component cannot be determined by XPS. This
result suggests that thickness of the grafted polymer
layer is gained gradually until thickness of graft layer
is beyond the probing depth of the XPS technique.
The variation in water contact angle for the PVDF
surfaces with different polymer brushes indicates that
the hydrophilicity of the PVDF surface can be easily
tuned. The contact angle of the nontreated PVDF sur-
face is about 93°. As shown in Table I, the PVDF
surface with a PMMA graft layer has a contact angle of
about 84°. As presented in Figure 6, when grafted with
a PPEGMA layer, the PVDF surface becomes more
hydrophilic and the contact angle decreases with in-
crease of graft concentration (relative to reaction time).
The ellipsometry measurements indicate a large in-
crease in film thickness after the growth of the PMMA
and PPEGMA layer on the PVDF surface. The results
confirm that the increase in thickness observed is the
result of graft polymerization from the 2-bromoisobu-
tyrate-functionalized PVDF surface. Furthermore, be-
cause ATRP is a “living” polymerization process, the
thickness of the polymer brushes should increase lin-
early with the polymerization time and the molecular
weight of the graft polymer. As shown in Figure 7, an
approximately linear increase in thickness of the
grafted PMMA and PPEGMA layer on the PVDF-Br
surface with the polymerization time is observed. A

25°C, reaction time 5 h.

¢ Prepared from ATRP of DMAEMA subjected to PVDF-
g-PMMA, obtained from ATRP of MMA for 5 h. Reaction
conditions: [DMAEMA] : [CuBr] : [HMTETA] : [EBiB] =
200:1:3:1, [DMAEMA] = 3M, solvent anisole/
acetonitrile = 1/1 (v/v), temp. 60°C, reaction time 12 h.

4 Prepared from ATRP of DMAEMA subjected to PVDF-
g-PPEGMA, obtained from ATRP of PEGMA for 5 h. Reac-
tion conditions: [DMAEMA]: [CuBr]: [HMTETA] : [EBiB]
=200:1:3:1, [DMAEMA] = 3M, solvent anisole/acetoni-
trile = 1/1 (v/v), temp 60°C, reaction time 12 h.

linear relationship between the thickness of the
PMMA layer and the molecular weight of the “free”
PMMA formed in the solution is also observed (in-
serted figure). These results indicate that the process
of surface-initiated ATRP of MMA and PEGMA is
controlled.

Additional evidence on the controlled polymeriza-
tion is also obtained from the “free” PMMA formed by
the free initiator. Figure 8(a) shows the linearity rela-
tionship between In([M,]/[M]) and time, where [M]
is the initial monomer concentration and [M] is the
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Figure 6 The water contact angles of the PVDF-¢-PPEGMA
surface from different graft polymerization time of surface-
initiated ATRP.
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monomer concentration. The result indicates that the
concentration of the growing species remains constant
and a first-order kinetic is obtained. Figure 8(b) shows
the relationship between M,, of the free PMMA and
the conversion of the MMA monomer. The number—
average molecular weight of the “free” PMMA in-
creases linearly with the increase in monomer conver-
sion. The polydispersity index (M,/M,) of the free
PMMA is also around 1.2. Although the exact molec-
ular weight of the polymer grafted on the PVDF sur-
face is not known, the molecular weight of the grafted
polymer is expected to be proportional to that of the
polymer formed in the solution.>**> These results in-
dicate that the processes of the surface-initiated ATRP
of MMA and PEGMA are controlled.

Block copolymer brushes

Another advantage of ATRP over the conventional rad-
ical polymerization technique is the possibility for the
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Figure 7 Dependence of the thickness of (a) the PMMA
layer and (b) the PPEGMA layer, grown from the PVDF-Br
surface via ATRP, on polymerization time; Insert: Depen-
dence of the thickness of the PMMA layer on molecular
weight (M,,) of the “free” PMMA formed in the solution.
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Figure 8 The relationship (a) between In([M,]/[M]) and
polymerization time and (b) between M, and monomer
conversion. Reaction conditions: [MMA] : [EBiB] : [CuBr] :
[HMTETA) = 300:1:1:3, [MMA] = 4.7M, solvent ani-
sole/acetonitrile = 1/1 (v/v), temp. 70°C.

synthesis of block copolymers. ATRP is used to synthe-
size the PMMA-b-PDMAEMA and PPEGMA-b-PD-
MAEMA diblock copolymer brushes from the a-bro-
moester-functionalized PVDF surface. The formation of
block copolymer brushes was confirmed by the XPS,
contact angle, and ellipsometry. A 8.4 nm increase in the
thickness of the grafted polymer layer was observed by
ellipsometry after ATRP of DMAEMA at 60°C for 12 h
on the PVDF-g-PPEGMA surface (initial thickness 8.6
nm), whereas a 6.6 nm increase in the thickness of the
grafted polymer layer was observed after ATRP of
DMAEMA at 60°C for 12 h on the PVDF-g-PMMA sur-
face (initial thickness 7.9 nm). Significant increases in
surface coverage of the grafted polymer brushes were
observed after ATRP of DMAEMA on the PVDF-g-
PMMA and PVDF-¢-PPEGMA surfaces. A new N 1s
peak component at the BE of 398.5 eV has appeared in
the XPS wide-scan spectrum of the PVDF-g-PPEGMA-
b-PDMAEMA surface [Fig. 3(d)]. These results confirm
that some of the dormant sites at the ends of the grafted
PPEGMA and PMMA chains allow the reactivation of
the graft polymerization process, resulting in the forma-
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tion of the block copolymer brushes on the PVDF sur-
face. The C—N peak component arises solely from the
PDMAEMA block of the PPEGMA-b-PDMAEMA co-
polymer brush. The water contact angles of the diblock
polymer brushes on the PVDF surfaces are also shown in
Table I. After DMAEMA has been block-copolymerized
onto the PMMA brushes, the contact angle of the PVDEF-
g-PMMA-b-PDMAEMA surface decreases from 84 to
56°, whereas the contact angle of the PVDF-g-PPEGMA-
b-PDMAEMA surface increases from about 58 to 61°
after DMAEMA has been block-copolymerized onto the
PPEGMA brushes. The contact angles are comparable to
that of the homopolymer brushes of PDMAEMA on the
PVDF surface.

CONCLUSIONS

Controlled grafting of well-defined polymer brushes of
PMMA and PPEGMA was carried out via ATRP on the
PVDF surfaces. Prior to the surface-initiated ATRP, the
PVDF surface was hydroxylated in three steps: treat-
ment with LiOH, reduction with NaBH,, and reduction
with DIBAL-H. The immobilization of initiator was per-
formed by esterification of the hydroxyl groups co-
valently linked to the surface with 2-bromoisobutyrate
bromide. ATR-FTIR and contact angle data indicated
the formation of polymer brushes on the PVDF surface.
Kinetics studies revealed a linear increase in surface
coverage of the surface graft polymer brushes with re-
action time, indicating that the chain growth from the
surface was a controlled process with “living” character-
istics. Diblock copolymer brushes consisting of PMMA
or PPEGMA and PDMAEMA blocks were obtained on
the PVDF surfaces, using either type of the homopoly-
mer brushes as the macroinitiators for ATRP of the sec-
ond monomer. The homopolymer and block copolymer
covalently tethered to the PVDF surface have imparted
new and well-structured functionalities directly onto the
fluoropolymer surfaces.

The author thanks the Analytic center of Nanchang Univer-
sity for providing analytic finance.
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