Preparing Polymer Brushes on Poly(vinylidene fluoride)
Films by Free Radical Polymerization

Wei Sun, Yiwang Chen, Lang Zhou, Xiaohui He

School of Materials Science and Engineering, Nanchang University, Nanchang 330047, China

Received 6 September 2005; accepted 15 October 2005
DOI 10.1002/app.23476

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Grafting of polymer brushes on the poly(vi-
nylidene fluoride) (PVDF) films was carried out by the sur-
face-initiated free radical polymerization. Surface-initiators
were immobilized on the PVDF films by surface hydroxyla-
tion and esterification of the surface-tethered hydroxyl
groups with 4,4'-azobis(4-cyanopentanoic acid) (ACP). Ho-
mopolymer brushes of methyl methacrylate (MMA) were
prepared by free radical polymerization from the azofunc-
tionalized PVDF surface. The chemical composition and to-
pography of the graft-functionalized PVDF surfaces were
characterized by X-ray photoelectron spectroscopy (XPS),

attenuated total reflectance (ATR) FTIR spectroscopy, and
atomic force microscopy (AFM). Kinetics study revealed an
exponential increase in the graft concentration of polymer
brushes with the reaction time, indicating that the chain
growth from the surface was consistence with a chain poly-
merization. Water contact angles on PVDF films were re-
duced by surface grafting of MMA. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 101: 857-862, 2006
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INTRODUCTION

Surface-initiated polymerization or surface graft poly-
merization has been investigated as an effective and
versatile approach for imparting new functionalities,
such as improved hydrophilicity, biocompatibility, con-
ductivity, and lubricative and adhesive properties, to the
existing polymers.' Surface modification of fluoropoly-
mers, for example poly(vinylidene fluoride) (PVDEF), has
been of particular 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 ver-
satile industrial applications, new developments of
PVDF have been found in biotechnology” ' and in the
biomedical sectors (vascular sutures, regeneration tem-
plates).'' ™" But the biomedical equipments could be pol-
luted easily because of the low surface energy and hy-
drophobility of PVDF. To improve surface hydrophilic-
ity of PVDF, a large amount of work had been devoted
to the surface modification of fluoropolymers by chem-
ical," plasma,'>” irradiation,"® corona discharge,'
flame,?° and ozone treatment.?!

In the present work, surface modifications of the
PVDF film with polymer brushes from surface-initi-
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ated free radical polymerization are reported. Surface
hydroxylation is first generated on the PVDF surface
by chemical treatment. Immobilization of initiators is
carried out by esterification of surface-tethered hy-
droxyl group and 4,4'-azobis(4-cyanopentanoic acid)
(ACP). Poly(methyl methacrylate) (PMMA) brushes
are prepared by surface-initiated free radical polymer-
ization of methyl methacrylate (MMA) from the azo-
functionalized surface. The chemical composition and
hydrophilic property of the pristine 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
rectangular strips of about 1 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 reduced 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 diisobuty-
laluminium hydride (DIBAL-H, 1.0M solution in tol-
uene) were purchased from Acros Organics (Geel,
Belgium) and used as received. Methyl methacrylate
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(MMA) was distilled under reduced pressure and
stored in an argon atmosphere at —10°C.

Surface characterization

Attenuated total reflectance (ATR) FTIR spectra of the
surface functionalized films were obtained from a Shi-
madzu IRPrestige-21 spectrophotometer using a ZnSe
prism with an incident angle of 60°. Each spectrum
was collected by cumulating 160 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,
using a sessile drop method. For each angle reported,
at least five sample readings from different surface
locations were averaged. The angles reported were
reliable to +2°.

The chemical composition of the pristine 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 (BEs) 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 fac-
tors were calibrated using stable binary compounds of
well-established stoichiometries.

The topography of the pristine and graft-polymer-
ized PVDF surfaces was studied by atomic force mi-
croscopy (AFM), using an AJ-III AFM from the Shang-
hai AJ] Nano-Science Development Co. In each case, an
area of 5 X 5 um? was scanned using the tapping
mode. The drive frequency was 330 = 50 kHz and the
voltage was between 3 and 4.0 V. The drive amplitude
was about 300 mV and the scan rate was 0.5-1.0 Hz.
An arithmetic mean of the surface roughness (R,) was
calculated from the roughness profile determined by
AFM.

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-
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Figure 1 Schematic diagram illustrating the processes of
hydroxylation of PVDF surface, formation of the azo-func-
tionalized PVDF surface, and surface grafting polymer
brushes from the azo-functionalized PVDF surface via free
radical polymerization.

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 (Fig. 1).*

Immobilization of the azo initiator on the
hydroxylated PVDF surface

To a mixture solution of 3 mL pyridine and 7 mL
triethylamine was added the hydroxylated PVDF sub-
strates, followed by addition of triphenylphosphor,
ACP, and toluenesulfonic acid. The reaction mixture
was gently stirred at 30°C for 24 h. The so-modified
PVDF substrates (PVDF-g-ACP) were removed and
washed with acetone and doubly distilled water. The
substrates were then dried by pumping under re-
duced pressure for about 10 h.
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Figure 2 XPS wide-scan spectra of (a) the pristine PVDF surface, (b) the PVDF-OH surface, (c) the PVDF-g-ACP surface, and
(d) C 1s core-level spectra of the pristine PVDF surface. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Surface-initiated free radical polymerization

For the preparation of poly(methyl methacrylate)
(PMMA) brushes on the PVDF-g-ACP surface, MMA
(2 mL, 18.6 mmol) was added to 8 mL toluene. While
the solution was degassed with argon for 20 min, the
PVDE-g-ACP substrate was added to the solution. The
reaction flask was sealed and kept in an 80°C oil bath
for a predetermined period of time. After the reaction,
the PVDF substrate with surface-grafted PMMA (the
PVDE-g-PMMA surface) was removed from the solu-
tion and washed thoroughly with excess tetrahydro-
furan and distilled water for several times, respec-
tively. The so-modified substrate was dried until the
weight kept unchanged.

RESULTS AND DISCUSSION
Surface hydroxylation of PVDF substrates

The surface of PVDF film was selectively modified by
wet chemistry, according to the procedures.”” The de-
tailed investigation for each step of hydroxylation
treatment was presented in a previous paper.*® For the
pristine PVDF surface, the wide-scan spectrum com-
prises predominately two peaks at the BEs of about

286 and 688 eV, attributable to the C 1s and F 1s
signals [Fig. 2(a)], while the wide-scan spectrum of the
hydroxylated PVDF surface comprises not only C 1s
and F 1s but also O 1s signal [Fig. 2(b)]. The hydroxyl
coverage on the treated PVDF films was further esti-
mated by radiolabeling experiments.”> The experi-
mental radioactivity was converted to hydroxyl units
per surface area (nm?). About 0.72 units/nm? of hy-
droxyl coverage on the treated PVDF surface was
obtained.

Immobilization of the azo 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
azo monolayers to the PVDF surface, as initiator of
free radical polymerization, was performed using the
well-established esterification of the surface-tethered
hydroxyl groups with ACP. The peak at 402 eV, at-
tributable to N 1s, was observed in the XPS wide-scan
spectrum of the PVDF-¢g-ACP surface, besides the
peaks at 286, 531, and 688 eV, attributable to C 1s, O
1s, and F 1s, respectively, [Fig. 2(c)]. The persistence of
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Figure 3 XPS wide-scan and C 1s core-level spectra of the PVDF-g-PMMA surface.

very strong F signals in the wide scan spectrum of the
PVDF-g-ACP surface provides additional evidence to
the fact that the thickness of monolayer is much less
than the sampling depth of the XPS technique (about
7.5 nm in an organic matrix). The azo monolayers
formed on the PVDF films were determined quantita-
tively by reaction with 2,2-diphenyl-1-picrylhydrazyl
(DPPH). Three pieces of the PVDF-g-ACP films each
of 2 cm? were immersed in 5 mL of a 0.1 mM deaer-
ated toluene solution of DPPH. The reaction mixture
was kept at 80°C for 24 h to decompose the azo formed
on the PVDF film surface. The DPPH molecules con-
sumed during reaction with the azo were deduced
from the difference in transmittance of the reaction
mixture at 520 nm, before and after the thermal de-
composition of the azo, and the absorption calibration
curve of the DPPH solutions. The calibration curve
was obtained by measurement of the transmittance of
six DPPH solutions in the concentration range of 0.05-
0.1 mM. The azo coverage on the PVDF-g-ACP surface
was estimated to be about 0.68 units/nm?. In compat-
ison to hydroxyl coverage on the hydroxylated PVDF
surface, almost all hydroxyl groups were reacted with
ACP to form azo monolayers on the PVDF surface.
When the PVDF-¢g-ACP film was kept in the same
DPPH solution at room temperature, or below the
decomposition temperature of the azo groups, in a
control experiment, no significant change in DPPH
concentration was observed after the same period of
time. These results, together with the appearance of
nitrogen species on the PVDF surface (see XPS data),
confirm the formation of the azo groups on the PVDF-
g-ACP surface and their subsequent decomposition
into radicals at an elevated temperature.

Surface-initiated free radical polymerization

The polymer brushes can be prepared from PVDF-g-
ACP surface via free radical polymerization of vinyl

monomer. Therefore, the physicochemical properties
of the PVDF surface can be tuned by the choice of a
variety of vinyl monomers. As the model monomer,
MMA was selected. The C 1s core-level spectrum of
the pristine PVDF surface consists of two peak com-
ponents of about equal integral area with BE at 286.4
eV for the CH, species and at 290.9 eV for the CF,
species (Fig. 2 days). The presence of grafted polymer
on the PVDF surface is ascertained by XPS analysis.
The results are shown in Figure 3. The XPS wide-scan
spectrum of PVDF-g-PMMA surface consists of peaks
at 286, 531, and 688 eV, attributable to C 1s, O 1s, and
F 1s, respectively. The C 1s core-level spectra of the
PVDF-g-PMMA surface can be curve-fitted with five
peak components having BEs at about 284.8, 286.2,
286.6, 288.9, and 290.9 eV, attributable to the Neutral
C, CH,, ¢—0O, O—C=0, and CF, species, respec-
tively. The [C—O] : [O0—C=0] ratios of the PVDF-g-
PMMA 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 surface,
but presents a lower area in comparison to the CH,
component. The graft concentration of the PMMA
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 polymerization
time, the [0—C=0] : [CF,] ratio of PVDF-g-PMMA
surface increases, until CF, peak component can not
be determined by XPS. This result suggests that thick-
ness of the grafted polymer layer is gained gradually
until thickness of graft layer is beyond the probing
depth of the XPS technique.

The presence of PMMA brushes on the PVDF sur-
face is ascertained also by ATR FTIR spectra. The ATR
FTIR spectra of the PVDF-g-PMMA surface reveal the
appearance of the absorption band at 1730 cm ™!, at-
tributable to the stretching of ester carbonyl group, as
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Figure4 ATR FTIR spectra of (a) the pristine PVDF surface
and the PVDF-g-ACP surface subjected to free radical poly-
merization of MMA for (b) 1 h, (c) 4 h, (d) 8 h, (e) 12 h, (f)
17 h, and (g) 22 h. Reaction conditions: [MMA] = 1.8M;
solvent, toluene; temperature, 80°C.

shown in Figure 4. The variations in graft concentra-
tion (polymerization time) 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 variation in water contact angle for the PVDF
surfaces with PMMA brushes indicates that the hy-
drophilicity of the PVDF surface can be easily tuned,
according to polymerization time. The contact angle of
the pristine PVDF surface is about 93°. When grafted
with a PMMA layer, the PVDF surface becomes more
hydrophilic and the contact angle decreases with in-
crease of graft concentration (relative to reaction time),
as shown in Figure 5.
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Figure 5 The dependence of water contact angles of the
PVDF-g-PMMA surface on graft polymerization time of sur-
face-initiated free radical polymerization.

15

12 1

Thickness (nm)
L]

Mx107 (gimol)
' d

o L 10 15 20 25
Polymerization Time (h)

o 5 10 15 20 25
Polymerization Time (h)

Figure 6 Dependence of the thickness of the PMMA layer
on reaction time (insert: dependence of the M, of polymer
brushes on reaction time).

The ellipsometry measurements indicate a large
increase in film thickness after the growth of the
PMMA layer on the PVDF surface. Control experi-
ments, under the conditions similar to that for sur-
face graft polymerization, are directly carried on the
pristine PVDF surface. No increase in thickness on
all the control surface was discernible. The results
confirm that the increase in thickness observed is
the result of graft polymerization from the azo func-
tionalized PVDF surface. As shown in Figure 6, an
exponential increase in thickness of the grafted
PMMA layer on the PVDF-g-ACP surface with the
polymerization time is observed. These results indi-
cate that the process of surface-initiated free radical
polymerization of MMA is in good agreement with
the kinetics of chain polymerization. The number—
average molecular weight (M,) of the polymer
brushes were calculated from the product of thick-
ness and the initiator coverage on the PVDF surface.
For simplicity, the density of the corresponding
bulk polymer is used as the density of the grafted
polymer film (1.1 g/cm® for PMMA). The M,, of the
polymer brushes on PVDF surface exhibited an expo-
nential increase with increase in reaction time (inserted
figure in Fig. 6). These results indicate that the kinetics of
surface-initiated graft polymerization is consistent with
that of free radical polymerization.

The changes in topography of the PVDF surfaces
after modification by surface-initiated free radical
polymerization were studied by AFM. Representa-
tive AFM images of the pristine PVDF, PVDF-g-
PMMA (PMMA thickness of 10.4 nm), and PVDF-g-
PMMA (PMMA thickness of 12.6 nm) surfaces are
shown in Figure 7. The root-mean-square surface
roughness (R,) of the pristine PVDF surface is only
about 16.8 nm. After surface-initiated free radical



862

199.89 nm

(a) |

99.94 nm

125.01 nm

d * 2 \ n TE 5 \ 0.0 nm
100000 . ; | X . !
L) . ~ A .
» 10000.0

5000.0
5000.0

Ir;[m 00 nm

300.00 nm

0.0 nm
h

\ 3

A,
~ My

10000,

Figure 7 AFM images of (a) the pristine PVDF surface, (b)
PVDF-¢-PMMA surface (PMMA thickness of 10.4 nm), and
(c) PVDF-¢-PMMA surface (PMMA thickness of 12.6 nm).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

polymerization, the R, value increases to about 27.6
and 43.4 nm for PMMA thickness of 10.4 and 12.6
nm, respectively. These results suggest that the sur-

SUN ET AL.

face-initiated free radical polymerization has given
rise to nonuniform molecular weight distribution of
polymer brushes and a dense coverage of PMMA on
the PVDF surface. As is also shown in Figure 7(b,c),
the grafted PMMA chains exists as a distinctive
overlayer on the PVDF surface. The formation of the
nanosized islands probably has resulted from the
nanoscaled phase aggregation of the grafted poly-
mer after the surface has been dried.

CONCLUSIONS

Grafting of PMMA brushes was carried out via free
radical polymerization of MMA on the PVDF surfaces.
Prior to the surface initiated polymerization, the PVDF
surface was hydroxylated with LiOH, NaBH,, and
DIBAL-H. The azo initiator was immobilized by ester-
ification of the surface-tethered hydroxyl group with
4,4'-azobis(4-cyanopentanoic acid). The XPS and ATR
FTIR analysis of the modified surface indicated the
formation of polymer brushes on the PVDF surface.
The polymer brushes covalently tethered to the PVDF
surface have imparted new functionalities directly
onto the fluoropolymer surfaces.
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