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ABSTRACT: A graft copolymer of poly(vinylidene fluo-
ride) (PVDF) with a glucose-carrying methacrylate, 3-O-
methacryloyl-1,2:5,6-di-O-isopropylidene-p-glucofuranose, was
synthesized via the atom transfer radical polymerization
technique with commercial PVDF as the macroinitiator.
After a treatment with 88% formic acid, the isopropylidenyl
groups of the precursor graft copolymer [poly(vinylidene
fluoride)-g-poly(3-O-methacryloyl-1,2:5,6-di-O-isopropyli-
dene-p-glucofuranose)] were converted into hydroxyl
groups, and this produced an amphiphilic graft copolymer
(PVDF-g-PMAG) [poly(vinylidene fluoride)-g-poly(3-O-
methacryloyl-a,B-D-glucopyranose)] with glycopolymer side
chains and a narrow molecular weight distribution (weight-
average molecular weight/number-average molecular weight

< 1.29). This glucose-carrying graft copolymer was character-
ized with Fourier transform infrared, proton nuclear magnetic
resonance, gel permeation chromatography, and thermogra-
vimetric analysis. A novel porous membrane prepared
from blends of PVDF with PVDF-¢-PMAG via an immersion—
precipitation technique exhibited significantly enhanced
hydrophilicity and an anti-protein-adsorption property. The
surface chemical composition and morphology of the mem-
brane were studied with X-ray photoelectron spectroscopy
and scanning electron microscopy, respectively. © 2008 Wiley
Periodicals, Inc. ] Appl Polym Sci 109: 2914-2923, 2008
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INTRODUCTION

The graft modification of commercial polymers has
attracted much interest in both industry and aca-
demia for many years because it offers an effective
and versatile strategy for fabricating new materials
with improved properties." Compared to unmodi-
fied commercial polymers, grafting-modified copoly-
mers usually exhibit some improved properties such
as compatibility with other polymers, hydrophilicity,
wettability, biocompatibility, resistance to the
adsorption of protein and other organic molecules,
adhesion to the surface of metallic and inorganic
substrates, and chemical resistance.®®

Over the past decades, numerous studies have
been devoted to the fabrication of graft copolymers
with enhanced surface properties. According to the
literature, the most common and widely used
approach for the preparation of graft copolymers
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based on commercial polymers is free-radical poly-
merization.”'? Free-radical polymerization is partic-
ularly interesting because of its adaptability to a
wide range of functional monomers under less strin-
gent synthesis conditions. Unfortunately, the inher-
ent uncontrolled nature of conventional free-radical
polymerization inevitably leads to homopolymeriza-
tion of the comonomers during the reaction process,
resulting in a product that is a mixture of homopoly-
mer and graft copolymers. Moreover, some other
undesirable side reactions such as gel formation and
backbone degradation can occur as a result of
uncontrolled free-radical polymerization.'*'*

In recent years, the rapid development in the field
of living/controlled radical polymerization has pro-
vided another strategy for fabricating graft copoly-
mers, especially with well-defined structures. In
living/controlled radical polymerization, no evidence
of homopolymerization has been observed because
the concentration of growing radicals is suppressed
to avoid termination. As one of the most efficient
controlled radical polymerizations, atom transfer
radical polymerization (ATRP)">'® has recently been
explored for fabricating graft copolymers based on
polymeric macroinitiators. For instance, Paik et al.'”
successfully grafted styrene and various methyl
methacrylates onto a poly[(vinyl chloride)-co-(vinyl
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chloroacetate)] commercial polymer through the use
of chloroacetate groups as initiation sites for ATRP
of the monomers."”

It is now clear that carbohydrates are essential
constituents in living bodies and play important
roles in many recognition events, including blood
coagulation, immune response, virus infection,
inflammation, fertilization, and embryogenesis, and
in nervous systems.'®?° Synthetic polymers with
pendent sugar moieties, which are called glycopoly-
mers, can be used as models for studying the nature
of molecular recognition processes between carbohy-
drates and proteins.”' Besides this, Zhu and March-
ant” demonstrated that glycopolymers can be used
as antifouling interface materials to reduce platelet
adhesion. With this in mind, a variety of glycopoly-
mers have been synthesized by the free-radical poly-
merization of vinyl monomers with pendent sugar
moieties or macromolecular reactions between func-
tional polymers and saccharide derivatives.”>*°
However, it is also known that molecular recognition
processes are cooperative and strongly dependent on
the spatial distribution of sugar moieties.”® The ran-
dom clustering of carbohydrates sometimes signifi-
cantly affects the strength of affinity with guest pro-
teins, which is ascribed to the steric hindrance of the
multiple sugar branches. To elucidate the multiva-
lent interaction between carbohydrates and proteins,
it is necessary to control the molecular structure of
glycopolymers. Thus, the controlled synthesis of
structurally well-defined glycopolymers has been
explored by various polymerization techniques such
as cationic polymerization®” and living/controlled
free-radical polymerization (ATRP).*

Poly(vinylidene fluoride) (PVDF) is one of the
most popular synthetic polymers and has many
unique properties such as excellent chemical and
mechanical stability, thermal stability, fire resistance,
and a low dielectric constant.®® Tt has been widely
used in various fields ranging from micro/ultrafiltra-
tion?>! to biomedical ’fechniques.32 However, the
application of PVDF materials is strongly limited in
some fields such as the treatment of protein-contain-
ing solutions and biomedical applications because of
its inherent hydrophobicity, which makes PVDF ex-
hibit poor biocompatibility and makes it susceptible
to the irreversible adsorption fouling of proteins.*
To improve the hydrophilicity and biocompatibility
of PVDF, different methods have been studied for
grafting hydrophilic monomers onto a PVDF back-
bone. Hester et al.** recently successfully fabricated
amphiphilic graft copolymers with a PVDF backbone
and poly(oxyethylene methacrylate) side chains via
the ATRP technique using commercial PVDF as the
macroinitiator. The amphiphilic graft copolymers so
prepared exhibited excellent hydrophilicity and bio-
compatibility.
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Here we for the first time report the synthesis of a
novel glucose-carrying graft copolymer, poly(vinyli-
dene fluoride)-g-poly(3-O-methacryloyl-1,2:5,6-di-O-
isopropylidene-p-glucofuranose) (PVDF-g-PMAIpG),
by ATRP with a commercial PVDF as the macroini-
tiator. After deprotection treatment, the isopropyli-
denyl groups of the precursor graft copolymers
(PVDF-¢g-PMAIpG) were converted into hydroxyl
groups, and this produced an amphiphilic glucose-
carrying graft copolymer (PVDF-g-PMAG). The syn-
thesis route is outlined in Figure 1. The use of
PVDF-¢g-PMAG as a membrane additive for the sur-
face modification of PVDF membranes is also pre-
liminarily explored in this article.

EXPERIMENTAL
Materials

1,2:5,6-Di-O-isopropylidene-p-glucofuranose (IpG; 98%)
and methacrylic anhydride (98%) were purchased
from Alfa Aesar Co. (Beijing, China) and were used
without further purification. Poly(vinylidene fluo-
ride) with a number-average molecular weight of
1.07 X 10° g/mol [PVDFyoy; polydispersity index
(PDI) = 2.33], copper(l) chloride (CuCl; 99%), and
4,4'-dimethyl-2,2'-dipyridyl (DMDP; 99%) were pur-
chased from Aldrich and were used as received. Bo-
vine serum albumin (BSA), phosphate-buffered sa-
line, poly(ethylene glycol) with a molecular weight
of 600 (PEG600), and pyridine (analytical reagent)
were purchased from Shanghai Chemical Regent Co.
(Shanghai, China). Pyridine was treated according to
the standard procedure® before being used; petro-
leum ether (boiling point range = 30-60°C), 1-methyl-
2-pyrrolidinone (NMP; analytical reagent), methanol
(analytical reagent), anhydrous ethyl ether (analytical
reagent), sodium hydroxide (analytical reagent), an-
hydrous sodium sulfate (analytical reagent), N,N-
dimethylacetamide (DMAc), and other chemicals
were commercially available chemical regents and
were used without further purification. All water
used in this study was deionized and had a resistiv-
ity of 18 MQ cm. PVDFgpgos (number-average molec-
ular weight = 4.7 X 10° g/mol, PDI = 4.39) was
offered by 3F New Materials Co. (Shanghai, China).

Synthesis of 3-O-methacryloyl-1,2:5,6-di-O-
isopropylidene-p-glucofuranose (MAIpG)

The synthesis of MAIpG [Fig. 1(a)] was performed
with a slight modification of the method reported by
Ohno et al.* To a stirred solution of IpG (20 g, 76.8
mmol) in 100 mL of dry pyridine, 20 mL (134.2
mmol) of methacrylic anhydride was added drop-
wise at the ambient temperature. The mixture was
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Figure 1 Synthesis of (a) the glucose-carrying methacrylate monomer and (b) the amphiphilic glucose-carrying graft

copolymers.

then heated at 65°C for 6 h and for another 2 h after
the addition of 70 mL of deionized water. After
being stirred overnight at the ambient temperature,
the reaction mixture was extracted three times with
petroleum ether (boiling point range = 30-60°C, 3 X
100 mL). The combined extracts were washed with a
5% aqueous sodium hydroxide solution (4 X 100
mL) and deionized water (3 X 120 mL) and dried
over anhydrous sodium sulfate. After the solvent
was evacuated off, the crude product was purified
twice by recrystallization from ultrasaturated petro-
leum ether solutions to yield MAIpG monomers as
colorless, transparent crystals, and the MAIpG
monomers were further dried in vacuo at the ambient
temperature for 24 h before being used.

'H-NMR (500 MHz, CDCl,, tetramethylsilane):
1.31 (s, 6H, 2CHj;), 1.41 (s, 3H, CHj), 1.53 (s, 3H,
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CHa), 1.96 (s, 3H, CHj), 4.05, 4.08, 4.25, 4.54, 5.30,
589 (7H, sugar moiety), 5.63, 6.13 ppm (s, 2H,
CH,=C<). ANaL. Calcd for CicH»407: C, 58.51%; H,
7.38%. Found: C, 58.64%; H, 7.36%.

Synthesis of the PVDF-g-PMAIpG graft
copolymer via ATRP [Fig. 1. (b)]

PVDFg7x (2.0 g) was dissolved in NMP (20 mL) in a
single-necked, round-bottom flask (50 mL) at 65°C.
The solution was cooled to the ambient temperature
and then transferred to a 100-mL nitrogen-filled
Schlenk flask, after which 10 g of the MAIpG mono-
mer, 0.02 g of CuCl, and 0.115 g of DMDP were
added; the flask was sealed with a rubber septum,
and nitrogen gas was bubbled through the reaction
mixture for 45 min during magnetic stirring. Three
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TABLE I
Compositions of the Casting Solutions for the Porous Membranes

Chemical (g)

Membrane sample PVDFRrpoos PVDEF-g-PMAG PEG600 DMAc Coagulant
MO 5 0 0.5 37 30°C H,O
M1 5 0.25 0.5 36.75 30°C H,O

freeze—-pump-thaw cycles were used to degas the
system. The reaction flask was charged with nitrogen
at the ambient temperature and then placed in an
oil bath preheated to 80°C, and the reaction was
allowed to proceed for 24 h. The graft copolymer
was precipitated into a mixture of methanol and pe-
troleum ether (1:1 v/v) and then recovered by filtra-
tion. The polymer was purified three times by redis-
solution in NMP and reprecipitation in methanol/
petroleum ether. Finally, the polymer was dried in
vacuo overnight at 35°C.

Preparation of the PVDF-g-PMAG amphiphilic
graft copolymer

The transformation of PVDF-g-PMAIpG graft copoly-
mers into amphiphilic glucose-carrying graft copoly-
mers (PVDF-¢g-PMAG) was carried out as follows.
The protected copolymer PVDF-¢-PMAIpG (3.0 g)
was added to 88% formic acid (350 mL) and then
stirred for 48 h at the ambient temperature. An addi-
tional 150 mL of deionized water was added, and
the mixture was stirred for another 3 h; the solvent
was partially evacuated off under reduced pressure,
and then the concentrated solution was poured into
anhydrous ethyl ether (500 mL). The precipitates
were recovered by filtration, purified three times by
redissolution/reprecipitation in an NMP/anhydrous
ethyl ether system, and dried in vacuo overnight at
the ambient temperature.

Fabrication of the porous membranes

Porous membranes were fabricated via the standard
immersion—precipitation technique. First, the casting
solutions were prepared by the dissolution of
PVDFgpgos, PVDE-g-PMAG, and PEG600 in DMAc
and magnetically stirred at 60°C for 8 h. PEG600
acted as a pore-forming agent. The compositions of
the casting solutions for different membranes are
listed in Table I. After the homogeneous solution
was achieved, the casting solutions were left for at
least 6 h to allow complete release of gas bubbles.
Then, each solution was cast onto a clean glass plate
with a stainless steel knife having a 150-pm gate
size, and the glass plate was immersed immediately
into a coagulation bath of deionized water at 30°C.
After coagulation, each membrane was peeled off

and washed thoroughly with deionized water to
remove the residual solvent and PEG600 and then
dried in air at the ambient temperature.

Characterization of the graft copolymers

The Fourier transform infrared (FTIR) spectra were
recorded on a Bruker (Ettlingen, Germany) Vector 22
FTIR spectrometer; the PVDF and graft copolymer
powders were dispersed in KBr before the measure-
ment. "H-NMR spectra were recorded on an Avance
DMX 500 spectrometer (Bruker) operated at 500
MHz; CDCl; and DMSO-ds were used as solvents,
and tetramethylsilane was used as an internal stand-
ard. Molecular weights and molecular weight distri-
butions were determined by gel permeation chroma-
tography (GPC), which was conducted at 40°C with
water as an eluent (0.80 mL/min), with a Waters 515
pump, Waters Ultrahydrogel columns (500 and
120 in series), and a Waters 2410 refractive-index de-
tector. The calibration was based on a low-poly-
dispersity poly(ethylene oxide) standard. Thermog-
ravimetric analysis (TGA) was performed in a dry
nitrogen atmosphere with a PerkinElmer (Germany)
Pyris 1 calorimeter, and the TGA thermograms
were obtained during heating from 50 to 900°C at
10°C/min.

Characterization of the porous membranes
Scanning electron microscopy (SEM) study

The surface and cross-section morphologies of the
neat PVDF membrane and the porous membrane
prepared from the blend of the amphiphilic glucose-
carrying graft copolymer and PVDF were studied by
SEM with a Sirion-100 FEI electron microscope (FEI,
Hillsboro, OR). The cross section was fractured in lig-
uid nitrogen. The membrane samples were fixed on
the sample plates by double-sided adhesive tape, and
a thin layer of gold was sputtered onto the membrane
surface and cross section before SEM measurements.

X-ray photoelectron spectroscopy (XPS) analyses

The surface chemical composition of the membranes
was analyzed by XPS (PHI5000C; electron spectros-
copy for chemical analysis system, Chanhassen, MN)

Journal of Applied Polymer Science DOI 10.1002/app
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with Al Ka (hv = 1486.6ev) as the radiation source.
The X-ray source was run at a power of 250 W
(14.0Kv, 93.9 eV). The measurements were per-
formed at the take-off angle of 45° with respect to
the sample plane, survey spectra were collected over
the binding energy range of 0-1000 eV, and high-re-
solution spectra of Cls and Ols were collected. All
binding energies were referenced to the CF, peak of
PVDF at 290.9 eV.

Water contact-angle measurements

The static water contact angles on membranes were
measured at room temperature and 65% relative
humidity with a contact-angle goniometer (OCA20,
Dataphysics Instruments GmbH, Bad Vilbe, Ger-
many); for each contact angle presented, at least 10
sample measurements from different surface loca-
tions were averaged.

Protein adsorption measurements

To investigate the anti-protein-adsorption perform-
ance of the membrane blended with the glucose-car-
rying amphiphilic copolymer, the membrane was cut
into a round shape with an external area of about
25 cm?, was washed with a phosphate-buffered sa-
line solution (0.1M phosphate-buffered saline, pH =
7.4) several times, and was then immersed into a 10-
mL BSA solution with various concentrations, the pH
of which was adjusted to 7.4 with a 0.1M phosphate-
buffered saline solution. After incubation at 28°C for
24 h to establish the adsorption equilibrium, the con-
centration of the BSA solution before and after
immersion with the membrane sample was deter-
mined with a UV spectrophotometer (UV-1601, Shi-
madzu, Kyoto, Japan). Then, the apparent adsorbed
BSA value for the membrane was calculated.

RESULTS AND DISCUSSION

Synthesis and characterization of the
graft copolymers

As schematically illustrated in Figure 1(b), ATRP of
the glucose-carrying graft copolymer, PVDEF-g-
PMAIpG, was carried out with PVDF as the macroi-
nitiator, CuCl/DMDP as the catalyst system, and
NMP as the solvent. After a treatment with 88% for-
mic acid for 48 h, the isopropylidenyl groups of
PVDE-g-PMAIpG were converted into hydroxyl
groups, and this resulted in the amphiphilic glucose-
carrying graft copolymer PVDF-g-PMAG.

The FTIR spectra for PVDF, PVDF-g-PMAIpG, and
PVDF-g-PMAG are shown in Figure 2. After the
grafting of the glucose-carrying methacrylate mono-
mer onto PVDF, two significant new absorption
peaks appeared in the FTIR spectra of PVDF-g-
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Figure 2 FTIR spectra for PVDF, PVDF-g-PMAIpG, and
PVDF-g-PMAG.

PMAIpG; the absorption bands at 2992 and 1735-
1740 cm ™' are assignable to the C—H stretching of
isopropylidenyl groups and C=O stretching of the
ester groups, respectively. After deprotection treat-
ment of the precursor polymer PVDF-g-PMAIpG, the
absorption band of isopropylidenyl groups at 2992
cm ! disappeared, whereas the absorption bands at
1735-1740 cm ', ascribed to the ester groups,
remained unchanged, and a broad absorption peak
appeared around 3384 cm ™', which corresponded to
the hydroxyl groups formed by the deprotection of
the isopropylidenyl groups.

The 'H-NMR spectra for PVDF, PVDF-¢-PMAIpG,
and PVDF-¢g-PMAG are presented in Figure 3. The
PVDEF spectrum exhibits two well-known peaks
related to the head-to-tail and head-to-head bonding
arrangements.”’ Grafting of the MAIpG monomer
onto PVDF resulted in the appearance of peaks in
the regions of 1.3-1.5 and 3.6-6.0 ppm due to the
isopropylidene protons and sugar moiety protons of
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Figure 3 TH-NMR spectra (500 MHz, DMSO-d,, and tetra-
methylsilane) for (a) PVDF, (b) PVDF-¢g-PMAIpG, and (c)
PVDEF-g-PMAG.

the sugar-carrying monomer, respectively. After the
acidolysis, the signal ascribed to the isopropylidene
protons was entirely absent, and at the same time,
the peaks in the region of 6.5-7.0 ppm, which were
assignable to the anomeric hydroxyl groups of sugar
moieties, appeared. Moreover, the free —OH pro-
tons of sugar moieties appeared around 5.0 ppm.*
The molar fraction of PMAG in the PVDF-g-PMAG
copolymer was calculated to be 0.496 from Figure
3(c) on the basis of the intensities of resonances a(ht),
a(hh), and e. From the characterization results of
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FTIR and 'H-NMR presented here, it could be con-
firmed that MAIpG monomers were grafted onto the
PVDF backbone and that the deprotection of isopro-
pylidenyl groups proceeded quantitatively under
these experimental conditions.

Because the amphiphilic glucose-carrying graft co-
polymer synthesized in this study was water-soluble,
the determination of the average molecular weights
and molecular weight distributions of this copolymer
could be performed by GPC with deionized water as
the eluent. The GPC results are summarized in Table
II. The PDI of the PVDF-g-PMAG copolymer (1.29)
was fairly low in comparison with the PDI of the
PVDF macroinitiator (2.33), suggesting that the
ATRP of PVDF-g-PMAG under these experimental
conditions had a controlled nature. Because of the
differences between the hydrodynamic radii of linear
polymers and branched polymers of equal molecular
weight, the molecular weight deduced from GPC
measurements was not an accurate estimate of the
true molecular weight of the PVDF-g-PMAG copoly-
mer. A more accurate estimate of the number-aver-
age molecular weight of the PVDF-g-PMAG copoly-
mer (M, pvpr-g-pmaG) Was obtained from 'H-NMR
analysis with the following equation®:

MMAG
_ 0
M”:PVDngfPMAG - M"vl’VDP (1 +x MPVDF) ’
0

where M, pypr is the number-average molecular
weight of the PVDF macroinitiator obtained from
Aldrich; x is the molar ratio of poly(3-O-methacry-
loyl-a,B-D-glucopyranose) (MAG) units to PVDF
repeat units in the PVDF-¢g-PMAG copolymer as
measured by 'H-NMR; and M}“C and MJVPF are
the repeat unit molar masses of the MAG monomer
and PVDF, respectively. M,, pvpr.¢-pmac SO calculated
was ~ 3.12 X 10° g/mol.

TGA of the copolymer demonstrated the presence
of grafting side chains on the PVDF backbone; the
TGA thermograms for the PVDF macroinitiator and

TABLE II
Average Molecular Weights and Molecular Weight
Distributions of the PVDF Macroinitiator and
Synthesized Glucose-Currying Amphiphilic
Graft Copolymer

Mn MZU Mw/Mn
Polymer (g/mol) (g/mol) (PDI)
PVDFo7x 107,000 250,000 2.33%
PVDF-g-PMAG 651,121 839,376 1.29°

M,, = number-average molecular weight; M,, = weight-
average molecular weight.

? From the manufacturer.

® From GPC and estimated on the basis of low-polydis-
persity poly(ethylene oxide) standards.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 TGA thermograms for the PVDF macroinitiator
and PVDF-¢g-PMAIpG. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

PVDF-¢g-PMAIpG appear in Figure 4, which displays
a distinct shoulder corresponding to the higher ther-
mal stability of PVDF in comparison with the graft-
ing side chains of the glucose-carrying methacrylate
monomer.

From the combined FTIR, 'H-NMR, GPC, and
TGA results discussed here, it can be concluded that
the glucose-carrying methacrylate monomer, MAIpG,

WANG ET AL.

was actually grafted onto the backbone of the PVDF
macroinitiator via ATRP under these experimental
conditions.

Preparation and characterization of the
porous membranes

Over the past several years, the use of amphiphilic
copolymers (including random, alternative, block,
graft, and hyperbranched amphiphilic copolymers)
as polymer additives for the surface modification of
hydrophobic membranes has been a subject of in-
creasing importance in membrane science and
technology. Many studies on this subject have dem-
onstrated that during the standard immersion—
precipitation process of membrane fabrication, the
amphiphilic copolymers are self-segregated to the
membrane surface and the surface of internal pore
channels >*3%#!

Morphology of the porous membranes

The surface and cross-section morphologies of po-
rous membranes fabricated from PVDF and the
PVDF/PVDEF-g-PMAG blend were studied with
SEM; SEM micrographs of the separation surfaces
and cross sections of membranes cast from the cast-
ing solution listed in Table I are shown in Figure 5.
The addition of the amphiphilic graft copolymer,

7 T

Zhajiang University

Figure 5 SEM images of the separation surfaces (left) and cross sections (right) of (a) the neat PVDF membrane and (b)
the PVDF/PVDEF-g-PMAG blend membrane (the PVDF-g-PMAG content in the blend was ca. 4.76 wt %).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 XPS survey scan spectra of (a) the neat PVDF
membrane and (b) the PVDF/PVDF-g-PMAG blend mem-
brane. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

PVDF-¢g-PMAG, resulted in higher porosity as well
as a more uniform pore size distribution on the
separation surface of the modified membrane. This
enhancement of the membrane porosity and uniform
pore size distribution is very advantageous in ultra-
filtration processes because it provides higher fluxes
and higher rejection ratios.

Surface chemical compositions of the porous
membranes

The surface chemical compositions of the porous
membranes were analyzed with XPS; the XPS results
for the neat PVDF membrane and PVDF/PVDF-g-
PMAG blend membrane are shown in Figure 6 and
Table III. Figure 6 shows the typical XPS spectra of
the neat PVDF membrane and PVDF/PVDEF-g-
PMAG blend membrane (the PVDF-g-PMAG content
in the blend was ca. 4.76 wt %). Both membranes
showed peaks corresponding to Cls (binding energy
= 285.8 eV) and Fls (binding energy = 688.0 eV),
which are typical for PVDF. In comparison with the
neat PVDF membrane, the blend membrane showed
an extra peak corresponding to Ols (binding energy
= 532.0 V).

TABLE III
XPS Results of the Neat PVDF Membrane and
PVDF/PVDEF-g-PMAG Blend Membrane

Chemical composition of the membrane
surface (XPS)

Membrane
sample C (wt %) F (wt %) O (wt %) O/F
MO 50.68 49.32 0 0
M1 56.57 31.72 11.71 0.37
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The atomic ratio, O/F, provides a measure of the
PVDF-¢g-PMAG surface composition. Figure 6 shows
that the surface of the neat PVDF membrane had no
oxygen signal, indicating that the pore-forming agent
PEG600 had leached out from the PVDF membrane
during the immersion—precipitation process. In the
case of the blend membrane, Table III shows that af-
ter blending with a small amount of PVDF-g-PMAG
(the content of PVDF-g-PMAG in the membrane ma-
trix was ca. 476 wt %), the oxygen concentration
(11.71 mol %) on the surface of the blend membrane
increased significantly, and the O/F ratio reached
0.37.

Figure 7 shows the Cls core-level scan spectra of
the PVDF/PVDEF-¢-PMAG blend membrane; the Cls
core-level spectra are curve-fitted with five compo-
nents corresponding to C—0O, C—COO, COO, CH,
CH,, and CF, with binding energies at 286.5, 285.7,
289.3, 285.0, 286.4, and 290.9 eV, respectively. The
emergence of C—0O, C—COQO, and COO peaks in
the Cls core-level scan spectra indicates that the
water-soluble amphiphilic glucose-carrying copoly-
mer PVDF-g-PMAG was maintained on the mem-
brane surface, although this membrane was pre-
pared via an immersion—precipitation process. The
near-surface molar fraction of PMAG (0.382) was cal-
culated as follows:

[PMAG] _ Acoo
[PMAG] + [-CH; — CF,—| ~ Acoo + Ack,’

where Acoo and Acp, are the areas of the fitted
COO and CF; peaks, respectively.

The XPS analyses suggest that the amphiphilic co-
polymer, PVDF-¢-PMAG, substantially segregated to

| | CHPVDF)
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| CF,
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Figure 7 XPS Cls core-level scan spectra of the PVDF/
PVDF-g-PMAG blend membrane. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 8 Changes in the water contact angle with the
drop age for the neat PVDF membrane and the PVDEF/
PVDF-g-PMAG blend membrane: (al) bottom surface of
the neat PVDF membrane, (a2) separation surface of the
neat PVDF membrane, (b1) bottom surface of the PVDF/
PVDEF-g-PMAG blend membrane, and (b2) separation sur-
face of the PVDF/PVDEF-¢g-PMAG blend membrane. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

the membrane surface during the immersion—precip-
itation process.

Water contact-angle characterization

Contact-angle measurement is a convenient method
for obtaining information about surface characteris-
tics such as the relative hydrophilicity of materials.
In general, these measurements are difficult to
unpuzzle in the case of porous materials because of
contraction in the dry state, capillary forces, hetero-
geneity and roughness of the surface, and so
forth.**** However, the relative hydrophilicity of a
polymeric membrane surface can be easily obtained
by this method. The changes in hydrophilicity of the
PVDF/PVDF-¢g-PMAG blend membrane were exam-
ined with the static water contact angle. As can be
seen in Figure 8, regardless of the separation surface
or bottom surface, the initial static water contact
angles decreased significantly after incorporation
with the amphiphilic PVDF-g-PMAG copolymer.
Moreover, Figure 8 shows that the water contact
angle of the neat PVDF membrane almost remained
unchanged with the change in the drop age, whereas
the water contact angles of the blend membrane
decreased obviously with the increase in the drop
age; this was due to the presence of the amphiphilic
PVDEF-g-PMAG copolymer and more directly due to
the hydrophilic nature of the PMAG side chains.
Therefore, the hydrophilicity of the blend membrane
could be enhanced significantly because of the pres-
ence of the amphiphilic graft copolymer.

Journal of Applied Polymer Science DOI 10.1002/app
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Static protein adsorption characterization

Figure 9 shows that the amounts of the apparent pro-
tein adsorption on the PVDF membrane decreased
significantly after incorporation with the amphiphilic
PVDF-g-PMAG copolymer. The obvious decrease in
BSA adsorption is ascribed to the amphiphilic glu-
cose-carrying graft copolymer, which self-segregated
to the membrane surface in the immersion—precipita-
tion process, as confirmed by XPS analyses; this made
the surface of the blend membrane more hydrophilic
than the neat PVDF membrane.

The combined results of water contact angle and
BSA adsorption analysis indicate that the membrane
prepared from the PVDF/PVDEF-g-PMAG blend
exhibited improved hydrophilicity and anti-protein-
adsorption properties in comparison with the pure
PVDF membrane. It is interesting that the water-
soluble amphiphilic sugar-carrying graft copolymer
synthesized in this study was still retained in the
membrane matrix even though the blend membranes
were fabricated via an immersion—precipitation pro-
cess. This is different from the results reported pre-
viously by other research groups. According to pre-
vious reports, when water-soluble polymers are used
as membrane additives, they often leach out during
the immersion—precipitation process.**** However,
in our experiment, the combined XPS, water contact
angle, and BSA adsorption results indicated that
PVDF-g-PMAG was still anchored in the blend
membrane. This can be ascribed to the high molecu-
lar weights of the PVDF-¢g-PMAG copolymer, which
was entangled with the backbone of the PVDF mem-
brane matrix when they were blended together; this
hindered the loss of PVDF-g-PMAG in the immer-
sion-precipitation process.
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Figure 9 Amount of apparent BSA adsorption on the
neat PVDF membrane and the PVDF/PVDF-¢-PMAG
blend membrane. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]



AMPHIPHILIC GLUCOSE-CARRYING GRAFT COPOLYMER

CONCLUSIONS

ATRP of a glucose-carrying methacrylate monomer
with a commercial PVDF as the macroinitiator for
the preparation of a glucose-carrying graft copoly-
mer, PVDF-g-PMAIpG, was demonstrated. After
acidolysis deprotection treatment of this precursor
polymer, a novel amphiphilic glucose-carrying graft
copolymer was obtained. The hydrophilic surface
modification of a PVDF membrane with PVDF-g-
PMAG as an additive was explored, and the prelimi-
nary results indicated that the membrane fabricated
from the blend of PVDF with PVDE-g-PMAG exhib-
ited improved hydrophilicity and anti-protein-
adsorption property. Work is ongoing to optimize
the molecular structure of this novel sugar-carrying
graft copolymer with respect to the grafting chain
length and grafting density and to develop a more
efficient catalyst system. We are also further investi-
gating membrane fabrication parameters such as the
concentration of PVDF-g-PMAG, coagulation bath
composition, coagulation temperature, and annealing
conditions with the desire to maximize surface mod-
ification while minimizing the use of PVDF-g-PMAG
additives.
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