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Abstract

Molecular modification of the ozone-pretreated fluorinated polyimide (FPI) via thermally-induced graft copolymerization with either acrylic acid (AAc) or 4-vinylpyridine (4VP) in N-methyl-2-pyrrolidone (NMP) solution was carried out. The resulting FPI copolymers with grafted AAc and 4VP side chains (the PAAc-g-FPI and P4VP-g-FPI copolymers, respectively) were characterized by Fourier transform infrared (FTIR) spectroscopy, elemental analysis, thermogravimetric (TG) analysis and differential scanning calorimetry (DSC). In general, the graft concentration increased with the monomer concentration used for graft copolymerization. Microfiltration (MF) membranes were prepared from the PAAc-g-FPI or P4VP-g-FPI copolymers by phase inversion in aqueous media with pH values ranging from 1.0 to 6.4. The surface composition of the membranes was characterized by X-ray photoelectron spectroscopy (XPS). A substantial surface enrichment of the grafted AAc and 4VP polymer was observed for the copolymer membranes. The morphology of the MF membranes was studied by scanning electron microscopy (SEM). The pore sizes of the MF membranes were measured using a Coulter( Porometer. The flux of aqueous solutions through the PAAc-g-FPI and P4VP-g-FPI MF membranes exhibited a pH-dependent behavior, but in an opposite manner，with the most drastic change in permeation rate being observed at solution pH values between 1 and 4. 
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1. Introduction

Polyimides (PIs) possess many desirable physicochemical and mechanical properties, such as good thermal stability, low dielectric constants, excellent mechanical strength, and surface inertness.1-4 They are widely used as structural and dielectric materials in the microelectronics, electrical and aerospace industries. Because of their unique physicochemical properties, PIs have also been widely investigated as membrane materials during the past three decades for proton conducting, fouling resistance, gas removal and gas separation applications.5-9 Polyimide ultrafiltration (UF) membranes have been commercialized by Nitto Electric Co. since 1982.5 Polyimide UF membranes can be used for solute separation in organic solvents due to their outstanding chemical resistance.10,11 There are also great demands for membranes capable of withstanding harsh environment, for example, during crude oil separation, recycling of hot water, and soybean oil separation.12 

On the other hand, porous membranes with signal-responsive “polymer brushes” are advantageous over the hydrogel membrane in terms of mechanical strength and quick response to external stimuli.13-16 Certain polymeric materials are known to change reversibly their conformation and phase structures in response to the environmental stimuli, such as the change in temperature, pH, ionic strength, etc.17-20 Membranes incorporating environmentally responsive polymers have been applied in controlled drug delivery,21,22 chemical separation23,24 and bioreactors.25,26 Environmental stimuli-sensitive membranes can be prepared by grafting of functional polymers or graft copolymerization of functional monomers directly onto the existing porous membranes.27,28 These approaches, however, may be accompanied by changes in membrane pore size and pore size distribution, leading to reduced permeability.29-31 Furthermore, the extents of grafting on the membrane surface and the surfaces of the pores may differ substantially. Accordingly, the strategy of molecular or bulk graft copolymerization, followed by phase inversion, to membrane fabrication may prove to be particularly useful in certain cases. For example, in the case of preparation of hollow fiber membranes, uniform post-functionalization by graft copolymerization of the membrane and the pore surfaces is expected to be spatially difficult. The preparation of membranes from graft copolymers by phase inversion, on the other hand, can greatly facilitate the control of the pore size, the pore size distribution and the composition of the pore surfaces through the control of the copolymer structure and composition. 

In the present work, we report on the synthesis and characterization of fluorinated polyimides with acrylic acid (AAc) or 4-vinylpyridine (4VP) polymer side chains from molecular graft copolymerization in solution. Both types of graft copolymers can be readily cast into microfiltration (MF) membranes by phase inversion in an aqueous medium. The graft copolymers are shown to be promising materials for fabricating MF membranes with controllable surface composition, pore-size distribution and pH-sensitive permeability to aqueous solutions.
2. Experimental
 2.1. Materials

Electronic grade 2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) and 4,4’-bis(4-aminophenoxy) diphenyl sulfone (p-SED), used for the synthesis of the fluorinated polyimide (FPI), were obtained from Chriskev Inc., KS, USA. β-picoline, acetic anhydride, methanol, ethanol, isopropanol and N-methyl-2-pyrrolidone (NMP) were obtained from Sigma-Aldrich Chem. Co. and were used as received. The FPI used in this study was synthesized by step polymerization in solution, using a simplified two-step polymerization process reported earlier.32,33 Acrylic acid (AAc) and 4-vinylpyridine (4VP) monomers were obtained from Aldrich Chemical Co. and were purified by vacuum distillation before use. The chemical structures of the FPI and the monomers, AAc and 4VP, are shown in Figures 1(a), 1(b) and 1(c), respectively.

2.2. Ozone Treatment of FPI 

The FPI powder was first dissolved in NMP to achieve a concentration of 75 g/L. A continuous stream of O3/O2 mixture was bubbled through the solution at 25(C. The O3/O2 mixture was generated from an Azcozon RMU16-04EM ozone generator. The gas flow rate was adjusted to 300 L/h to give rise to an ozone concentration of about 0.027 g/L of the gaseous mixture. A treatment time of about 5 min was used to achieve the desired content of peroxides (see below). After the ozone treatment, the polymer solution was cooled in an ice bath. Part of the polymer solution was poured into an excess volume of ethanol to obtain the solid polymer precipitate.
2.3. Determination of Peroxides Concentration by Reaction with DPPH 

About 100 mg of the ozone-treated FPI sample was dissolved in 10 ml of NMP, containing 6 mg of 2,2-diphenyl-1-picrylhydrazyl (DPPH). The solution was purged with purified argon for about 45 min. The reaction mixture was then placed in a thermostated oil bath at 110(C for 30 min, followed by cooling in an ice bath. The ozone-activated FPI was precipitated in 90 ml of pure isopropanol. After 30 min, the solution was filtered and the residual DPPH concentration was determined from the absorption intensity at 520 nm by UV-visible absorption spectroscopy. A calibration curve was obtained using DPPH solutions of known concentrations. The peroxide and hydroperoxide content was equal to half of the concentration of the reacted DPPH radicals since each peroxide and hydroperoxide group gives rise to two free radicals upon decomposition. The number of moles of peroxides (including hydroperoxides) per gram of the ozone-treated FPI can be determined from the following equation:34
                           [Peroxides]= [(C0-C) ×100]/(2 ×1000 ×394.33 ×m)

where C0 and C are the initial and final DPPH concentrations in g/L, respectively, and m is the weight of the ozone-treated FPI sample in gram. The factor 394.33 arises from the molecule weight of DPPH.

2.4. Graft Copolymerization of AAc and 4VP with FPI: The PAAc-g-FPI and P4VP-g-FPI Copolymers

The functional copolymer was prepared by thermally-induced molecular graft copolymerization of AAc or 4VP with the ozone pre-activated FPI in NMP solution at 60(C for 3 h and under an argon atmosphere. Then the monomer and about 50 ml of the FPI solution were introduced into a 3-necked round bottom flask equipped with a thermometer, a condenser, and a gas line. The AAc and 4VP monomer concentrations were varied from 0.03 g/ml to 0.21 g/ml. The final volume of each reaction mixture was adjusted to 50 ml. The solution was saturated with purified argon for 30 min under stirring. The reactor flask was then placed in a thermostated water bath at 60(C to initiate the graft copolymerization reaction. A constant flow of argon was maintained during the thermal graft copolymerization process. After the desired reaction time (3 h), the reactor flask was cooled in an ice bath and the AAc graft-copolymerized FPI (PAAc-g-FPI) or 4VP graft-copolymerized FPI (P4VP-g-FPI) was precipitated in excess ethanol. After filtration, the copolymer was further purified by stirring for 48 h in copious amounts of ethanol at room temperature. The precipitation and exhaustive washing process ensured the complete removal of the residual AAc or 4VP homopolymer. The copolymers were then dried by pumping under reduced pressure for subsequent characterization. 

2.5. Preparation of Microfiltration (MF) Membranes 

MF membranes were prepared by phase inversion in aqueous media. The FPI homopolymer or the copolymer powders were dissolved in NMP at room temperature. The polymer or copolymer solution was cast onto a glass plate. After allowing for a brief period of exposure in air, the glass plate was immersed in the casting bath. The temperature of the aqueous medium in the casting bath was maintained at 25(C. Each membrane was left in the bath for about 20 min after separation from the glass plate. It was then extracted in a second bath of double-distilled water at 70(C for 30 min. Such a heat treatment step was commonly performed during the fabrication of commercial membranes in order to refine the pore size distribution.35 The purified membranes were dried under reduced pressure for subsequent characterization. The processes of ozone preactivation, thermally induced graft copolymerization, and MF membrane preparation are illustrated schematically in Figure 2.
2.6. Gel Permeation Chromatography (GPC)
The molecular weight of the FPI homopolymer and the ozone-treated FPI samples was measured by gel permeation chromatography (GPC) on a Hewlett Packard MSD series 1100 high pressure liquid chromatography (HPLC), equipped with a PL-gel Mixed-C column. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 ml/min at 25(C. The molecular weight calibration was carried out using the polystyrene standards.

2.7. Infrared Spectroscopy Measurements

Fourier transform infrared (FTIR) spectra of thin copolymer films cast from tetrahydrofuran (THF) solutions were obtained on a Bio-Rad FTIR spectrophotometer (Model FTS135) under ambient conditions. Typically, 16 scans at a resolution of 8 cm-1 were accumulated to obtain one spectrum.
2.8. Thermal Analysis

The thermal properties of the homopolymer and copolymer samples were measured by both thermogravimetric (TG) analysis and differential scanning calorimetry (DSC). For the TG analysis, the polymer samples were heated up to 900(C at a heating rate of 10(C/min under a dry nitrogen atmosphere in a Du Pont Thermal Analyst 2100 system, equipped with a TGA 2050 thermogravimetric thermal analyzer. For the DSC analysis, the spectra were recorded on a DSC 822e (Mettler Toledo Co., Switzerland) at a heating rate of 10(C/min and under a nitrogen atmosphere. The software for data processing allowed the automatic subtraction of the baseline and the normalization of the thermogram for sample weight. Long-term isothermal thermo-oxidative stability (TOS) studies were performed in air for 300 h at 315ºC in a Lenton programmable forced air oven, equipped with the Eurotherm 2408 temperature controller/programmer (Lenton Thermal Design, Sheffield, UK).
2.9. Elemental Analysis

The carbon, nitrogen and hydrogen elemental contents of the pristine FPI and the PAAc-g-FPI and P4VP-g-FPI copolymer samples were determined using a Perkin-Elmer 2400 element analyzer. The fluorine contents, on the other hand, were determined by the SchÖniger combustion method.36
2.10. XPS Measurements

XPS measurements were carried out on a Kratos AXIS HSi spectrometer (Kratos Analytical Ltd, Manchester, England) with a monochromatized Al K X-ray source (1486.6 eV photons). The X-ray source was run at a reduced power of 150 W (15 kV and 10 mA). The MF membranes were mounted on the standard sample studs by means of double-sided adhesive tapes. The core-level spectra were obtained at the photoelectron take-off angle (, with respect to the sample surface) of 90o. The pressure in the analysis chamber was maintained at 10-8 Torr or lower during each measurement. To compensate for surface charging effects, all binding energies (BE’s) were referenced to the C 1s hydrocarbon peak at 284.6 eV. In peak synthesis, the line width (full width at half maximum or FWHM) of Gaussian peaks was maintained constant for all components in a particular spectrum. Surface elemental stoichiometries were determined from the peak area ratios, after correction with the elementally determined sensitivity factors, and were accurate to within ±5%. 

2.11. Water Contact Angle Measurements

Static water contact angles of the pristine FPI, the ozone-treated FPI, the PAAc-g-FPI and the P4VP-g-FPI films cast from THF solutions were measured at 25(C and 50% relatively humidity by the sessile drop method, using a 3 μL water droplet in a telescopic goniometer (Model 100-00-230, Rame-Hart, Mountain Lakes, NY, USA). The telescope with a magnification power of 23× was equipped with a protractor of 1° graduation. For each sample, at least five measurements on different surface locations were averaged. The angles reported were reliable to ±3°. 

2.12. Morphology and Pore Size of the MF Membranes

The surface morphology of the MF membranes was studied by scanning electron microscopy (SEM), using a JEOL 6320 electron microscope. The membranes were mounted on the sample studs by means of double-sided adhesive tapes. A thin layer of gold was sputtered on the sample surface prior to the SEM measurement. The SEM measurements were performed at an accelerating voltage of 15 kV. The pore sizes of the PAAc-g-FPI and the P4VP-g-FPI membranes were measured using a Coulter( Porometer II apparatus, manufactured by Coulter Electronics Ltd., UK. 

2.13. Measurements of the pH-Dependent Solution Flux Through the MF Membranes
The PAAc-g-FPI or P4VP-g-FPI MF membrane was preconditioned by immersing in an aqueous solution of a prescribed pH value prior to being mounted on the microfiltration cell (Toyo Roshi UHP-25, Tokyo, Japan). An aqueous solution of the same prescribed pH value and a fixed ionic strength (I =0.2 mol/L) was added to the cell. The ionic strength of the solution was kept constant by the addition of acetic acid and sodium acetate.  The flux was calculated from the weight of solution permeated per unit time and per unit area of the membrane surface under a fixed pressure head of 0.4 kg/cm2. 
3. Results and Discussion

3.1. Synthesis and Characterization of Fluorinated Polyimide

The fluorinated polyimide (FPI) used in this study was synthesized by a simplified two-step polymerization process in solution. The imidization process was achieved by chemical means.32,33 The solution, thermal and dielectric properties of the FPI are summarized in Table 1. The data indicate that the polymer has a high Tg, good thermal stability and good thermo-oxidative stability (TOS), along with a low dielectric constant (к<2.8).
3.2. Ozone Pretreatment of the FPI in NMP Solution

Ozone treatment has been widely utilized to generate peroxide and hydroperoxide species on polymer chains and surfaces.34,37-39 Under thermal induction, these labile functional groups undergo decomposition to initiate the free radical graft copolymerization of vinyl monomers. The amount of peroxides introduced by ozone treatment can be regulated by the polymer concentration, ozone treatment temperature, ozone concentration and ozone treatment time. In this study, the ozone concentration was fixed at 0.027 g/L under an O3/O2 mixture flow rate of 300 L/h and a temperature of 25(C. The peroxide contents of the ozone-treated FPI samples, in mol per gram of the activated FPI and determined from the DPPH assay, are shown in Table 2. It can be seen that the peroxide concentration increases with the increase in ozone treatment time. A 5 min ozone treatment time under the present experimental conditions could lead to a peroxide content of about 1.3 ×10-5 mol per gram of FPI. The increase in the peroxide concentration is also consistent with the corresponding increase in the elemental [O]/[C] ratio, as determined from the O 1s and C 1s XPS core-level spectral area ratio of the samples. Ozone treatment can also introduce other polar groups, such as carbonyl and hydroxyl groups, into the polymer chains. The water contact angle data suggest that the film cast from the ozone-treated FPI becomes less hydrophobic than that cast from the pristine FPI. Since ozone treatment of the FPI is also accompanied by degradation and scission of the polymer chains, as indicated by the decrease in molecule weight of the polymer (Table 2), the ozone pretreatment time is fixed at 5 min in the present study.

3.3. Characterization of FPI with Poly(acrylic acid) and Poly(4-vinylpyridine) Side Chains

3.3.1. Bulk Graft Concentrations of the PAAc-g-FPI and P4VP-g-FPI Copolymers

For the graft copolymerization of AAc and 4VP with FPI in solution, the monomer feed ratio can be used to regulate the graft concentration of the resulting graft copolymer. Elemental analysis was employed to determine the bulk content of elemental carbon and nitrogen. The bulk graft concentration of the copolymers is defined as the number of AAc or 4VP repeat units in the graft chains per repeat unit of the FPI main chain. In the case of the PAAc-g-FPI copolymer, the ([C]/[N])bulk ratio increases with the AAc monomer feed ratio. The bulk graft concentration can be calculated from the ([C]/[N])bulk molar ratio by taking into account of the carbon stoichiometries of the graft and the main chains, and the carbon to nitrogen ratio of the FPI main chain. Thus, the bulk graft concentration or the ([PAAc]/[FPI])bulk molar ratio can be calculated from the following relationship:

([PAAc]/[FPI])bulk = 2([C]- (43/2)[N])bulk/3[N]bulk
in which the factor 43/2 accounts for the fact that there are 43 carbon atoms and 2 nitrogen atoms per repeat unit of the FPI chains, while the factor 3 accounts for the fact that there are 3 carbon atoms in each AAc unit.

In the case of the P4VP-g-FPI copolymer, the ([N]/[F])bulk ratio increases with the 4VP monomer feed ratio. The bulk graft concentration can be calculated from the ([N]/[F])bulk molar ratio by taking into account of the nitrogen stoichiometries of the graft and the main chains, and the nitrogen to fluorine ratio of the FPI main chain. Thus, the graft concentration or the ([P4VP]/[FPI])bulk molar ratio can be calculated from the following relationship:

([P4VP]/[FPI])bulk = 6([N]-[F]/3)bulk/[F]bulk
in which the factor 3 accounts for the fact that there are 2 nitrogen atoms and 6 fluorine atoms per repeat unit of the FPI chains.
For graft copolymerization reactions, the monomer feed ratio is an important parameter that can be used to regulate the graft concentration. Figure 3 shows the dependence of the bulk graft concentration of the PAAc-g-FPI copolymer (part (a)) and the P4VP-g-FPI copolymer (part (b)) on the respective monomer to [FPI] molar feed ratio used for graft copolymerization. For both copolymers, the graft concentration increases with increasing monomer concentration used for graft copolymerization. 

3.3.2. FTIR Spectroscopy of the PAAc-g-FPI and P4VP-g-FPI Copolymers

The chemical structures of the FPI and the PAAc-g-FPI and P4VP-g-FPI copolymers were first studied by FTIR spectroscopy. The absorption bands associated with the imide ring and linkage of FPI at 1730 cm-1 (symmetrical C=O stretching), 1376 cm-1 (C-N stretching), and 1063 cm-1 and 744 cm-1 (imide ring stretching) are present in all the copolymer samples.32 Comparing the FTIR spectra of the PAAc-g-FPI copolymers with that of the pristine FPI, the absorption band of the copolymer samples at 1718 cm-1, attributable to the O-C=O stretching vibration, must be associated with the grafted AAc chains.40 Since the concentration of a functional group is directly proportional to the absorption band area in the FTIR spectrum, the ratio of the absorption band area at 1718 cm-1 to those at 1376 cm-1 and 1063 cm-1 (the characteristic absorption bands of the FPI) is directly related to the bulk graft concentration of the AAc side chains in the corresponding AAc-g-FPI copolymer. In the case of the P4VP-g-FPI copolymers, a new absorption band at 1410 cm-1, attributable to the pyridine ring group, is discernable. The intensities of the absorption bands at 1730 and 1410 cm-1 increase with the increase in the respective AAc to FPI and 4VP to FPI monomer feed ratio. Therefore, the FTIR data suggest that the graft concentration increases with the increase in the AAc or 4VP monomer to FPI molar feed ratio used for graft copolymerization. This result is in good agreement with that obtained from the element analysis.

3.3.3. Thermal Stability of the PAAc-g-FPI or P4VP-g-FPI Copolymers
Thermal stability is one of the unique properties of polyimides. The thermal properties of the graft copolymers were studied by thermogravimetric (TG) analysis and differential scanning calorimetry (DSC). Figure 4 shows the respective TG analysis curves of the pristine FPI (Curve 1), the PAAc-g-FPI and P4VP-g-FPI copolymers of different graft concentrations (Curves 2 to 5), the AAc homopolymer (Curve 6) and the 4VP homopolymer (Curve 7). In comparison with the pristine FPI, AAc and 4VP homopolymers, the copolymer samples exhibit an intermediate weight loss behavior and undergo a two-step degradation process. The onset of the first major weight loss occurs at the temperature which corresponds to the decomposition of the PAAc or the P4VP segments in the copolymers. The second major weight loss begins at about 560(C, which coincides with the decomposition temperature of the FPI main chain. The TG analysis curves also indicate that the extent of weight loss of copolymers during the first stage of thermal decomposition is approximately equal to the AAc or 4VP polymer content in the respective graft copolymer. The relative smaller weight loss of the copolymers during the first stage of thermal decomposition is consistent with the fact that the molecular weight of the FPI repeat unit is substantially higher than that of the AAc or 4VP repeat unit. Furthermore, the fact that the temperature for the onset of the major weight loss in the copolymer is substantial high than the decomposition temperature of the PAAc or P4VP homopolymer suggests that the graft chains have been stabilized through covalent bonding to the FPI backbones. They may also have been partially imidized into the FPI structure at elevated temperatures.
Table 3 shows the glass transition temperature (Tg), obtained from DSC, of the pristine FPI and the PAAc-g-FPI and P4VP-g-FPI copolymers of different graft concentrations. Polyimides are well-known for their good thermal stability and high glass transition temperatures (Tg). In the present study, the pristine FPI has a Tg of about 284(C. Graft copolymerization with AAc or 4VP reduces structural rigidity of the FPI and increases the molar free volume of the polymer, resulting in the lowering of Tg. It can also be seen in Table 3 that the Tg of the graft copolymer decreases with the increase in graft concentration. Only the Tg of the FPI backbones is discernible in the DSC curves of the graft copolymers. This phenomenon is probably associated with the fact that FPI is the major phase in each copolymer, arising from the large disparity in molecular sizes between the FPI and the AAc (or 4VP) repeat units.

3.3.4. Water Contact Angles of the PAAc-g-FPI and P4VP-g-FPI Copolymer Films
The pristine FPI film is hydrophobic, with a water contact angle of about 88°. A substantial decrease in water contact angle of the FPI films is achieved through graft copolymerization with AAc or 4VP. The contact angle is reduced to about 60° for copolymer films with ([PAAc]/[FPI])bulk=1.67 or ([P4VP]/[FPI])bulk=1.77 (Table 3). This phenomenon is attributable to the hydrophilic nature of the grafted AAc or 4VP polymer side chains. Thus, as shown in Table 3, the water contact angle of the PAAc-g-FPI or P4VP-g-FPI films decreases with the increase in the AAc or 4VP polymer graft concentration.

3.4. Surface Composition and Morphology of the MF Membranes Prepared from the PAAc-g-FPI and P4VP-g-FPI Copolymers

After the PAAc-g-FPI and P4VP-g-FPI MF membranes had been fabricated by phase inversion in water (pH=6.4) and at room temperature from 10 wt% NMP solutions of the respective copolymers, the surface composition and morphology of the membranes were investigated by XPS and SEM, respectively.

3.4.1. XPS Analysis of the PAAc-g-FPI and P4VP-g-FPI Membranes
Figure 5 shows the respective C 1s and N 1s core-level spectra of the pristine FPI membrane surface (part (a)), the PAAc-g-FPI membrane surfaces with the bulk graft concentration of 0.68 and 1.67 (part (b) and part (c), respectively), and the P4VP-g-FPI membrane surfaces with bulk graft concentration of 0.83 and 1.49 (part (d) and part (e), respectively) . The C 1s core-level spectrum of the pristine FPI membrane can be curved-fitted with five peak components, having binding energies (BE’s) at 284.6 eV for the C-H species, at 285.8 eV for the C-O and C-N species, at 288.4 eV for the N(C=O)2 species, at 291.1 eV for the π-π* shakeup satellite, and at 292.8 eV for the CF3 species.41,42 The O-C=O species of the grafted PAAc polymer chains have a C 1s peak component BE at about 288.5 eV.41 The BE’s of the O-C=O species and the imide –N-(C=O)2 species cannot be resolved unambiguously. The two species are represented by a single peak component at the BE of about 288.4 eV. The increase in AAc polymer graft concentration with the AAc to FPI molar feed ratio is readily indicated by the steady increase in the intensity ratio of the O-C=O species to the CF3 species.
The N 1s core-level spectrum of the pristine FPI membrane shows only one peak component at the BE of 400.5 eV, attributable to the –N(C=O)2 (imide) species.43 The presence of the grafted 4VP polymer on FPI can be deduced from the N 1s peak component at the BE of 398.5 eV, attributable to the imine species (=N-) of the 4VP polymer43. An additional peak component appears at the BE of about 399.5 eV, which may be attributed to the partially protonated or hydrogen-bonded nitrogen in the 4VP polymer. The formation of hydrogen bonding between poly(vinylpyridine)s and other polymers has been reported.44-46 The increase in graft concentration with the 4VP to FPI molar feed ratio is readily indicated by the steady increase in the ratio of the =N- and –N-H species to the –N(C=O)2 species. Thus, the XPS results are in good agreement with those obtained from the element analysis and FTIR spectroscopy.

3.4.2. Surface Compositions of the PAAc-g-FPI and P4VP-g-FPI Copolymer Membranes

The surface graft concentrations of the PAAc-g-FPI and P4VP-g-FPI MF membranes were determined from the XPS derived carbon, nitrogen and fluorine atomic ratios. Figure 6 shows the dependence of the surface graft concentration of the PAAc-g-FPI MF membrane (part (a)) and P4VP-g-FPI MF membrane (part (b)) on the respective monomer to [FPI] molar feed ratio used for graft copolymerization. The surface graft concentration of each copolymer membrane increases almost linearly with the respective monomer to FPI molar feed ratio. Comparing the surface [C]/[N] and [N]/[F] ratios (determined by XPS) in Figure 6 with the bulk composition (determined by elemental analysis) in Figure 3, it is obvious that the surface [C]/[N] and [N]/[F] ratios, and thus the graft concentrations, are considerably higher than the corresponding bulk ratios. This phenomenon arises mainly from the enrichment of the AAc and 4VP side chains at the outermost surface during the course of membrane formation by phase inversion in the aqueous medium. For multicomponent polymer systems (including copolymers and polymer blends), surface enrichment of the hydrophilic components arising from interaction with the environments occurs readily.30,47-49
3.4.3 Surface Morphology of the PAAc-g-FPI and P4VP-g-FPI MF Membranes

The surface morphology of the PAAc-g-FPI and P4VP-g-FPI MF membranes was studied by SEM at a magnification of 2000(. Figure 7 shows the SEM images of the respective MF membranes cast by phase inversion at 25(C in water from 10 wt% NMP solutions of the pristine FPI powders, the PAAc-g-FPI copolymers with bulk graft concentrations of 0.68, 1.38 and 1.67, and the P4VP-g-FPI copolymers with bulk graft concentrations of 0.41 and 1.49. The SEM images reveal that the membranes cast from the NMP solutions of the graft copolymers have a higher porosity than that cast from the pristine FPI, and that the porosity increases with the graft concentration of the AAc or 4VP polymer in the copolymer. In the presence of high concentrations of the hydrophilic AAc or 4VP polymer side chains, surface enrichment of the AAc or 4VP polymer takes place during phase inversion in water to maximize the interfacial interaction between the pore surface and water, resulting in an increase in porosity and pore size of the membrane. Since the interfacial interaction are dictated by the surface graft concentration of the AAc or 4VP polymer side chains, mass migration of the AAc or 4VP polymer side chains in the MF membrane with a high graft concentration readily give rise to larger pores or higher porosity during phase inversion.

3.5. Pore Sizes and pH-Dependent Permeability of the PAAc-g-FPI and P4VP-g-FPI MF Membranes

3.5.1  Pore Sizes of the PAAc-g-FPI and P4VP-g-FPI MF Membranes
The mean pore size and pore size distributions of various PAAc-g-FPI and P4VP-g-FPI MF membranes cast from NMP solutions and under different conditions, such as different bulk graft concentrations, different copolymer concentrations of the cast solutions, and different pH values of the casting bath, were measured on the Coulter( Porometer II instrument, using the commercial ‘POROFIL’ fluid as the wetting agent. The pore size distributions of the PAAc-g-FPI and P4VP-g-FPI MF membranes cast under different conditions are shown in Table 4. The data indicate that the mean pore size of the MF membrane increases with the graft concentration of the AAc or 4VP side chains in the copolymer. 
The dependence of the pore sizes of the PAAc-g-FPI and P4VP-g-FPI MF membranes on the pH of the aqueous casting bath is also shown in Table 4. The pore size of the PAAc-g-FPI MF membrane decreases with the decrease in pH of the casting bath. Thus, a lower proton concentration of the casting bath will lead to a larger pore size. The phenomenon probably arises from the enhanced interaction of the carboxylic acid groups with the aqueous medium at a high pH to give rise to the extensive formation of the carboxylic anions (see below). On the other hand, however, the pore sizes of the P4VP-g-FPI MF membrane increase with the decreasing pH of the casting bath. The observation indicates that a high proton concentration in the casting bath will lead to a large pore size. The phenomenon probably arises from the interaction equilibrium between the pyridine groups on the pore surfaces and the protons in the aqueous solution. The extent of protonation and hydrogen bonding of the pyridine ring is enhanced at a low pH of the casting bath (see also below). The pore sizes of the PAAc-g-FPI and P4VP-g-FPI MF membranes are also dependent on the concentrations of the copolymer in the casting solution, as shown in Table 4. The pore sizes decrease drastically with the increase in concentrations of the PAAc-g-FPI or P4VP-g-FPI copolymer in the casting solution. At low copolymer solution concentration, the extraction of the solvent from the bulk and at the copolymer/non-solvent interface is facilitated. As a result, larger pore sizes are obtained for the resulting MF membranes cast from the copolymer solutions of lower concentrations.
3.5.2 pH-Dependent Flux of Aqueous Solutions Through the PAAc-g-FPI and P4VP-g-FPI MF Membranes
The pH-dependent flux of aqueous solutions through the pristine FPI, the PAAc-g-FPI and the P4VP-g-FPI membranes is shown in Figure 8. It is unambiguous that the permeability of aqueous solutions through the pristine FPI MF membranes is marginal and pH-independent (Curves 5). The low permeability arises from the low porosity of the membrane. On the other hand, however, the flux of the aqueous solution through the PAAc-g-FPI and P4VP-g-FPI MF membranes exhibits a pH-dependent behavior, but in an opposite or complementary manner. The permeation rate of the aqueous solution through the PAAc-g-FPI membrane decreases with the increase in pH of the solution from 0.5 to 6.4 (Curves 1 and 2), while the permeation rate of the aqueous solution through the P4VP-g-FPI membrane increases with the increase in solution pH from 0.5 to 6.4 (Curves 3 and 4), with the most drastic change in permeation rate being observed between pH 1 and 4. Furthermore, the pH-sensitivity of the flux through both types of membranes is enhanced by the increase in graft concentration. The pH-dependent flux of the aqueous solutions through the two types of membranes at pH between 0.5 and 6.4 are completely reversible. These results suggest that both the extent of interaction with the aqueous environment and the conformation of the graft chains vary, reversibly, with the pH of the solution to control the effective pore size of the membrane. 
The change in permeability in response to the change in solution pH can be attributed to the change in conformations of the graft chains on the membrane surface, especially on the pore surfaces and in the sub-surface region of the pores. Due to the non-ionizablity of the polymer chains in the pristine FPI membranes, the polymer chain conformation and the membrane pore dimension will remain constant at all pH values. On the other hand, as a weak acid (pKa=4.3), the carboxylic groups of the grafted AAc polymer side chains can be ionized or deprotonated to become negatively charged.47 With the increase in pH of the casting solution, most of the carboxylic groups are transformed into carboxylic anions. Strong electrostatic repulsion among the carboxylic anions, together with their strong interaction with the aqueous solution, forces the AAc polymer side chains to adopt a highly extended conformation. The extension of the AAc polymer side chains into the pores and in the sub-surface region of the pores reduces the effective dimension of the pores. As a result, the permeability of the aqueous solution through the MF membrane is reduced. On the other hand, the AAc polymer chains assume a helical conformation under the low-pH conditions.50 As a result, steric obstruction to the pores of the membrane is substantially reduced and the permeation rate increases. This mechanism is termed the “through-pore mechanism” and has been studied by Israels et al.,51 using a two-dimensional self-consistent mean-field (SCF) theory. 

On the other hand, as a weak base, the pyridine groups of the grafted 4VP side chains are protonated or become complexed in an acid solution. The resulting ionic character and the electrostatic repulsion among the positively charged pyridinium nitrogen atoms overcome the hydrophobic interactions among the alkyl segments of the chains. The uncoiling of the polymer side chains and their interactions with the aqueous solution at a low pH value lead to an extended conformation in the surface and sub-surface region of the pores. As a result, the effective pore dimension, and thus the permeability of the aqueous solution through the MF membrane, is reduced. The charge transfer interaction of the 4VP polymer with protonic acids has been reported earlier.52 Thus, the P4VP-g-FPI MF membranes from the FPI with grafted base polymer side chains complement the PAAc-g-FPI MF membranes from the FPI with grafted acid polymer side chains in regulating the flux of the aqueous solutions in the pH range of 0.5 to 6.4.

4. Conclusion

PAAc-g-FPI and P4VP-g-FPI copolymers were successfully synthesized through thermally-induced molecular graft copolymerization of the respective AAc and 4VP monomer with the ozone-preactivated FPI backbones in NMP solutions. The MF membranes prepared from the respective PAAc-g-FPI and P4VP-g-FPI copolymers by phase inversion in water showed enrichment of the AAc and 4VP side chains in the surface region. The mean pore size of both the PAAc-g-FPI and P4VP-g-FPI MF membranes increased with the increase in graft concentration and the decrease in concentration of the casting solution. The mean pore sizes of the PAAc-g-FPI MF membranes also increased with the increase in pH of the casting bath. An opposite behavior was observed for the P4VP-g-FPI MF membranes. The flux of aqueous solutions through the PAAc-g-FPI and P4VP-g-FPI MF membranes exhibited a strong but opposite dependence on the solution pH in the pH range of 0.5 to 6.4. The pH-dependent flux behavior arose from the interaction of the grafted chains on the pore surface and sub-surface region with the aqueous solution. The present study has shown that molecular functionalization by graft copolymerization prior to membrane fabrication is a relatively simple and effective approach to the preparation of FPI-based MF membranes with well-controlled pore size, uniform surface composition (including the composition of pore surface), and pH-responsive properties. Thus, the application of polyimides as membrane materials has been further extended.
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Table 1.  Properties of the Fluorinated Polyimide (FPI)

	Polymer
	Bulk Viscosity.a)

(cPs) 
	Inherent Viscosity [(]

(dl/g) 
	DSC

Tg (°C)
	TG

5% Weight Loss (°C)
	Char Yield
(%) 
	TOS

(% Weight Loss)
	Dielectric Constant

@ 10 MHz b)

	
	
	
	
	In Air 
	In N2
	
	
	

	FPI
	11200
	1.07
	284
	544       
	561
	51.6
	2.3
	2.74


a)  The viscosity was determined according to the ASTM 2515/D446 at 25°C in NMP at a concentration of 0.5 g/dL, using a Schott-Gerate AVS 360 viscometer (DIN Ubbelohde, Germany).

b)  The dielectric constant was measured between two-parallel plates on a dielectric analyzer (model DEA-2970 from TA Instruments) at 25°C.

Table 2. Peroxide Content, Water Contact Angle and Molecule Weight of Pristine and Ozone-treated FPI
	FPI Samples
	Peroxides Contenta)

(mol/g of FPI)
	Molecule Weight b)
	Water Contact Anglec)

(± 3°)
	[O]/[C] Ratiod)

	1. Pristine FPI film
	----
	1.79×105
	88
	0.148

	2. 2-min Ozone-treated FPI
	0.7×10-5
	1.70×105
	83
	0.151

	3. 5-min Ozone-treated FPI
	1.30×10-5
	1.56×105
	78
	0.158

	4. 15-min Ozone-treated FPI
	1.42×10-5
	1.11×105
	71
	0.159

	5. 30-min Ozone-treated FPI
	1.45×10-5
	9.75×104
	62
	0.160

	6. 45-min Ozone-treated FPI
	1.72×10-5
	8.23×104
	58
	0.170

	7. 60-min Ozone-treated FPI
	1.75×10-5
	7.93×104
	51
	0.174


a) Determined from reaction with DPPH..

b) Determined by GPC.

c) The films were cast from THF solutions.

d) Determined from the corrected O 1s and C 1s XPS core-level spectra area ratio of the respective sample.
Table 3. Physicochemical Properties of the FPI, PAAc-g-FPI and P4VP-g-FPI
	FPI Samples
	Molar Feed Ratio
[AAc]/[FPI] or

[4VP]/[FPI]
	Graft Concentration

([PAAc]/[FPI])bulk or

([P4VP]/[FPI])bulk
	Grafted Chain Length
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(DP) a)
	Molecular Weight of the Grafted Chain
	Glass Transition 
Temperature (Tg)b)
  ((C)
	Water Contact Anglec)

( ± 3° )

	1. Pristine FPI 
	---
	---
	---
	---
	284
	88

	

	2. PAAc-g-FPI Copolymer
	12
	0.68
	62
	4464
	282
	79

	3. PAAc-g-FPI Copolymer
	35
	0.99
	90
	6480
	279
	67

	4. PAAc-g-FPI Copolymer
	47
	1.38
	126
	9072
	277
	65

	5. PAAc-g-FPI Copolymer
	58
	1.67
	153
	11016
	276
	63

	

	6. P4VP-g-FPI Copolymer
	8
	0.41
	37
	3922
	283
	67

	7. P4VP-g-FPI Copolymer
	24
	0.83
	76
	8056
	282
	63

	8. P4VP-g-FPI Copolymer
	40
	1.49
	136
	14416
	279
	61

	9. P4VP-g-FPI Copolymer
	56
	1.77
	162
	17172
	277
	59
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 a)  Average degree of graft polymerization (DP) was estimated from the peroxide concentration of the 5 min ozone-treated FPI and the graft concentration.
 b)  Determined by differential scanning calorimetry (DSC).
 c) The films were cast from tetrahydrofuran (THF) solutions.
Table 4. Pore Size Distribution a) of the PAAc-g-FPI and the P4VP-g-FPI MF Membranes b)

(the data in bold and italic are for the P4VP-g-FPI copolymer)

	Molar Feed Ratio 
	Bulk Graft Conc. of Copolymers
	pH Value of Casting Bath
	Conc. Of Cast Solution
	Min. Pore Size
 ((m) 
	Max. Pore Size ((m)
	Mean PoreSize
 ((m)

	(a) Effect of Bulk Graft Conc. on the Pore-Size Distribution

	12/8
	0.68/0.41
	6.4
	10%
	0.21/0.25
	0.38/0.72
	0.29/0.29

	35/24
	0.99/0.83
	6.4
	10%
	0.22/0.24
	2.33/1.98
	0.41/0.43

	47/40
	1.38/1.49
	6.4
	10%
	0.16/0.29
	3.62/3.49
	0.45/0.63

	58/56
	1.67/1.77
	6.4
	10%
	0.25/0.20
	3.18/4.19
	0.69/0.82

	                    (b) Effect of pH Value of the Casting Bath on the Pore-Size Distribution 

	35/56
	0.99/1.77
	4.9
	12%
	0.31/0.35
	2.33/1.04
	0.38/0.39

	35/56
	0.99/1.77
	3.1
	12%
	0.18/0.41
	0.64/4.19
	0.28/0.50

	35/56
	0.99/1.77
	2.0
	12%
	0.22/0.50
	1.72/2.84
	0.27/0.64

	35/56
	0.99/1.77
	1.0
	12%
	0.18/0.53
	1.13/4.33
	0.25/0.67

	(c) Effect of Solution Conc. on the Pore-Size Distribution

	12/8
	0.68/0.41
	6.4
	7%
	0.37/0.44
	2.17/3.84
	0.77/0.93

	12/8
	0.68/0.41
	6.4
	10%
	0.21/0.25
	0.38/0.72
	0.29/0.29

	12/8
	0.68/0.41
	6.4
	15%
	0.12/0.12
	0.35/0.40
	0.16/0.17


a) These pore sizes were measured on the Coulter( Porometer II which utilized a liquid displacement technique.

b) Membranes were cast from NMP solutions of the PAAc-g-FPI and P4VP-g-FPI copolymers at 25(C in aqueous media. Porous membranes cannot be cast from the pristine FPI by the present phase inversion technique.

Legends for Figures

Figure 1. Chemical structures of (a) the fluorinated polyimide (FPI), (b) acrylic acid (AAc), and (c) 4-vinylpyridine (4VP). 
Figure 2. Schematic illustration of the processes of thermally-induced graft copolymerization of AAc and 4VP with the ozone-preactivated FPI backbone and the preparation of the PAAc-g-FPI and P4VP-g-FPI MF membranes by phase inversion.
Figure 3. Effect of the monomer molar feed ratio on the bulk graft concentration of (a) the PAAc-g-FPI copolymers and (b) the P4VP-g-FPI copolymers.
Figure 4. TG analysis curves of: (1) the FPI homopolymer, the PAAc-g-FPI copolymers with graft concentrations of (2) ([PAAc]/[FPI])bulk=0.68, (3) ([PAAc]/[FPI])bulk=1.67, the P4VP-g-FPI copolymers with graft concentration of (4) ([P4VP]/[FPI])bulk=0.41 (5) ([P4VP]/[FPI])bulk=1.77, (6) the AAc homopolymer and (7) the 4VP homopolymer.
Figure 5. XPS C 1s and N 1s core-level spectra of (a) the pristine FPI membrane, the PAAc-g-FPI membranes with bulk graft concentrations of (b) 0.68 and (c) 1.67, and the P4VP-g-FPI membranes with bulk graft concentrations of (d) 0.83 and (e) 1.49 (Membranes cast by phase inversion in water (pH=6.4) at 25(C from 10 wt% NMP solutions). 

Figure 6. Effect of the monomer molar feed ratio on the surface graft concentration of (a) the PAAc-g-FPI MF membranes and (b) the P4VP-g-FPI MF membranes, cast at 25(C via phase inversion in water (pH=6.4) from 10 wt% NMP solutions.

Figure 7.  SEM images of the MF membranes cast at 25(C by phase inversion in water (pH=6.4) from 10 wt% NMP solutions of (a) the pristine FPI, the PAAc-g-FPI copolymers with bulk graft concentrations of (b) 0.68, (c) 1.38,  (d) 1.67, and the P4VP-g-FPI copolymers with bulk graft concentrations of (e) 0.41 and (f) 1.49.
Figure 8. pH-dependent permeability of aqueous solutions through the pristine FPI, the PAAc-g-FPI and the P4VP-g-FPI MF membranes. Curves 1 and 2 are from flux through the PAAc-g-FPI MF membranes with graft concentrations or ([PAAc]/[FPI])bulk=0.99 and 1.67, respectively. Curves 3 and 4 are obtained from flux through the P4VP-g-FPI MF membranes with graft concentrations or ([P4VP]/[FPI])bulk=0.83  and 1.77, respectively. Curve 5 is from the flux through the pristine FPI membrane. 
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Figure 1





(c) 4-Vinylpyridine (4VP):





(b) Acrylic Acid (AAc):
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(a)  FPI: 


2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride + 4,4’-bis(4-aminophenoxy) diphenyl sulfone
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Aqueous Bath Membrane
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PAAc-g-FPI or P4VP-g-FPI MF Membrane





PAAc-g-FPI or 


P4VP-g-FPI MF Membrane





Copolymer Solution in NMP





PAAc or P4VP Side Chain





Figure 2





Figure 3
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Figure 1





Figure 4

































































Figure 6





Figure 7





(a) Pristine FPI Membrane





(b)  PAAc-g-FPI Membrane


      ([PAAc]/[FPI])bulk=0.68





(c)  PAAc-g-FPI Membrane


      ([PAAc]/[FPI])bulk=1.38





(d)  PAAc-g-FPI Membrane


      ([PAAc]/[FPI])bulk=1.67





(e)  P4VP-g-FPI Membrane


      ([P4VP]/[FPI])bulk=0.41





(f)  P4VP-g-FPI Membrane


      ([P4VP]/[FPI])bulk=1.49





Figure 8
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