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Modification of Poly(ether imide) Membranes via Scheme 1. Schematic Diagram lllustrating the Preparation of a
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Step 2: Membrane Formation
Introduction 18 wt% of 1-methyl-2-pyrrolidinone,

Polyimides (PIs) exhibit outstanding thermal, mechanical, phase inversion, room temperature
physicochemical, and dielectric properties. They have been

|‘CH20| (PEI-C1 Membrane)

. . . . . . it CH:
widely used in membranes, electronics, photonics, and optics _Step 3: Surface-Initiated ATRP CHZ{CHZ_H:CI
and in the aerospace industy?. However, there are some PEGMA, CuBr/CuBr, [
MegTREN, 2-propanol, 40°C o=c—o-fcH,-crz-of-cry

drawbacks for Pls, such as poor adhesion to materials, poor cH,

solubility, and hydrophobicity. Efforts have been devoted to (pecma = Hzcic—g—O{—gz—gfotscHs) (PELg-P(PEGMA) Membrane)

modifying Pls to provide them with enhanced solubility, optical (MegTREN = G

transparency, photosensitivity, photorefractivity, and nonlinear ‘N
optical properties, while maintaining their excellent thermal and
intrinsic properties%-14 Although general physical treatmetfts Step 4: Block Copolymerization GHs  GHa
are quick and easy to implement, chemical modification ensures TFEMA, CuCl/dNbpy, acetone, 85°C |‘°”2+°“;:iﬁ{°”éiﬁ°'
reproducibility and durability. Among the major chemical GHy o 5
modification methods, atom transfer radical polymerization (TFEMA= “zC=°‘g‘°‘C—°F3) L2 §He
. . 26 CF3

(ATRP) has been successfully applied to the preparation of well- o

- i . N YHCH=CH; ST
defined polymer brushes on various surfaces. Preparations 0f(dNbpy= Ng:: 8 CHy
polymer brushes on silicon, Si(gold, and polymers have been —/{oHalgoHs (PEL-g-(P(PEGMA)-5-P(TFEMA)) Membrane)

reported:s-2° Poly(pentafluorostyrene) brushes have been syn- 2 PEI= poly(ether imide); PGl= phosphorus trichloride; Zngk
thesized by ATRP on fluorinated PI$A prerequisite for this ~ Zinc fh('otrr']d‘lf? PE"IC'ZIfh'OEﬁmIetR]WatedtFF‘IO'y(elthtef g‘ge)? PEG(:\)AA
: . ; ; ; = poly(ethylene glycol) methyl ether methacrylate; copper
.m.e.thod is the introduction of reac_tlve chemical groups (ATR.P bromide; CuBs = copper(ll) bromide; METREN = tris(2-(dimethy-
|n|t|at9rs) on the substratg gham or surfac.e. Elgctrophlllc lamino)ethyl)amine; P(PEGMAYF poly(poly(ethylene glycol) methyl
substitutions of the aromatic rings in the main chain of Pls, ether methacrylate); TFEMA= trifluoroethyl methacrylate; CuCk

e.g. by chloromethylation, have been repoiet. copper(l) chloride; P(TFEMA)= poly(trifiuoroethyl methacrylate);
Poly(ether imide) (PEI), as a member of the PI family, is a lebpy = 4t,_4-d|noyl-2,2-b|pyr|dyl; ATRP = atom transfer radical
suitable candidate for biomedical application due to its good polymerization.

membrane-forming propertié3.* The polymer backbone of  methyl ether methacrylate (PEGMA, 979, = 1100 g mot?,

PEI possesses functional groups that are accessible via chemicalontaining 23 ethylene glycol units & 23)) was obtained from
modification to tailor the resulting membrane materials for Aldrich Chemical Co. (Milwaukee, WI). It was dissolved in THF
specific applicatior#? In this work, chloromethylation of PEI  and passed through an inhibitor removing column, concentrated in
chains was first carried out to introduce the ATRP initiators a rotary evaporator, and then dried under reduced pressure. 2,2,2-
onto their backbones and the surface, including the pore surfaceg :(ijfll_Johrczée;hyl_mtlatcl?acrylgte (TFE'\(/j'A, 99%) Wgspobt?ined ILFOrr]nd
of the resulting microporous membranes. Amphiphilic poly- rch Chemical L0. and was used as received. Faraiormaiaenyde
(poly(ethylene glycol) methyl ether methacrylat#dckpoly- l()%%)d ::ogﬁgr(l) g;?;"de (Cubr, Igg(;@{) a£|?j 4# ‘(j:'ﬂoyl'.z'zl'c
(2,2,2-trifluoroethyl methacrylate), or P(PEGMAB)P(TFEMA), ipyridy! (dNbpy, 6) were supplied by Aldric emica’ 0.

; - . and were used as received. Phosphorus trichloride 3 R@is
copolymer brushes were incorporated via consecutive surface-gpiained from Merck (Schuchardt, Germany). Zinc chloride (ana-

initiated ATRPs from the alkyl halide sites on the PEI |ytical reagent) was obtained from General Scientific Co. Sdn Bhd
microporous membrane. The synthetic pathway is shown in (Singapore). Copper(l) chloride (CuCl, 986) was supplied by
Scheme 1. The present study thus illustrates an approach to theldrich Chemical Co. and was dissolved in hydrochloric acid,
preparation of novel PEI microporous membranes with “dor- precipitated into a large amount of deionized water, filtered, washed
mant” surface sites for further functionalization via surface- with anhydrous ethanol, and finally dried under reduced pressure

initiated ATRP. at room temperature. Copper(ll) bromide (CuB©&+%), obtained
from Aldrich Chemical Co., was dissolved in deionized water,
Experimental Section filtered, concentrated under reduced pressure &C3@rystallized

Materials. PEI (Ultem 1000) was purchased from GE Plastics. 1" & vacuum oven with R, filtered, and dried. Tris(2-(dimethyl-
It was dried at 150C for 4 h before use. Poly(ethylene glycol) ~aminojethyllamine (MJREN) was synthesized following the
procedures reported previousk/2-Propanol (analytical reagent)

t National University of Singapore. and 1-methyl-2-pyrrolidinone (NMP, analytical reagent) were

# Suzhou University. obtained from Fisher Scientific Co. (Leics, UK). All other solvents
*To whom all correspondence should be addressed: Fa3-6874- (reagent or HPLC grade) were obtained from either Fisher Scientific
2189; Fax+65-6779-1936; e-mail cheket@nus.edu.sg. Co. or Aldrich Chemical Co. and were used as received.
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Chloromethylation of Poly(ether imide) (PEI). In a 100 mL,
three-necked, round-bottom flask equipped with a condenser (with
a drying tube attached at the top) and an argon ,ifleg of PEI
(equivalent to 8.4 mmol of the repeat units) was dissolved in 40
mL of dichloroethane under stirring at 6C. Paraformaldehyde
(1.5 g), phosphorus trichloride (10 g), and zinc chloride (5 g) were

added slowly to the reaction mixture under an argon atmosphere.

The mixture was stirred at 68C for 48 h and then poured into
400 mL of methanol. The precipitate was filtered, redissolved, and
reprecipitated into a water/methanol mixture (50/50, v/v) and then
dried under reduced pressure at 80 for at least 24 h until a
constant weight was obtained. The chloromethylated PEI, or PEI-
Cl, so-obtained was further purified by dissolvingNihN-dimeth-
ylformamide and then reprecipitating in methanol.

Membrane Preparation. The membrane was prepared by the
phase inversion techniqdéThe PEI-Cl was dissolved in NMP to
a concentration of 18 wt % at 8. The PEI-CI solution was cast
on a glass plate. The glass plate was subsequently immersed i
doubly distillated water. After the membrane had detached from
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r'|:igure 1. *H NMR spectra of (a) the chloromethylated PEI (PEI-CI)

and (b) the pristine PEI [PEE poly(ether imide); PEI-CE chloro-

the glass plates, it was extracted in a second bath of doubly distilled methylated poly(ether imide)].

water at 70°C for 30 min. The microporous membrane so-obtained
with a thickness of about 50m was dried at room temperature
under reduced pressure and then stored in a desiccator.
Surface-Initiated ATRP of PEGMA From the PEI-Cl Mem-
brane. Surface-initiated ATRP of PEGMA on the PEI-Cl| membrane
was accomplished in a magnetically stirred glass tube (50 mL) by
immersing the membrane (about 2 cmn2 cm in size) into a
reaction mixture containing 1.0 g (0.9 mmol) of PEGMA, 6.5 mg
(0.04 mmol) of CuBr, 1.0 mg (0.004 mmol) of CuBA3uL (0.13
mmol) of M&TREN, and 10 mL of 2-propanol. The reaction
mixture was purged with argon fer20 min to remove the dissolved

oxygen. The tube was then sealed. Polymerization was carried out

at 40°C for 5 days. At the end of the polymerization reaction, the
PEGMA graft copolymerized membrane (Pg&ERP(PEGMA)) was
subjected to exhaustive washing and extraction with water and

100-500 000. The columns were calibrated with polystyrene
standards. Tetrahydrofuran was used as the eluent at a flow rate of
1.0 mL mirrt at 30°C.

Results and Discussion

Chloromethylation of PEI. The structure and composition
of poly(ether imide) (PEI) before and after chloromethylation

were studied byH NMR spectroscopy. Parts a and b of Figure

1 show the respectiviH NMR spectra (in CDG) of chloro-
methylated PEI (PEI-CI) and PEI. The chemical shift® at
6.93-8.02 ppm & in Figure la,b) can be assigned to the
aromatic protons of PEI-Cl and PEI polymers. After chlorom-

methanol and then dried under reduced pressure at room temperaturthylation, a new chemical shift at= 4.59 ppm b in Figure

for at least 24 h until a constant weight was obtained.

Block Copolymerization of TFEMA on the PEI-g-P(PEGMA)
Membrane. Surface-initiated block copolymerization of TFEMA
was carried out on the PEEHP(PEGMA) membrane, using the alkyl
chloride group at the chain end of grafted P(PEGMA) as the ATRP
macroinitiator. The procedure is similar to those used for the
surfaced-initiated ATRP of PEGMA. In a 10 mL glass tube with
provision for magnetic stirring, the membrane (about 1 eni
cm in size) was immersed into a reaction mixture containing 1.0
mL (7.0 mmol) of TFEMA, 7.0 mg (0.07 mmol) of CuCl, 90.0 mg
(0.22 mmol) of dNbpy, and 1.0 mL of acetone. The reaction mixture
was purged with argon for20 min. The tube was then sealed.
Polymerization was carried out at 86 for 15 h. At the end of the

1a) can be assigned to the protons of benzyl chléfitfén the
PEI-CI polymer, indicating the presence of chloromethyl
(—CHCI) groups covalently tethered on the PEI main chains.
Furthermore, a ratio of about 39:1 for the aromatic protons
(ain Figure 1a) to the protons of benzyl chlorideit Figure

1a) indicates that the degree of chloromethylation (the number
of chloromethyl groups per repeat unit of PEI) is about 0.22.

Surface-Initiated ATRP. The PEI-Cl was cast into mem-

brane by phase inversion in water at room temperature from a
18 wt % NMP solution. The benzyl chloride groups on the PEI-
Cl membrane surface can serve as the active ATRP initiator to
produce the well-defined polymer brusi@g° Sacrificial soluble

polymerization reaction, the membrane was subjected to exhaustivejnitiators have been commonly used in surface-initiated ATRP

washing with acetone and then dried under reduced pressure at roonfg increase the concentration of initiating sites and to allow the

temperature for at least 24 h until a constant weight was obtalned.System to self-equilibrate by the persistent radical eff@et37
Materials Characterization. '"H NMR spectra were measured The hi ; '

. e high degree of chloromethylation for the present membrane

in deuterated chloroform (CD@)lon an Bruker ACF 300 MHz (about 0.22 per repeat PEI unit, both in the bulk and also at the

spectrometer at ambient temperature. X-ray photoelectron P membrane surface (see below)) makes the use of a sacrificial

troscopy (XPS) measurements were carried out on an AXIS HSi "'~
spectrometer (Kratos Analytical Ltd., Manchester, UK) with a initiator unnecessary. Thus, the poly(poly(ethylene glycol)

monchormatized Al i& X-ray source (1486.6 eV photons) at a Methyl ether methacrylaté)-poly(2,2,2-trifluoroethyl meth-
constant dwell time of 100 ms and a pass energy of 40 eV. All acrylate) (P(PEGMAJ]-P(TFEMA)) brushes were obtained by
binding energies (BEs) were referenced to the C 1s hydrocarbonconsecutive surface-initiated atom transfer radical polymeriza-
peak at 284.6 eV. Field emission scanning electron microscopy tions (ATRPs) of poly(ethylene glycol) methyl ether methacry-
(FESEM) images were recorded on a JEOL JSM-6700F FESEM |ate (PEGMA) and 2,2,2-trifluoroethyl methacrylate (TFEMA)
at an accelerating voltage of 5 kV. The membrane samples wereon the surface of the PEI-CI membrane in the absence of any
fractured in liquid nitrogen (for cross-sectional view) and mounted sacrificial soluble initiators (Scheme 1). The process involved

on the sample studs by means of double-sided adhesive tapes. A. e : .
thin layer of platinum was sputter-coated on the sample for chargepm surface I?r:tlatsglng ObeEGMA’ using .be.tr.lzg/l chlorlgile
dissipation during FESEM imaging. The molecular weights and 9"°UPS on the PEI-CI membrane as macroinitiators (§El-

polydispersities of the polymers were determined using a Waters P(PEGMA)), and (i) block copolymerization via surface-
1515 gel permeation chromatograph (GPC). The GPC was equippednitiated ATRP of TFEMA, using the alkyl halide groups at
with a refractive index detector, and HR1, HR3, and HR4 columns, the chain ends of P(PEGMA) brushes as the macroinitiators
to allow separation of polymers in the molecular weight range of (PEI-g-(P(PEGMA)b-P(TFEMA))) (Scheme 1). The respectixﬁ)v
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component at the BE of about 286.1 eV is consistent with the
presence of incorporated alkyl halide groups. The Cl 2p core-
level spectrum of the PEI-CI membrane (Figure 2f) consists of
a doublet with the BEs for the Cl gpand Cl 2p,, components
= at about 199.9 and 201.5 eV, respectively, attributable to the
covalently bonded chlorine (ECI) species® Furthermore, the
v " . . L surface composition of the PEI-ClI membrane can be estimated
? d) 300 ?,‘\’/‘: d:"gcan (e)284 288 2?:2 s (3;)’6 395 400 4020‘:%‘:3 from the sensitivity factor-corrected CI 2p and C 1s spectral
C-HIC-C area ratio and expressed as the [CIJ/[C] ratio. The observed [CI]/
c-o/cCl [C] ratio of about 0.007 is in good agreement with the ratio of
N(€=0), about 0.006, calculated from thel NMR results (Figure 1a,
with a degree of chloromethylation of 0.22). In addition, the
appearancefoa N 1ssignal at the BE of about 400.1 eV is

(a) Wide Scan|(b) C1s|(c) N 1s

Clis

Nis ‘}15

C1s

m-m*
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: . ) consistent with the presence of imide groups in the PEI-CI
" Wide Scan é'.)H/g.c Q_O,Q_C(l: 1s g)z ® C.I«isj membrane (Figure 2g}.
cts| | o1s - 25” ” Figure 2h-k shows the respective XPS wide scan, C 1s, Cl
N1s W 398 400 402 2p, and N 1s spectra of the PEHP(PEGMA) membrane via
surfaced-initiated ATRP of PEGMA from the PEI-Cl| membrane
0 300 600 900 284 288 292 198 200 202 204 surface. The persistencé @ N 1ssignal at the BE of 400 eV
0 Wide Scan Fis (Figure 2h,k) indicates that the thickness of grafted P(PEGMA)
on the PEI membrane is less than the probing depth of the XPS
CIs o1e /F1s o technique ¢ 8 nmin an or_ga_nic _matr%._ The [C—H]/[C—0O]
N peak component area ratio in Figure 2i would correspond to a
P(PEGMA) layer coverage of about 4 nm. The C 1s peak
0 300 600 900 280 285 290 295 684 687 690 693 components of the PEJ-P(PEGMA) membrane surface at the
Binding Energy (eV) BEs of about 284.6, 285.4, 286.1, 288.2, 288.4, and 291.1 eV

Figure 2. X-ray photoelectron spectroscopy (XPS) (a) wide scan, (b) are attributable to theC—H/C—C, C—N, C—0O/C—CI,

c C}S, and ((Z) )Ncli CO(rft)f-gvgl Spegtr(a)Othqe pristif:e PIEI povilderSf;tgd) N(C=0),, O—C=0, andz—x* satellite species, respectively,
wige scan, (€) & 1S, P, and (g) N 1s core-level spectra or the qf the PE|g-P(PEGMA) membrane (Figure 2i). The substantial
PEI-Cl membrane surface; (h) wide scan, (i) C 1s, (j) Cl 2p, and (k) N . g .

1s core-level spectra of the( F)>54P(PEGMA())memb$Ja)me sﬁrface;((lg Increase m mtgnsny O,f 'thé—O 'peak co'mponent at the BE of
wide scan, (m) C 1s, and (n) F 1s core-level spectra of thegPEI- 286.1 eV in Figure 2i is consistent with the presence of the
(P(PEGMA)b-P(TFEMA)) membrane surface [PEE poly(ether grafted P(PEGMA) in the PE}P(PEGMA) membrane. In
imide); PEI-CI= chloromethylated poly(ether imide); P(PEGMA) addition, the persistence of a Clapand Cl 2p,, doublet at
poly(paly(ethylene glycol) methyl ether methacrylate); P(TFEMA) 0 BES of about 199.8 and 201.4 eV, respectively, attributable

poly(trifluoraethyl methacrylate)} to the covalently bonded chlorine {&I) species (Figure 2j),
number-average molecular weights, deduced from gel perme-indicates that the alkyl halide group remains intact after the
ation chromatography (GPC), of the pristine PEI and BEI-  Surface-initiated ATRP of PEGMA. Thus, the PgP(PEGMA)
P(PEGMA) are about 9500 and 17 000 g moHowever, the membrane surface remains “dormant” and will allow the
polydispersity index (weight-average molecular weight/number- reinitiation of the ATRP process. The hydrophobic monomer
average molecular weight) after graft copolymerization has containing fluorine, TFEMA, was used for the subsequent
increased substantially from that of 1.51 for the pristine PEI Surface-initiated block copolymerization to produce the BEI-
because the surface-initiated ATRP has also given rise to an(P(PEGMA)b-P(TFEMA)) membrane. The XPS wide scan
increased disparity in molecular sizes at and below the surface.spectrum of the membrane (Figure 2I) shows three peak
The chemical composition of the membrane surfaces at components at the BEs of about 285, 531, and 687 eV,
various stages of surface modification was determined by X-ray attributable respectively to the C 1s, O 1s, and F 1s sp&ies,
photoelectron spectroscopy (XPS). Figure-2ashows the XPS ~ and is consistent with the presence of grafted P(TFEMA)
wide scan, C 1s, and N 1s spectra of the pristine PEI powders.polymer block on the PE¢-(P(PEGMA)b-P(TFEMA)) mem-
The three peak components in Figure 2a at the BEs of aboutbrane. Figure 2m shows the C 1s core-level spectrum of the
285, 400, and 531 eV are attributable respectively to the C 1s, membrane surface. The four peak components at the BEs of
N 1s, and O 1s species of PEI. The C 1s peak components a284.6, 286.8, 288.6, and 292.5 eV are attributable tathél/
the BEs of about 284.6, 285.4, 286.1, 288.2, and 291.2 eV areC—C, CR—C—0, O—C=0, andC—F; species, respectivefy},
attributable to theC—H/C—C, C—N, C—0, N(C=0),, and and contributed mainly by the P(TFEMA) polymer. The F 1s
n—m* satellite species, respectively, in the PEI polyrifefhe core-level spectrum (Figure 2n) shows a peak component at
[N(C=0),)/[C] ratio, as determined from the curve-fitted C 1s the BE of 687.9 eV, attributable to the covalently bonded
core-level spectrum, is about 0.11, in agreement with the fluorine (C—F) species® Furthermore, the surface [F]/[C] ratio
theoretical ratio for the PEI polymer. The N 1s peak component of the PElg-(P(PEGMA)b-P(TFEMA)) membrane is about
at the BE of about 400.1 eV is attributable to the K species 0.42, fairly close to the value of 0.5 expected for the TFEMA
of PEI (Figure 2c}-38 After chloromethylation of PEl and  monomeric unit (6H-O;F3), suggesting that the thickness of
subsequent membrane formation, a new peak component at théhe P(TFEMA) layer is approaching the probing depth of the
BE of 200 eV, attributable to the Cl species, has appeared in XPS technique+{8 nm in an organic matrfX). The XPS results
the wide scan spectrum of the PEI-CI membrane (Figure 2d). thus indicate that an amphiphilic block copolymer, P(PEGMA)-
Similar peak components as those of the pristine PEI are b-P(TFEMA), has been covalently tethered on the PEI-CI
observed in the C 1s core-level spectrum of the PEI-CI membrane surface (including the pore surfaces) via consecutive
membrane (Figure 2e). The slightly enhanced C 1s peak surface-initiated ATRPs. CDV
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membrane (membrane 1), prepared by phase inversion in water at room
temperature from a 18 wt % NMP solution; (c) surface view and (d)
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