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Abstract: An amphiphilic binary graft copolymer polysulfone-grafi-[poly(methyl
methacrylate)-random-poly(acrylic acid)], PSf-g-(PMMA-r-PAA), was synthesized
via a combination of atom transfer radical polymerization (ATRP) and click chemistry.
This copolymer and polysulfone (PSf) were used to prepare porous membranes
through the phase inversion method, which involved dissolving the polymers in a
common solvent N-methyl pyrolidone (NMP), casting the solution onto a glass plate
to obtain a film, and subsequently immersing this film into a coagulant (a mixture of
dimethylformamide and water at a given pH). The surfaces of the membrane and its
pore walls were covered by the copolymer, and these surfaces were enriched with
PAA domains due to the immiscibility between PAA and PSf and the miscibility
between PMMA and PSf. More specifically, while the hydrophobic PMMA

component served as an anchor to fix the graft copolymer onto the PSf bulk substrate,

* Corresponding author, email: hjw@gic.ac.cn, fax: 86-20-85232307
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the hydrophilic PAA component assembled and became exposed at the surfaces of the
membrane and the pore walls. Factors influencing this surface AA concentration or
carboxyl group content (CGC) enrichment and the surface and pore morphologies of
the membranes have included the ratio between the amount of the copolymer and PSf
in the mixture, the solvent quality of the coagulant for PSf, and the pH of the
coagulant. These factors have been systematically adjusted to optimize the
hydrophilization of the PSf membrane and the resultant membranes have been
characterized by water contact angle (WCA) measurements, scanning electron
microscopy (SEM), atomic force microscopy (AFM), and via X-ray photoelectron
spectroscopy (XPS).  Optimization of the phase inversion process yielded
membranes with nearly complete surface coverage by PAA, even when the graft
copolymer represented only 8 wt% of the membrane’s composition.  The
hydrophilized membranes exhibited increased water flux and even pH-responsive
water flow without adversely affecting their mechanical properties. In addition,
these hydrophilic membranes exhibited long-term stability. Therefore, this novel
binary amphipilic graft copolymer-based approach for membrane modification may

be of commercial value.

Keywords: amphiphilic binary graft copolymers, polysulfone (PSf), membranes,

surface segregation, phase inversion
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1. Introduction

Membranes are widely used for gas or liquid separation.'” The surface
hydrophilicity of a porous membrane improves its biocompatibility®’ and facilitates
its permeation by polar liquids® and the binding of polar reagents.” Further, surface
hydrophilization protects membranes against bio-fouling, which decreases the

. . 10-13
permeation flux and selectivity of membranes.

Therefore, the hydrophilization
of the surfaces of hydrophobic membranes has been an important area of membrane

research.

There are currently only a few commercial membranes made from hydrophilic
polymers including poly(vinyl alcohol), cellulose or its derivatives, and
polyacrylonitrile,"*"'® since hydrophilic polymers do not necessarily have the desired
thermal and dimensional stability or chemical resistance.'>'”  On the other hand,
many hydrophobic thermoplastics such as polyimide, polysulfone (PSf),
polypropylene (PP), polyvinylidene fluoride (PVDF), etc'> '™ ¥ have desirable
mechanical and chemical properties. Therefore, the hydrophilization of membranes
made from these polymers has been a topic of many recent studies.'*****  Two
approaches have been adopted so far to hydrophilize polymer membranes.”*>  The
first approach has involved the surface modification of pre-made membranes.
Specific strategies employed have included physical coating” or surface grafting of
hydrophilic species onto membrane surfaces as well as the plasma-treatment of

27, 28

membrane surfaces to generate polar species. A major disadvantage of this

approach is that the pore sizes decrease after the deposition or grafting of a new

3
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species onto the pore walls.'"" !?

The other general strategy involves membrane formation from a mixture
consisting of a hydrophobic polymer along with a hydrophilic additive. Using this

£,% 3% cellulose

approach, membranes have been prepared from p-cyclodextrin/PS
diacetate/PSf,>!  polyaniline (PANi)/PSf,>> P(MMA--POEM)/PVDF* or even
hydrophilic inorganic nanoparticles with hydrophobic polymers such as Fe;O4/PSf,**
SiOo/PVDF,> and zirconia/PSf.*® Due to the immiscibility between the hydrophilic
components and the hydrophobic polymers, the interfacial bonding between the
different components can be an issue for some of the reported membrane formulations.
The interfacial bonding can be improved with the use of an amphiphilic random or

block copolymers which bear hydrophobic components that readily mixes with the

matrix polymer and hydrophilic components that render the desired hydrophilicity.'>

13,20, 21, 37

We imagined that the interfacial bonding would be further improved if an
amphiphilic binary graft copolymer was used as a hydrophilic additive during
membrane formation. The graft copolymer could be PA-g-(PB-r-PC), where PA, PB,
and PC denoted the linear backbone chain, the hydrophobic side chains, and the
hydrophilic side chains, respectively (Scheme 1a). We further fancied that a solution
could be cast as a film onto a glass plate from this graft copolymer together with a
bulk hydrophobic polymer that was compatible with PB. The immersion of this
solution film into a coagulation bath would cause phase inversion to take place and

result in a porous film. The graft copolymer should segregate more readily than a

4
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random copolymer P(B-7-C) or a block copolymer PB-H-PC because of the larger

excluded volume of the graft copolymer.24

The PB chains would be more securely
anchored onto the membrane surface and membrane pore walls because the removal
or detachment of a PA-g-(PB-7-PC) chain would require the coordinated motion or
co-operative motions of all the PB chains as well as the PA backbone." **
Therefore, it is anticipated that the introduction of the PB chains of PA-g-(PB-r-PC)
onto a bulk membrane will provide the membrane with more durable hydrophilicity
than would be provided by the incorporation of a random copolymer, block copolymer,

or graft copolymerwith only hydrophilic side chains such as P(B-»-C) PB-b-PC, or

PA-g-PC, respectively.’’

As a proof of concept, we have prepared the amphiphilic binary graft copolymer
polysulfone-graft-[ poly(methyl methacrylate)-random-poly(acrylic acid)] (denoted as
PSf-g-(PMMA-r-PAA) or ABP, Scheme 1b) and used this graft copolymer to prepare
membranes with PSf. PSf was chosen as the membrane matrix material because
commercial PSf membranes have been widely used in gas separation,®
pervaporation,” hemodialysis,*’ nano/ultra-filtration,** and other applications.*”
PMMA was used as one type of grafts because of its compatibility with PSf,** while
PAA was chosen for its pH sensitivity and its ability to form an ionic and hydrophilic

species.?*?!
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a b
% HOFOOHOHO O OHOHOFO-OHOo,
BW@E‘N zide'iff‘h

PA-g-(PB-r-PC) PSf-g-(PMMA-r-PAA)

Scheme 1. Illustration of an amphiphilic binary graft copolymer (a) and the structure
of PSt-g-(PMMA-r-PAA), which is also denoted as ABP (b).

While amphiphilic copolymers such as linear random copolymers,* linear block

21, 24 13, 46-48

copolymers, and graft copolymers bearing only hydrophilic side chains
have been used to hydrophilize porous polymer membranes, the use of binary graft
copolymers to hydrophilize porous membranes is a novel strategy. Aside from this
graft copolymer-based approach toward functional materials reported here, we have
also recently reported on the use of graft copolymers in the preparation of

50

nanoemulsions and nanocapsules*” as well as the use of pH-responsive

nanoemulsions for drug release applications.51

2. Experimental methods

2.1 Materials and reagents

Polysulfone (PSf, Udel®P1700 NT LCD, M, = 39,000 g/mol) was supplied by
Solvay Specialty Polymers. Meanwhile, Paraformaldehyde (96%), tin(IV)chloride
(SnCly) (99%), chlorotrimethylsilane ((CH3)3SiCl, 99%), CuBr (98%), disodium

ethylenediamine tetraacetate (EDTA, 99%), tert-butyl methacrylate (tBA, 99%),
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methyl  methacrylate (MMA, 99%), sodium azide (NaNs;, 99%),
4,4'-dinonyl-2,2'-dipyridyl (dNbpy, 97%), tetrabutylammonium fluoride (TBAF, 98%),
N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA, 98%), methanol (CH;OH,
99%), dioxane (99%), toluene (99%), 1-methyl-2-pyrrolidinone (NMP, 99%),
dichloromethane (DCM, 99%), N,N-dimethylformamide (DMF, 99%), diethyl ether
(99%), thionin acetate (THA, 99%), and diphenyl ether (99%) were purchased from
Aladdin Reagent of China. PSf was purified via dissolution into THF and
precipitation from a mixture of methanol/water at 1/1 (v/v) before it was dried at 50
°C under vacuum for 48 h. MMA and tBA were purified by washing these reagents
thrice with equal amounts of an aqueous 10 wt% NaOH solution before they were
washed with water until the water tested was neutral. They were subsequently dried
over anhydrous sodium sulfate and then distilled under reduced pressure prior to use.
DCM was refluxed over CaH, overnight and distilled prior to use. Diphenyl ether,
diethyl ether, dioxane and toluene were refluxed over a sodium wire and distilled
before use. DMF was dried over anhydrous magnesium sulfate for three days and
distilled prior to use. CuBr, Paraformaldehyde, SnCls, (CH;);SiCl, EDTA, NaNs,
TBAF, dNbpy, PMDETA THA, and NMP were all used as received without further
purification. = The initiator 3-(trimethylsilyl)-propargyl 2-bromoisobutyrate was

50, 52

synthesized according to a previously reported procedure. All other reagents

and solvents were used as received unless otherwise specified.

2.2 Preparation of P(Sf-CH;N3)

Synthesis of P(Sf-CH;Cl). The chloromethylation of PSf was performed

7
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according to previously reported procedures.” In a typical preparation, 10.00 g
(22.5 mmol) of PSf was dissolved in 350 mL of chloroform under stirring.
Subsequently, 6.70 g (225 mmol) of paraformaldehyde, 0.17 mL (1.50 mmol) of
SnCly, and 28.60 mL (225 mmol) of (CH3);SiCl were added to the PSf solution. The
reaction mixture was stirred at 50 °C for three days, and concentrated under reduced
pressure via rotary evaporation to ~50 mL before it was precipitated out over 500 mL
of methanol. The precipitate was collected by filtration and subsequently dissolved
in chloroform and re-precipitated out over methanol.  This precipitate was
subsequently dried under vacuum overnight at 24 °C for 48 h, yielding 10.05 g of
P(Sf-CH,Cl) as a white powder. '"H NMR characterization revealed that the degree
of substitution (DS), which represented the percentage of chloromethylation per
repeat unit of the PSf chain, was 0.6.

Synthesis of P(Sf-CH,Nj3). P(Sf-CH,;N3;) was synthesized by reacting
P(Sf-CH,Cl) with NaNj according to a previously reported procedure, along with
some modifications.”” In summary, P(Sf-CH,Cl) (2.0 g, or 4.2 mmol) was fully
dissolved into 60 mL of dry DMF before the addition of NaN3 (0.82 g, or 12.6 mmol).
After the reaction mixture was stirred for 24 h at 60 °C, the reaction mixture was
concentrated and precipitated out over a mixture of methanol/water at 4/1 (v/v). The
precipitates were collected and dried under vacuum overnight at 25 °C for 48 h,
yielding 2.0 g of P(Sf-CH,N3) as a white powder. The DS, which in this case
represented the percentage of azidomethylation per repeat unit of the PSf chain, was

found to be 0.6 according to 'H NMR analysis.
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2.3 Preparation of PMMA-C=CH and PtBA-C=CH

Synthesis of PMMA-C=CH. PMMA-C=CH was synthesized in two steps.
Firstlyy, =~ PMMA-C=CSi(CH3); was prepared via ATRP by using
3-(trimethylsilyl)-propargyl 2-bromoisobutyrate as the initiator and CuBr/dNbpy as
the catalyst. In summary, CuBr (0.07 g, 0.50 mmol), MMA (10.0 g, 100 mmol),
diphenyl ether (10.0 mL) and dNbpy (0.41 g, 1.0 mmol) were added into a dry
Schlenk flask. This mixture was deoxygenated with argon by performing four
freeze-pump-thaw cycles. 3-(Trimethylsilyl)-propargyl 2-bromoisobutyrate (0.28 g,
1.0 mmol) was then added via a degassed syringe under an argon atmosphere. The
Schlenk flask was transferred into a pre-heated oil bath at 90 °C and stirred for 1 h.
The reaction was stopped by freezing the flask with liquid nitrogen before introducing
air inside the flask, causing the color of the reaction mixture to change from deep
green to blue. The mixture was then diluted with 5 mL of CH,Cl, and passed
through an activated neutral alumina column to remove the catalyst. After the
solvents were removed under reduced pressure via rotary evaporation at 60 °C, the
residue (~2.0 mL) was added into 20 mL of n-hexane to precipitate the polymer.
Finally, the obtained product (PMMA-C=CSi(CH3);) was dried under vacuum at 60
°C for 24 h, yielding 4.94 g of the product as a white powder in a 49.4% yield.

In the second step, the trimethylsilyl protecting group of PMMA-C=CSi(CHs);
was removed via hydrolysis in the presence of tetrabutylammonium fluoride, which
served as a catalyst. In a typical procedure, PMMA-C=CSi(CH3); (4.0 g) was

dissolved in CH)Cl, (30.0 mL) before the addition of 2.1 g (8.0 mmol) of
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tetrabutylammonium fluoride. The reaction mixture was stirred at room temperature
for 72 h. The obtained solution was washed with water twice (2 x 50 mL) to remove
residual salts before most of the solvent was removed under reduced pressure. The
obtained product was dried under vacuum for three days, generating 3.5 g of
PMMA-C=CH as a white powder in a yield of 87.5%. The complete removal of

trimethylsilyl protecting group was demonstrated via '"H NMR analysis.

Synthesis of PtBA-C=CH. PtBA-C=CH was synthesized analogously by two
steps. The intermediate product PtBA-C=CSi(CH3); was obtained in a 52.2% yield,

while the final product PtBA-C=CH was obtained in an 89.1% yield.
2.4 Preparation of PSf-g-(PMMA-r-PAA)

PSf-g-(PMMA-r-PtBA) was prepared by grafting PMMA-C=CH and
PtBA-C=CH chains onto a P(Sf~-CH,Nj3) backbone via click chemis‘cry.13 In a typical
procedure, P(Sf-CH;Nj3) (1.0 g, containing 1.3 mmol of -Nj groups), PMMA-C=CH
(0.66 g, 0.13 mmol), PtBA-C=CH (0.84 g, 0.13 mmol) and a catalyst (CuBr, 1.30
mmol) were added into a flask and dissolved in 60 mL of DMF. The flask was
deoxygenated by subjecting it to three freeze-pump-thaw cycles. PMDETA (0.22 g,
1.30 mmol) was then added by a degassed syringe. After the reaction proceeded at
25 °C for 72 h, the mixture was diluted with THF and then passed through a neutral
alumina column to remove the metal salt. The reaction mixture was concentrated
and precipitated out over water. The precipitate was collected and dried under

vacuum at room temperature, generating 2.21 g of PSf-g-(PMMA-r-PtBA) as a white

10
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powder in an 88.5% yield.

PSf-g-(PMMA-r-PAA) was  prepared through the hydrolysis of
PSf-g-(PMMA-r-PtBA) with concentrated HC1.”> PtBA was converted to PAA by
adding PSf-g-(PMMA-r-PtBA) (1.50 g) to a round bottom flask containing 60 mL of
dioxane and 6 mL of concentrated HCl (37 wt%). The solution was stirred and
heated at 100 °C. After the reaction had proceeded for 5 h, the solution was cooled
down and a portion of the excess reagent (~50 mL) was removed via evaporation
under vacuum. Subsequently, the mixture was precipitated out over 200 mL of H,O.
After the solvent was decanted off, the polymer was dried under vacuum for 48 h,

thus yielding 1.24 g of ABP as a white powder in an 83.0% yield.
2.5 Preparation of PSf-g-PMMA and PSf-g-PAA

PSf-g-PMMA and PSf-g-PtBA were prepared through similar procedures as that
followed for PSf-g-(PMMA-r-PtBA) and from the same precursory polymers by
setting the [-N;]/[-C=CH] feed ratio at a fixed value of 10/1. PSf-g-PMMA and
PSf-g-PtBA were obtained in yields of 85.3%, and 89.7% respectively. After the
PtBA chains had been converted to PAA chains via hydrolysis, PSf-g-PAA was

obtained in an 82.6% yield.
2.6 Preparation of the membranes

Membranes were fabricated via a phase inversion method.* '*?° In general,
casting solutions were prepared by dissolving PSf and ABP in NMP. The overall

polymer concentrations were kept constant at 15 wt%, while the ABP weight contents

11
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in the overall polymer/copolymer mixture were varied, i.e. 0, 2, 4, 8, and 16 wt%.
The resulting solutions were left to stand for at least 24 h to allow the complete
release of bubbles. Secondly, the transparent casting solutions were cast onto glass
plates using a 100 um gate-size stainless steel knife. The casting solution films that
covered the glass plates were exposed to the air for 10 s and then immediately
immersed into a mixed coagulation bath consisting of DMF/H,O at various
compositions, which was thermo-stated at a certain temperature. The obtained
membranes were washed thoroughly with deionized water, and then dried in a dryer at
ambient temperature for 24 h before they were annealed in an oven at 60 °C for 24 h.

The thickness of each membrane was measured with a thickness gage to be 40-50 pm.
2.7 Characterizations

Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H NMR spectra were
recorded using a Bruker DRX-400 spectrometer that was equipped with a Varian
probe. The samples were recorded in deuterated chloroform (CDCls) or dimethyl

sulfoxide (DMSO-dg) at 25 °C. The concentration of each sample was ~10 mg/mL.

Size Exclusion Chromatography (SEC). The number-average molecular
weight (M,) and polydispersity index (M,,/M,) of each polymer were determined at 35
°C using a Waters 1515 size exclusion chromatograph (SEC) equipped with a Waters
2414  refractive index (RI) detector. A DMF solution containing
tetrabutylammonium bromide (0.05 mg/L) or alternatively THF was used as the

eluent. The SEC system was equipped with styragel HR3 and HR4 columns, which

12
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were calibrated with narrowly dispersed PS standards.

Fourier Transform Infrared (FT-IR) Spectroscopy. The FT-IR spectrum of
P(Sf-CH;N3;) was recording using a FT-IR (Perkin-Elmer Spectrum One)
spectrophotometer. The samples were dissolved into acetone and then added
dropwise onto a potassium bromide (KBr) pellet and dried under an infrared lamp

before characterization.

Scanning electron microscopy (SEM). Surface and cross-sectional images of
the membranes were characterized using a scanning electron microscope (SEM,
Hitachi, S-4800) that was operated at an accelerating voltage of 2.0 kV. To obtain
the cross-sectional images, samples were fractured after they had been soaked in
liquid nitrogen for ~5 min. The samples were coated with a thin layer of gold using

a Hummer I sputter coater before observation.

Atomic Force Microscopy (AFM). The dried membranes were fixed onto a
sample stage and then observed using a MultiMode 8 SPM AFM system (Bruker) that

was operated in the Tapping mode.

X-ray Photoelectron Spectroscopy (XPS). XPS measurements were
performed wusing a Surface Science Instruments X-ray Photoelectron
Spectroscopy/ESCA (ESCALAB 250, produced by Thermo Fisher Scientific) and
operated at a base pressure of ~2 x 10° mbar. The samples were irradiated with
monochromatic Al Ka X-rays (1486.6 eV) using an elliptical X-ray spot size with a

diameter of 500 um and a power of 15 kV and 150 W. The data were recorded by

13
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setting the take-off angle of the X-rays at 45°. CAE was used as the scanning mode,
and the lens model was Large Area XL. Survey spectra were recorded with passing

energy of 150 eV, from which the surface chemical compositions were determined.

Determination of the carboxyl group content (CGC). The carboxyl group
content (CGC) arising from the PAA chains located on the membrane surface and on
the membrane pore walls was evaluated with a well established method based on
complexation between the fluorescent dye THA and the PAA carboxyl groups.54’ >
After equilibration and subsequent washing, the THA 1is released under acidic
conditions and can thus be measured in solution. For this purpose, the membrane
sample was initially immersed into a THA solution in ethanol at 10 mmol/L, and
shaken for 24 h at room temperature. Subsequently the sample was removed from
the solution, and thoroughly rinsed three times with 20 mL of ethanol for 30 s before
it was immersed into 10 mL of a 0.01M HCI solution consisting of ethanol/water at
1/1 (v/v). After this mixture had been shaken for 2 h, the concentration of THA
released into the solution was measured at A = 594 nm via UV/vis spectroscopy
(UV-1750, SHIMADZU). A plot of THA standards was recorded and used in order
to determine the THA concentration in this sample. The CGC was reported with
respect to the specific surface area of the membrane sample, and expressed as the
content of carboxyl groups per square centimeter of the membrane surface or
membrane pore walls in units of pmol/cm®. The specific surface area of the

corresponding membrane sample was analyzed via low temperature (77.38 K)

nitrogen adsorption and calculated according to the isotherm of the Brunauer, Emmett

14
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and Teller (BET) model using an Autosorb-iQ-2 (Quantachrome, USA) system.

Mechanical Strength Measurements. All membrane specimens had
dimensions of 10 cm x 1 cm. These samples were dried at 60 °C for 24 h under
vacuum and stored in desiccators at room temperature for 48 h prior to tensile
mechanical strength measurements. The mechanical properties of all of the
specimens, including their tensile strength and the elongation at their breaking point
were conducted on a CMT 7503 Universal Testing Machine (Shenzhen SANS Testing
Machine Co., Ltd., Shenzhen, China) at a tensile rate of 20 mm/min. Five trials

were performed for each sample and the average value was reported.

Water Contact Angle (WCA) Measurements. The water contact angles
(WCAs) between water and the membranes were directly measured using a contact
angle measuring instrument (Powereach Digital Technology Equipment Co., Ltd.,
Shanghai, China) in order to evaluate the hydrophilicity of the membranes.
Deionized water was used as the probe liquid in all of the measurements. A 5 pL
droplet of water was suspended from the tip of a syringe and then moved downward
so that it came into contact with the surface of each sample. Upon contact, the
sessile droplet became attached onto the surface while pictures were captured by a
video system to derive the contact angle information until stable contact angles were
reached. The presented WCA of a sample represented the average value obtained

from at least five different locations.

Hydraulic permeability tests of the membranes. Round, flat pieces of

15
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membranes, which each had a diameter of 25 mm, were used to test the flux of pure
water with Millipore 8010 stirred ultrafiltration cell (Millipore Corporation, Bedford,
MA 01739 U.S.A) that had an internal diameter of 25 mm and an effective membrane
area of 4.1 cm’. Before the filtration experiments, the original or modified
membranes were pressurized with deionized water for 30 min at 760 mmHg. All of
the ultrafiltration experiments were performed at a pressure of 760 mmHg at 25 °C.
The water flux (J) was calculated according to the equation: J =V /(4 e¢), where V'
corresponds to the volume of the permeate (mL), A4 is the effective membrane area

(m?), and ¢ is the sampling time (h).

Evaluation of the stability of the hydrophilicity of membrane. Membranes
were soaked in water or in a water/DMF mixture at 80/20 (v/v) at 80°C in a sealed
flask, and two samples were collected at predesigned time intervals. The membranes
were sequentially rinsed with water and then methanol before they were dried under
vacuum at room temperature for 24 h. WCA measurements were performed on the

membrane according to the method described above.

3. Results and Discussion

The targeted PSf-g-(PMMA-r-PAA) was synthesized using the reactions depicted
in Scheme 2. First, commercial PSf with M, = 39,000 g/mol was chloromethylated
to yield P(Sf-CH,Cl). The chlorine atoms were then substituted with azide to yield

P(Sf-CH,;N3). Meanwhile, PMMA and poly(fert-butyl acrylate) (PtBA) chains

16
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bearing one terminal alkyne group per chain (PMMA-C=CH and PtBA-C=CH) were
prepared.56’ 7 The attachment of these chains to P(Sf-CH,N3) via click chemistry

yielded PSf-g-(PMMA-r-PtBA).>®

s@oﬂ+ S OO

TMS-CI
CIHC PSf-chloromethyl
NaN;

"y O

N3H,C PSf azide

s.—/o'ﬂ%r Brflk'*o\, TBAF Br \ 1) CuBriPMDETA

L ~0™ 0 0" P PSf-g-(PMMA-r-PAA)
CuBr/dNbpy PMMA-TMS PMMA CCH 2) Dioxane/HCI

|
MMA

IO\SI—’ -S{Br Brk’k'\o\, TBAF Br‘k‘y\o\
/i\ CuBr/PMDETA /i\

tBA PtBA-TMS PtBA-CCH

Scheme 2. Synthetic routes towards the amphiphilic graft copolymer.

P(Sf-CH,N3). P(Sf-CH,Cl) and P(Sf-CH,;N;) were prepared according to a
modified literature procedure as described in the experimental section.”® Figure la
compares the 'H NMR spectra with peak assignments for PSf, P(Sf-CH,Cl) and
P(Sf-CH,N;).”®  The appearance of signal labeled as (5) at 4.52 ppm corresponding
to protons of the chloromethyl (-CH>Cl) group demonstrated the successful
preparation of P(Sf-CH,Cl). This peak, however, shifted to 4.26 ppm in the
spectrum of P(Sf-CH,N3), in agreement with the substitution of -Cl by -N3 and thus
supporting P(Sf-CH;N3) synthesis. Moreover, the complete disappearance of the
signal at 4.52 ppm demonstrated the quantitative nature of this SN2 reaction. The
successful preparation of P(Sf-CH,N3) was also demonstrated via FT-IR analysis by
the appearance of a characteristic absorption peak at 2104 cm™ corresponding to the

azide group (Figure 1b).

17
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The degree of substitution (DS), defined as the fraction of Sf units that had been

substituted, could also be obtained from the '"H NMR spectra.  For P(Sf-CH,Cl), the

DS was calculated as 0.6 by comparing the integrals of peak (5) at 4.52 ppm to the

peak at 7.85 ppm corresponding to the four meta protons on the phenyl ring closest to

the sulfonyl group. Meanwhile, the DS of P(Sf-CH,N3;) was found to be 0.6 as

determined by comparison of the integral of the signal (6) at 4.26 ppm to that of the

peak at 7.85 ppm corresponded to the four meta protons on the phenyl ring closest to

the sulfonyl group. The DS corresponding to the chloromethylation of PSf and that

representing the azidomethylation of PSf had a similar value of 0.6, thus indicating

that the -CH,Cl groups of P(Sf-CH,Cl) were quantitatively converted to -CH,Nj

groups.
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Figure 1. '"H NMR (a) and FT-IR (b) spectra of PSf (top), P(Sf-CH,Cl) (middle) and

P(Sf-CH;N3) (bottom spectra).
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PMMA-C=CH and PtBA-C=CH. PMMA-C=CH and PtBA-C=CH were
prepared via two steps, which included the atom transfer radical polymerization
(ATRP) of the corresponding monomers and the deprotection of the trimethylsilyl
groups that had been introduced by the initiator (Scheme 2).”*  Both polymerizations
were performed in a similar manner using 3-(trimethylsilyl)-propargyl
2-bromoisobutyrate as the initiator and by using CuBr/dNbpy as well as
CuBr/PMDETA as the catalyst systems to yield PMMA-C=CSi(CH;3); and
PtBA-C=CSi(CHsj);. The targeted PMMA-C=CH and PtBA-C=CH polymers were
obtained after the removal of the trimethylsilyl group from their corresponding

precursors by stirring the polymers with tetrabutylammonium fluoride in CH,Cl,.>?

The resulting precursory polymers were characterized by 'H NMR using CDCl;
as the solvent and by SEC using THF as the eluent. Figure 2 compares 'H NMR
spectra of PMMA-C=CSi(CHs);, PMMA-C=CH, PtBA-C=CSi(CHs);, and
PtBA-C=CH together with their peak assignments. The complete removal of the
trimethylsilyl group from PMMA-C=CSi(CH3); or PtBA-C=CSi(CHis); was
confirmed by the disappearance of the proton signals (6) at 0.16-0.17 ppm. In
addition, the agreements between the observed and expected peaks demonstrated our

success synthesis of the targeted polymers.
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Figure 2. "H NMR spectra of the polymers PMMA-C=CSi(CH;); and PMMA-C=CH
(a), and PtBA-C=CSi(CHj3); and PtBA-C=CH (b).

The degree of polymerization (DP) of PMMA-C=CH and PtBA-C=CH were
determined 'H NMR by comparing the integrations of the -OCHj (4) protons of
PMMA-C=CH at 3.67 ppm and that of the -OC(CH3)3 (2) protons of PtBA-C=CH at
1.43 ppm to that of the -CH,-C=C- (5) protons observed for both polymers at 4.63
ppm. From these comparisons, the DP of PMMA-C=CH and PtBA-C=CH were
found to be 51 and 54, respectively. The DP values were also evaluated from the
products by comparing the monomer-to-initiator molar ratios and the gravimetric
yields of the polymers. This protocol yielded the DP values of 49 and 52,
respectively, for the two polymers. The numbers determined from the different
methods were in close agreement with each other.

Our SEC analyses yielded

polydispersity indices of < 1.22 for the two polymers (Table 1).

Table 1. Preparation conditions and structural characteristics of the polymers.
Sample [M]o/[1], Yild NMR NMRM, (oo
o
(%) DP (kg/mol) MM,
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P(St-CH,Cl) 1.64
P(Sf-CH,N5) 1.65
PMMA-CCSi(CH)s 100/1 494 sl 54 123
PMMA-C=CH 875 5l 5.3 1.22
PEBA-CCSi(CH5); 100/1 522 54 72 120
PtBA-C=CH 9.1 54 7.1 1.20
Molar ratio”  fommia®  foas® NMR M, M M,*
(kg/mol)
from NMR (Wt%) (Wt%)
PSE-(PMMA-r-PAA) 13.03.1 31 23 101.6 1.22
PSf-g-PAA 132 34 63.4 123
PSf-g-PMMA 13.0 40 4.1 126

“THF was used as the eluent. ° [Sfl:IMMA]:[tBA]. “The mass percentage of the
side chains in the total copolymers. ‘“DMF was used as the eluent.

PSf-g-(PMMA-r-PAA). PSf-g-(PMMA-r-PtBA) was prepared by reacting

P(Sf-CH;N3), PMMA-C=CH, and PtBA-C=CH at a

[-N3]:[PMMA-C=CH]:[PtBA-C=CH] molar ratio of 10/1/1 using CuBr/PMDETA as

20-52° The crude product was passed through a neutral alumina

the catalyst system.
column to remove metal salts, concentrated, and then added into water to precipitate

the polymer. Heating the resultant polymer at 100 °C in a dioxane solution

containing HCI selectively hydrolyzed PtBA to yield PSf-g-(PMMA-r-PAA).

— PST
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Figure 3. 'H NMR spectrum of PSf-g-(PMMA-r-PAA) recorded in DMSO-d; (a) and
SEC traces of P(Sf-CH,N3), PtBA-C=CH, PMMA-C=CH, PSf-g-(PMMA-r-PtBA),
and PSf-g-(PMMA-r-PAA) recorded using DMF as the eluent (b).

Figure 3a shows the "H NMR spectrum of PSf-g-(PMMA-r-PAA) along with
peak assignments. The characteristic signals corresponding to PAA and PMMA
were clearly observed. Furthermore, the signal at 4.93 ppm corresponding to the
methylene protons next to the 1,2,3-triazole groups was observed, and a new peak at
7.35 ppm can be attributed to the methine proton of the 1,2,3-triazole groups. This
indicated that the click reaction was successful. The ratio of [Sf]/[MMA]/[AA] in
the PSf-g-(PMMA-r-PAA) was 1/3.0/3.1. This ratio was determined by comparing
the integration of the signal at 7.85 ppm corresponding to the four meta protons on the
phenyl ring closest to the sulfonyl group, with that of the -OCHj; signal for PMMA at
3.67 ppm and with the integration of the remaining -CH,Ns3 protons in the PSf
backbone at 5.26 ppm. This value was comparable to the feed ratio of 1/3.1/3.1 for
[Sfl/[IMMA]/[AA], suggesting that the precursors were nearly completely grafted onto
the backbone.

The SEC traces measured using DMF as the eluent were compared in Figure 3b
for P(Sf-CH,N3), PMMA-C=CH, PtBA-C=CH, and the crude reaction mixture after
the click reaction without purification. DMF was used in this case because the graft
copolymer had more soluble in DMF than in THFE As expected,
PSf-g-(PMMA-r-PtBA) had a much shorter retention time than those of its precursors.

More interestingly, no SEC peaks corresponding to the precursors were observed for
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the reaction mixture, suggesting that the grafting reactions were quantitative due to
low molar ratios used for the alkyne and azide groups. In addition, the apparent SEC
molecular weight of PSf-g-(PMMA-r-PAA) decreased only slightly relative to that of
PSf-g-(PMMA-r-PtBA), in agreement with the cleavage of the fert-butyl groups.

Since the polymer side chains with known DPs were completely grafted onto the
backbone, the average DP of PSf could be calculated as ~90, by comparison the
integration of the PMMA signal appearing at 3.67 ppm to that of the PSf signal
appearing at 7.85 ppm. Therefore, the [-N;]:[PMMA-C=CH]:[PtBA-C=CH] molar
feed ratios of 10/1/1 suggested that each PSf chain contained 5.3 PMMA and 5.2 PAA
chains, respectively. The mass fractions of PAA and PMMA in this graft copolymer
were 23 wt%, and 31 wt%, respectively.

For comparison, two other graft copolymer samples, PSf-g-PMMA and
PSf-g-PAA, were prepared through similar procedures as that for
PSf-g-(PMMA-r-PAA) by fixing the [-N3]:[-C=CH] molar feed ratio at 10/1. The
results demonstrate that PMMA or PAA chains were also quantitatively attached onto
the PSf backbone. The mass fraction of PAA in PSf-g-PAA and PMMA in

PSf-g-PMMA were 34 wt% and 40 wt%, respectively.

Effect of Varying the Coagulation Bath Composition on the Membrane
Formation. Membranes were prepared through the following four steps: 1)
dissolving PSf in the presence or absence of PSf-g-(PMMA-r-PAA) in N-methyl
pyrolidone (NMP); 2) casting these solutions as films onto glass plates; 3) soaking

these films for 30 min in a coagulation bath that contained a mixture of DMF and
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water to induce membrane formation by phase inversion; and 4) annealing these
membranes at room temperature for 24 h and then at 60 °C for 24 h after they had
been thoroughly rinsed with deionized water. Thus, factors such as the polymer
concentration in the casting solution, coagulation bath parameters including its
temperature, pH value, and DMF volume fraction (fpmr), as well as the membrane

annealing times and temperature should influence the final membrane structure.

To examine the effect of varying the coagulation bath parameters, we initially
fixed the total polymer concentration in NMP to 15 wt% and the mass fraction of
PSf-g-(PMMA-r-PAA) among the used polymers to 2.0 wt%. We also used the
same membrane annealing conditions as mentioned above. Under these conditions,
we prepared three families of membranes denoted as M2-fppmp, M2-T, and M2-pH,
where M2 indicates that the PSf-g-(PMMA-r-PAA) mass fraction among the used
polymers was 2.0 wt%. Meanwhile, fpmr, T, and pH suggest that only the DMF
volume fraction, the bath temperature, and the bath pH was varied among samples of
a given series. Table 2 specifies other parameters used to prepare the three series of
samples.

Table 2. Coagulation bath parameters used for preparing
the three families of membranes.

Entry Jomr Temperature ("C)  pH value
M2-fpmr 0-100 20 7

M2-T 80% 20-60 7
M2-pH 80% 20 2-12

We characterized the three series of membranes prepared using the conditions
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specified above by measuring the carboxyl group contents and WCAs of the
membrane surfaces and the results of these measurements are summarized in Figure
4a—4c. To measure a WCA, a water droplet was dispersed onto a membrane before a
picture was taken of the droplet and the droplet behavior was analyzed. To obtain
the carboxyl group content (CGC) in terms of the moles of carboxyl groups per cm’
of membrane specific surface area, a literature method was used.”  In this procedure,
a prepared membrane was equilibrated with thionin acetate. Surface carboxyl
groups have been shown to bind at a 1:1 molar ratio with thionin cations solubilized
in ethanol when thionin acetate was used in excess. The thionin-adsorbed membrane
was then rinsed with ethanol and thionin was quantitatively released when the
membrane was finally rinsed with an acidic ethanol/water solution. During this
process, the thionin binding and release was clearly indicated by a change in the
membrane’s color from white to blue (in the case of binding) and back to white (in the

case of release, see Figure S1 in the Supporting Information).

The WCA data in Figures 4a — 4c evidently mirrored (with respect to a horizontal
plane) the variation trends of the CGC data. When the WCAs increased, the CGC
values decreased, which was consistent with the intuition that carboxyl groups helped

hydrophilize the surfaces and thus decreased their WCAs.
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Figure 4. Variation of the CGC and WCA as a function of fpmr (a), temperature (b),
and pH (c) of the coagulation bath. Also shown are the survey XPS spectra (d) and
high-resolution C;; XPS spectra (e and f) of a PSf membrane and a M2 membrane
prepared at pH = 2.0, fpmr = 80%, and T = 20 °C.

As fpmr increased, the CGC increased initially until fpmp reached 80%. We
further noted by naked eye observations that the time required for the film to turn
white from clear increased as fpmp increased. Thus, increasing fpyr improved the
compatibility between the coagulation fluid and the polymer PSf and lengthened the
time required for the polymer to vitrify. A reasonable inference here was that

PSf-g-(PMMA-r-PAA) had more time to segregate and thus allow the PAA domains

to enrich the pore and membrane surfaces as fpur increased.

However, the CGC decreased as fpvr was increased from 80% to 90%. This
CGC decrease might be caused by the solubility of PSf-g-(PMMA-r-PAA) in
DMF/water at fpmr= 90% and the detachment of many PSf-g-(PMMA-r-PAA) chains
from the membrane surfaces. In a control experiment, we dissolved

PSf-g-(PMMA-r-PAA) in DMF at ~2 wt% and then added water dropwise into this
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solution. At fpmr = 90%, no polymer precipitation was observed. On the other
hand, most of the polymer had precipitated when fpmp was decreased to 80%.

Therefore, fomr= 80% was used herein unless otherwise mentioned.

We note that the CGC decreased with temperature T for the M2-T series.
Indeed, the diffusion rate of PSf-g-(PMMA-r-PAA) should increase with T to promote
graft copolymer surface segregation. A higher T also facilitated solvent diffusion
and increased the rate of polymer vitrification. Our speculation was that the overall
effect of increases in T was to decrease the CGC. Thus, our membranes were
prepared in coagulation baths set at 20 °C unless mentioned otherwise.

The data shown in Figure 4c reveals that the CGC decreased as the pH of the
coagulation bath increased. We did not examine the cause for this trend. Our
speculation was that the solubility of PSf-g-(PMMA-r-PAA) in DMF/water at fpmr=
80% increased with increases in the pH due to the deprotonation of the AA carboxyl
groups. This increased solubility could have extracted more PSf-g-(PMMA-r-PAA)
chains into the coagulation bath. Therefore, we used pH = 2.0 in our subsequent
preparations.

In summary, our above experiments established that the optimal coagulation bath
parameters were pH = 2.0, T = 20 °C, and fpmr = 80%. Using these parameters, we
have prepared samples that are denoted as M2. On these membranes, the CGC and
WCAs were 72.6 pmol/cm?” and 53°, respectively.

We further confirmed the surface enrichment of the carboxyl groups of M2

membranes by XPS. While Figure 4d shows the survey XPS spectra of a M2
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membrane and a PSf membrane, the high-resolution Cg spectra of the M2 and PSf
membranes are compared in Figures 4e and 4f, respectively. Our quantitative
analyses yielded the atomic and functional molar fractions in the probed surface
regions and these results are summarized in Table 3.

Table 3. Atomic and functional abundances calculated from polymer compositions

and those evaluated from the survey XPS spectra shown in Figure 4d and high
resolution Cjs spectra shown in Figures 4e-4f.

Samples* O §* N (' C* (%)
(%) (%) (%) (%)

C-C C-O C=0 C-N

84.38 76.71 7.67  --- -
84.12 76.23 7.75 0.12 0.02
84.00 75.87 8.13  --- —
61.01 4546 9.24 579 0.52

PSf* 1250 3.12 -
M2‘ 1276 3.08 0.04
PSf® 1298 3.02 -
M2 3528 0.24 3.47

“ Theoretical values calculated based on the bulk composition of PSf membranes or
M2 membrane; ” Mean values evaluated from three separate experiments with a
standard deviation of = 0.05%.

The appearance of a N5 peak at 400.2 eV corresponding to the triazo nitrogen
atoms and the high intensity of Oy peak in the survey spectrum measured for the M2
membranes demonstrated the successful enrichment of the surfaces by
PSf-g-(PMMA-r-PAA). The surface enrichment by carboxyl groups was further
supported by the carbonyl functional group content of 5.79%, as revealed by the
high-resolution deconvolution analysis of the C;s peak. This observed carbonyl
functional group content value was much higher than the calculated value of 0.12%
that would be expected for a bulk PSf sample containing 2.0 wt% of
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PSf-g-(PMMA-r-PAA) based on the chemical structure and composition (Table 3).

Effect of Varying the PSf-g-(PMMA-r-PAA) Content on the Membrane
Formation. Using the optimized parameters for the coagulation bath we prepared
membranes containing different PSf-g-(PMMA-r-PAA) mass fractions, wg, in the
used PSf and graft copolymer mixtures. These samples were denoted as M0, M2,
M6, M8, and M16, indicating that w, assumed the values of 0, 1.0, 2.0, 4.0, 6.0, 8.0,
and 16.0 wt%, respectively. Reported in Figures 5a-5b are the variations in the
measured CGCs and WCAs as a function of w,. The CGC increased initially with
w, and then leveled off above w,= 8.0 wt%, suggesting that a maximum enrichment
of PSf-g-(PMMA-r-PAA) on the membrane surface and membrane pore walls could

be reached at w, = 8.0 wt% using the optimal coagulation bath parameters.
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Figure 5. Variations in the surface CGC (a), the WCA (b, left axis), and the water
flux of membranes (b, right axis) as a function of the graft mass fraction in the
polymer mixture used to prepare membrane, or wg.  Also shown is the variation in
the water flux of a MO (PSf) membrane and a M8 membrane as a function of the pH

(©).

Membranes of the Mx series were prepared by the phase inversion method, which
promoted the surface segregation of PSf-g-(PMMA-r-PAA). We prepared control

membranes from this series of polymer mixtures using another method. In this
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approach, the cast solution films were partially dried initially in a desiccator flushed
with dry N; and subsequently dried fully under vacuum at 60 °C for 72 h.  Since the
polymer solution never came into contact with moisture or water during film
formation, we suspected that surface enrichment by PSf-g-(PMMA-r-PAA) should be
suppressed for this series of membranes. The CGCs were also measured for this
series of control membranes and these results are plotted in Figure 5a. The CGC on
the membrane prepared via phase inversion at w, = 8 wt% was 576.6 pmol/cmz, which
was more than ten times higher than the value of 54.3 pmol/cm® measured on the
corresponding control membrane. In addition, the membrane M8 prepared via phase
inversion had a CGC comparable to that of 643.4 pmol/cm” measured on a control
membrane made from pure PSf-g-(PMMA-r-PAA). Thus, the surface segregation
effect of PSf-g-(PMMA-r-PAA) was fairly evident for membranes prepared through
the phase inversion method.

Water fluxes for this set of membranes were also measured. As seen in Figure
5b, the water flux increased with increases in wg, but leveled off above w, = 8.0 wt%.
While water flux of a M2 membrane was 57.9 mL/(m*mmHg-h), it increased to 166.3
mL/(m*mmHg-h) for a M8 membrane.

More interestingly, the M8 membrane exhibited pH-dependent water flow. As
the pH of the aqueous phase was increased from 2.0 to 5.0, the water flux decreased
from 292 to 168 mL/(m*mmHg-h). This was in stark contrast to the behavior of the
MO membrane, which had a constant water flux ~21 mL/(m*>mmHg-h) between pH

2.0 and 12.0. The pH-responsiveness must be due to the contraction of the PAA
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chains at low pH values and their extension at high pH values. The extension of the
PAA chains from the walls of the pores caused the pore dimensions to shrink and thus

reduced the water flow.2 ¥

Such pH-responsiveness of the membranes provided
direct evidence that the enrichment of PAA occurred not only on the membrane
surface but also membrane on the pore walls.

Membrane Morphologies. = Morphologies of M0, M2, M8, and MI16
membranes were examined via SEM and AFM techniques. While the surface
morphologies of these membranes are compared in Figures 6a-6d, their
cross-sectional images are shown in Figures 6e-6h.

The surface SEM images show that the PSf membrane (or MO) exhibited a
relatively smooth surface, as is typically observed for a PSf membrane prepared
through the immersion precipitation process.20 No obvious pores could be discerned

at a 40,000X magnification. In contrast, pores became clearly visible and both their

average diameter and quantity increased when w, was increased from 2% to 16%.

1 um

&% ol

T

ew

Figure 6. SEM images of surfaces (a-d) and cross-sections (e-h) of M0, M2, M8,
and M16 membranes. The membranes shown above proceed from MO, to M2, to
M8, and to M16 membranes as one views the Figure from left to right.
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The cross-sectional images show that all of the membranes exhibited the
characteristic morphology of asymmetric membranes and were covered by a dense
top skin-like layer and incorporated finger-like macrovoids underneath this layer. As
w, increased, the finger-like structures became wider. The widening of these fingers
has been traditionally associated with a slowing down in the vitrification of the
polymer phase during membrane formation and suggested that the
PSf-g-(PMMA-1-PAA) additive provided stability to the phase-separating PSf
polymer. This slower PSf vitrification was probably also responsible for the
increased pore sizes and numbers observed on the membrane surface (Figures 6a-6d)
as w, increased. Thus, the addition of PSf-g-(PMMA-r-PAA) not only enhanced the
hydrophilicity of the membrane and its pore surfaces but also changed the pore
structures. Additionally, the change in the pore structures is mainly responsible for
the  dramatic  increase  observed in  the water flux of the

PSf-g-(PMMA-r-PA A)-containing membranes relative to that of the MO membranes.

AFM images were recorded in the tapping mode to probe the structure of the
membrane surface. The AFM topography images shown in Figure 7a clearly
demonstrate that the surface roughness increased as w, increased. =~ A more
quantitative analysis revealed that the average roughness increased from 5.3 nm to 8.9
nm, to 9.8 nm, and to 12.8 nm as one proceeded from MO, to M2, to M8, and to M 16,
respectively. In addition, interconnected cavities among the granules or nodules
(hills and valley), and agglomerated-nodules were clearly visible. Such typical

“spinodal” structure is frequently observed among membranes prepared via the phase
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d.5062 Figure 7b compares AFM phase images for the

inversion metho
corresponding membranes. Interestingly, while no obviously white domains were
observed in the AFM phase image for the PSf (or MO) membrane, white
nano-domains were visible among the membranes containing PSf-g-(PMMA-r-PAA).
Moreover, the average size and the density of the white domains increased with
increases in wy. These white domains must have been associated with the presence
of PAA chains in the PSf-g-(PMMA-r-PAA) rather than PMMA or PSf. Further
evidence for this assignment was provided by the fact that no white domains were
observed in the AFM phase image of the PSf membrane containing 8 wt% of
PSf-g-PMMA prepared under identical conditions to that for M8. Therefore, these
PAA domains could be detected in the phase images and thus AFM provided further

evidence supporting the segregation of PSf-g-(PMMA-r-PAA) and that the

hydrophilic PAA domains aggregated preferentially on the membrane surface.
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Figure 7. AFM 3-d topography (a) and phase (b) images of the M0, M2, M8, and
M16 membranes. The circles inserted in the images are meant to provide a visual
guide.
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By carefully comparing the AFM phase image with the corresponding AFM 3-d
topography image of each specimen, we found that the white nano-domains
corresponding to the PAA chains were mainly located as “islands” on the granules,
nodules or agglomerated nodules on the surface of the M2 membrane. In contrast,
while some of the white nano-domains were located in the cavity channels or the
pores, they had conglomerated or even fused together to form a continuous layer that
was accompanied by granules or nodules, and agglomerated-nodules as w, increased
to more than 8%. These observations validated our initial assumption that the
exposure of the PAA domains on the membrane surface resulted from an enhanced
surface enrichment that occurred among the membranes containing more than 8 wt%

of PSf-g-(PMMA-7-PAA).

Probing into Mechanism of Surface Enrichment. In the case of PSf
membranes prepared without PSf-g-(PMMA-r-PAA), it is not surprising that a
nodular structure exhibiting with interconnected cavity channels on the membrane
surface as formed from liquid-liquid phase separation process via a spinodal

63- 64 However, the amphiphilic nature of the graft

decomposition mechanism.
copolymer was believed to have a significant impact on the liquid-liquid separation
process leading to different membrane morphology. The formation mechanism for
the membrane surface through this process is proposed and illustrated in Figure 8.
That is, when the homogenous casting solution film containing both PSf and
PSf-g-(PMMA-r-PAA) was immersed into the coagulation bath, the polymer PSf and

PSf-g-(PMMA-r-PAA) also began to separate from each other into PSf-enriched and

PSf-poor phases, respectively. The proposal that PSf-g-(PMMA-r-PAA)
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preferentially aggregated at the interface between the PSf-enriched and the PSf-poor
phases was based on two considerations. First, due to the amphiphilic nature of
PSf-g-(PMMA-1-PAA), this copolymer favored the interface between the PSf
rich-phase and PSf poor-phase to decrease the interfacial energy between these
domains.*>  Second, the chemical potential of PSf-g-(PMMA-r-PAA) with its
hydrophilic PAA chains in water was expected to be less than that of PSf>
PSf-g-(PMMA-1-PAA) was transported more slowly into the PSf-poor phases than
PSf prior to precipitation, causing PSf-g-(PMMA-r-PAA) to enrich surfaces of the

membrane.

Type 1 enlarged view

Immersed into

coagulation bath solidification

./

Casting solution film L-L phase separation Membrane

Figure 8. Illustration depicting the formation mechanism for membrane surfaces
through a liquid-liquid process. The black, red, and blue chains correspond to PSf,
PAA, and PMMA chains, respectively.

It is imagined that the hydrophobic PMMA side-chains of PSf-g-(PMMA-r-PAA)
were entrapped within the PSf-enriched phase or the PSf-poor phase, whilst the

hydrophilic PAA side-chains resided at the interface between the PSf-enriched and the

36

Page 36 of 45



Page 37 of 45

Journal of Materials Chemistry A

PSf-poor phases (type 1 in Figure 8), or alternatively at the interface between the
coagulation bath and both liquid PSf phases (type 2 in Figure 8). Thus, the granules,
nodules or aggregated nodules were eventually developed from droplets of
polymer-enriched phases, and the pores corresponding to the interstitial cavities were
formed from the polymer-poor phases. This was supported by the fact that PAA
tended to position itself on the granules or nodules on the membrane surface as
observed in the AFM phase images (Figure 7). Therefore, changes in the copolymer
content influenced both the size and density of domains formed by the PSf-lean or
PSf-enriched domains, which resulted in changes in the membrane structure. Such
structures, bearing PAA chains that enriched the membrane surface and PMMA chains
that were isolated within the PSf substrate arose from the entrapment of domains
derived from both PSf-enriched and PSf-poor liquid phases, were responsible for the

performance of membrane.

Other Properties of M8 Membranes. While the successful hydrophilization
of the membrane was evident from the membrane’s surface chemistry, topography,
and its performance, the long-term stability of the membrane’s hydrophilicity was
further evaluated for M8 samples that were extracted with different solvents. For
comparison, a control membrane prepared from a PSf/copolymer mixture containing
8 wt% of PSf-g-PAA under identical conditions as employed for M8 was also
evaluated. Membranes were soaked in water or water/DMF at 80/20 (v/v) at 80 °C
in a sealed flask, and two membrane samples were collected at predesigned time

intervals. The membranes were sequentially rinsed with water and then methanol
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before they were dried under vacuum at room temperature for 24 h. Figure 9a-d
shows the dependence of the membrane’s WCA and water flux on the soaking time in

water or in a water/DMF (80/20, v/v) mixture at 80 °C.
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Figure 9. The relationship between the WCAs, water flux of the membranes and the
soaking times for samples that were soaked in water (a,b) and in a water/DMF
mixture at v/v = 80/20 (c,d).

The control membrane exhibited a WCA of 37° and a water flux of 143.7
mL/(m*mmHgh), which were close to that observed for M8 prior to solvent
extraction. The WCA of the control membrane increased dramatically from 37° to
63° within the first 24 h of soaking in water and leveled off at 65° after it had been

soaked for 48 h (Figure 9a). In comparison, the WCA increased from 37° to 69° and
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to 72° after the membrane had been soaked for similar respective times in water/DMF
(Figure 9¢). In contrast, the WCAs of M8 did not change significantly. The water
flux of the control membrane decreased from 143.7 mL/(mz-mmHg-h) to 92.8
mL/(m*mmHg-h) within the first 24 h of soaking in water and leveled off at 89.9
mL/(mz'mmth) after it had been soaked for 48 h (Figure 9b). In comparison, the
water flux decreased from 143.7 mL/(m*mmHg-h) to 83.2 mL/(m*mmHg-h) and to
79.9 mL/(m*mmHg-h) after the membrane had been soaked for similar respective
times in water/DMF (Figure 9d). On the contrary, the water flux of M8 did not
change significantly. The variation of the hydrophilicity of the control sample and to
a lesser extent MS8 wundoubtedly resulted from loss of PSf-g-PAA or
PSf-g-(PMMA-r-PAA) from the membrane surface during the solvent extraction
treatment. For this purpose, we only tested the CGCs of the M8 and the control
membrane before and after they had been subjected to solvent extraction for 48 h.
The results show that the CGCs of the control membrane decreased dramatically from
530.1 pmol/cm? to 56.3 pmol/cm®and to 42.6 pmol/cm? after it had been soaked in
water and in water/DMF for 48 h, respectively. In contrast, the CGCs of MS
changed only slightly from 564.9 pmol/cm2 and to ~550.7 pmol/cm2 after it had been
soaked for a similar time period in water and in the water/DMF mixture. This
indicated that the hydrophilicity of M8 was significantly more durable than that of the
control membrane. This enhanced durability may be attributed to the PMMA chains

of PSt-g-(PMMA-r-PAA) becoming entrapped within the PSf substrate.
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To evaluate the effect of the addition of the graft copolymer on the mechanical
properties of the membrane, we performed a preliminary evaluation of the tensile
strengths and the elongation at the breaking points of MO and M8. The results show
that M8 had a tensile strength of 5.4 + 0.5 MPa and exhibited an elongation of 12.1 £
1% at its breaking point, while MO exhibited corresponding values of 5.7 + 0.4 MPa
and 13.4 + 1% at its breaking point. These results indicated that the current
hydrophilization strategy did not adversely affect the mechanical properties of the

membranes.

4. Conclusions

A binary graft copolymer PSf-g-(PMMA-r-PAA) has been successfully
synthesized and characterized. This graft copolymer has been mixed with PSf and
used to prepare porous membranes through a phase inversion method. Various
experimental parameters including the pH, temperature, and the DMF volume fraction
in the coagulation bath as well as the PSf-g-(PMMA-r-PAA) mass fraction in the
PSf/graft copolymer mixture have been systematically studied. In addition, these
conditions were optimized to promote the segregation of PSf-g-(PMMA-r-PAA) and
the enrichment of the PAA chains on the surfaces of the membranes and their pore
walls. The surface enrichment by the hydrophilic PAA chains has been confirmed
by the low WCAs exhibited by these membranes, as well as their high degree of

thionin acetate adsorption, and high surface CGCs as determined via XPS and even
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from AFM phase images. This optimized preparation strategy yielded
PSf/PSf-g-(PMMA-r-PAA)-based membranes that incorporated only 8 wt% of
PSf-g-(PMMA-r-PAA), and yet exhibited surface CGCs that were comparable to
those observed among bulk PSf-g-(PMMA-r-PAA) films, and with nearly complete
surface coverage by PAA. The PSf-g-(PMMA-r-PAA) additive not only
hydrophilized the resultant porous membrane, but also increased the membrane’s
water flux. The water flux could was also readily tuned by varying the pH. In
addition, the surface-anchored PSf-g-(PMMA-r-PAA) chains were robust and
withstood solvent extraction. All of these advantages were achieved at negligible
costs to the mechanical properties of the final membranes. Therefore, due to the
novel architecture of these copolymers that posses readily tailored compositions and
are easily synthesized, the reported novel graft copolymer-based for the
hydrophilization of intrinsically hydrophobic membranes has great potential for

commercial applications.
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TOC Graphic
Facbricaton of hydrophilic polysulfone membranes exhibited long-term stability via

novel binary amphipilic graft copolymer-based approach.

N

AFM phase image

Rl 3 = :

PSf-g-(PAA-r-PMMA)
M pPst HPAA l PMMA

45



