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ABSTRACT: In this study, we present a novel self-cleaning, photoresponsive membrane that is capable of removing
predeposited foulant layers upon changes in surface morphology in response to UV or visible light irradiation while maintaining
stable pore size and water permeance. These membranes were prepared by creating thin film composite (TFC) membranes by
coating a porous support membrane with a thin layer of novel comb-shaped graft copolymers at two side-chain lengths featuring
polyacrylonitrile (PAN) backbones and photoreactive side chains, synthesized by atom transfer radical polymerization (ATRP).
Photoregulated control over membrane properties is attained through a light-induced transition, where the side chains switch
between a hydrophobic spiropyran (SP) state and a zwitterionic, hydrophilic merocyanine (MC) state. The light-induced switch
between the SP and MC forms changes surface hydrophilicity and causes morphological changes on the membrane surface as
evidenced by atomic force microscopy (AFM). Before any phototreatment, the as-coated membrane surface comprises mostly
hydrophobic SP groups that allow the adsorption of organic solutes such as proteins the membrane surface, reducing flow rate.
Once exposed to UV light, conversion of the SP groups to hydrophilic MC groups leads to the release of adsorbed molecules and
the full recovery of the initial water flux. A fouled membrane in the more hydrophilic MC form is also capable of self-cleaning
upon conversion to the less hydrophilic SP form by visible light irradiation. The self-cleaning behavior observed for this system,
where the surface became less hydrophilic but also experienced a morphological change, demonstrates a novel mechanism that
has a mechanical component in addition to the changes in hydrophilicity. It is also the first report, to our knowledge, of self-

cleaning performance accompanied by a decrease in hydrophilicity.
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1. INTRODUCTION

Water scarcity affects one in three people globally." Water
purification involves the removal of undesired chemicals,
biomolecules, ions, salts, minerals, and solid waste from
contaminated water. Membrane filtration is an important and
promising method for water purification, reclamation, and
reuse. Membranes of various pore sizes can be used for a wide
range of objectives, from simply removing disease—causin%
microorganisms2 to desalination by reverse osmosis.’
Membranes also serve as an efficient, simple, scalable separation
method in various industries such as food and beverage, dairy,
and bio/pharmaceutical industries.>™®

Membrane operations for any application suffer from three
major obstacles: low flux, poor selectivity, and fouling.
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Membranes with high flux (or permeability) are desired
because this allows operating at lower pressures or using
smaller membrane areas. Membranes also need to have good
and stable selectivity, so they can reliably remove undesired
components. In either case, higher permeability means better
energy efficiency and lower costs. Fouling, simplistically
described as the loss of permeability of the membrane due to
the adsorption and adhesion of feed components on its
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surface,” ™" can lead to very significant losses in productivity,
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increasing energy use, cleaning and membrane replacement
costs, chemical use, and downtime.''™"*

One promising approach for modulating membrane perform-
ance and protein adsorption involves the use of polymeric
materials whose surface chemistry changes from hydrophobic
to hydrophilic in response to external stimuli'® such as
temperature,">'® pH,'”'® magnetic'’ or electric fields,”" ionic
strength,”"** or light.**~>* The switch to the hydrophilic state
sometimes entails a large degree of swelling that can serve as a
mechanical push for the removal of adsorbed proteins and
microorganisms. In this vein, controlling the hydrophilic/
hydrophobic state of a membrane surface using external stimuli
can be employed to design self-cleaning membrane surfaces and
decrease membrane fouling.”°~* Self-cleaning membrane
surfaces can be formed by surface coating or grafting nonpolar
hydrophobic polymers such as silicone-based”” and fluori-
nated””*" responsive polymers.

Light has attracted attention as a stimulus of choice for
creating responsive surfaces due to its remote but fast effect on
material properties. Spiropyran (SP) is a well-known photo-
chromic group that, in response to UV light irradiation,
undergoes a photoreversible isomerization from the neutral
hydrophobic SP form to a zwitterionic, hydrophilic merocya-
nine (MC) form. Zwitterions are molecules that comprise an
equal number of covalently bound cations and anions, with
overall neutral charge. The unique coexistence of opposite
charges bridged through organic spacers provides zwitterions
extremely high polarity. This feature leads to exceptional
antifouling properties for zwitterionic materials; they are highly
resistant to the adsorption of proteins and other biomolecules
from aqueous solutions.>*™>> Therefore, the zwitterionic MC
form of this photochromic functional group is highly
hydrophilic and fouling resistant. In addition, the MC form
can return to the initial SP state by visible light irradiation.
When integrated into membranes, these features of SP enable
photoresponsive membranes whose pro;)erties such as solvent
permeability®>*” and surface wettability”*** can be controlled.
However, approaches designed for self-cleaning, where a
deposited foulant layer is removed from the membrane surface
in response to light irradiation, have not been explored
extensively.

A common approach for imparting photoresponsive behavior
to membranes involves grafting spiropyran-containing polymers
from a pre-existent membrane surface.””*”*’ Grafting of these
photoresponsive chains can be achieved by photoinitiated
grafting (UV and non-UV), redox-initiated grafting, plasma-
initiated grafting, thermal grafting, and controlled radical
grafting methods such as atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation chain transfer
(RAFT) polymerization.'**' However, surface-initiated grafting
can potentially alter the chemical structure and morphology of
the membrane’s selective layer, which may result in undesired
changes in permeability, pore size, and selectivity of the
underlying membrane. In addition, this method can be
expensive, adding a complicated postprocessing step to
membrane manufacture. Coating, on the other hand, is an
easier process that can conveniently be scaled up to the roll-to-
roll manufacturing systems commonly used in membrane
systems. To date, photoresponsive membrane coatings have
typically focused on controlling membrane selectivity and
permeability.””**~**

Most membranes that change their surface energy in
response to light simultaneously exhibit a drastic change in

pore size and permeability due to the long photoresponsive
polymer chains used in their manufacture. Upon UV
irradiation, the grafted photoresponsive polymer chains swell
into the membrane pores, decreasing effective pore size and
flux. Thus, most studies on SP-containing photoresponsive
membranes have focused on tuning the permeability and pore
size of the membrane and changing surface hydrophilicity.
Similarly, light-induced changes in charge and polarity between
the SP and MC forms of spiropyrans have enabled their use in
developing %ated materials that release guest molecules on
demand.*~" However, in filtration operations where steady
performance is needed, this may not be desired. Furthermore,
although some studies show that membranes that display the
MC form on their surface foul less than the SP form,* to our
knowledge, self-cleaning membranes that remove a pre-existing
foulant layer upon exposure to light and the mechanisms
involved in such a process have not yet been reported. Most
studies on self-cleaning membranes to date have focused on
titanium dioxide (TiO,), which generates hydroxyl and oxygen
radicals that degrade organic materials upon exposure to UV
light.>~>* TiO, is also superhydrophilic and can impart better
fouling resistance to membranes. These materials are highly
effective, but side reactions associated with the generated
radicals may also damage the membrane material, limiting the
life and stability of these membranes. To our knowledge, the
removal of predeposited fouling layers by a photoresponsive
polymer has not been studied.

In this paper, we introduce new self-cleaning, photo-
responsive membranes that remove foulant layers upon
exposure to UV light, exhibit reversible surface chemistry
changes, and sustain stable pore size and permeance. These
membranes are prepared by coating a commercial membrane
with a thin layer of a comb-shaped copolymer with a
hydrophobic polyacrylonitrile (PAN) backbone and short
photoresponsive spiropyran methacrylate (SPMA) side chains
to create thin film composite (TFC) membranes. In this
system, the SPMA groups on the membrane surface switch
from a hydrophobic state to a hydrophilic/zwitterionic state
upon UV exposure. The comb architecture is important,
because the mobility of the side chains allows them to expand
and push away foulants. Unlike diblock or multiblock
architectures, comb-shaped copolymers can create a dense
brush of many short polymer chains on a surface by self-
assembly,”*>® which may enhance fouling resistance.*>® The
free movement of side chains may also enable greater
conformational and morphological changes upon light
exposure, which can impart a physical/mechanical component
to the self-cleaning process. We show that these membranes
exhibit complete self-cleaning upon UV irradiation, fully
recovering their initial water flux. Furthermore, partial self-
cleaning is observed even during the conversion of the MC
groups to the more hydrophobic SP groups by visible light
exposure, driven by morphological changes on the membrane
surface mechanically removing foulant layers. To the best of
our knowledge, this is the first study that demonstrates SP-
based membranes can remove preformed fouling layers by a
simple, nonmechanical intervention of exposure to UV light. It
is also the first report, to our knowledge, of self-cleaning
performance accompanied by a decrease in hydrophilicity.

2. EXPERIMENTAL SECTION

2.1. Materials. Acrylonitrile (ACN), a-bromoisobutyryl bromide,
azobis(isobutyronitrile) (AIBN), 4-methoxyphenol (MEHQ), copper-
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(I) chloride (CuCl), N,N,N’,N’,N”-pentamethyldiethylenetriamine
(PMDETA), bovine serum albumin (BSA, 66.5 kDa), and
phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), methanol (MeOH), acetone, and isopropanol
(IPA) were purchased from VWR (West Chester, PA, USA).
Deuterated dimethyl sulfoxide (DMSO-ds) was obtained from
Cambridge Isotope Laboratory (Tewksbury, MA, USA). All chemicals
and solvents were of reagent grade and used as received, except ACN,
which was purified by passage through a basic activated alumina
column. 1’-(2-Methacryloyloxyethyl)-3',3'-dimethyl-6-nitrospiro(2H-
1-benzopyran-2,2'-indoline) (SPMA) was synthesized following
previous papers by first preparing a hydroxyl-functional spyropyran
from the commercially available compound 2,3,3-trimethyl-3H-indole
and then coupling it with methacroyl chloride to prepare the
methacrylate.”” The brominated monomer 2-aminoethyl methacrylate
(BBEM) was prepared by the reaction of 2-hydroxyethyl methacrylate
with 2-bromoisobutyryl bromide following published methods,*® and
PVDF400R ultrafiltration membranes purchased from Nanostone Inc.
(Oceanside, CA, USA) were used as the base membrane for the
polymer coatings.

2.2. Synthesis of Comb Copolymer PAN-g-SPMA. A comb-
shaped copolymer with a polyacrylonitrile (PAN) backbone and side
chains made of photoswitchable SPMA repeat units was synthesized
following a two-step reaction scheme. The backbone poly-
(acrylonitrile-random-BBEM) (P(ACN-r-BBEM)) was synthesized
by the free radical copolymerization of ACN and 2-(2-
bromoisobutylryloxy)ethyl methacrylate (BBEM) using AIBN as
catalyst. BBEM, ACN, and AIBN were dissolved in dimethylforma-
mide (DMF) in a 25 mL three-necked round-bottom flask. The
solution was purged with argon for at least 20 min. The reaction was
stirred at 80 °C overnight under an argon atmosphere. Then, the
reaction mixture was precipitated into methanol, and the resulting
precipitate was collected by filtration. The precipitate was dissolved in
~10 mL of DMF and precipitated again into a 1:1 mixture of acetone
and methanol. After filtration, the polymer collected was dried in a
vacuum oven for over 2 days. The white solid copolymer obtained was
characterized by "H NMR (500 MHz, DMSO-d) 6 4.30—4.50, 3.60—
3.25, 2.25—1.45 (all broad signals). The copolymer was prepared at
two compositions, with ACN:BBEM ratios of 105:1 and 144:1 by
mole. To estimate the molar mass, dynamic light scattering (DLS)
measurements were conducted on 1 mg/mL solutions of the
copolymers in DMF (Supporting Information, section S1.1).

P(ACN--BBEM)-g-SPMA (PAN-g-SPMA) was synthesized via
atom transfer radical polymerization (ATRP) using macroinitiator
P(ACN-~-BBEM) and SPMA. P(ACN-r-BBEM), SPMA, and
PMDETA were dissolved in DMF to make a 10—20% solution by
weight in a 100 mL Schlenk tube. After three freeze—pump—thaw
cycles, the solution was frozen with liquid nitrogen, and CuCl was
carefully added into the Schlenk tube under argon protection. The
tube was vacuumed for another 10 min, after which the reaction was
thawed and stirred overnight at 65 °C under argon. The solution was
exposed to air for an hour to oxidize the copper salts, which were then
removed by passing the solution through an alumina column. The
mixture was precipitated in methanol. The solid collected was
extracted against copious methanol over 2 days. After filtration, the
purple solid collected was dried in a vacuum oven over 2 days. The
copolymer composition and side-chain length were determined using
'H NMR (500 MHz, DMSO-d,) & 8.30—7.70, 7.30—6.40, 6.20—5.60,
4.60—3.60, 3.25—3.00, 2.30—1.80, 1.30—0.30 (all broad signals). Peak
assignments were adopted from the work of Raymo et al”® The
copolymer was prepared at two side-chain lengths: 12 and 20 SPMA
units per initiating Br, as determined by NMR. In the rest of this
paper, the synthesized comb copolymers are named SPMAI2 and
SPMA20. The molar masses of the comb copolymers were estimated
using the molar masses of the backbone copolymers obtained from
DLS measurements and the side-chain length obtained from 'H NMR
(Supporting Information, section S1.2).

2.3. Preparation of Photoresponsive TFC Membranes with
Comb Copolymer Selective Layers by Coating. Membranes were
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prepared by coating a commercial ultrafiltration support membrane
with PAN-g-SPMA. The copolymer was dissolved in DMSO to make a
12% solution by weight under overnight stirring at room temperature.
A thin layer of copolymer solution was then coated onto a commercial
ultrafiltration (UF) membrane using a coating rod calibrated for a 6
um coating thickness (Gardco). A PVDF400R ultrafiltration
membrane, purchased from Nanostone Inc. (Oceanside, CA, USA),
was used as the base membrane. Following coating, the membrane was
immersed into an isopropanol bath for 1 h to precipitate out the
copolymer and afterward stored in a water bath. The nonsolvent,
isopropanol, was selected due to its low diffusivity with DMSO to
prevent the formation of a porous coating.” The membrane
manufactured using the copolymer SPMA12 is named M-SPMAI2,
and the membrane manufactured using the copolymer SPMA20 is
named M-SPMA20.

2.4. Water Permeability. All filtration experiments were
conducted with an Amicon 8010 stirred, dead-end filtration cell
(Millipore) with a cell volume of 10 mL and an effective filtration area
of 4.1 cm?, attached to a 3.5 L dispensing vessel. The cell was stirred at
500 rpm using a stir plate, and a pressure of 10 psi (0.07 MPa) was
used. A Scout Pro SP401 balance connected to a Dell laptop was used
to automatically measure the permeate weight every 30 s using
TWedge 2.4 software (TEC-IT, Austria). The permeate flow occurs
one droplet at a time; hence, the measured volume at each data point
can vary by 1-2 droplets amounting to 0.05—0.1 mL. In water
permeability tests, the membrane was first allowed to stabilize by
filtering deionized (DI) water at least overnight under 30 psi (0.21
MPa) of pressure. The end of the stabilization period was taken to be
the zero time point in the filtration plots. Following stabilization, the
water permeability of the membrane was measured. Then, the cell was
opened, the membrane swatch was exposed to UV irradiation, and the
water permeability was measured again. This procedure was
subsequently repeated for the case of visible light exposure. Each
membrane was exposed to two successive UV + visible exposure
cycles, and the permeability was measured after each exposure. The
irradiation time was fixed as 1 h for the M-SPMA12 membrane and 2 h
for the M-SPMA20 membrane. For UV irradiation, a UVP compact
and hand-held UV lamp equipped with a 254/356 nm split tube was
applied using the 254 nm wavelength section. An incandescent light
bulb was used for visible light irradiation (450—550 nm). The
membrane surface was kept wet during all exposures, and the light
source was held 4 cm above the surface.

2.5. Protein Rejection, Fouling, and Self-Cleaning. The
rejection, fouling, and self-cleaning properties of the membranes
were studied using the dead-end stirred cell filtration systems
described above. All filtration runs were conducted at 10 psi (0.07
MPa) after overnight stabilization at 30 psi (0.21 MPa). Model foulant
solution comprised 1 g/L BSA (6.5 kDa) in PBS (H 7.4). To
determine the pure water permeability, BSA rejection,and fouling
resistance, DI water was first filtered for 2 h to determine the initial
flux. Then PBS solution was filtered for 2 h. The foulant solution, 1 g/
L BSA (6.5 kDa) in PBS, was filtered for 2 h. The filtrate was used to
calculate rejection, which is defined as

100(C; — CP)
Cf

(1)

were R is the protein rejection (%), C; is the feed concentration (mg/
L), and C, is the permeate concentration (mg/L). Protein
concentration in the feed and filtrate was quantified by measuring
the UV absorbance at 280 nm utilizing a Thermo Scientific Genesys
10S UV—vis spectrophotometer equipped with a high-intensity xenon
lamp and dual-beam optical geometry. Finally, PBS and then DI water
were filtered again to compare fluxes before and after fouling. To test
the self-cleaning capability upon light exposure, the five-step BSA
fouling cycle was succeeded by light exposure on the fouled membrane
surface covered with a thin layer of water and then refiltration of DI
water to see the consequent water permeability. This complete
procedure was conducted four times on each membrane, starting from
the as-coated state and, after each fouling cycle, subjecting the surface
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Spiropyran

Merocyanine

Figure 1. (a) Two-step synthesis scheme for the comb-shaped PAN-g-SPMA copolymer and (b) switchable chemistry between the spiropyran and

zwitterionic merocyanine.

Table 1. Compositions of the Reaction Mixture and Product Macroinitiator P(ACN-r-BBEM)

reaction mixture composition

copolymer composition

polymer name BBEM ACN AIBN
10.0 mg

105:1 021g 501 g
P(ACN-r-BBEM)

144:1 011g 268 ¢ 5.0 mg

P(ACN-r-BBEM)

DMF yield (%) ACN:Br mol ratio
20 mL 56 105:1
10 mL 47 144:1

to either UV or visible light treatment on alternate cycles. Light
exposure sources and conditions were the same as described
previously. As a control experiment, base PVDF400R membrane was
also subjected to the five-step BSA fouling cycle followed by UV
exposure and then refiltration of DI water to see the consequent water
permeability.

2.6. Physical Characterization of Photoresponsive TFC
Membranes. Coating layer thickness and surface morphology of
the membranes were characterized using a scanning electron
microscope (SEM, Phenom G2 Pure Tabletop SEM). Cross sections
of the membranes were obtained by first immersing the membrane in
liquid nitrogen and then cutting it using a clean razor blade. All
samples were sputter-coated with gold—palladium alloy prior to
imaging. SEM images of the uncoated PVDF base and the coated
membranes were acquired at the same magnification (10,000X).

The switching of the SPMA side chains between SP and MC forms
in the copolymer selective layers of the membranes was documented
by attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy. The ATR-FTIR spectra were recorded using a Jasco
FTIR-6200 spectrometer (Jasco Instruments, Tokyo, Japan), equipped
with a deuterated triglycine sulfate detector and a multiple-reflection,
horizontal MIRacle ATR accessory. The spectra were analyzed using
the instrument’s SpectraManager software in absorption mode at 4
cm™' resolution with 256 scans between 2000 and 600 cm™.
Background absorption was subtracted from the sample spectra to
establish baseline. The infrared spectra were first collected on the as-
coated membranes, followed by measurements on the same membrane
upon UV and visible light irradiation in two cycles.

Contact angle (CA) measurements were conducted to follow the
changes in surface wettability due to photoinduced conversion
between SP and MC units. A Ramé-Hart contact angle instrument
(Ramé-Hart Instrument Co.) equipped with a horizontal microscope
and camera connected to a video screen was used for the
measurements. The membranes were dried for 24 h at room
temperature prior to any measurements. The CA was measured first
on the as-coated membranes, followed by measurements on the same
membrane upon UV and visible light irradiation, respectively. For
reference, the CA of the base PVDF400R membrane was also
recorded. The volume of each water droplet was 2 uL. The static CA
was calculated right after the droplet had been dispensed using the
droplet screen image. The dynamic CA was measured as five
continuous advancing (6,)/receding angles (6) with deionized
water. Measurements were repeated using different areas of the
membrane; for each result reported, contact angles of at least five
water droplets were used.

The surface roughness of the as-coated and UV- and visible light-
treated membranes was characterized by AFM (Nanoscope Illa
controller, Bruker). Membrane samples were fixed onto microscopy
slides using a double-sided tape. AFM micrographs of 30 X 30 yum®
surface sections were acquired in tapping mode, and RMS roughness
values were obtained directly from scanned images using Gwyddion
software. For each RMS roughness result reported, an average value
was obtained from at least four 30 X 30 pm?’ surface sections.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Copolymers.
Figure 1 shows the synthesis scheme for the comb-shaped
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PAN-g-SPMA copolymer following a two-step reaction
procedure and the switchable chemistry between the spiropyran
and zwitterionic merocyanine.

Compound 1, brominated monomer 2-aminoethyl meth-
acrylate (BBEM), and 1’-(2-methacryloyloxyethyl)-3’,3'-di-
methyl-6-nitrospiro(2H-1-benzopyran-2,2’-indoline) (SPMA)
were synthesized following previous papers.””*® P(ACN-r-
BBEM) (3) was synthesized by the free radical copolymeriza-
tion of the two monomers, brominated BBEM (1) and
acrylonitrile (ACN) (2). Two batches of this copolymer were
prepared at different compositions (Table 1). A sample NMR
spectrum is shown in Figure 2, with CH protons along the

1.00
27.47
53.74

Figure 2. '"H NMR spectrum of macroinitiator 144:1 P(ACN-r-
BBEM) (compound 3 in Figure 1).

backbone (a) appearing around 3—3.3 ppm, backbone CH,
protons appearing around 1.9—2.3 ppm, and the CH, protons
in BBEM (b) appearing around 4.3—4.5 ppm.

To estimate the molar masses of P(ACN-r-BBEM)
copolymers, DLS measurements were performed on 1 mg/
mL solutions of the copolymers in DMF. The 105:1 and 144:1
P(ACN-r-BBEM) copolymers had hydrodynamic radii of 16.6
+ 2.3 and 13.6 = 1.1 nm, respectively. These were converted to
relative molar masses calculated using the Mark—Houwink
equation® based on polyacrylonitrile standards in DME®!
(Supporting Information, section S1.1). These radii were found
to correspond to molar masses of 4.67 X 10* and 3.33 X 10* g/
mol for 105:1 and 144:1 P(ACN-r-BBEM) copolymers,
respectively. It should be noted that these molar masses are

relative values of polymer chains of equivalent hydrodynamic
radius.

To obtain the final product, PAN-g-SPMA, photoswitchable
SPMA side chains were initiated from the Br atoms along the
backbone using atom transfer radical polymerization (ATRP).
Two batches of this copolymer were prepared, labeled SPMA12
and SPMA20, featuring side chains with respectively 12 and 20
SPMA repeat units on average. The compositions of the
products and reaction mixtures are shown in Table 2. An
example '"H NMR spectrum with relevant peaks marked is
shown in Figure 3. All peaks with chemical shifts >5 ppm were

s

a,b cde fgh i j

85 80 7.6 7.0 65 60 55 50 45 40 35 30 25 20 15 1.0  ppm
1 J ) L J

8 5 |2 13 3 2 3.[ |8

= < = o - © B o

Figure 3. '"H NMR spectrum of the comb copolymer SPMAI2
(compound 4 in Figure 1). Peak assignments were adopted from the
work of Raymo et al.>

assigned to SP units, with nine protons per SP unit appearing in
that region.”” All monomer units had a peak corresponding to
the backbone CH protons around 3 ppm. The ratio of these
peaks and the ACN:Br ratio from the backbone P(ACN-r-
BBEM) composition were used to calculate the final copolymer
composition, listed in Table 2 along with the composition of
the reaction mixtures. In addition to 'H NMR results, elemental
analysis (EA) confirmed the successful incorporation of
initiating Br atoms into the macroinitiator and that the ATRP
polymerization of SPMA units had been successfully initiated
from the macroinitiator (Supporting Information, section S2).

The molar masses of the comb copolymers were estimated
using the calculated molar masses of the backbone copolymers
described above. Using the backbone:side chain weight ratios of
47:53 and 40:60 for SPMA12 and SPMA20 copolymers (Table

Table 2. Compositions of the Reaction Mixture and Product Comb Copolymers®

reaction mixture composition

polymer P(ACN-r-BBEM)
name backbone SPMA CuCl PMDETA
SPMA12 07 g 08 g 18.7 mg 58 mg
(105:1)
SPMA20 043 g 077 g 5.3 mg 30 mg
(144:1)

copolymer composition

reaction time yield (ACN-r-BBEM):SPMA wt Br:SPMA mol
(h) (2) ratio ratio
20 1.01 47:53 1:12
20 1.0 40:60 1:20

“The macroinitiator composition (see Table 1) used in each comb copolymer is indicated in parentheses below the macroinitiator mass.
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8 um 8 pm

W

8 pm

Figure 4. Cross-sectional SEM images of (a) uncoated PVDF400R base, (b) PVDF400R base coated with SPMA12 copolymer (membrane encoded
M-SPMA12), and (c) PVDF400R base coated with SPMA20 copolymer (membrane encoded M-SPMA20).

2), their molar masses were estimated to be 9.91 X 10* and 8.33
X 10* g/mol, respectively (Supporting Information, section
S1.2).

3.2. Preparation of Thin Film Composite (TFC)
Membranes with Photoresponsive Comb Copolymer
Selective Layers. We have successfully prepared TFC
membranes by coating a thin layer of the comb-shaped
photoresponsive copolymers on a commercial PVDF400R
ultrafiltration (UF) membrane. In these TFC membranes, the
comb copolymer coating serves as the selective layer that
determines the effective pore size of the membrane. The base
PVDF400R membrane simply serves as mechanical support.
Cross-sectional SEM images of the uncoated PVDF400R base
membrane and the coated membranes are shown at the same
magnification (10,000%) in Figure 4. The coating layer can be
observed for both membranes. It is dense (ie, without
macroscopic pores) with a thickness of approximately 1 ym.
Surface SEM images were also acquired for both M-SPMAI12
and M-SPMA20 membranes in each form (Supporting
Information, section S3) and exhibited no large pores or
defects. The coating layer adhered well to the base membrane,
through partial penetration of the polymer into the membrane
pores and through intermolecular interactions. No delamina-
tion was observed throughout the study.

3.3. Photoresponsive Switching of the TFC Mem-
branes. The switching of the SPMA side chains between SP
and MC forms in the comb copolymer selective layers of the
membranes can be observed visually, because the SP and MC
forms of these functional groups are of different colors due to
differences in their conjugated structures. The zwitterionic MC
form is deep purple, whereas the hydrophobic SP form appears
yellow. This enables us to qualitatively observe the response of
the copolymer without the need for additional instrumentation.
In these experiments, the M-SPMA12 membrane was observed
to respond more quickly to both visible and UV irradiation. In
Figure S, the picture on the left shows the light pink surface of
the M-SPMA12 membrane prior to any phototreatment (as-
coated state). This indicates that the polymer in this state
contains some but not all functional groups in the MC form.
Past studies show that in highly polar solvents, SPMA polymers
exist with higher fractions of functional groups in MC form.**
The solvent selected for preparing these coatings, DMSO, is a
highly polar solvent, which likely led to the final color of the
coating. Preliminary experiments with other coating solvents
(e.g, dichloromethane) indeed showed that coatings prepared

@) ©

(b)
UV VIS

Figure S. Photographs of the M-SPMAI12 membrane surface: image
taken (a) prior to any photo treatment, (b) after 1 h of UV irradiation,
and (c) after 1 h of visible light irradiation.

from less polar solvents often appeared more yellowish (data
not shown). Thus, the coating solvent has a visible effect on the
MC/SP ratio of the functional groups in the polymer even after
the solidification of the coating.

When the membrane was exposed to UV light at 254 nm
wavelength for 1 h, the membrane surface turned completely
purple, indicative of MC formation. This MC-dominated
surface was then exposed to visible light for 1 h again, which
led to the yellow membrane surface with SP configuration of
polymeric chains. Similar changes were observed in the case of
the M-SPMA20 membrane, although both UV and visible light
exposure periods had to be extended to 2 h due to observed
slower kinetics of the switch.

ATR-FTIR was used to further characterize the photo-
induced conversion of SP to MC on membranes. The ATR-
FTIR spectra (Figure 6) were first collected on the as-coated
membranes, followed by measurements on the same sample
upon UV and visible light irradiation in two consecutive cycles,
each involving 1 h of exposure for M-SPMA12 and 2 h of
exposure for M-SPMA20. Fingerprint IR peaks of particular
importance pertinent to ring-closed SP and ring-opened MC
forms are listed in Table 3.

In both membranes, the SP-specific absorbance bands of N—
Copire—O at 956 cm™! and C—O—C at 1090 cm™ decrease in
intensity during the first UV irradiation and increase back upon
visible light irradiation, confirming the changes in SP
population in response to light. The higher intensity of these
bands in the as-coated and visible-irradiated surfaces shows that
both consist mainly of SP groups. Upon UV exposure, SP
groups are converted to MC form, as exhibited by a decrease in
the intensity of these two peaks. Even after the first UV +
visible irradiation cycle, both M-SPMA12 (Figure 6a) and M-
SPMA20 (Figure 6b) can convert back to the MC form upon
UV exposure. However, the structure stabilizes there, showing
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Figure 6. FTIR spectra of the as-coated and UV- and visible light-
irradiated samples (a) M-SPMA12 and (b) M-SPMA20.

Table 3. Important FTIR Frequencies of PAN-g-SPMA
Polymer in SP and MC Forms”

wavenumbers (cm™)

assignment spiropyran merocyanine
N—Cgire—O 956
C—C—N bend 1027
C—O—C ether asym stretch 1090
C—C=C asym stretch 1482 1482
NO, sym stretch 1518 1518

“Peak assignments were adopted from the works of Fries et al® and
Dattilo et al.**

no further molecular rearrangement in response to light
treatment.

The chemical surrounding of the SP molecules has a
significant effect on the kinetics of the reversing from MC to
SP, and it is known that a more hydrophilic environment
stabilizes the MC form.”>°® For a filtration membrane to be
deployed in water treatment, the slow ring-closing kinetics of
the zwitterionic MC form toward the SP form and the
photostability of the MC form are highly favored attributes,
because they would increase the operational life span of the
hydrophilic membrane surface after the on-demand formation
of the MC state surface. Whereas these FTIR studies indicate
that the reversibility of the SP/MC switch declines in time due
to fatigue, our preliminary studies on reversibility kinetics show
that a higher number of switching cycles is potentially feasible.
Color change on the membrane surface is observed at exposure

times as short as 30 s, as opposed to the 1—2 h exposure
periods used in the ATR-FTIR studies. Thus, either a stable
MC state of the membrane or a higher number of switching
cycles can be attained depending on the desired application by
adjusting the light exposure period. For an on-demand self-
cleaning system as designed in this study, a sustainable
hydrophilic MC state would be desirable after the release of
unwanted foulant molecules upon UV exposure, and thus the
exposure periods were kept long (1 h for M-SPMA12 and 2 h
for M-SPMA20) to ensure a sustainable hydrophilic surface
dominated by MC molecules.

3.4. Water Permeability Change of the TFC Mem-
branes. In addition to changes in surface hydrophilicity, the
switch from the SP form to the MC form is expected to change
the conformation of the side chains of the copolymer in water.
The MC form will be more swollen in water, whereas the SP
form would be rather collapsed. This may cause changes in
membrane permeability and selectivity. In addition, water is
expected to plasticize the MC form of the copolymer due to its
hydrophilicity. This implies that, upon the first UV exposure,
the copolymer may be able to undergo a specific rearrange-
ment. To determine if the water permeability of the membranes
changes upon the switching of the photoresponsive groups
between their two forms, we measured the water flux through
the TFC membranes before and after exposure to light.

First, the water permeability through the as-coated
membrane was measured. Then, the same membrane swatch
was subjected to two successive UV and visible light exposure
cycles (1 h for M-SPMA12 and 2 h for M-SPMA20), and the
water permeability was measured after each exposure. Figure 7
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Figure 7. Water permeability changes of the M-SPMAI12 and M-
SPMA20 membranes.

shows that the initial visible light treatment did not lead to any
change in permeability for either membrane. On the other
hand, an increase in the permeability of the M-SPMA12
membrane, to 112% of its original value, was observed upon
first UV irradiation. Despite the successive visible and UV
exposures that followed, water permeability did not show any
further change, proving membrane performance robust. M-
SPMA20 showed a reversible initial decrease in its permeability
upon UV irradiation, to 67% of its original value. In this case,
the permeability change was found switchable for another cycle
of visible and UV treatments. This conformational rearrange-
ment of SPMA chains induced by the photochromic switch is
reflected in changes to solute rejection by the membranes
consistent with the changes in flux, discussed in more detail in
the next section.
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Figure 8. Fouling resistance and self-cleaning performance of the M-SPMA12 membrane.

The short side-chain length of this copolymer is likely the
cause of this behavior. The 12 repeat unit side chains show a
much smaller difference in end-to-end distance upon switching
between collapsed and highly expanded states. This chain
length is likely quite short to achieve a truly Gaussian chain,
especially given the large side groups limiting chain flexibility.
The end-to-end distance of a fully extended, all-trans 12-mer of
SPMA can be calculated to be 3.0 nm by assuming a C—C bond
length of 0.154 nm and a bond angle of 109°. The root-mean-
square (RMS) end-to-end distance of a polymer in its
unperturbed state, such as that in bulk, can be calculated from

21/2 1/2.1/2
) =g n’l (2)

where (r*)/% is the unperturbed RMS end-to-end distance, cq,
is the characteristic ratio, n is the number of links (twice the
degree of polymerization for a vinyl polymer), and ! is the bond
1ength.60 Although we could not find the ¢, value for SPMA,
the values for other methacrylates with large side groups (e.g,,
poly(2-triphenylmethoxy)ethyl methacrylate) range between
14 and 19.°” The unperturbed end-to-end distance for a 12-mer
of SPMA can be calculated to be 3.3 nm using c,, = 19, which is
higher than the fully extended chain end-to-end distance. Side
chains of SPMAI2 are therefore too short to show Gaussian
behavior. It is likely that these side chains are mostly extended
due to short-range interactions between the bulky SPMA side
groups and are unlikely to show significant variations in end-to-
end distance upon changes in solvent quality. We hypothesize
that this is why no significant reversible changes were observed
in the pore size of M-SPMAI12 upon irradiation with UV light.
Pore size changes mediated by swelling/deswelling transitions
of the responsive polymer chains, which are the most common
mode of responsive behavior in membranes, are unlikely to be
prevalent in this system due to the short side-chain length. In
contrast, we propose that longer SPMA chains are more flexible
and have increased capability to change their conformation
reversibly, leading to the changes in permeance and rejection
documented here.

3.5. Protein Rejection, Fouling, and Self-Cleaning by
Light Exposure. To demonstrate that the designed mem-
branes can perform an on-demand removal of preformed
fouling layers by simple UV exposure and that they can
maintain stable pore size and permeance throughout, we
conducted cyclic fouling reversibility or, in other words, self-
cleaning tests. For quantifying these features, we performed
dead-end stirred cell filtration tests with a protein solution
frequent?f used for characterizing fouling potential, 1 g/L BSA
in PBS.°**” However, prior to the self-cleaning tests, we

13626

intended to examine protein release from the membrane
surface and determine any potential dissolution of the UV-
induced MC state of the copolymer from the membrane surface
into the PBS solution. Whereas the UV-exposed copolymer was
stable in DI water, the water solubility of zwitterion-containing
compounds increases with increasing ionic strength, an effect
termed the anti-polyelectrolyte effect.””~’> Thus, the copoly-
mer may be partially soluble in high ionic strength solutions
such as PBS, even if it is insoluble and stable in deionized water.
To prevent protein aggregation, fouling experiments have to be
conducted with BSA dissolved in PBS, so it is important to
confirm the stability of the membrane selective layers in this
saline solution.

We performed time-dependent UV irradiation experiments
on a prefouled as-coated membrane surface covered with a thin
layer of PBS solution. First, the BSA foulant solution (1 g/L
BSA in PBS) was filtered for 2 h after overnight stabilization
with DI water at 30 psi (0.21 MPa). After that, the membrane
surface covered with a thin layer of PBS solution (3 mL) was
exposed to UV light for S min. The solution covering the
membrane was analyzed after each S min UV exposure period
using UV—visible spectrophotometry to determine contents
released from the membrane surface up to a total exposure
period of 280 min.

The time-dependent absorbance spectra of the PBS solution
covering the M-SPMA12 membrane (Supporting Information,
Figure S2) show that solely BSA is released from the membrane
surface for the complete UV exposure period of 280 min. This
indicates that self-cleaning occurs, as shown by the release of
the BSA from the membrane surface, but the SPMA12 polymer
in its MC form does not dissolve in PBS. In addition, the
stability of the MC form M-SPMA12 membrane during PBS
filtration was confirmed by sequentially filtering water, PBS,
and water again. No change in permeance was observed
(Supporting Information, Figure S3). This indicates that both
MC and SP forms of the SPMA12 copolymer are stable in PBS,
and the M-SPMA12 membrane is suitable for UV-stimulated
self-cleaning even in saline environments. On the other hand,
the absorbance spectra of the PBS solution covering M-
SPMA20 (Supporting Information, Figure S2) show peaks
pertinent to the SPMA20 copolymer after a 200 min UV
exposure. This indicates the solubility of MC state SPMA20
copolymer in PBS, hindering the use of M-SPMA20 as a light-
responsive self-cleaning membrane in saline environments. The
UV exposure time applied in this set of experiments was 2 h,
determined visually from the surface color change, to maximize
the MC presence on the membrane surface. In this case, the
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copolymer lost from the MC state surface of the M-SPMA20
membrane in saline environments would result in gradual
thinning of the coating layer and lead to poor membrane
stability and performance.

Self-cleaning studies involved several fouling—rinse—irradi-
ation cycles, through which both the fouling potential of the
MC and SP states of the copolymer were evaluated and the
removal of the foulant layer was documented. The membrane
was first stabilized by filtering DI water. The initial DI water
permeability was recorded. PBS solution was then filtered
through the membranes for 2 h, to account for any potential
effects of this ionic strength change and condition the
membrane. Then, 1 g/L BSA in PBS was filtered for 2 h,
during which the flux was monitored. The membrane was
rinsed with PBS and then PBS and DI water were filtered again.
The difference between the initial and final DI water fluxes
indicates irreversible/adsorptive fouling propensity. To test the
actual self-cleaning capability, the fouled membranes immersed
in water were exposed to UV light (1 h for M-SPMA12 and 2 h
for M-SPMA20). This complete procedure was repeated four
times, starting from the as-coated state and, after each fouling
cycle, subjecting the surface to either UV or visible light on
alternate cycles. Tests were performed on both M-SPMAI2
(Figure 8) and M-SPMA20 (Supporting Information, Figure
S4) membranes in addition to the base PVDF membrane used
as a control (Supporting Information, Figure SS). The water
flux of PVDF400R declined to 62% of its original value and did
not show any increase in response to UV irradiation. In
addition, BSA rejection was calculated in each fouling cycle to
determine the light-triggered changes in selectivity (Table 4).

Table 4. BSA Rejection of the M-SPMA12 and M-SPMA20
Membranes

BSA rejection (%)

fouling cycle M-SPMA12 M-SPMA20
1 97 93
2 922 96
3 93 95
4 93 93

Figure 8 shows that the as-coated M-SPMAI12 fouled in the
first fouling cycle, with its water flux decreasing to 75% of its
original value. Interestingly, the membrane returned to its initial
water flux upon first UV exposure, indicating removal of the
foulant layer and recovery of initial membrane performance. In
addition, this UV-induced MC state of the membrane surface,
despite its as-coated state, showed excellent resistance to
irreversible fouling by BSA, proving the MC-dominated
membrane was fouling resistant for a significant time period
even after the on-demand surface cleaning. A subsequent visible
light exposure switched the surface back to its initial SP form,
which was evidenced by fouling results similar to that of the as-
coated state. When the next UV exposure followed, the result
obtained was the same as that observed in the first UV
exposure: complete flux recovery and a very fouling resistant
surface afterward.

BSA rejection values obtained from each fouling cycle (Table
4) indicate that the pore size increases after the first UV
exposure, paralleling the UV-induced water flux increase
discussed in the previous section (Figure 7). After that, BSA
rejection remained within a tight range through the next two
fouling cycles performed.

The self-cleaning ability of the M-SPMA12 membrane upon
UV exposure arises from two mechanisms: an increase in
surface hydrophilicity (chemical) and a change/movement in
surface morphology (mechanical). As a control experiment to
demonstrate the presence of both of these mechanisms, we
tested if the water flux of a fouled membrane surface in its MC
form can self-clean upon exposure to visible light. In this
experiment, there is no chemical self-cleaning; the surface
becomes less hydrophilic upon visible light exposure, so we
would expect the foulants to adsorb more strongly to the
surface. However, the morphological/conformational changes
to the membrane surface occur in both types of transitions
(MC to SP or SP to MC). Thus, this experiment isolates the
effects of the “mechanical” self-cleaning, not previously
reported in other systems.

For this purpose, we first converted an M-SPMAI12
membrane to its MC state by UV exposure. Then, we
subjected it to a longer, 24 h, BSA fouling test and observed
if any water flux recovery can be achieved by exposure to visible
light. In this set of experiments, we followed the consecutive
steps (1) filter DI water through the as-coated M-SPMA12
membrane for 2 h to determine the initial flux, (2) irradiate the
membrane surface with UV light and then filter DI water again,
(3) filter 1 g/L BSA in PBS solution for 24 h to simulate
protein fouling, (4) filter DI water again to determine fouling
propensity, and () irradiate the membrane surface with visible
light and then filter DI water again. Figure 9 shows the filtration
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Figure 9. Visible light induced self-cleaning in the M-SPMAI2

membrane. “W” stands for water.

data for only the last 2 h of recorded 24 h BSA filtration data,
for the sake of clarity. Even though the 2 h BSA filtration did
not result in any decline in the flux of the MC state M-SPMA12
membrane (Figure 8), the longer, 24 h, BSA filtration led to a
33% decline in the water flux that was not reversed by a water
rinse (Figure 9). Afterward, the fouled membrane surface was
exposed to visible light for 1 h. This exposure afforded partial
flux recovery. This finding suggests a self-cleaning mechanism
driven by the light-induced switch between MC and SP states,
regardless of the direction in switch between MC and SP states.
The self-cleaning behavior observed for this system, where the
surface became less hydrophilic but also experienced a
morphological change, demonstrates a novel mechanism that
has a mechanical component in addition to the changes in
hydrophilicity. It is also the first report, to our knowledge, of
self-cleaning performance accompanied by a decrease in
hydrophilicity.

The as-coated M-SPMA20 membrane showed fouling in the
first cycle with its water flux decreasing to 67% of its original
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value (Supporting Information, Figure $4). However, the flux
rose to a level above its initial value when the membrane was
exposed to UV light after the first fouling cycle. This flux
increase, stemming from the MC state SPMA20 copolymer
dissolution in PBS, did not match the UV-induced flux decline
observed in the previous section (Figure 7). In successive
fouling cycles, visible or UV treatment appeared to offer partial
recovery in flux; nevertheless, these results were deemed not
reliable due to the discussed dissolution effect. On the other
hand, in line with this UV-induced flux decline in the previous
section, pore shrinkage upon UV exposure was manifest
through the increase in BSA rejection from 93 to 96% (Table
4) between the as-coated and UV-induced MC states.
Assuming a continuous, defect-free selective layer is present
in all experiments, these rejection values should be independent
of selective layer thickness. Thus, these results indicate that the
SPMA side chains in the copolymer change their conformation
as they switch between MC and SP states. The longer side-
chain length in this copolymer is likely the reason such changes
are observed. The side-chain length of SPMAI12 is possibly too
short for the changes in side-chain end-to-end distance to be
significant enough in comparison with the membrane pore size
to affect the rejection of BSA.

3.6. Changes in Surface Hydrophilicity and Morphol-
ogy upon Light Exposure. To gain more insight into
photochromic changes in surface chemistry and morphology,
we performed contact angle (CA) measurements. The static
CA of the PVDF400R membrane was found to be 92 + 6°,
confirming a very hydrophobic base surface. Due to its
zwitterionic structure, the MC form of the spiropyran
functional group is much more hydrophilic than its SP
form.”* The static CA (Figure 10) was measured first on the
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Figure 10. Static contact angle of the as-coated and UV- and visible
light-irradiated membranes.

as-coated membrane, followed by measurements on the same
sample upon UV and visible light irradiation, respectively.
Advancing (0,) and receding (6g) angles were also measured
(Table S). The CA of both M-SPMA12 and M-SPMA20
membranes decreased in response to UV irradiation, indicating
a sharp increase in hydrophilic wettability. For M-SPMA12, the
static CA was 68 + 1° (0, = 81 + 1° and G = 42 + 2°) on the
as-coated surface and decreased to S5 + 1° (6, = 70 + 1° and
Oy = 21 + 2°) after UV irraditation. For M-SPMA20, the static
CA was 63 + 1° (0, = 78 + 3° and O = 41 + 1°) on the as-
coated surface and decreased to 56 + 2° (6, = 66 + 1° and 6,
= 22 + 2°) after UV irraditation. The wettability changes
switched back after visible light irradiation, indicating that the

Table 5. Advancing and Receding Contact Angles of the As-
Coated and UV- and Visible Light-Irradiated Membranes

contact angle (deg)

advancing receding

M-SPMA12 as-coated 81 +1 42 +2
uv 70 £ 1 21 +£2

vis 84 + 2 47 £ 1

M-SPMA20 as-coated 78 +3 41 +1
uv 66 + 1 22 +2

vis 78 £2 45 + 1

PVDF400R 108 + S 65 +2

hydrophilic MC form had transformed back to the hydrophobic
SP form.

Most studies of photoresponsive membranes focus on
changes in surface energy as the key factor in changing the
fouling potential. Whereas a surface becoming more hydro-
philic may lead to the removal of foulants, this effect may be
limited by physical/mechanical factors. Proteins that deposit on
surfaces often denature and aggregate. Changes in hydro-
philicity may not be sufficient to mechanically remove these
deposited layers. Photoresponsive polymers, however, may also
undergo physical and morphological changes upon exposure to
light. In addition to the changes in surface chemistry, we expect
the switch between SP and MC forms of the side-chain pendant
groups to affect the conformation and behavior of the
copolymer side chains. This movement on the membrane
surface, enabled by the comb architecture that does not
constrain the photochromic side chains, is expected to
contribute to the self-cleaning performance. To our knowledge,
this contribution to photoinduced self-cleaning has not yet
been studied in photoresponsive membranes.

To document that the light exposure causes the movement of
polymer chains on the membrane surface, we performed AFM
on the self-cleaning M-SPMA12 membrane in the as-coated
and UV- and visible light-irradiated states and monitored the
changes in the surface morphology and roughness. Figure 11
shows that the surface morphology of the UV-treated
membrane is drastically different from both the as-coated and
visible light-treated membranes. The UV-treated surface
features closely packed fine heights with pointed ends atop,
where the visible light-treated surface shows rather a variant
hill-and-valley type topography with a broad and rounded
contour. On the other hand, the as-coated surface displays a
patchwork of both structures, implying the compositional
copresence of SP and MC forms on the surface. RMS
roughness results (Figure 12) follow a similar trend; the as-
coated and visible light-treated membranes show RMS
roughness values of 28 + 2 and 27 + 2 nm, respectively. The
similarity between these morphologies is consistent with other
data that show that the as-coated surface predominantly
comprises the SP form. As expected, the UV-treated surface
shows a very different roughness, 45 + 4 nm, significantly
higher than those of the others. These changes suggest that
when the copolymer side chains switch from the SP to the MC
state, the conformational changes induce a reorganization in
morphology and a motion on the membrane surface. This
motion may promote the removal of a foulant layer by
deforming it and breaking it apart.
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Figure 11. AFM images of the M-SPMAI2 at (a) as-coated, (b) UV-irradiated, and (c) visible light-irradiated states.
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Figure 12. RMS surface roughness values of the M-SPMAI2
membrane at as-coated, UV-irradiated, and visible light-irradiated
states.

Surface roughening improves the wetting yroperties of a
solid material with a positive wetting tendency,” which applies
to the membranes of this study. This implies that the increase
in surface roughness observed in the M-SPMAI2 membrane
when switched from SP to MC form likely contributes to the
decrease in contact angle in addition to the more hydrophilic
surface chemistry.

4. CONCLUSION

In this paper, we demonstrated a new self-cleaning, photo-
responsive membrane that can remove predeposited foulant
layers upon exposure to UV light. The membrane exhibits UV-
triggered surface morphology changes, and it sustains stable
pore size and permeance after UV treatment. We synthesized
novel comb-shaped graft copolymers with polyacrylonitrile
(PAN) backbones and photoreactive spiropyran methacrylate
(SPMA) side chains using atom transfer radical polymerization
(ATRP) at two side-chain lengths. The side chains undergo a
light-induced transition between a hydrophobic spiropyran
(SP) state and a zwitterionic, hydrophilic merocyanine (MC)
state, allowing photoregulated control over membrane features.
We used these comb-shaped copolymers to produce thin film
composite (TFC) membranes by coating a commercial PVDF
membrane with a thin layer of the copolymer solution. Changes
in fingerprint IR peaks indicative of SP and MC forms upon
light treatment were used to confirm the structural difference
between the two forms at a molecular level. The as-coated
membrane surface was found to consist mainly of the
hydrophobic SP groups prior to any phototreatment. These
hydrophobic groups allowed the adsorption of hydrophobic
solutes on channel walls, decreasing flow rate. When the the
photochemical response was reversed by irradiation with UV
light, the hydrophobic SP groups converted to the hydrophilic,
zwitterionic MC groups that released the adsorbed molecules
and permitted water permeation once again. We found that flux
decline through a bovine serum albumin (BSA)-fouled
membrane can be fully reversed back to its original value by
a simple, nonmechanical intervention of exposure to UV light.

The switch between MC and SP states causes morphological
changes on the membrane surface as documented by atomic
force microscopy (AFM). Thus, self-cleaning is attained both
by increased hydrophilicity and by the motion of the membrane
surface during this rearrangement, providing a mechanical push
that enhances the removal of deposited foulants. The
morphological changes enable self-cleaning behavior to be
achieved during the switch from the MC form to the less
hydrophilic SP form also, exhibited as flux recovery upon visible
light exposure. Removal of foulant layers accompanied by a
decrease in hydrophilicity confirms a physical/mechanical
mechanism to self-cleaning. Whereas these photoresponsive
copolymers were used directly as the membrane selective layer
in this study, they are also promising as self-cleaning coatings
for reverse osmosis and nanofiltration membranes as well as
other surfaces prone to organic and biofouling such as pipes
and biomaterials.
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