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ABSTRACT: Self-oscillating filtration membranes having a lifelike pulsatile flow are prepared thanks to a synchronized
coupling between a chemical oscillator and a responsive membrane. Commercial alumina membranes are superficially
functionalized with pH-responsive poly(methacrylic acid) (PMAA) chains synthesized by Reversible Addition -Fragmenta-
tion chain Transfer (RAFT) polymerization of MAA in the presence ofa catechol-based RAFT agent. The grafting of PMAA
onto alumina, mediated through catechol chemisorption, is analyzed by X-ray Photoelectron Spectroscopy, Scanning Elec-
tron Microscopy combined with Energy Dispersive X-ray spectroscopy and static water contact angle. Bromate-Sulfite-
Ferrocyanide (BSF) is used as a chemical oscillator, enabling autonomous cyclic pH-modulation between 3.5 and 6.5. pH
oscillationsare setup in the conditions of membrane filtration inside a filtration cell thanksto a careful study of the bifur-
cation diagram giving the required conditions to reach the oscillation domain. Since PMAA hasa pKaaround 5.8, a periodic
extension-contraction of the polymer chainsis obtained during membrane filtration which leads to a synchronized change
in the membrane pore size. Chemically-powered autonomous pulsatile flow with impressive permeability cycles is observed
with an effective chemomechanical feedback action of the membrane pore size change on the chemical oscillat or mecha-

nism.

INTRODUCTION

Biological systems have an unique ability to communi-
cate with their local environment through chemical and
mechanical energy interconversions.! This processis based
on a network of chemical reactions that a biological cell,
for example, is able to read as a written language in order
to make decisions. In general, the understanding of com-
plex biological systems through the prism of the network
language represents nowadays a very active interdiscipli-
nary field of research which could drive to the emergence
of a new generation of lifelike materials.2

Most nowadays syntheticmaterials are unable to operate
autonomously because of their limited communication
skills.> However structural changes can be triggered by me-
chanical or chemical signalsleading to the expression of a
specific function, which isencouraging but not sufficient.+
So-called "smart" materials have been designed to respond
toa variety of stimuli, such as pH,> temperature,® mechan-
ical strength,” biological triggers,® and electromagnetic
fields.® Various applications have been developed with this
principle, such as sensors,® drug carriers" or actuators.?
However, in these systems, the response of polymer mate-
rials is one-way in the sense that only one action is
achieved when the stimulus is on. For example, when the

temperature is increased over approximately 32°C, poly(N-
isopropylacrylamide) chains exhibit dramatic change from
an extended random coil to a compact conformation.3 As
a result, a repetitive on/off switching of external stimuli is
necessary to cause the two-way action of these materials.
The main drawback of stimuli-sensitive materialsis there-
fore their lack of autonomy to produce cyclic structural
changes.

In this regard, oscillating reactions with large pH varia-
tions have been shown to induce periodic volume changes
of a polymer gel immersed in thereacting solution.A.Yo-
shida reported in 1996 a pioneering work that paved the
way for the development of self-oscillating polymer mate-
rials.'4 In thisstudy, a copolymer was prepared by random
copolymerization of N-isopropylacrylamide (NIPAAm)
and a Ru(bpy)s vinyl derivative. Interestingly,
poly(NIPAAm-co-Ru(bpy);) hasa cloud point temperature
(Tep) that varies depending on the oxidation state of the
transition metal. Belousov-Zhabotinsky (BZ) chemical os-
cillator, involving the oxidation of an organicacid by bro-
mate ion in the presence of a metal-ion catalyst under
acidic conditions, was used. The cyclic permutation of
Ru(bpy);** to Ru(bpy);3* modulates the hydrophilicity of
the copolymer, resulting in a continuous changein Tp.



Table 1. Chemical reactions involved in the BSF mechanism

Index Reaction

1 SOZ"+H* = HSO;

2 HSO; +HY = H,S0,

3 3HSO; +BrO; — 3S02 +Br +3H"

4 3H,S03+BrO; — 3SOZ +Br +6H"

5 BrO; +6 Fe(CN)¢~ +6H* =  Br~ +6 Fe(CN)™ +3 H,0
6 SO~ +H* = HSo,

7 H,S0, - HSO, +H*

Since Ru(bpy); acts as a catalyst for the BZ reaction, a gel
made from cross-linked poly(NIPAAm-co-Ru(bpy);) ex-
hibits an autonomous swelling—deswelling oscillation
driven by the transition metal redox oscillation. Since this
first report, autonomous oscillating polymer materials
have been thoroughly studied's24 and applications in bio-
mimetic soft actuators,>28 functional fluids,?934 and mass
transport systems35739 have been explored.

In thiswork, self-oscillating hybrid filtration membranes
whose flow is made pulsatile in a way similar to blood flow
is described. For this, an alumina membrane functional-
ized by a pH-sensitive polymer is synchronized with a pH
oscillator. A network of chemical reactions with a feedback
loop will produce pH cycles in the surrounding environ-
ment. The polymer material will then "read" the chemical
information and translate it into macroscopic structural
change. This new coupling allows constant communica-
tion between the membraneand its environment and con-
stitutesan essential step towards the synthesis of autono-
mous lifelike materials.

RESULTS AND DISCUSSION

To prepare the self-oscillating system, the surface of an
alumina membrane has been functionalized with a pH-
sensitive polymer, the a-dopamine-poly(methacrylic acid)
(Dopa-PMAA) (Figure 1a). Since the polymer is present at
theinterfaces of the membrane, its conformation (globular
or extended) - which islinked to the surrounding pH - will
directly impact the value of the water flux viaa modulation
of the pore size.

In order to implement the self-oscillating behavior, the
pH-sensitive hybrid membrane is then mountedintoa fil-
tration setup and coupled with pH-oscillator systemin so-
lution (Bromate-Sulfite-Ferrocyanide, BSF) (Figure 1b).
BSF pH oscillator mechanism has been reported by Rabai,
Kaminaga and Hanazaki (RKH) (reactions 1-5, Table 1),
further extended by Sato et al. by adding the protonation
equilibrium of SO,> (reaction 6).# When the SO;> species
is present, reactions1 and 3 predominate and the stoichio-
metric balance showsastableandlow concentration of H*.
The pH of the oscillator is then at its highest. When the
concentration of SO;> drops sufficiently due to its con-
sumption, a large quantity of H* is produced and the spe-
cies H.SO, is then generated via reaction 2. The couple of

reactions 2 and 4 then lead to an autocatalytic production
of H* which drops the pH sharply. The reaction 5 acts, for
itspart, as a negative feedback which consumes H* contin-
uously. The behavior of nonlinear systems depends essen-
tially on their control parameters, namely the initial con-
centrations of each species introduced and the flow of re-
actants passing through an open reactor. When one is far
from the thermodynamic equilibrium of the reactions, the
oscillating BSF system can exhibit abrupt cyclical changes
of pH in an area defined both by the residence time of the
reactantsand their concentration called the oscillating do-
main.

The pH change directly modulates theionization degree
of PMAA chains grafted on alumina membranes. For low
values of degree of ionization (a< 0.2) (pKa ~ 5.8), PMAA
chains adopt a globular conformation and are strongly
folded because of "hydrophobic” interactions from methyl
groups (Figures S1-S3, Supporting Information). The mem-
brane pores are then in an “open” state (Figure 1c). When
deprotonating the PMAA blocks beyond theirpKa, the dis-
sociated groups are therefore very close to one another,
which leads to an accumulation of electrostatic energy.
Above a threshold value of o = 0.20, polymer chains can no
longer support the accumulation of electrostatic energy
and their conformation suddenly change into more
stretched chains for which the distance between ionized
groups increases (pores in a “close” state).# The cyclic
change in pore size is synchronized with the pH-oscilla-
tion, yielding periodical change of the membrane permea-
bility (Figures S8-S12, Supporting Information).

Dopa-PMAAX of three different molecular weights (X:
degree of polymerization = 23, 48, 62, Table S1, Supporting
Information) have been prepared by reversible addition-
fragmentation chain-transfer (RAFT) polymerization with
a dopamine-functionalized RAFT agent in order to elabo-
rate catechol end-functionalized polymers. Commercial
alumina membranes were functionalized (Figure1a) by im-
mersion in a Dopa-PMAA solution (0.044 mol L-1) and left
under elliptical stirring at 100 rpm for 16 hours in the ab-
sence of light. Membranes were then rinsed by immersion
in demineralized water for one hour and then introduced
in thefiltration cell.



Carboxylic acid groups are known to directly interact
with alumina surface so PMAA prepared by RAFT polymer-
ization bearing no dopamine as end-group was tested
first.# X-ray Photoelectron Spectroscopy (XPS) of the
membrane functionalized with PMAA witness its success-
ful deposition (Figures S22 and S27, Supporting Infor-
mation). However, when used in a filtration setup with pH
oscillations, the permeability of the membrane was found
to weakly oscillate which is a consequence of a weak
change ofthe PMAA chain conformationat the membrane
pore surface (Figure Su, Supporting Information). This
could be ascribed to a strong chemisorption through mul-
tiple carboxylic acid groups along the polymer chainslead-
ing to a low degree of mobility. On the contrary, the pres-
ence of a dopamine end-group was found to considerably
increase the oscillation amplitude in permeability which
seems to be preferentiallylinked to the membrane through
its extremity, giving more freedom to the polymer chain to
contract/extend in relation with the pH.

The grafting of the three Dopa-PMAA on the alumina
membrane surface has been characterized by XPS, Scan-
ning Electron Microscopy combined with Energy Disper-
sive X-ray spectroscopy (SEM-EDX) and static contact an-
gle. XPS survey scans of PMAA-grafted alumina surfaces
revealed an increase of Cis peaks (285 eV) and decrease in
Alz2p peaks (74 eV) as compared to the ungrafted sample
(Figures S18-S21, Supporting Information). With a XPS

d PMAA

Na;SO;
+
H,S0;

.
KiFe(CN)

analysis thickness of approximately 100 A, it confirms the
successful superficial grafting of the PMAA. Moreover, the
relative atomic composition indicates enrichment in
PMAA at the surface when the degree of polymerization is
increased from 23 to 48 and then to 62 (Table S2, Support-
ing Information). The grafting is further confirmed in high-
resolution Cis scans with the presence of two peaks at 2863
and 288.7 eV corresponding respectively to C-o and C=o0
coming from PMAA carboxylic acid groups (Figures S23-
S26, Supporting Information). SEM-EDX enabled us to get
more insight on the polymer grafting location, i.e. on the
external surfaces or/and inside the pores. SEM-EDX color
mapping images of Carbon (Figure 2a and Figures S28-S29,
Supporting Information) discriminate two groups of poly-
mers. For X=23 and 48, a progressive decrease of PMAA
amount inside the membrane pores is observed with a
grafting depth of about 1pm. For PMAAG62, the EDX color
mapping image is similar to that of the ungrafted alumina.
Combined with theresults observed in XPS, the conclusion
is that the two smallest PMAA (X=23,48) could freely dif-
fuse and be grafted inside the membrane pores whereas the
longest with X=62 seems to be excluded by sieving effect
and was therefore mostly grafted at the membrane external
surface as illustrated in Figure 1b. The grafting reaction did
not alter the macroscopic membrane morphology as show
SEM images of the surface and cross-section (Figures S30-
S32, Supporting Information).

Figure 1. a) Functionalization of an alumina membrane by reaction with poly(methacrylic acid) ended with a catechol. The en-
largement shows chemisorption of the polymer chain in a pore. b) Process of filtration with self-oscillating membranes. Two tanks
containing sulphite and ferrocyanide on one hand, and bromate on the other, are pressurized and connected to a dead-end filtra-
tion cell. Sulfuric acid and a pH-indicator (bromocresol green) are added to accelerate and visualize pH oscillations, respectively.
The enlargement shows the alumina membrane functionalized by poly(methacrylic acid) during filtration (left) and two different
functionalization configurations (superficialand in the pore). ¢) Schematic illustration of pore size control via contraction-exten-
sion cycles of polymer chains. Blue and yellow colors refer to neutral and acid pH, respectively.
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Figure2. a) Energy Dispersive X-ray spectroscopy mapping of Carbon made on the cross-section of modified alumina membranes
and a virgin membrane. Images are going from the top surface to the bottom side from the left to the right. b) Variation in p er-
meability of three alumina membranes modified with dopamine terminated poly(methacrylic acid) with different degrees of
polymerization PMAAs,, PMAA s, PMAA,; and a virgin membrane. The oscillatory domain was reached by applying a pressure
drop of 0.2, 0.2, 0.4 bar for PMAAs,, PMAA s, PMAA,; respectively. The striped lines represent the pH oscillation periods in the
filtration cell: yellow for acid pH and blue for neutral pH. ¢) Comparison of the oscillation amplitude and period of the membranes.

The water contact angle increases by 3 to 6° when com-
paring a drop of acidic water (pH=3.2) toa drop of demin-
eralized water (pH=6.8) (Table S3, Supporting Infor-
mation) whereas no change was observed with the un-
grafted membrane. As explained before, at pH above the
pKa of PMAA, the polymer chains adopt an extended con-
formation with the presence of negatively charged carbox-
ylate ions increasing the surface hydrophilicity. On the
contrary, for a pH below the pka, PMAA chains are col-
lapsed with protonated carboxylic groups, which is in
agreement with awater contact angle increase. A continu-
ous stirred tank reactor (CSTR) filtration setup, thermally
regulated at 30°C, was used for all filtration experiments
(Figure 1b). The aqueous feed solutions separated in two
tanks enter premixed at the same flow rate into the CSTR
(Tank 1: [KBrOslo = 75 mM and [sodium bromocresol
green o= 0.1 mM; Tank 2: [Na,SO;], = 70 mM, [K,Fe(CN)e]o
=15 mM, [H.SO,], = 7.5 mM). BSF pH oscillator was set up
in the filtration cell under pressure and the relative pH evo-
lution was monitored by video acquisition of the solution
color change thankstoa pH indicator (bromocresol) (Fig-
ures S10 and S12, Supporting Information). The pH oscilla-
torallows cyclic variations of the pH with wide and regular
amplitude of oscillations between 3.5 and 6.5 under the
membrane filtration conditions.

Water permeation was carried out with all membranes
whiletargeting the oscillation domain by a modulation of
the pressure drop across the membrane which changes the
residence timein the filtration cell (Figure 2b). Whereas no
cyclic modulation of permeability was observed with the

virgin membrane as expected, all membranes were charac-
terized by continuous permeability decrease. This has been
reported to be the consequence of the dissolution of water-
soluble [Al;0,(OH).,(H,O)..]”* polyhydroxocomplexes
which thenwill clog part of the membrane pores after dep-
osition.# It can be mentioned that a possible strategy to
avoid membrane erosion, and which could be the subject
of a perspective in thiswork, would be to use a protective
layer, such as polydopamine, before the functionalization
of the membrane by the PMAA.% Nevertheless, a chemi-
cally-powered autonomous pulsatile flow was clearly ob-
served with the Dopa-PMAA-functionalized membranes
thanks to extension-contraction cycles of the polymer
chain directly correlated with the fluctuations of pH (Fig-
ure S12, Supporting Information). To suppress the perme-
ability decrease effect, oscillation amplitudes were meas-
ured (Figure 2c¢) and compared. Two cases could be differ-
entiated whether oscillation amplitude was stable over
time (PMAA.) or adampening that seems to find a certain
balance over time was observed (PMAA,;and PMAA 5). A
correlation could be made with the grafting location since
PMM A, was mostly found on the very top surface whereas
the shorter polymers were also grafted at membrane pore
walls. In confined environment of a pore, it is proposed
that successive extension-contraction of polymer chains
could lead to a reorganization of interactions in between
polymer chains as well as between polymer chains and
pore walls. An increase of the interaction number would
decrease the oscillation amplitude until a new equilibrium
is reached. Without any confinement effect, membrane
with PMAAG, seems to undergo fully reversible extension-
contraction cycles without questioning the nature and



number of interactions. In fact, for this polymer, the am-
plitude of the oscillationsis constantas shown in Figure 2c
(PMAA&,) which indicates that the “closed” and “open”
pore configurations are stable over time and therefore that
the cycles extension-contraction of PMAA chains are re-
versible.

The evolution of the oscillation period is more difficult
to understand since it is directly related to the interplay
between the membrane and the pH oscillator (Figure 2¢).

In order to get more insight about the effect of coupling
the pH-oscillator to a pH-responsive membrane, one pa-
rameter bifurcation diagram was elaborated. The behavior
of non-linear systems crucially depends on their control
parameters such astheinitial concentrations of each intro-
duced species. When thereaction is constrained to stay far
from thermodynamic equilibrium, non-linear systems ex-
hibit sudden changes in behavior, referred as bifurcation.
By drawing a bifurcation diagramin the vicinity of this one,
it is then possible to define a concentration domain mak-
ing possible to observe oscillations.

BSF oscillations were thus carried out with an ungrafted
membrane and the normalized flow rate (reverse of resi-
dence time) k, was varied in the range of 1x10# s* < k, <
5x1073s™ thanks to a modulation of the membrane pressure
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drop (Figure 3a and Figures S4-S7, Supporting Infor-
mation). An oscillation domain was observed between
4.5x104 s and 1.7x1073 s, surrounded by two steady states
at “low” pH (SSL) and “high” pH (SSH) (Figure 3b). Inter-
estingly, when a Dopa-PMAA-functionalized membrane is
used instead, oscillations outside the previously estab-
lished oscillatory domain were observed (Figure 3a,c). This,
coupled with the evolution of the oscillation periods in Fig-
ure 2¢, is a clear sign that the pH-responsive membrane is
directly interplaying in the pH-oscillator mechanism.
Without any feedback loop of the membrane on the pH-
oscillator, a “low” pH would have opened the membrane
pores giving an increased flux whereas a “high” pH would
have partially closed the membrane poresyielding to a flux
decrease (Figure 3d). However, the flux value directly im-
pacts the residence timein the filtration cell and thus the
ko. When the pH is “low” (L-Osc), PMAA chains are col-
lapsing on the pore walls, pores are thus opening, thereby
ko is increasing and could exit from the oscillation domain
to reach SSH branch which would increase the pH (Figure
3e). At such “high” pH, PMAA chains are extending inside
the pores thus closing them; k, is then decreasing which
brings back the system into the oscillation domain. The dy-
namic interplay between autonomous pH changes and
multiscale motions is the key element in many living or-
ganisms.46
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Figure 3. a) One-parameter bifurcation diagrams. The black curve is the experimental bifurcation diagram as measured by step-
wise variation of k, while the red curve is the simulated bifurcation diagram. The two dashed lines correspond to the experimental
ko area of pH oscillations observed in the presence of a PMAA-functionalized membrane. b) Schematic illustration of a bifurcation
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change. e) Proposed feedbackaction of mechanical pore size change onto the pH-oscillator.



Here the chemomechanical feeback loop makes the self-
oscillation system working only because the mechanical ef-
fect of the pore size change on the flux -and indirectly on
the pH- enables to exit and come back inside the oscilla-
tion domain. By modeling the BSF pH oscillator (see Part
3.9, Supporting Information), the theoretical bifurcation
diagram was drawn and found to be in agreement with the
experimental one in terms of oscillating domain (Figure
3a). Simulations were then performed in order to under-
stand why flux oscillations can be observed outside the pH
oscillation domain. When a simulation run is launched
with a variable k, based on experimental data (PMAA ),
which oscillates depending on the pore opening, the pH
oscillates too, following the same trend as k, oscillations
(Figure S35, Supporting Information). Experimental k, os-
cillates from maxima and minima that depend on time go-
ing from 3.8x107 s to 2.2x1073 s'. However, when a con-
stant k, 0of 1.8x1073 s is imposed, the simulated oscillations
rapidly stopped, leading to constant pH value around 6.5
(SSH branch) (Figure S34, Supporting Information). But,
when looking back at the variation of pH for oscillatingk,
the two first maxima reached by the system exceed this
value of 1.8x103 s and the system was shown to keep on
oscillating, while a rapid oscillation damping would have
been expected. The comparison between those two simu-
lations exhibit that the oscillations were maintained
thanks to the membrane action, which brings the system
back from SSH within the oscillating region of the bifurca-
tion diagram. The same conclusion can be drawn when
launching a simulation considering a low constant k, of
4.4x104 s* (Figure S33, Supporting Information). A pro-
gressive oscillation damping can be observed in the simu-
lation since the systemis slightly out of the bifurcation re-
gion. However, experimental k, values lower than 4.4x104
s'werereached and the oscillation were shown to be main-
tained. In this case too, the oscillations continue because
the membrane brings back the system from SSL branch
into the bifurcation region. The role of the membrane in
the oscillation dynamics is clearly demonstrated by com-
paring experimental and simulated data.

CONCLUSIONS

In conclusion, dopamine end-functionalized pH-sensi-
tive polymers have been successfully prepared by RAFT
polymerization and grafted onto alumina membrane. The
grafting of PMAA was characterized and confirmed by XPS,
SEM-EDX and contact angle investigations. BSF oscillator
was set up in filtration cell and showed a periodic and au-
tonomous change of the pH between 3.5 and 6.5. Coupled
with the pH-responsive membrane, it induced an impres-
sive autonomous periodic change in permeability due to
extension-contraction cycles of PMAA chains. The chemi-
cally-powered autonomous pulsatile flow has turned a
commercial filtration membranes into a lifelike materials
characterized by an effective chemomechanical feedback
loop. A higher degree of autonomy could be reached by in-
tegrating the oscillator components into the membrane
structure and it will constitute the perspectives of this
work. These bio-inspired filtration membranes able to

communicate and respond autonomously to their environ-
ment represent a step forward in a new exciting field of
study on lifelike materials.

EXPERIMENTAL SECTION

Chemicals. All chemicals and solvents were obtained
from commercial sources and used as such unless other-
wise noted. Methacrylic acid (99%, Sigma Aldrich) was pu-
rified over inhibitor remover column prior to use. 4,4’ Azo-
bis(4-cyanovaleric acid) (ACVA) (=98%), Trioxane (299%),
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid were
purchased from Sigma-Aldrich. Ethanol absolute (100%),
methanol (hypersolvchromanorm, 100%) were purchased
from VWR and Toluene (99.8%) from Fisher Scientific.
The Dopa-CTA RAFT agent was synthesized as previously
described.#” All polymerizations were conducted in a nitro-
gen atmosphere. Reagent grade Potassium hexacyanofer-
rate (II) trihydrate (98+%, Alfa Aesar), Sodium sulfite
(=98%, Bioultra, anhydrous), sulfuric acid (Sigma Aldrich,
95-97%) and Bromocresol green (Sigma-Aldrich) were
used without further purification. Solutions were prepared
one hour before each run in demineralized water. Alumina
Anodisc™ membranes filters (Whatman Inc., UK) were
used. Its nominal poresize is 0.02pum with 25mm of diam-
eter. The filters are flat disks of alumina manufactured by
controlled anodization of aluminium sheets. They exhibit
an asymmetric structure consisting of a thin surface layer
(~ 1um) with a pore size of ~ 0.02 pm and a thicker support
layer (~ 60 pum) with a pore size of ~ 0.2 pm.

Characterization. 'H NMR spectra were recorded at
room temperature on Bruker Avance spectrometers oper-
ating either at 400 or 600 MHz using deuterated DMSO.
Size Exclusion Chromatography was carried out on a Vis-
cotek device (Malvern instruments, Worcestershire, UK)
having triple detector array. The Viscotek SEC apparatus
was equipped with two OHpak SB-806M HQ columns us-
ing NaNO; (0.2 mol L) aqueous solution asan eluent with
flow rate of 0.7 mL min™ at 35°C. Membrane cross section,
top surface and bottom surface were analyzed by Scanning
Electron Microscopy (SEM). The SEM pictures were ob-
tained using a Hitachi S4800 operating under o.1-30kv
working voltage. Energy-dispersive X-ray spectroscopy
analysis (EDX) was taken with Zeiss EVO HD15 microscope
coupled with an Oxford X-MaxNSDD EDX detector. The
wetting characteristics of all membranes were determined
using a contact angle goniometer (Digidrop gbx) via static
demineralized water contactangle measurements with wa-
ter drops of size ~ 30 pl using the Laplace-Young method.
The water contact angle (WCA) measurements are an av-
erage of three measurements repeated on the same mem-
brane. It has to be mentioned that a kinetic effect (WCA
decreasing with time) was observed at acid pH for PMAA,,
and PMAA ;s functionalized membranes. The presence of
hydrophilic polymer chains in the membrane pores for
PMAA.; and PMAA s could facilitate the water intrusion
into the membrane thus explaining the watercontact angle
decrease. The permeability of membrane discs (diameter =
2.5 cm) was estimated by filtration test. The membranes
were fitted in a 10 mL filtration cell (Amicon 8o10 stirred



cell) connected to a water reservoir and a compressed air
line. The measurements were then performed at pressures
between o and 1 bar. The mass of water passing through
the membrane (permeate) was recorded using a connected
balanceat regular time intervals. All filtration experiments
were performed at 30°C (solutionswere pre-heated in Stu-
art SW6 series bath) with demineralized water. X-Ray pho-
toelectron spectrometry (XPS) was carried out with the
ESCALAB 250 device from ThermoElectron. The excitation
source was the monochromatic source, Al Ka line (14866
eV). The surface analyzed has a diameter of 500 pm. Pho-
toelectron spectra were calibrated in binding energy with
respect to the energy of the C-C component of carbon Cis
at 284.8 eV.

Synthesis of PMAA from Dopa-CTA. A representative
example for MAA polymerization in ethanol is as follows:
in a round bottom flask Dopa-CTA (55 mg, 0.14 mmol),
ACVA (4 mg, 0.014 mmol), Trioxane (018 g, 2 mmol) were
dissolved in MAA (1g, 11.5 mmol) and 4.8 mL of EtOH. Tri-
oxane was used as an internal reference for NMR. The re-
sulting mixture was deoxygenated by nitrogen bubbling for
30 min and immersed in an oil bath thermostated at 70°C
during 8h30. The monomer conversion was determined by
'H NMR spectroscopy in DMSO-d°by therelativeintegra-
tion of the protons of1,3,5-trioxane and the vinylic protons
of MAA.'H NMR (6ooMHz, DMSO-d®, § (ppm)): 12.31 (s,
broad, 1H, COOH of PMAA);8.73 (s, H, Aryl-OH); 8.60 (s,
H, Aryl-OH); 7.83 (m, ] = 8 Hz, 2H, 0-2H-Ph of chain end
CTA);7.62 (m, ] = 8 Hz, 1H, p-H-Ph of chain end CTA); 7.5
(s, NH-CH,-CH.); 7.46 (m, ] = 7 Hz, 2H, m-2HPh of chain
end CTA); 2.39 (m, 4H, CH,CH, of chain end from CTA);
2-0.91 (m, 5H, methylene and methyl protons of PMAA).

Synthesis of PMAA from 4-Cyanopentanoic acid di-
thiobenzoate (CADB) as RAFT agent. A representative
example for MAA polymerization in ethanol is as follows:
in a round bottom flask CADB (80 mg, 0.29 mmol), ACVA
(8mg, 0.029 mmol), Trioxane (018 g, 2 mmol) were dis-
solved in MAA (2 g, 22.9 mmol) and 4.8 mL of EtOH. Tri-
oxane was used as an internal reference for NMR. The re-
sulting mixture was deoxygenated by nitrogen bubbling for
30 min and immersed in an oil bath thermostated at 70°C
during 8h30. The monomer conversion was determined by
'H NMR spectroscopy in DMSO-d°by therelativeintegra-
tion of the protons of1,3,5-trioxane and the vinylic protons
of MAA. '"H NMR (400 MHz, DMSO-d®, §):12.33 (s, broad,
1H, COOH of PMAA);7.83 (m, J=8Hz, 2H, 0-2H-Ph of chain
end CTA); 7.62 (m, J=8Hz, 1H, p-H-Ph of chain end CTA);
7.46 (m,] = 7Hz, 2H, m-2HPh of chain end CTA);2.35 ppm
(m, 4H, CH,CH, of chain end from CTA); 2-0.93 ppm (m,
5H, methylene and methyl protons of PMAA).
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