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Double Stimuli-Responsive Isoporous Membranes via
Post-Modification of pH-Sensitive Self-Assembled Diblock

Copolymer Membranes

Juliana Isabel Clodt, Volkan Filiz, Sofia Rangou, Kristian Buhr, Clarissa Abetz,
Daniel Héche, Janina Hahn, Adina Jung, and Volker Abetz*

Double stimuli-responsive membranes are prepared by modification of pH-
sensitive integral asymmetric polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP)
diblock copolymer membranes with temperature-responsive poly(N-isopropy-
lacrylamide) (pNIPAM) by a surface linking reaction. PS-b-P4VP membranes
are first functionalized with a mild mussel-inspired polydopamine coating
and then reacted via Michael addition with an amine-terminated pNIPAM-
NH, under slightly basic conditions. The membranes are thoroughly charac-
terized by nuclear magnetic resonance ('"H-NMR), Fourier transform infrared
spectroscopy and X-ray-induced photoelectron spectroscopy. Additionally
dynamic contact angle measurements are performed comparing the sinking
rate of water droplets at different temperatures. The pH- and thermo-double
sensitivities of the modified membranes are proven by determining the water

flux under different temperature and pH conditions.

1. Introduction

Over the last decade amphiphilic membranes made by self-
assembly from block copolymers have attracted great scientific
interest. The formation of the porous structure of these mem-
branes is based on the interplay between microphase separation
of the block copolymer and the macrophase separation during
solvent-non-solvent exchange induced by the phase-inversion
process during membrane casting.[!

In order to use these membranes for the filtration of aqueous
solutions, additional functional groups inside the pores and
on the surface of the membrane may give the opportunity for
various applications. Functional molecules may be attached
to corresponding functional sites of the block copolymer via
supramolecular interactions or covalent bonds. Furthermore the
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block copolymer membrane can be coated
by another thin polymer layer. Different
approaches to achieve the surface modifi-
cation of membranes are described in the
literature.”! These include the blending
of polymers with defined functional
groups,?l composite materials, chemical
modification of the membranel or the
membrane polymer,[® copolymerization!”!
or grafting,® electron-beam based func-
tionalization,”) and coating.l'% In the last
couple of years, polydopamine, a mussel-
inspired mild polymer coating based on
catecholic chemistry, has attracted a lot
of interest in the field of modification by
coating.'!! For the formation of the poly-
dopamine layer, dopamine undergoes an
oxidative polymerization in slightly basic
solution (Figure 1a) and forms interac-
tions with the surface of many different substrates.['!#12] The
mechanism of this reaction is still not completely understood.
The interactions between the dopamine monomers were first
postulated to be covalent aryl-aryl linkages (Figure la).['1&13]
Freeman et al. proposed that polydopamine is a supramolecular
aggregate held together by hydrogen bonding, m-stacking, and
charge transfer interactions (Figure 1b).'Yl In a recent paper,
the existence of trimers during the polydopamine preparation
was proposed.”]

However, the interactions in polydopamine aggregates are
stable between pH 2-11 and in a large temperature range./*®l
Membranes modified with polydopamine enhance the water
flux due to the increased hydrophilicity caused by the hydroxyl-
groups on their surfaces.[''®l Postmodifications of polydopamine
surfaces are possible via Schiff base or Michael addition reac-
tion which offers the opportunity to attach amine or thiol con-
taining compounds.!!!¢]

We envisaged to use polydopamine as an interlayer for the
functionalization of integral asymmetric polystyrene-b-poly(4-
vinylpyridine) (PS-b-P4VP) diblock copolymer membranes with
an amino terminated polymer poly(N-isopropylacrylamide)
(pPNIPAM-NH,) which may undergo the above mentioned reac-
tion. Poly(N-isopropylacrylamide) (pNIPAM) is a well-studied
temperature-responsive polymer which undergoes a coil-globule
transition around its lower critical solution temperature (LCST)
at 32 °C.'") In general membranes are modified with pNIPAM,
for instance, by plasma induced grafting polymerization,!®!
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Figure 1. Polydopamine: a) synthesis and structure of polydopamine as proposed by Messer-
smith et al.;* b) new structural model of polydopamine as proposed by Freeman et al.l'l
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Figure 2. Michael-Addition on polydopamine coated membranes.

by ATRP,["” by spin coating of pNIPAM containing triblocks
on PAN membranesi?”! and by blending.?!l To the best of our
knowledge the use of pNIPAM-NH, to modify polydopamine
coated membranes has not been reported yet. However, with
respect to polydopamine, pNIPAM was polymerized on a poly-
dopamine containing macroinitiator by ATRP.?Y In another
paper, dopamine was functionalized with pNIPAM before the
polymerization on nanodiamond particles.[?3!

In this work, we prepared double stimuli-responsive mem-
branes by modification of PS-b-P4VP diblock copolymer mem-
branes. Therefore, the pH-sensitive PS-b-P4VP membranes
were first coated with polydopamine as an interlayer. In order
to determine whether a Michael addition on the polydopamine
surface (Figure 2) is possible in our special case, Jeffamine T403
was reacted with the membrane under slightly basic conditions.

In a further experiment, the polydopamine coated mem-
brane was reacted with pNIPAM-NH, to introduce the

polydopamine
coating

HO OH HN__

~ R

pNIPAM-NH,
—_— <

www.MatermIsVnews.com

thermo-responsive unit. Figure 3 demon-
strates the concept to introduce the thermo-
responsive polymer on our PS-b-P4VP mem-
branes by the use of polydopamine as an
interlayer. The modified membranes were
characterized by 'H-NMR, ATR-FTIR, and
XPS. In case of the pNIPAM modified mem-
brane dynamic contact angle and water flux
measurements indicate the changes of the
pore size at different temperatures.

The PS-b-P4VP membranes used in this
work have an important property in water
flux measurements: they are able to close
their pores while lowering the pH value
by swelling of the P4VP block, whereas an
increase in pH leads to a reversible opening
of the pores. In order to test if this property

HO OH

<
=1

oA on remains after the modification with poly-

dopamine and pNIPAM-NH,, pH-dependent

N water fluxes were measured at five different

polydopamine temperatures (25-45 °C) including the LCST
sifises of pNIPAM.

2. Results and Discussion
2.1. Deposition of Polydopamine

An indication of the polydopamine thick-

ness on a substrate is given by the darkening

color with growth time due to the strong
broad band UV-visible absorption.?* In order to analyze the
uniform distribution of phenol groups, which are part of the
polydopamine structure on the surface, the membranes were
colored by iron(III) chloride, as shown in Figure 4.%°! We con-
cluded a 60 min dopamine coating to be sufficient for our pur-
pose since we were looking for the lowest as possible but still
uniform polydopamine coating.

2.2. SEM of the Modified Membranes

Figure 5 depicts the SEM of the surface of the PS-b-P4VP
membrane (Figure 5a) and the modified membrane with poly-
dopamine and pNIPAM-NH, (Figure 5b). As expected, the pores
are smaller in case of the modified membranes which may be
noticed in the cross-section of the unmodified (Figure 5¢) and
the modified (Figure 5d) membranes as well.

T>LCST
P ——
«——

T<LCST

Figure 3. Schematic illustration of the modification of PS-b-P4VP membranes.
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Figure 4. Time dependent polydopamine coating; left to right: pure membrane, 20, 40, 60, 80, 240, 360, and 480 min, and 26 h of coating; at the

bottom: after treatment with FeCl; solution.

Figure 5. SEM images: surfaces of (a) the bare PS-b-P4VP membrane and (b) the PS-b-P4VP membrane modified with polydopamine and pNIPAM-
NH,, and cross-sections of (c) the bare PS-b-P4VP membrane and (d) the PS-b-P4VP membrane modified with polydopamine and pNIPAM-NH,.

2.3. ATR-FTIR of Modified Membranes

The unmodified membrane, the membrane coated with poly-
dopamine, and the membrane after further reactions with Jef-
famine T403 and pNIPAM-NH, were analyzed by ATR-FTIR.
The results are presented in Figure 6. No significant difference
between the spectra of the raw membrane and the dopamine
coated membrane was detected. The IR spectrum of the mem-
brane modified with Jeffamine T403 (Figure 6, curve c) shows
a small shoulder at 1110 cm™ arising from C-O-C stretching
vibration in polyethers.

In the IR spectra of the membrane modified with pNIPAM
(Figure 6, curve d), we clearly observe characteristic peaks
for secondary amide C=O stretching and the in plane N-H
bending vibration (amide I and II) at 1650 and 1550 cm™,
respectively. A broad signal from 3600-3200 cm™ was found
due to the N-H stretching vibration of the secondary amide
group. The small peaks at 1369 and 1388 cm™! are character-
istic deformation vibration peaks of the C—H bond in isopropyl
group of NIPAM.

Adv. Funct. Mater. 2013, 23, 731-738
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Figure 6. ATR-FTIR spectra: a) PS-b-P4VP membrane, b) membrane after

60 min of polydopamine coating, c) dopamine coated membrane after

reaction with Jeffamnie T403, and d) dopamine coated membrane after

reaction with pNIPAM-NH,.
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Figure 7. '"H NMR spectra of: a) the PS-b-P4VP membrane after poly-
dopamine coating, b) the PS-b-P4VP membrane modified with Jeffamine
T403 after polydopamine coating, and c) the PS-b-P4VP modified with
pNIPAM-NHj, after polydopamine coating.

2.4. NMR of the Modified Membranes

The modified membranes were characterized by 'H-NMR
spectroscopy. In order to ensure that the modification with
Jeffamine T403 and pNIPAM-NH, is covalently bonded to
the polydopamine surface and not just attached via hydrogen
bonding, the membranes were rinsed with 500 mL of water
in a water flux measurement system. Figure 7 shows the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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!H NMR in CDCl; of the polydopamine coated membrane
(Figure 7a) after further modification with Jeffamine T403
(Figure 7b) and after further modification with pNIPAM-NH,
(Figure 7c). The broad multiplet in the range of 3.2-3.7 ppm (2 in
Figure 7b) is attributable to the methylene protons of Jeffamine
T403. In Figure 7c the chemical shift at 4.0 (a in Figure 7c)
and 1.1 ppm (b in Figure 7c) are assigned to the isopropyl
group of pNIPAM.

2.5. Dynamic Contact Angle Measurement

Figure 8 shows the snapshots of the dynamic contact angle
measurement of 5 uL water droplets onto the surface of the
PS-b-P4VP membrane at 22 °C (Figure 8a), the polydopamine
coated PS-b-P4VP membrane at 22 °C (Figure 8b), and the poly-
dopamine coated PS-b-P4VP membrane after further reaction
with pNIPAM-NH2 at 22 °C and 40 °C (Figure 8c,d, respec-
tively). The water contact angle of the raw membrane becomes
zero after 30 s. In case of the slightly more hydrophilic poly-
dopamine coated membrane the droplet is totally sunk into
the membrane already after 23 s. The pNIPAM is swollen at
ambient temperature which is below the LCST and reduces the
pore size of the membrane. This behavior results in a much
slower droplet sinking in case of the pNIPAM modified mem-
brane at 22 °C (Figure 8c) after 70 s compared to Figure 8b. At
40 °C (above the LCST) the pNIPAM chains collapse resulting
in an opening of the pores and a faster water subsidence after
50 s (Figure 8d).

2.6. XPS of the Modified Membranes

In order to provide information about the chemical composi-
tions of the modified membranes they were analyzed by XPS.
For the evaluation of the data Kratos sense factors and a Gauss
Lorentz fit GL(30) algorithm with Shirley background was
used. As expected, the ratio of nitrogen and oxygen increased
after coating with polydopamine compared to the raw mem-
brane. Further reactions with Jeffamine T403 and pNIPAM-
NH, leads to a rise up of the nitrogen and oxygen contents as
shown in more detail in Table 1. The N1s signal was evaluated
with respect to chemical bonding shifts due to the film coating
processes. Figure 9 shows deconvoluted Nls excitations for
various treatment steps. On top, the bare PS-b-P4VP mem-
brane reveals the pyridine signal at 399.3 eV.2% After deposi-
tion of PDA the pyrollic peak of polydopamine became visible
at 399.7 eV,””l in comparison to the spectrum in Figure 9b.
Since the film thickness is very low (below ca. 3 nm) convolu-
tion of different polymer bonds takes place. Further reaction
with pNIPAM-NH, showed the amide formation above 400
eV as shown in Figure 9c.1?®! After the reaction with Jeffamine
T403 a strong signal occurs at 399.2 eV assigned to the NH,
bonds of Jeffamine.

The strongest signal C1s was not fully evaluated. Due to the
high amount of complex carbon bonds and its signal convolu-
tion a physical correct evaluation is not possible. This becomes
even more complicated by the CO, adsorption especially of
amines.

Adv. Funct. Mater. 2013, 23, 731-738
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Figure 8. Snapshots of dynamic contact angle measurement of water droplets (5 uL) onto different membrane surfaces. a) PS-b-P4VP membrane,
b) PS-b-P4VP membrane after polydopamine coating, c,d) PS-b-P4VP membrane after polydopamine coating and reaction with pNIPAM-NH, at

22 and 40 °C (CA = contact angle).

Table 1. Results from XPS - Cls, N1s and OTs peak evaluation of PS-b-

P4VP membrane before and after modification.

C N o

[at%)] [at%)] [at%]
PS-b-P4VP membrane 91.5 6.1 2.4
PS-b-P4VP membrane after coating with 90.0 5.6 4.4
polydopamine
PS-b-P4VP membrane after coating with 79.9 9.9 10.2
polydopamine and further reaction with
pNIPAM-NH,
PS-b-P4VP membrane after coating with 82.7 8.2 9.1

polydopamine and further reaction with
Jeffamine T403

Adv. Funct. Mater. 2013, 23, 731-738

2.7. pH and Thermo Sensitivity

The water fluxes of the membranes were measured at dif-
ferent pH values and different temperatures. The water flux
measurement from 3 to 45 °C are shown in Figure 10a,b for
the PS-b-P4VP membrane (curve a), the polydopamine coated
membrane (curve b) and the latter one after further reaction
with pNIPAM (curve c), showing a steady increase of the water
flux with temperature correlating to the regular increased per-
meability with the temperature. However, the water flux of
the polydopamine coated membrane is slightly higher above
20 °C compared to the base membrane due to the increasing
hydrophilicity. The effect of the pNIPAM is shown in (curve c)
where the water flux strongly decreases below and increases

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. High resolution XPS spectra of N1s excitations: a) PS-b-P4VP
membrane, b) PS-b-P4AVP membrane after polydopamine coating, c)
PS-b-P4VP membrane modified with pNIPAM-NH, after polydopamine
coating, and d) PS-b-P4VP modified with Jeffamine T403 after poly-
dopamine coating. The artifact is caused by impurities.

above the LCST (LCST of pNIPAM: 30-35 °C). Above 40 °C we
observed again the regular increase of the water flux as for the
membranes that are not functionalized with pNIPAM-NH,,
(curve a and curve b).

In order to determine whether the modified PS-b-P4VP
membrane still remained sensitive to pH, pH dependent water
fluxes were measured at five different temperatures (25-45 °C)
and the results are depicted in Figure 11. At all temperatures
there is a decrease of the water flux between pH 3.8-3.4. The
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Figure 10. Temperature dependent water flux measurement: the PS-b-
P4VP membrane (curve a), the PS-b-P4VP membrane after coating with
polydopamine (curve b), and the PS-b-P4VP membrane after coating with
polydopamine and further reaction with pNIPAM-NH, (curve c).
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Figure 11. pH dependent water flux at different temperatures (25, 30,
35, 40, and 45 °C) for the PS-b-P4VP membrane after coating with poly-
dopamine and further reaction with pNIPAM-NH,.

lower the temperature the smaller is the change in the flux due
to the swelling of the pNIPAM and decreasing of the pore size
at low temperature.

3. Conclusion

This study proposed an approach to functionalize mem-
branes under mild conditions with the temperature-responsive
polymer, pNIPAM, leading to a double stimuli-responsive mem-
brane. Therefore, a pH-sensitive PS-b-P4VP membrane was
coated with polydopamine as an interlayer and further modi-
fied with pNIPAM-NH,. The pH- and thermo-double sensitivi-
ties of the modified membranes were proved by determining
the water flux under different temperature and pH conditions.
In dynamic contact angle measurements the sinking rate of
water droplets was investigated at different temperatures. For
further investigation a variation of the polydopamine thickness
before grafting with pNIPAM may change the permeability of
the membranes. Therefore, the density of the pNIPAM chains
will be estimated in the future. In order to stabilize the mem-
brane against organic solvents it is envisaged to test cross-
linking reactions by electron beam experiments. The double
stimuli-responsive property of these membranes offer prom-
ising applications such as biomolecule separations that will be
investigated in the future.

4. Experimental Section

Membranes: Membranes used in this work were prepared by the
phase inversion process. Therefore PS-b-P4VP diblock copolymers
synthesized by anionic living polymerization were dissolved in a solvent
mixture of THF and DMF. The solutions were cast on a polyester
nonwoven support using a casting machine. The membrane casting
machine allows a continuously casting of the polymer solution onto a
substrate, e.g., nonwoven, on rolls up to 30 cm width. The gap height
of the doctor blade is variable for adjusting the casting thickness as well
as the speed of the take-up reel in order to control the evaporation time
before immersing into the non-solvent bath. The films were left for a
certain time on air before immersing them in water. The membranes
were dried at 60 °C under reduced pressure before using for further
modification. The molecular characteristics of the polymers used for the
membranes discussed in this work are summarized in Table 2.

Adv. Funct. Mater. 2013, 23, 731-738
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Table 2. Composition of the polymers used for the membrane
preparation.

PS P4VP M,
[wt%] [wt%] [g/mol]

PS-b-P4VP membrane used for XPS, 74.8 25.2 300000

NMR, IR

PS-b-P4VP membrane used for water 79.8 20.2 252000

flux, contact angle measurements and
SEM

Polydopamine Deposition: Block copolymer membranes (ca. 4 cm x
4 cm) were dipped into a solution of dopamine hydrochloride (2 mg/
mL) dissolved in 15 mM Tris-buffer (pH 8.5-8.8, ultrapure water). The
reaction vessel was placed on a shaker and the membranes were coated
for 60 min. The membranes were rinsed three times with 50 mL of
ultrapure water for 30 min and dried at 60 °C under reduced pressure
before using for further reactions.

Conjugation of Amines to Polydopamine Grafted Membranes:
Polydopamine coated membranes were dipped into a solution of
the corresponding amine (0.3-0.5 mg/mL) dissolved in 15 mM Tris-
buffer (pH = 8.5-8.8, ultrapure water). The reaction vessel was placed
on a shaker and heated to 60 °C for 3 h. After cooling down to room
temperature the membranes were shaken for additional 16 h, rinsed
three times with 50 mL of ultrapure water for 30 min and dried at 60 °C
before characterization. Poly(N-isopropylacrylamine), amine terminated
(average M,: 2500 g/mol, Sigma Aldrich) and Jeffamine T403 (average
M,: 440 g/mol, Huntsman Trading Corp.) were used without further
purification.

Characterization: Scanning electron microscopy (SEM) was carried
out on a LEO Gemini 1550 VP at a voltage of 3 kV. The samples were
coated with 2.0 nm Pd. The cross-sections of the membrane were
embedded in epoxy resin and thin sections (thickness 50-100 nm)
were cut using a Leica ultramicrotome equipped with a diamond knife.
All 'TH NMR measurements were performed on a Bruker Advance
300 NMR spectrometer at 300 MHz with internal standard
[tetramethylsilane (TMS)] using chloroform (CDCls) as a solvent. Fourier
transform infrared spectroscopy (FTIR) was conducted using a Bruker
alpha-P, platinum ATR equipped with-diamond ATR (Bruker Corporation,
Alexandria, New South Wales, Australia). Dynamic contact angles were
measured on a KRUESS Drop Shape Analysis System DSA 100. In order
to heat the membrane to 40 °C a heater was placed on this system and
the temperature was measured briefly before the droplet was set on the
membrane. Water flux experiments were performed using a dead end
filtration setup at a transmembrane pressure up to 2.2 bar with the use
of demineralized water with a electrical conductivity of =0.055 uS cm™.
X-ray-induced photoelectron spectroscopy (XPS) experiments were
carried out on a Kratos Axis Ultra DLD system attached with a
15 kV X-ray gun using monochromatic Al-K, radiation. After outgasing the
membranes were placed on a bar and positioned in the UHV chamber.
The analyzed area size was 700 m x 300 um, and the pass energy was
set to 160 eV for survey measurements. High resolution spectra were
measured using 20 eV pass energy. In order to avoid charging effects a
neutralizer (1.66 V) was applied. Due to physical limits, the information
depth is limited to approximately 5-10 nm.
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