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Tailor-made poly(vinyl alcohol)-b-poly(styrene) copolymers (PVA-b-PS) for separation
membranes are synthesized by the combination of reversible-deactivation radical
polymerization (RDRP) techniques. The special features of these di-block copolymers are the
high molecular weight (>70kDa), the high PVA content (>80 wt.%) and the good film-
forming property. They are soluble only in hot dimethyl sulfoxide (DMSO), but by the
“solvent-switch” technique, they self-assemble in aqueous media to form micelles. When the
self-assembled micelles are cast on a porous substrate, thin film membranes with higher water
permeance than that of PVA homopolymer are obtained. Thus, by using these tailor-made
PVA-b-PS copolymers, we demonstrate that chemical cross-linkers and acid catalysts would
no longer be needed to produce PVA membranes, since the PS nanodomains within the PVA
matrix act as cross-linking points. Lastly, subsequent thermal annealing of the thin film
enhances the membrane selectivity due to the improved microphase separation.
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1. Introduction

Design, synthesis, and use of new nanostructured materials are very important in today’s
world. According to the Sustainable Development Goals (SDG) from the United Nations
(Goal 7), “energy is central to nearly every major challenge and opportunity the world faces
today”.l! Therefore, innovation in material synthesis and material processing is a key and a
driving force to achieve goals related to clean/sustainable energy and to energy efficient
processes.

In the last twenty years, scientists focused on design and synthesis of new amphiphilic block
copolymers with fascinating properties for nanolithography, photonics, photovoltaics,
membranes, and drug delivery.® These copolymers are a family of polymers having two or
more polymer chains (blocks) chemically bonded to each other, and they can self-assemble
into ordered nanodomains due to their peculiar chemical and physical properties.>*t The
control and manipulation of those nanostructured patterns by different methods has been
intensively studied too.['% 12281 |n fact, block copolymer thin films coated on a flat substrate
have attracted attention because they are precursor materials for nanodevices and for synthetic
membranes that are used in separation technologies. As membranes, they have been studied as
nanostructured dense and porous membranes, they displayed stimuli-responsive properties
and superior separation performance than those obtained from conventional polymers used in
the membrane fabrication.[**-241 However, very often, the right block-copolymer as membrane
material (with specific molecular weight and block ratio) does not exist or its synthesis is very
difficult, and thus, the design and synthesis of tailor-made block-copolymers for separation
membranes are still challenging within the scientific community.

Due to the polymer solution properties and as solid films, amphiphilic block copolymers
based on poly(vinyl alcohol) and poly(styrene) (PVA-b-PS) could become important and
attractive in the field of coatings, thin films, drug delivery and emulsion systems.[?5-21 Both
PVA and PS blocks as homopolymers are widely used in a range of industrial products, from
packing, membranes, electronics and automotive to food, medical and pharmaceutical
applications.?*3 Although PVA-b-PS copolymers were already synthesized in the past
following different methods of synthesis,[*2-% they have not attracted much attention
compared to other block copolymers. This could have happened because high molecular
weight copolymers with narrow molecular weight distribution and controlled PVA/PS block
ratio are difficult to obtain. 44?1 The reported copolymers exhibit low molecular weights, and
the ratio of PVA/PS are not suitable for applications where they could have a great potential,
e.g., for membrane fabrication. So, obtaining block copolymers with high molecular weights
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and controlled PVA block is a great challenge. Briefly, PVA-b-PS with molecular weights
within the range of 2kDa to 60kDa has been reported. Although the PVA/PS ratio can be well
controlled, the combination of PVA/PS ratio with the molecular weight of copolymer are not
the appropriate as membrane material. To produce synthetic membranes, the copolymer must
have good film-forming property. Thus, PVA-b-PS copolymers with the combination of
molecular weight higher than 60kDa and PVA/PS ratio between 4 and 20 (wt.%/wt.%) are
needed.

In the field of membranes, PVA homopolymer is industrially used to produce different types
of membranes because it is one of the most hydrophilic polymers, as well as simple to
process.[?7-30. 43,441 |n addition, PVA is a semicrystalline polymer with good mechanical and
thermal properties.!*4%¢1 Because of this feature (semicrystalline and highly hydrophilic), the
amorphous phase of PVA absorbs water, and thus, this leads to the polymer swelling, and in
boiling water, the PVA crystallites can be easily dissolved.?”- 4441 To limit the swelling and
dissolution of PVA, membranes are chemically cross-linked, most commonly using aldehydes
and dicarboxylic acids, which under acid catalysis react with PVA to form cross-links.[43 44 48]
Methods of PVA cross-linking are of great interest since PVA has been industrially used.
Today, PVA membranes are still being produced by using chemical cross-linkers and acid
catalyst.* 41 Physical or thermal cross-linking methods were also proposed to make PVA
resistant to water, the key in these methods is the crystallinity.[2” 45 50-521 By heat treatment or
thermal annealing (above glass transition temperature), the PVA chain motion in the
amorphous phase (apparent molten state) increases, and because of attraction forces due to the
hydrogen bonding, they can form new crystallites and induce the growth of existing
crystallites, consequently the crystallinity increases. By freezing-thawing cycles, the
crystallinity, and the size of crystallites in PVA can be also controlled, this method has been
widely used in the production of hydrogels 27531 and films for drug-release. 55571 Thus,
new routes of either chemical or physical PVA cross-linking are still of great importance.

In this work, we focus on the design, synthesis and self-assembly of tailor-made PVA-b-PS as
membrane material. To our knowledge, this is the first report on synthesis of PVA-b-PS
copolymers with high molecular weight and good film-forming properties. Combining the
benchmark hydrophilic block (PVA) with a small hydrophobic domain (PS) within the
membrane matrix, we demonstrate that PS nanodomains act as cross-linking points, so
chemical cross-linkers and acid catalysts would no longer be needed. We also show that by an
additional thermal annealing, the crystallinity of the block copolymer can be enhanced,
making the material more resistant to water and solvents. Therefore, the use of this type of
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block copolymers in the membrane field would become a breakthrough since the use of
regulated chemical compounds (acids and cross-linkers) can be eliminated, and the
manufacturing cost of end products could be reduced.

2. Experimental section

2.1. Materials

Styrene (Sty, > 99%, Aldrich) and vinyl acetate (VAc, > 99%, Aldrich) were purified by
passing through columns of basic aluminum oxide (Aldrich) and neutral aluminum oxide
(Aldrich), respectively (to remove inhibitors prior to use them). 2,2’-Azobis(2-
methylpropionitrile) (AIBN, > 98%, Aldrich) was recrystallized from methanol before using
it. Anisole (99%, Aldrich), benzyl bromide (98%, Aldrich), copper(ll) bromide (CuBra,
99.99%, Aldrich), tin(1l) 2-ethylhexanoate (Sn(EH)2, 92.5-100.0%, Aldrich), tris[2-
(dimethylamino)ethyl]lamine (MesTREN, 97%, Aldrich), sodium azide (NaN3, 99.5%,
Aldrich), N,N-dimethylformamide (DMF, extra dry, Acros Organics), potassium ethyl
xanthogenate (96%, Aldrich), propargyl bromide solution (80 wt.% in toluene, Aldrich),
copper(l) bromide (CuBr, 99.99%, Aldrich), tetrahydrofuran (THF, extra dry, Acros
Organics), N,N,N’,N"’,N " -pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich),
potassium hydroxide (90%, Aldrich), pentane (technical grade, Biosolve), methanol (technical
grade, Biosolve), and diethyl ether (technical grade, Biosolve) were used as received.
Deuterated chloroform (CDCls, D 99.8 %) with 0.05 v/v % TMS and deuterated dimethy!l
sulfoxide (DMSO-de) were obtained from Cambridge Isotope Laboratories.

Distilled water and dimethyl sulfoxide (DMSO, > 99.9%, Aldrich) were used for film
preparation. Poly(acrylonitrile) (PAN) porous support, Polyvinyl alcohol (PVA, 125kDa),
ethanol (technical grade) and commercial cross-linked membrane were supplied by
DeltaMem AG.

2.2. Synthesis of poly(vinyl alcohol)-b-poly(styrene) copolymers

The amphiphilic block copolymers were synthesized by the combination of reversible-
deactivation radical polymerization (RDRP) techniques previously described by Altintas et al.
(381 However, for obtaining block copolymers with high molecular weights (> 60kDa) and
PVA/PS ratio between 4 and 20 (wt.%/wt.%), the PS and PS-b-PVAc synthesis steps were
optimized. The copolymer synthesis followed five steps: (1) synthesis of PS homopolymer
containing bromine end-group by activators regenerated by electron transfer atom transfer
radical polymerization (ARGET-ATRP); (2) bromine end-group substitution by azide
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functional group; (3) CTA attachment via CUAAC click reaction; (4) chain extension by
reversible addition fragmentation chain transfer (RAFT) polymerization of VAc to obtain PS-
b-PVACc; (5) hydrolysis of PS-b-PVAc to obtain PS-b-PVA di-block copolymer. Nonetheless,
in this work, the final PS-b-PVA copolymer can be indistinctly denoted as PVA-b-PS, since
the PVA block content is high (>80 wt.%). Details (formulation) of polymerization steps are

presented in supporting information.

2.3. Thick dense film and thin film membrane preparation

Casting solutions (3 wt.% copolymer) were prepared by stirring the copolymers (powder) in
DMSO overnight (flask immersed in an oil bath at 70 °C). The thick dense films were
prepared by casting the homogeneous solution on poly(ether-ether-ketone) (PEEK) plates by
using a micrometer-adjustable film applicator (doctor blade 100 mm width, EQ-Se-KTQ-100,
MT]I Corporation, USA). The gap of doctor blade was adjusted to 200 um, and the solvent
was evaporated at 70 °C for 90 min in a convection oven. Then, the freestanding dense films
were peeled off from the PEEK plates and their thicknesses were measured using a
micrometer thickness gauge.

Thin film membranes were prepared from aqueous polymer solutions (dispersed micelles).
Water was added dropwise to the block copolymer solution obtained above; this process is
carried out to obtain a mixture of water/DMSO (80/20 wt.%/wt.%) to trigger the formation of
self-assembled micelles. After complete addition of water, DMSO was removed by dialysis
through a regenerated cellulose membrane (MWCO 8k Da, RC6, Spectra Por, USA). The
resulting aqueous solution was then cast onto the microporous PAN substrate followed by
drying in the convection oven (145 °C and 6 min). Both thick dense films and thin film

membranes were cut (area=3.8 x 10-5 m?) for the characterization.

2.4. Characterization techniques

The chemical structure of the synthesized block copolymers was characterized by proton
nuclear magnetic resonance (*H NMR) and by Attenuated total reflection—Fourier transform
infrared (ATR-FTIR) spectroscopy. The *H NMR spectra were recorded using a Bruker
Ascend 500 at RT in deuterated chloroform (CDCIs) for PS and PS-b-PVAc, while for PVA-
b-PS, deuterated dimethyl sulfoxide (DMSO-de) was used. Chemical shifts (8) are reported in
ppm and quoted in respect to tetramethylsilane (TMS, & 0.00 ppm). The collected spectra are
analyzed using MestReNova (v12.0) (Mestrelab Research S.L). The background-corrected



ATR-FTIR spectra were recorded in a PerkinElImer UATR Two spectrophotometer in the
range of 4000-400 cm™™.

The weight and the number average molecular weight values (Mw and M) and the
polydispersity (PD) were determined by gel permeation chromatography (GPC) using an
Agilent system composed of a 1100 series pump, an autosampler, and a refractive index
detector (R1) (1260 Infinity Il). The GPC system was equipped with a series of linear-S SDV
columns (pre-column (5 cm), three analytical columns (30 cm) all with 5 um particles sizes.
All the columns have a diameter of 0.8 cm (PSS polymer, Germany). The RI detector and the
columns were kept at 35 °C. CHClg, stabilized with ethanol is used as the eluent at a flow rate
of 1 mL min. The system is calibrated with PS standards.

The thermal properties of block copolymers and dense films were characterized by
differential scanning calorimetry (DSC) using a DSC 214 Polyma (Netzsch). The copolymer
samples were first annealed at 180°C under nitrogen to remove the effect of thermal history.
Subsequently, the samples were cooled to 0 °C, and then a heating/cooling cycle with a rate of
10 °C min't was applied for the scan. For the dense films, one single heating/cooling cycle
with a rate of 10 °C min™* was applied. The data analysis was performed using the Netzsch
Proteus Software. The glass transition temperature (T4) values were taken from the onset of
transition, and the melting temperature (Tm) values from the maximum of peaks.
Thermogravimetric analysis (TGA) was also performed on copolymer samples, for that, a
TGAB500 (TA Instruments) instrument under constant nitrogen flow and coupled to a MKII
mass spectrometer was used. After weight stabilization, the temperature was equilibrated at
30 °C before heating at a rate of 10 °C min* to 550 °C, followed by cooling back down to
ambient temperature. The decomposition temperature (Tq) values were taken from the onset of
the TGA curve.

The self-assembly of block copolymers in solution was studied by dynamic light scattering
(DLS). The hydrodynamic diameter (Dn) of self-assembled nanostructures (15 mg mL™?) was
measured with a Zetasizer Nano ZSP (Malvern Instruments). Each measurement was taken at
20 °C after an equilibration time of 300 s with a backscattering angle of 173°.

The self-assembled micelles were microphotographed by a transmission electron microscope
(TEM) Philips CM100 at an acceleration voltage of 80 kV. The nanostructured micelles in
water (0.1 mg mL1) were adsorbed on a glow-discharged carbon copper grid and negatively
stained with 2% aqueous uranyl acetate.

Static contact angle (CA) measurements were performed to characterize the hydrophilicity of
membrane surface. The instrument is a CA goniometer, CAM 100 (LOT quantum design),
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based on a CDD camera with 50 mm optics. Droplets of ultrapure water were placed on the
sample surface with a micro syringe, and the CA was automatically recorded and analyzed by
the instrument software, fitting the experimental curve with the Young—Laplace equation. The
drop volume (2 puL) was kept constants for all measurements. The average values and
standard deviations were reported based on at least four measurements taken at different
location of the surface.

The membrane swelling was characterized on freestanding dense films. The swelling degree
(SD) is represented by the water uptake, which was determined gravimetrically in
ethanol/water mixture (7 wt.% water). Dried films are immersed into the solvent mixture at
RT, then they are left to swell until constant weight. The swollen samples are removed from
the mixture, wiped with a filter paper, and weighed. Three parallel measurements were carried

out for each sample; the SD values are calculated as follow:

sp = s 1 1)

mq
where ms and mq are the masses of the swollen and dried films, respectively.
Scanning electron microscope (SEM) was used to measure the thickness of thin film
membranes, the images are acquired using a Hitachi S-4800 SEM (Hitachi High-
Technologies Corporation, Japan) with a cold field-emission electron source. Electrically
conducting surfaces were created by sputtering the sample surface with a gold layer of 5 nm
thickness.
The separation performance of dense films and thin film membranes were characterized in a
pervaporation bench-top-unit that include two membrane cells (each cell provides an effective
area of 3.8x10-5 m?). An ethanol/water mixture (95.5/4.5, wt.%/wt.%) was used as feed
mixture for the pervaporation tests. The operating temperature is 95°C, the feed/retentate
pressure 2 bar, and the permeate pressure 10 mbar (kept by a vacuum pump). Permeate
samples are collected in cold traps with dry ice/ethanol mixture. For each measurement point,
the time, feed/retentate and permeate samples are collected. The water and ethanol
concentration of the samples are determined by Karl-Fischer (KF) titration (917 Coulometer,
Metrohm) and gas chromatograph (GC) from Agilent, respectively. The separation
performance of the membranes can be evaluated based on the permeate concentration (wt.%)

and water permeate flux Ji (kg m? h'1):

Ji =

T Axt

mi

(2)
where m; is the amount of water in the permeate (kg), A is the effective membrane area (m?),
and t is the operating time (h) between sample collection.
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The separation performance of membranes can be also represented by the permeability (P;) or
permeance (Pi/l) which are the intrinsic properties of the membranes:
Pi _ Ji
U (xyvipi**-yipP)

©)

where | is the membrane thickness, x;j and yi are the mole fraction of component i in the feed
and permeate, yi the activity coefficient of component i in the liquid feed calculated by NRTL
theory, pi** the saturated vapor pressure of the component i in the feed (calculated using the
Antoine equation) and pP the permeate pressure. The unit of P; is generally in Barrer (1 Barrer
=1x107cm3 (STP) cm cm? st cmHg™).

3. Results and discussion

3.1. Synthesis and structural characterization of block copolymers

The synthesis of PVA-b-PS or PS-b-PVA copolymers with low M, and narrow PD is
straightforward, as reported by Altintas et al 28 and other authors (Table S1, supporting
information). However, when we attempted to synthesize copolymers with high M, and high
content of PVA block, we ran into some limiting factors that hindered the polymerization
reaction, i.e., the growth of polymer chain was limited.

To overcome this problem, we first synthesized PS-Br homopolymers according to Altintas et
al, the kinetic of polymerization was investigated, and the results showed that high
concentration of initiator and catalyst, and low concentration of reducing agent (Sn(EH)2)
produce well controlled (PD < 1.10) polymers, but with low Ms. The rate of polymerization
was quite linear until the conversion reached 20-30%, and the values of Ln[M]o/[M]:
increased linearly with time at this stage. However, for longer time of polymerization, both
the conversion and the values of Ln[M]o/[M]: did not show linearity anymore, they showed a
plateau (Fig. S1, supporting information), and thus, polymers with lower M, than 32kDa were
obtained (Table S2, supporting information). As a second step, lower concentration of
initiator and catalyst were used to reduce the number of polymer chains and to minimize the
B-hydrogen elimination, 5869 respectively. After several polymerization experiments, the
reducing agent (Sn(EH).) was increased with the aim of regenerating the active catalyst
(Cu'/Ligand), since during the termination process, Cu'/Ligand is formed.[®™ Thus, these
changes in the formulation allowed obtaining PS-Br homopolymers with higher M, and high
conversion.

The chain extension of PS-CTA by VAc in presence of AIBN was more straightforward, here

we only increased the concentration of VAc monomer with respect to PS-CTA macroinitiator,
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and both the conversion and the My, could be controlled (see also Fig. S1 in supporting
information).

Figure 1 shows the results of the analysis performed during the PS-b-PVA synthesis (e.g.,
PS100-b-PVAu630): the synthesis of PS-Br by ARGET-ATRP (*H NMR and GPC), the
bromine substitution by the azide group (GPC), the CTA attachment (GPC), the chain
extension by RAFT polymerization of VAc (GPC) and the obtention of PS-b-PVA by
hydrolysis (*H NMR and ATR-FTIR). The *H NMR spectra corresponding to PS-Br, PS-Ns,
PS-CTA, PS-b-PVACc and PS-b-PVA are presented in supporting information (Fig S2). Here,
we show only the spectra of PS-Br and PS-b-PVA (Figure 1a and 1b), the observed peaks are
consistent with literature, (38 40.41.62.631 the characteristic signals corresponding to aromatic
protons of the PS block are clearly identified in both spectra, these are associated to the
resonance from 7.24 to 6.30 ppm (peaks c, d and e). The signals from 1.62 to 1.33 ppm arise
from the aliphatic protons from the block copolymer backbone (peaks a, b, and f) except for
the protons adjacent to the hydroxyl groups which appears at 3.84 ppm (peak g). The signals
at 4.68, 4.52 and 4.28 ppm are related to the different tacticity of the hydroxyl proton from the
PVA block (peak h = isotatic, i = atactic and j = syndiotactic). Last, the peaks marked with an
asterisk (*) correspond to the traces of solvents used during synthesis/purification steps, i.e.,
water and THF in CDCI3 and DMSO-d6, respectively.
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Figure 1. Chemical structure characterization of synthesized homopolymers and di-block
copolymers: (a) *H NMR spectrum corresponding to PS-Br homopolymer, (b) *H NMR
spectrum of PS-b-PVA copolymer, (c) GPC elugrams of PS-Br, PS-N3, PS-CTA and PS-b-
PVAc copolymer, and (d) ATR-FTIR spectra of PS-b-PVAc and PS-b-PVA copolymer.

The change of molecular structure from PS-Br to PS-N3zto PS-CTA and to PS-b-PVAC is

nicely monitored by the GPC elugrams (Figure 1c¢). GPC elugrams at different stages during
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the synthesis show that the synthesized PS-Br homopolymer exhibits narrow molecular
weight distributions (PD =1.08), this PD value is kept when the bromine group is substituted
by the azide group. Later, the PS-CTA shows a slight increase of PD to 1.10. These results
confirm a good control of the PS-CTA macroinitiator synthesis. However, in this last step, a
small bump appeared at the lower elution volume (21 mL) which would correspond to the
formation of small amount of higher molecular weight species. After chain extension of PS-
CTA with VAc, the GPC curve corresponding to PS-b-PVAc shows a significant shift to
lower elution volume, what confirms the increase of molecular weight of polymer, the PD
value in this case increased to 1.74. Two small shoulders are also observed, the first one
matching to the PS-Br precursor (23.5 mL) and the second one (21 mL) to the PS-CTA. Both
small shoulders would correspond to inactive chain ends that did not lead to chain extension,
and thus, they contributed to the increase of PD. These small fractions of both PS-Br and PS-
CTA can be tolerated in this step, since in the next step (hydrolysis) they should not
precipitate. Even though a broader molecular weight distribution is observed, in practice they
should be lower when PS-b-PVAc is hydrolyzed to PS-b-PVA. Compared to other PS-b-
PVAC reported in the literature (Table S1, supporting information), the PD values that we
have obtained are similar or lower.

The full conversion of PVAc block to PVA block is confirmed by *H NMR (Fig. S2,
supporting information) and ATR-FTIR (Figure 1d) analyses. The complete disappearance of
C=0 stretch at 1735 cm-1 and appearance of the broad O-H signal around 3287 cm-1 confirm
that PVAc was completely hydrolyzed.®® 63 64 The peaks corresponding to PS (C-H
stretching of the benzene ring at 3026 cm-1, carbon ring vibration at 1601 and 1493 cm-1, and
the out-of-plane ring vibration at 755, 698 and 540 cm-1)[38 & remained unaffected. Besides
the confirmation of the successful hydrolysis, a few other characteristic peaks were identified,
like the medium band at 2924 cm-1 which is attributed to the stretching of CH groups from
the backbone, the increase of the band at 1420 cm-1 that is characteristic for the bending
vibrations of the CH2, the medium band at 1323 cm—1 and the strong peak at 1088 cm—1
associated to the OH bending and the C-O stretching of the alcohol group, respectively. The
semicrystalline feature of PVA that is represented by the C-O stretching vibration at

1141 cm—116-67 js also observed.

A list of copolymers synthesized for this work are presented in Table 1. In addition to the
hydrophilic block-copolymers, a block copolymer containing high PS block was synthesized
for comparison. The names of block copolymers are referred to PVA content (weight fraction)
obtained by *H NMR spectroscopy. The Mn values are also obtained from the *H NMR
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analysis. As seen, we were able to obtain copolymers with M, higher than 60kDa and PVA
block content higher than 80 wt.%. Because the PS-b-PVVA copolymers are not soluble in
almost all typical solvents used in GPC analyses (Table S3, supporting information), the
reported PD corresponds to PS-b-PVAc, so we assume that the PD values do not change
during the hydrolysis step, or even they decrease due to the presence of inactive PS-Br and
PS-CTA that did not precipitate together with PS-b-PVA, described above.

Table 1. Composition, conversion, My, PD and fpva of synthesized PS-b-PV A copolymers

Sample Composition @ Conversion M, @ PD® froa?
[%0] [g/mol]
PVA-81 PSs7-b-PVAsg; 59 32000 1.55 0.81
PVA-31 PS;9s-b-PVA31s 5 45000 1.29 0.31
PVA-87 PSs7-b-PVAg,; 61 46000 1.49 0.87
PVA-68 PS192-b-PVAg.s 25 61700 1.53 0.68
PVA-79 PS139-b-PVAi1220 61 68200 1.45 0.79
PVA-87 PS100-b-PVAie39 55 82500 1.74 0.87
PVA-92 PSse-b-PVAism0 66 71800 2.11 0.92

3 obtained by *H NMR; ® PD corresponds to PS-b-PVAc (obtained by GPC)

The copolymers that have high M, (>60kDa) and high content of PVA block (>80 wt.%) are
tailor-made for applications in the membrane field (discussed later). The other copolymers
with low M, and low content of PVA do not show good film-forming property (Fig. S3,
supporting information), and are less hydrophilic, and thus, they cannot be used as membrane

material. However, they can have potential applications in others field.

3.2. Thermal characterization of block copolymers

DSC measurements and TGA were performed to determine the Tg, Tm, crystallinity, and Tq of
homopolymers (PS and PVA) and block copolymers (Figure 2), respectively. The DSC
thermograms are displayed in Figure 2a, these thermograms confirm that the copolymers are
constituted by two blocks that tend to microphase separation (presence of two glass
transitions). The first transition observed between 74 and 81 °C corresponds to the glass
transition of PVA, % while those between 103 and 105 °C to the glass transition of PS.[5% The
Ty of the short block either PS or PVA in the block copolymers (PVA-92 and PVA-31) cannot
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be distinguished, this can be because when a polymer segment of the block copolymer
decreases in length, its T4 can be suppressed relative to the other segment.[’®! At 180 °C, an
endothermic peak corresponding to the melting transition of the PVA crystalline domains
appears,° 58 "I from this endothermic peak we obtained the Tm (>220°C) and the
crystallinity of PVA block. The fraction of crystallinity is calculated from the ratio between
the enthalpy of fusion from the endothermic melting peak (AHs) of sample and the enthalpy of
fusion of the totally crystalline polymer PVA (AH°) by using AH{ = 138.6 J g*.5%
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Figure 2. DSC (a) and TGA (b) thermograms for PVA and PS homopolymers and for PS-b-
PVA copolymers

The TGA shows three distinct degradation regions (Figure 2b), the first weight loss (ca.

100 °C) is attributed to the evaporation of water, which is absorbed by the hydrophilic
samples (except the PS homopolymer). From ca. 200 °C to 240 °C, the decomposition of
PVA starts, and the lowest value corresponds to the copolymer with low My and low content
of PVA, while the other copolymers exhibit higher values of Tq, which are expected because
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the M and PVA content in the copolymers increase. The second weight loss is observed in
the range of 400-450 °C, this Tq corresponds to PS. All thermal properties corresponding to
the copolymers of interest and homopolymers are summarized in Table 2.

Table 2. Thermal properties of PS, PVA and PS-b-PVA copolymers with high M

Sample TSVA TS T VA Crystallinity T4VA TS
[°Cl [°C] [°C] (0] [°C] [°C]
PVA-0 (PS) n.a. 95.2+0.3 n.a. n.a. n.a. 401.0
PVA-31 - 103.4+0.1 223.1+1.1 27.4+1.6 192.0 418.0
PVA-68 72.1+0.1 105.4+0.4 231.8+0.4 32.4+1.7 237.0 419.0
PVA-79 74.8+£1.5 104.4+0.6 226.4+1.4 35.6+2.8 207.0 416.0
PVA-87 75.2+0.9 103.2+1.8 229.1+0.6 39.6+1.2 225.0 405.0
PVA-92 77.4+1.3 - 231.5+0.2 52.6+0.6 231.0 411.0
PVA-100 76.4+0.2 n.a. 229.0+1.4 55.2+1.7 250.0 n.a.

The full conversion of PVAc to PVA by hydrolysis was also confirmed by DSC (Fig. S4,
supporting information). For the PS-b-PVAc, the thermogram shows that the block
copolymers are amorphous, i.e., only glass transitions of each block are observed (e.g., Tg"VA°
=39.7 °C and T4 "® = 101.8 °C). However, after the hydrolysis of PVAc block to PVA, the T
corresponding to PVAc disappears completely, and the endothermic peak corresponding to
the PVA melting transition appears.

According to the DCS analysis, the copolymers are composed by two separated microphases,
one that corresponds to PS amorphous phase, and the other one where PVA amorphous and
crystalline phase coexist. The interesting of these copolymers is that PS is completely
amorphous, glassy, and acts as barrier, while PVA is semicrystalline, and its amorphous phase
can swell in presence of water. The swollen state of this phase allows permeating water and
other molecules depending on molecular size and affinity. Thus, these features give the

possibility of tunning the final transport property of material.

3.3. Thick dense film preparation and characterization
As this block copolymers are not soluble in common solvents (Table S3, supporting
information), the Hansen Solubility Parameters (HSP) of each block were plotted together

with those of common solvents (Figure 3). This 3D plot helps to identify possible
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formulations (mixtures of solvents) which may allow obtaining a homogeneous solution. The
dashed line (grey) between the PS and PVVA core represents the calculated parameters
according to the hydrophilic block content, e.g., for a balanced ratio (50/50 wt.%/wt.%),
DMAC should be an ideal candidate because the HSP values are in the middle of the line. The
choice of this solvent is in good agreement with the literature, since PS-b-PVA block
copolymers with low M, and low PVA content were dissolved in DMAC.!8 In our case, the
dissolution of PVA-b-PS with high M, and high PVA content turned out to be impossible.
Other solvents and mixtures thereof did not provide satisfying results, and after several
attempts, the only solvent that dissolved to the block copolymers was hot DMSO, except to

PVA-31 block copolymer that has high content of PS block.
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Figure 3. Representation of the Hansen Solubility Parameters in 3D space for PVA, PS,

PVA-b-PS and typical solvents used for membrane preparation

Self-standing dense films with thicknesses ranging between 15-20 um were prepared by
casting from solutions of block copolymer in DMSO. For comparison purposes, commercial
PVA and PS homopolymers (referred as PVA-100 and PVA-0) films were also prepared.
Contact angle measurements performed on the self-standing films (Figure 4a) shows that the
block copolymer samples are less hydrophilic than the sample prepared from PVA
homopolymer, which is correlated with the PVA content. The PVA film shows the lowest CA
value (57°), while the PS film the highest one (95°). Interestingly, the CA values of the block
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copolymer films increase in a very cute way as the PS content increases. Compared to the
chemically cross-linked PVA (55°),[2 the block copolymer films exhibit high values of CA.
Although the CA values of copolymer films slightly increase (from 74.9° to 83.5°) as the PS
content increases, the degree of swelling of samples (Figure 4b) in ethanol/water mixture is
almost the same (ca. 20%), which means that the content of PS block (<32 wt.%) in these
copolymers did not affect the swelling of block copolymer films. These results could be
attributed to three factors: 1) a balance between PVA content in the copolymer and PVA
amorphous fraction, i.e., high PVA content balances the low amorphous fraction of PVA (see
Table 1 and 2), 2) the slight variation of M, (Table 1), and 3) the water content in the mixture
(7 wt.% water in ethanol) used for the swelling tests. The fact of using ethanol/water mixture
instead of water for the swelling test is to obtain realistic results that represent the medium
where the membranes will be used, since the swelling tests are important for the membrane
material, because the separation performance and stability of polymeric membranes depend
strongly on swelling degree of material. Last, the PS film did not swell at all, and the
chemically cross-linked PVA swelled up only 5%.
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Figure 4. Properties of self-standing dense films: (a) Contact angle, (b) swelling degree, ()
water (filled experimental points) and ethanol (unfilled experimental points) permeability, and

(d) water/ethanol selectivity

Figure 4c shows the water and ethanol permeability through the dense films. Those were
obtained by carrying out pervaporation tests (feed: ethanol/water mixture with 4.5 wt.%
water, operating temperature: 95°C, and permeate pressure: 10mbar). The water permeability
values for the copolymer membranes with less than 80% of PVA block are lower than those
with 87% and 92%. This result is attributed to the PVA hydrophilicity (Figure 4a), i.e., the
higher the hydrophilicity of membrane, the higher the water permeability. [*> ™ However, the
PVA homopolymer sample showed even lower water permeability, which was not expected
and is contrary to the previous statement. Therefore here, the PS domain played an important
role. In films from PVA homopolymer, the polymeric chains of PVA crystallized
significantly, which resulted in higher crystallinity and less PVVA permeable amorphous phase,
hence it led to lower water permeability. In films from PVA-b-PS copolymers, the presence of
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PS nanodomains hindered the PVA crystallization and thus, it led to less crystallinity (Table
S4, supporting information). Therefore, a controlled quantity of PS domain allowed to obtain
potential membrane materials like PVA-87 and PVA-92.

As seen, the water permeability increases slowly as the PS content decreases within PVA
matrix until reaching a maximum (PVA-92), these results agree with the hydrophilicity nature
of the copolymers. This means the affinity of water molecules are favored as the PVA content
in the block copolymer increases.

On the other hand, the water/ethanol selectivity values for the block copolymer films are
lower than the sample prepared from PVA homopolymer. The PVA film shows the highest
value of selectivity (ca. 30), because the crystallinity is high and the homopolymer is the most
hydrophilic, where the water affinity is high. This behavior fits well with the tradeoff of
polymeric membranes, the higher the selectivity, the lower the permeability (see Figure 4c
and 4d).

In block copolymer films, the water/ethanol selectivity shows a maximum that could be
between 80 and 95 wt.% of PVA content. As the water permeability also show a maximum
around 92 wt.% of PVA, we believe this to be due to the nanostructure of block copolymer.
At the beginning of this work, we targeted to synthesize tailor-made block copolymers with
PVA content higher than 80 wt.% and high My, and we hypothesized that small quantity of PS
nanodomains within the PVA matrix will act as cross-linking points without affecting much
the separation performance of PVA membranes. Surprisingly, here we confirm our
hypothesis. According to Bates and Frederickson, [ 74 and Groot and Madden, [®! the self-
assembly of di-block copolymers and its nanostructure domains can be predicted knowing yN
and f (where y is the Flory-Huggins parameter, N is the polymer length, and f the ratio of
block size). So, the copolymer PVA-92 falls within the disorder region and the resulting
nanostructure may be disorder cubic arrays, and the PVA-87 enters in the cubic symmetry
phase with ordered nanodomains as body centered cubic structure. Thus, the characteristic of
these nanostructures supports the water permeability results, since a cylindrical and/or
lamellar nanostructure would lead to lower water permeability due to the PS continuous
nanodomains that would act as impermeable phases.

The nanostructure in melt, the properties, and the self-assembly of these block copolymers
(for the entire range of composition) will be investigated and discussed in a separated work.
Here, we only focus on block copolymers with >80 wt.% of PVA block and high M.

3.4. Self-assembly of block copolymers in solution
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Obtaining ordered nanostructures with block copolymers is complicated because different
factors such as substrate, polymer solution concentration, thickness of the thin film, method of
preparation, ambient conditions, method of post treatment among others affect the self-
assembly. Thus, the control of nanostructure formation by different methods is considered
crucial for obtaining large areas (m?) of thin films or membranes. [*3 19 76-78]

To induce and control the self-assembly of block copolymers, we used the method of “solvent
switch” by dialysis (Figure 5), this method is very versatile because allows controlling the
solvent exchange rate and the final solute concentration. First, the PVA-b-PS copolymer is
dissolved in DMSO (3 wt.%), as described in experimental part. Second, water is added
dropwise to the solution; while water is being added, the block copolymer chains start to self-
assemble to form micelles with PS block as core, surrounded by PVA as shell, this happens
because the medium is agueous and the PVA block is hydrophilic. Third, when DMSO is
completely removed by dialysis, the self-assembled micelles coexist in water and are stable
(Fig. S5, supporting information). Last, the self-assembled micelles dispersed in water can be
cast onto a substrate to obtain nanostructured thin films.
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DMSO DMSO + H20 H20

Figure 5. Self-assembly of PVA-b-PS copolymer in solution by “solvent switch” method

The prepared PVA-b-PS micelle solutions were characterized by DLS and TEM (Figure 6).
The DLS results show the presence of a trimodal distribution, the first peaks correspond to the
single micelles, whereas the second and the third one would correspond to aggregates that
resulted due to the aggregation of single micelles because of strong hydrogen bonding
between PV A shells. The highest intensity peak corresponds to single micelles with Dy =~
70nm, 90nm and 100nm, for PVA-92, PVA-87, and PVA-79 copolymers, respectively.

Compared to literature, 354179801 the measured sizes are in good agreement, considering the
19



high molecular weight obtained in this work. The aggregates have larger diameters, 400nm,
700nm and Sum, respectively. Because the samples were not filtered, formation of aggregates
were expected, since typical protocols for DLS analysis include sample filtration. In our case,

the samples were not filtered because the solution is used for the thin film preparation as it is
obtained.

Intensities (%)
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(d)

Figure 6. DLS results corresponding to PVA-92 (red line), PVA-87 (blue line) and PVA-79
(pink line) in aqueous solution (a), TEM micrographs of PVA-92 (b), PVA-87 (c), and PVA-
79 (d)

TEM images confirmed the self-assembly (Figure 6b, 6¢ and 6d) of block copolymers in
solution. The images reveal the presence of a plethora of micellar nanostructures, the presence
of worm-like structures also confirm that the micelles tend to aggregate, as observed in DLS
analysis. Although many micelles are partially aggregated, it is possible to measure the
diameters of the dried single micelle nanostructure, which are 19 + 2 nm. Compared to DLS
analysis, the Dy values obtained by TEM are lower, however they are expected due to the
differences in the methods used and sample nature. In DLS, the single micelles are highly
swollen and due to the PVA content and concentration of solutions (15 mg mL), the single
micelles are big and tend to aggregate in a greater extent, while for the TEM analysis the
solution is diluted (0.1 mg mL™), the nanostructures are frozen trapped and dried, and thus,

the single micelles and aggregates shrink.

3.5. Thin films from self-assembled micelles

Although self-standing thin films are possible to obtain as small samples (Fig. S6, supporting
information), for practical purposes, thin films onto PAN porous substrate were prepared from
the self-assembled micelles in solution. Because the micelles are dispersed in water and does
not contain any chemical cross-linkers or acid catalysts, we think our process is very clean

and innovative green process.
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Our approach of using these tailor-made copolymers is to leave out the chemical cross-linkers
during the PVA membrane preparation (state-of-the-art of PVA membranes includes the use
of chemical cross-linkers).

The thin film membranes prepared from these block copolymers would show interesting
separation performance due to the nanostructure within the membrane matrix. The micelles in
solution after the casting aggregate as the water evaporates, and when they are dried, the PVA
blocks make up the matrix of membrane and the dispersed PS nanodomains act as cross-
linking points. Thus, this membrane would no longer need chemical cross-linkers.

We selected the PVA-87 sample to prepare thin film membranes, according to the copolymer
composition and micelle formation in the aqueous solution, the resulting membrane would be
composed of a PVA matrix with PS nanodomains uniformly distributed as body centered
cubic structure. For comparison, thin film from PVA homopolymer was also prepared under
same conditions.

Figure 7 shows the separation performance of thin films (permeance and selectivity) as a
function of temperature of thermal annealing or heat treatment (HT). As expected, the water
permeance in block copolymer thin films is higher (~100%) than that in PVA homopolymer
(Figure 7a), and a thermal annealing (145 °C and 160 °C) of the thin films led to lower water
permeances, but still higher than PVA homopolymer film. Thermal annealing of block
copolymers is applied to induce molecular organization and to improve the microphase
separation. (8% 82 |n addition, thermal annealing induces crystallization of PVA chains, 4550
and thus, the permeability or permeance decreases. In samples annealed or heat treated at
160°C, the water permeance decreased more than 50% compared to the no-heat treated
sample. In the case of ethanol permeance, the decrease is more pronounced, i.e., after the heat
treatment at 145 or 160°C, the ethanol permeance in block copolymer films decreased by a
factor of 15 and 45, respectively. These results confirm that within the membrane matrix, the
microphase separation between blocks and the PVA crystallinity are enhanced because of
thermal annealing (Fig. S7, supporting information). In PVA homopolymer film, the

permeance decrease is attributed only to the increase of crystallinity.

22



2500+
gzooo-_
€ 4500
Q ]
O ¢
10001 -

g .
£ 5004 o e
E 100E 0 |
50 -
0] ®\@———@
no HT HT145 HT160
(a)
1200
1000 }
2 800
> .
§ 6004 *
2 _
N 400- /
200- /
1 ®
0 ! T T
no HT HT145 HT160
(b)

Figure 7. Separation performance of thin film membranes for PVA-87 block copolymer
(square experimental points) and PVA homopolymer (circle experimental points); (a) water
(filled points) and ethanol (unfilled points) permeance, and (b) water/ethanol selectivity

Due to the enhanced microphase separation and increased PVA crystallinity, the

water/ethanol selectivity in the block copolymer thin films increased by a factor of nine after a
heat treatment at 145°C. A subsequent heat treatment at 160 °C, the selectivity enhancement
is almost by a factor of twenty. These changes in the membrane performance are impressive
and are explained by the nature of block-copolymer, i.e., the fraction of free volume
decreased within the PVA amorphous region due to the presence of cross-linking points
because of both, the PS nanodomains and the PVA crystallites (enhanced by thermal
annealing). Therefore, the ethanol transport is hindered in greater extent than the water

transport, what results in higher water/ethanol selectivity values.
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The thickness of thin films is ca. 1000 nm. SEM micrographs of thin film membranes are

presented in supporting information (Fig. S8).

4. Conclusion

Tailor-made PVA-b-PS copolymers with high molecular weight (>70kDa), and high content
of PVA (>80 wt.%) were successfully synthesized by ARGET-ATRP and RAFT techniques.
To reach our target, we optimized the synthesis of block copolymer by decreasing the
concentration of initiator and catalyst during the polymerization, and by increasing the
reducing agent (Sn(EH)2) and VAc monomer with respect to PS-CTA macroinitiator. These
changes led to reduce the birth of new polymer chains, to minimize the f-hydrogen
elimination, to regenerate the active catalyst, and to extend the length of final polymeric
chain, respectively.

The chemical structure of synthesized block copolymers and their thermal properties were
confirmed by different analysis techniques. The most important features of these copolymers
are the good film-forming property and their solubility in solvents. They are not soluble in
any solvent, except hot DMSO. Thus, these copolymers can be considered as solvent resistant
materials. Nevertheless, by switching the solvent by dialysis, self-assembled micelles in water
can be obtained.

Self-standing films were prepared by using DMSO and characterized in terms of permeability
and selectivity as membrane material for pervaporation applications. Although the block
copolymer films are less hydrophilic than PVA homopolymer, the water permeability is high
when ca. 10 wt.% of PS is present in the block copolymer chain. Those results were attributed
to the nanostructure of block copolymer because of microphase separation, i.e., the
membranes with disordered nanodomains (disorder cubic arrays) and ordered nanodomains as
body centered cubic structure exhibit higher water permeability than that in PVA
homopolymer. At the same time, we confirmed that PS nanodomains would be acting as
cross-linking points.

Because the block copolymers are not soluble in any solvent, we investigated the switch of
solvent from DMSO to water by dialysis. By using this method, we demonstrated the control
of self-assembly of these block copolymers in solution (aqueous media), i.e., by adding water
to DMSO solution in a controlled way, the block copolymers form micelle nanostructures,
and then, when DMSO is completely removed, the micelles (70-100nm) coexist and are stable

in the aqueous solution. The formation of micelles was confirmed by DLS and TEM.
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The self-assembled micelle solution later can be cast onto a porous substrate to form thin film
membranes. The thin film membranes obtained in this form confirmed the higher water
permeance than that in PVA homopolymer. By a subsequent thermal annealing of thin films,
the water permeance decreased (more than 50%), but it was still higher than that in PVA
homopolymer. However, the selectivity of membrane was extremely enhanced (up to a factor
of twenty). These results were attributed to the improved microphase separation of block
copolymers and to the crystallinity increase of PVA block due to the thermal annealing. Due
to the PS domains present in the PVA matrix, we also demonstrated that chemical cross-
linkers are not needed anymore to make PVA membranes.

Although these block copolymers are still in laboratory stage (complex synthesis, therefore
expensive), we believe that in a near future, simpler synthetic methods will be developed.
Thus, this kind of tailor-made block copolymers might have a great impact in the membrane
field.
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Supporting Information for

Amphiphilic poly(vinyl alcohol) membranes leaving out chemical cross-linkers: Design,
synthesis, and function of tailor-made poly(vinyl alcohol)-b-poly(styrene) copolymers

Alessandro Angelini?, Anja Car?, lonel Adrian Dinu?, Luigi Leva® and Wilfredo Yave®

(a) Department of Chemistry, University of Basel, Mattenstrasse 24a, BPR 1096, 4058 Basel,

Switzerland

(b) Research and Development Department, DeltaMem AG, Hegenheimermattweg 125, 4123
Allschwil, Switzerland

Synthesis of polystyrene macro precursor:

Benzyl bromide solution in anisole (0.043 mol.L-1, 40.21 mL, 1.72 mmol, 1 eq.) and tinll 2-
ethylhexanoate solution in anisole (Sn(EH)2, 0.086 mol.L-1, 41.16 mL, 3.44 mmol, 2 eq.)
were separately purged with argon for 90 min. In a Schlenk flask, equipped with a stirring bar,
styrene (100 mL, 859 mmol, 500 eq.), copper(ll) bromide (CuBr2, 38 mg, 0.172 mmol, 0.1
eq.), and tris[2-(dimethylamino)ethylJamine (Me6TREN, 40 pL, 0.172 mmol, 0.1 eq.) were
dissolved in anisole (20 mL) and purged with argon for 90 min. The initiator and reducing
agent solutions were transferred to the Schlenk flask via a cannula. The polymerization was
carried out in thermostated oil-bath at 90 °C for 2.5 h. Then, the flask was cooled to room
temperature in an ice-cold water bath and the reaction was stopped by exposure to the air. The
copper catalyst was removed by passing the solution over a column of neutral alumina oxide.
The polymer was precipitated into cold methanol. The polymer was filtered and dried under
vacuum at room temperature (white powder). 1H NMR (500 MHz, CDCI3, 295 K, &, ppm):
7.24-6.30 (m, 5H, -CH2-CH(C6H5)-), 4.59-4.35 (m, 1H, -CH2-CH(C6H5)-Br), 2.13-1.68
(m, 1H, -CH2-CH(C6H5)-), 1.65-1.24 (m, 2H, -CH2-CH(C6H5)-).

Synthesis of PS-Ns:
PS-Br, 11 g, 1.1 mmol, 1 eq.) was dissolved in 50 mL of DMF in a round-bottom flask.
Sodium azide (NaN3, 3.97 g, 60 mmol, 50 eq.) was added to the solution. The reaction was

stirred overnight at room temperature. The reaction was poured into 500 mL of water and the
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polymer was filtered and dried under vacuum (white powder). 1H NMR (500 MHz, CDCI3,
295 K, 3, ppm): 7.24-6.30 (m, 5H, -CH2-CH(C6H5)-), 4.04-3.83 (m, 1H, —-CH2-
CH(C6H5)-N3), 2.13-1.68 (m, 1H, -CH2-CH(C6H5)-), 1.65-1.24 (m, 2H, —-CH2-
CH(C6H5)-).

Synthesis of PS-CTA:

O-Ethyl S-(prop-2-yn-1-yl) carbonodithioate was synthesized according to literature
procedures.200 PS-N3 (10 g, 1 mmol, 1 eq.), O-Ethyl S-(prop-2-yn-1-yl) carbonodithioate
(0.33 mL, 2 mmol, 2 eq.), PMDETA (0.383 mL, 2 mmol, 2 eq.) were dissolved in THF (104
mL). The mixture was purged with argon for 90 min and subsequently copper(l) bromide
(CuBr, 0.26 g, 2 mmol, 2 eq.) was added to the mixture under argon atmosphere. The reaction
was stirred overnight at RT. The copper catalyst was removed by passing the solution over a
column of neutral alumina oxide. The purified polymer was obtained by successive
precipitations into methanol. The polymer was filtered and dried under vacuum (yellowish
powder). IH NMR (500 MHz, CDCI13, 295 K, &, ppm): 7.24-6.30 (m, 5H, -CH2—
CH(C6H5)-), 5.10-4.90 (m, 1H, -CH2-CH(C6H5)-triazole ring), 4.72-4.59 (2H, -CH2-S-),
4.54-4.32 (2H, -O—CH2), 1.65-1.24 (m, 2H, -CH2-CH(C6H5)-).

Synthesis of PS-b-PVAc:

In a dried and nitrogen purged polymerization Schlenk-flask, vinyl acetate (VAc, 65 mL,
0.682 mol, 3000 eq.), PS-CTA (2.5 g, 0.23 mmol, 1 eq.), azobisisobutyronitrile solution in
THF (AIBN, 0.05 mol.L-1, 0.57 mL, 0.028 mmol, 0.125 eq.) and THF (16.9 mL) were added.
After purging with nitrogen by cooling the flask in an ice bath, the tube was backfilled with
argon, sealed, placed in an oil bath at 70 °C and removed after 17 h. The tube was
subsequently cooled with liquid nitrogen to cease the reaction. The reaction mixture was
diluted with THF and subsequently precipitated into 500 mL of methanol/water (1: 1, v/v).
The polymer was filtrated and dried overnight under vacuum (white powder). 1H NMR (500
MHz, CDCI3, 295 K, 8, ppm): 7.24-6.30 (m, 5H, -CH2-CH(C6H5)-)), 5.10-4.90 (1H, —
CH2-CH(O-C(CH3)=0)-), 2.10-2.00 (3H, aliphatic protons of PVAc), 1.65-1.24 (m, 2H, —
CH2-CH(C6H5)-).

Synthesis of PS-b-PVA:
The block polymer (PS-b-PVAc, 136 kDa, 29 g, 2 mmol, 1 eq.) was dissolved in 215 mL of
THF. Potassium hydroxide solution in methanol (1.78 mol.L-1, 220 mmol) was prepared and
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144 mL were added to the polymer solution (THF/MeOH, 1.5:1, v/v). The obtained mixture
was stirred at room temperature for 4 h. The precipitated product was filtrated, washed with
methanol and dried under vacuum a white powder. 1H NMR (500 MHz, DMSO-d6, 295 K, 6,
ppm): 7.24-6.30 (m, 5H, -CH2-CH(C6H5)-), 4.68-4.24(3H, -CH2-CH(OH), 3.84 (1H, -
CH2-CH(OH)-), 1.65-1.24 (aliphatic protons of PVA and PS).
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Table S1. Summary of articles reporting copolymers of PVA and PS (including those as
PVACc instead of PVA because they can be hydrolyzed to obtain PVA)

Mn PVA/PS
Year Copolymer (NMR or GPC) PD ratio Journal
1960 PS-b-PVA 17-44 kDa PS (n) n.a. 0,3-1,2 Die Macromolekulare Chemie 36 (1960) 93
1966 PVA-alt-PS n.a. n.a. 0,9-1,1 J Polym Scie B: Polym Letters 4 (1966) 187
1978 PVAc-PS 8-50 kDa 1.3-5,1 0,2-0,3 J Polym Scie: Polym Chem Edition 16 (1978) 2527
1993 PS-b-PVAC PS: 9-16 kDa n.a. 0,3-1,2 J Appl Polym Scie 48 (1993) 425
1995  PS-g-PVA 22k Da (PS) XX 0,9-10  Polymer 36 (1995) 4515
1997 PVA-b-PS-b-PVA 5-15k Da PS: 1,5 0,05-0,3 J Appl Polym Scie 63 (1997) 849
1998 PS-b-PVA 26-34k Da >2 1,3-4,0 J Polym Sci A: PolymChem 36 (1998) 109
1999 PVA-g-PS 8-23k Da XX 1,4-23 Langmuir 15 (1999) 3197
1999 PVAc-b-PS 8-99k Da 1,4-2,2 0,2-1,2 Macromolecules 32 (1999) 7023
2000 PVAc-b-PS - 1,2-1,4 - Macromol: Chem Phys 201 (2000) 1189
2002 PVA-b-PS 5-15k Da 1,3-1,4 0,4-0,5 Macromol Res 10 (2002) 339
2003 PVA-PmAS 1,5-1,9k Da 1,8-2,2 0,1-1,0 J Membr Scie 216 (2003) 107
2005 PVA-b-PS 5-7k Da 1,2-1,5 3,0-1,0 Colloid Polym Scie 283 (2005) 946
2005 PVA-b-PS 20k Da 1,3-1,3 0,2-0,2 Macromolecules 38 (2005) 9488
2005 PVA-b-PS 5-30k Da 1,3-1,5 1,6-1,6 Polym J. 37 (2005) 841
2006 PVA-b-PS 12-45k Da 1,1-1,2 0,5-4,0 Chemm Comm (2006) 5051
2006 PVA-b-PS 9-15k Da XX 0,4-0,8 Macromol Res 14 (2006) 504
2007 PVA-b-PS 30-45k Da 1,5-1,7 0,3-0,5 J Polym Sci A: PolymChem 45 (2007) 81
2008 PVAc-b-PS - 1,25 - Chemm Comm 42 (2008) 5336
2008 PVA-b-PS 2-5k Da XX 0,7-2,5 Korean J Chem Eng 25 (2008) 1444
2008 PVAc-b-PS 12-72k Da 1,4-1,5 Macromolecules 41 (2008) 7339
2010 PVA-b-PS 15-25k Da 1,3-1,5 0,5-1,5 Macromolecules 43 (2010) 2184
2010 PVA-b-PS Polymer 51 (2010) 3083
2015 PVAc-b-PS Macromolecules 48 (2015) 6832
2017 PVAc-b-PS 31-64k Da 1,3-1,5 Polym Chem 8 (2017) 5918
2018 PS-b-PVA 9-15k Da 1,3-1,4 0,5-1,3 Polym Chem 9 (2018) 4243
2018 PS-b-PVA 43 kDa 1,4 10,0-10,1  J Polym Sci A: PolymChem 56 (2018) 2445
2018 PVA-b-PS 5-42k Da 1,2 0,3-2,7 Polymer 139 (2018) 68
2022 PVA-g-PS 125k Da PVA 65-330 Ind Eng Chem Res 61 (2022) 5797
2022  PVA-b-PS 5-15k Da 2,0-2,6 0,2-0,6 Polymer source
2022 PVA-b-PS 5-94 kDa 1,5-2,0 0,1-0,6 Polymer source
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Table S2. PS-Br homopolymers obtained with different formulations and PS-b-PVAc

Sample Mn Conversion PD
[g/mol] [%]

PSs? 5900 11 111

PS100 10400 20 1.08

PSs7-b-PVAC,25 25000 56 1.52

PSs7-b-PVACsg7 32000 59 1.55

Table S3. Solubility test of copolymers in different solvents

Sample solvent Result
PVA-63, PVA-81 acetone insoluble
acetonitrile insoluble
(MeOH, EtOH and IPA) insoluble
CHCI3 insoluble
DMAc soluble (with heat)
dioxane insoluble
DMF insoluble
DMSO soluble
ethyl acetate insoluble
THF insoluble
toluene insoluble
water insoluble
PVA-68, PVA-79, PVA-87, PVA-92 acetone insoluble
acetonitrile insoluble
(MeOH, EtOH and IPA) insoluble
CHCI3 insoluble
DMAc poorly soluble (with heat)
dioxane insoluble
DMF insoluble
DMSO soluble
ethyl acetate insoluble
THF insoluble
toluene insoluble
water insoluble
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Table S4. Crystallinity and melting point of PVA block in dense films

Sample Crystallinity TwPVA
(0] [°C]
PVA-68 39.3 230.3
PVA-79 10.5 217.7
PVA-87 20.3 222.0
PVA-92 24.6 223.8
PVA-100 50.6 231.0
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Figure S1. (a) and (b), kinetic study of PS synthesis by ARGET-ATRP (square data:
according to Altintas et al, circle data: reduced initiator and catalyst, triangle up data:

increased reducing agent x2, and triangle down data: increased reducing agent x4), and (c)

and (d), polymer chain extension by VAc polymerization via RAFT
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Figure S2. *H NMR spectra corresponding to PS-Br (a), PS-Ns (b), PS-CTA (c), PS-b-PVAc

(d) in CDCI3, and PS-b-PVA (e) copolymer in DMSO-d6 at room temperature (residual
solvent is marked with an asterisk)

37



K|/

(b)

(@)

Figure S3. Pictures of self-standing dense films prepared from copolymers with low Mn (a)
and copolymers with high Mn (b)

T pva = 2|32°C
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Figure S4. DSC thermograms (second heating scans, heating rate = 10 K min™t)
corresponding to PS-b-PVAc (blue), and after hydrolysis to obtain PS-b-PVA (black)
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Figure S5. Picture of self-assembled micelle solution obtained by switching the solvent (from
DMSO to water) by dialysis

Figure S6. Picture of the self-standing thin film obtained from the self-assembled micelle
solution (difficult to handle)
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Figure S7. DSC thermograms corresponding to PVA-87 film before and after thermal
annealing at 145 °C. As seen, the crystallinity of PVA block increases from 20.27% to
52.45% (the bump after the melting of PVA in the sample before the annealing is due to the

polymer degradation, since the heating cycle reaches 250°C)

(@)

Figure S8. SEM micrographs of thin film membrane on porous substrate, sample PVA-87
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