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Introduction

Polyacrylonitrile-containing amphiphilic block
copolymers: self-assembly and porous membrane
formationt

® Christian Dietz, (2 ¢ Daniel Rauber,
d%9 Robert W. Stark, (2 ¢

Lea Gemmer,? Bart-Jan Niebuur,
Martina Plank,€ Florian V. FrieR,? Volker Presser,
Tobias Kraus (2" and Markus Gallej (2 *@9

The development of hierarchically porous block copolymer (BCP) membranes via the application of the
self-assembly and non-solvent induced phase separation (SNIPS) process is one important achievement
in BCP science in the last decades. In this work, we present the synthesis of polyacrylonitrile-containing
amphiphilic BCPs and their unique microphase separation capability, as well as their applicability for the
SNIPS process leading to isoporous integral asymmetric membranes. Poly(styrene-co-acrylonitrile)-b-
poly(2-hydroxyethyl methacrylate)s (PSAN-b-PHEMA) are synthesized via a two-step atom transfer radical
polymerization (ATRP) procedure rendering PSAN copolymers and BCPs with overall molar masses of up
to 82 kDa while maintaining low dispersity index values in the range of © = 1.13-1.25. The polymers are
characterized using size-exclusion chromatography (SEC) and NMR spectroscopy. Self-assembly capabili-
ties in the bulk state are examined using transmission electron microscopy (TEM) and small-angle X-ray
scattering (SAXS) measurements. The fabrication of isoporous integral asymmetric membranes is investi-
gated, and membranes are examined by scanning electron microscopy (SEM). The introduction of acrylo-
nitrile moieties within the membrane matrix could improve the membranes’ mechanical properties, which
was confirmed by nanomechanical analysis using atomic force microscopy (AFM).

of components.”> Water purification addresses one of the
world’s most serious environmental issues.> BCP membranes

Nanostructured polymer membranes composed of block copo-
lymers (BCP) have been subject to intense research due to
their promising applications in for instance waste-water purifi-
cation, selective separations, as well as mining and harvesting
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have gained particular interest for use in microfiltration, ultra-
filtration, reverse osmosis, and nanofiltration.”® The mechani-
cal stability of these membranes is a key to their performance,
and introducing mechanically more stable building blocks to
the BCPs used in membrane fabrication could enhance their
long-term stability.*

Polyacrylonitrile (PAN) is a rigid and solvent-resistant
material because of the small size of the acrylonitrile moiety in
combination with its highly polar nature.”® Acrylonitrile is
widely used as a comonomer to increase the mechanical stabi-
lity and solvent resistance in commercial plastics.
Polyacrylonitrile-nonwovens are often used as membrane
support material,”'® and phase inversion membranes based
on PAN and Poly(styrene-co-acrylonitrile) (PSAN) have been
subject of research for a while due to their outstanding solvent
resistance, mechanical robustness and thermal properties.”
The research often focuses on polymer blends,'™'* composite
or hybrid membranes,">'* as well as their fabrication based
on the non-solvent induced phase separation (NIPS)
process” ' or electrospinning methods."®'” While isopor-
ous asymmetric membranes can be produced via the self-
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assembly and non-solvent induced phase separation (SNIPS)
process, the use of P(S)AN-based BCPs has not been reported
in this context. This would enable a new platform of BCP-
based robust membranes.

The SNIPS process is a procedure to fabricate isoporous inte-
gral asymmetric membranes from amphiphilic BCPs, wherein
the self-assembly is the underlying key mechanism. As has been
shown for some well-studied polymers, this membrane for-
mation process is predictable and controllable.>"®'* In the first
reporting of a BCP-membrane prepared via SNIPS by Peinemann
and Abetz in 2007,>° PS-b-poly(4-vinylpyridine) (4VP) was cast
from a solvent-mixture of N,N-dimethylformamide (DMF) and
tetrahydrofurane (THF), and since then PS-b-P4VP has been
widely used for ultrafiltration membrane production. Many
more BCPs have been used to fabricate SNIPS membranes based
on the deepened knowledge in the following years.>'**' For
example, the introduction of PHEMA as hydrophilic block
bearing accessible hydroxy-moieties by Schottner et al.** paved
the way to multiple post-modification possibilites.**°

The formation of a membrane via the SNIPS process
includes three essential steps: preparing a semi-concentrated
solution of the BCP in a solvent mixture, casting the mem-
brane solution by doctor blading and, after an appropriate
evaporation time, freezing the membrane in its non-equili-
brium state by immersion in a precipitation bath. The process
itself is complex and many parameters have to be considered,
whilst being strongly dependent on each other, when introdu-
cing a new BCP.>”*® For example, it depends on the molecular
parameters of the BCP, the solvents, the composition of the
casting solution, the additives, the film thickness, and the
evaporation time.'® Within a recent work, Blagojevic and
Miller identified the most important influencing parameters
using simulations.?®

Although valuable work has been published in this
field,***?" there is still need for improvement regarding the
membranes’ mechanical stability. Amongst others,>® our
group has approached this issue by incorporating UV-cross-
linkable moieties into a methacrylate-based amphiphilic BCP
prepared by ATRP,*' leading to improved solvent resistance
and mechanical stability. Nonetheless, regarding mechanical
and chemical robustness, BCPs containing PAN-segments or
copolymers thereof could be a benefit without the necessity of
post-treatments.

Morphologies in the bulk-state can only be observed above a
certain molar mass of each BCP-segment, and a narrow molar
mass distribution is necessary to obtain ordered morphologies.
In phase equilibrium, these morphologies can be spheres, cylin-
ders, gyroid or bicontinuous morphologies, and lamellae.***
In general, the gyroid or bicontinuous morphologies are chal-
lenging to obtain, as precise tuning of distinct parameters is
required.>**” When the system is out of equilibrium or on the
border of equilibrium-state morphologies, also mixed or other
complex morphologies can be found, for example the so-called
worm-like cylinder morphology.***® Morphologies of polyacry-
lonitrile-containing BCPs in the bulk state are scarcely investi-
gated, even though they are of academic interest and techno-
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logical relevance because of their functionality and post-treat-
ment possibilities.***®

Acrylonitrile has been introduced to a variety of controlled
polymerization methods.***”~>> A few examples of well-defined
amphiphilic BCPs containing PSAN can be found, which are
shortly presented here. Besides some other reports,**™*’
Quémener et al. produced an amphiphilic triblock copolymer
with an overall molar mass of 130 kDa containing polyethylene
oxide (PEO) as a middle block via nitroxide-mediated polymer-
ization (NMP) method, observing micelle formation and self-
assembly phenomena.’® Using the reversible addition-frag-
mentation chain-transfer (RAFT) polymerization method, Fan
et al. synthesized a variety of amphiphilic BCPs starting the
PSAN polymerization with hydrophilic macro-chain-transfer-
agents (macro-CTAs).>® Among other BCPs, they synthesized
poly(hydroxyethyl methacrylate)-b-PSAN (PHEMA-b-PSAN) with
a molar mass of 19 kDa and a dispersity index (P) of 1.3.%°
This is, to the best of our knowledge, the only BCP of this kind
published so far.

Within the last two decades, ATRP has become a popular
method for the synthesis of functional BCPs due to its compat-
ibility with a huge variety of functional monomers for
polymerization.>*>>>” However, especially acrylonitrile and
styrene have caused issues for classical ATRP synthesis as side
reactions with the copper catalyst occur.’*>® This resulted in
limitations in achievable molecular weights of PAN,>*>° pg>%°0
and PSAN®"®? and the re-initiation capability with a second
monomer. This issue was overcome by the introduction of the
activators regenerated by electron transfer (ARGET) ATRP,*>%*
where extremely low copper concentrations of 30-50 ppm are
generally used. Following this method, high molecular weight
PAN (M, gpc = 161 kDa, P = 1.18 and M,, gpc = 216 kDa, P =
1.45),%° PS (My, gpc = 72 kDa, P = 1.18 and M, gpc = 185 kDa,
P =1.35)% and PSAN (M, gpc = 99 kDa, P = 1.22 and M, gpc =
188 kDa, P = 1.25)°” could then be synthesized.

However, long-chain BCPs obtained from ATRP are still
scarcely reported. The highest molar mass reported here is
PEO5000-b-PSAN with 101 kDa (SEC vs. PS standards) and a dis-
persity index value of 1.19 prepared by Pietrasik et al.,®” fol-
lowed by poly(butyl acrylate)-b-PAN with up to 59 kDa (SEC vs.
PS standards) and a dispersity index value as low as 1.15, pre-
pared by Tang et al. by means of the classical ATRP method.®®
From a viewpoint of application in the field of membranes, a
certain chain length of the BCP segments as well as the con-
trollability of the hydrophilic block content is of utmost impor-
tance in order to tailor the membrane formation process, and
to tailor the pores’ sizes and properties.>"*® For that reason,
the protocols developed by Pietrasik and co-workers are
adjusted and used for parts of this work.

In this work we introduce a two-step ATRP procedure as a
synthetic route to obtain well-defined high-molar mass PSAN-
based amphiphilic BCPs. The PSAN-block is investigated with
respect to its local mechanical stability by nanomechanical
characterization using atomic force microscopy (AFM)
measurements. Subsequently the BCPs are investigated regard-
ing their microphase separation capabilities in the bulk state

This journal is © The Royal Society of Chemistry 2023
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and in solvent mixtures, as well as their membrane formation
by means of the SNIPS process. Both the ATRP as well as the
SNIPS process are scalable methods.”®”*

Experimental section
Materials

Solvents and reagents were purchased from Alfa Aesar, Sigma-
Aldrich (Merck), Fisher Scientific, VWR or TCI and used as
received unless otherwise stated. For ARGET-ATRP the follow-
ing purification procedures were carried out: the monomers 2-
(trimethylsilyloxy) ethyl methacrylate (HEMA-TMS), acryloni-
trile and styrene were passed over a column filled with basic
aluminum oxide. HEMA-TMS was stored at 4 °C in Ar atmo-
sphere until used. Styrene was passed over a column at least
three times, styrene and acrylonitrile were subsequently dried
with calcium hydride, distilled under reduced pressure and
stored in the glovebox (GB) at —16 °C in nitrogen atmosphere
until used. The ligands N,N,N',N',N"-pentamethyldiethyl-
enetriamine (PMDETA) and tris(2-dimethylaminoethyl)amin
(MesTREN) as well as the copper salt Cu''Cl, were degassed
and stored in the GB until used. Cu'Cl was washed with glacial
acetic acid (degassed) and ethanol (abs., degassed), filtered,
dried and heated in vacuum before stored in the GB until
used. The preparation of the catalyst solutions was conducted
in the GB. For this purpose, a copper salt, degassed anisole
and the ligand required were mixed in a glass vial and stirred
overnight. The solution of the reducing agent was prepared in
an analogous manner before use. Regarding the synthesis, all
steps outside of the glovebox were carried out under Schlenk
conditions. The subscript used with PSAN refers to the calcu-
lated repeating units. The subscripts used in PSAN-b-PHEMA
BCPs refer to the calculated volume fractions of each BCP
segment, the superscripts refer to the calculated overall molar
mass of the BCP (in kDa, calculations see Table 1).

Methods

Standard size-exclusion chromatography (SEC) with THF
(HPLC grade) as the solvent was performed with a 1260
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Infinity II (Agilent Technologies) system with a flow rate of
1 mL min~" on an SDV column set from polymer standard
service (PSS, SDV 10° A, SDV 10° A, SDV 10° A, 5 um) with a
PSS SECurity® RI/UV detector. Calibration was carried out
using polystyrene (PS) standards from PSS (Polymer Standard
Service, Mainz, Germany). For multi-angle laser light scatter-
ing (MALLS) a PSS SLD 7000 detector was used. SEC with DMF
(HPLC grade) as the solvent was performed with a Waters
(Milford, MA, USA) system composed of a 515 HPLC Pump, a
2487 UV-detector at 260 nm and a 2410 RI-detector at 40 °C,
with DMF (1 g L' LiBr) as the mobile phase (flow rate 1 mL
min~") on a GRAM column set (GRAM 30, GRAM 1000, GRAM
1000) from PSS at 60 °C. Calibration was carried out using
PMMA standards. The software PSS WinGPC UniChrom V 8.31
was used for data acquisition and evaluation of the
measurements.

Differential scanning calorimetry (DSC) was carried out
using a Netzsch DSC 214 Polyma in aluminum crucibles with a
heating rate of 10 K min~" and nitrogen as both protective and
purge gas in flow rates of 60 mL min™' and 40 mL min’,
respectively. Thermogravimetric analysis (TGA) was conducted
on a NETZSCH TGA Libra in a crucible made of aluminum
oxide with nitrogen flow of 20 mL min™" and heating rate of
10 K min~". Both TGA and DSC data were evaluated using
NETZSCH Proteus Thermal Analysis 8.0.1. In the DSC thermo-
grams used the second heating cycles are displayed with exo up.

Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Avance II 400 spectrometer with a 9.4 T
Ultrashield Plus Magnet, a BBFO probe, and referenced by
using the solvent signals.”* For processing and evaluation of
the spectra MestReNova 14.2.0 was used.

Instrumentation details for diffusion NMR investigations
can be found in the ESL}

For transmission electron microscopy (TEM)-measure-
ments, samples were cut by ultramicrotomy from surface to
surface at room temperature (Reichert Ultracut by Leica
Microsystems, Wetzlar, Germany). Ultra-thin slices with a
thickness of ~40-60 nm were prepared using a diamond trim
knife cryotrim 45 and a diamond cutting knife cryo 45° by
Diatome (for wet cutting, water was used as the liquid), and

Table 1 Molar masses M,, polydispersity index values D, block segment content (molar content, mol%) and volume content of PHEMA ®pema Of

the PSAN and corresponding BCPs

My, gpc“/ M,, gpc b/kDa » M, prEMa M, ges, cal 4 XpHEma Dpuema I

Polymer kDa (PHEMA-Bz) b)) kDa (calc) kDa mol% vol%
PSAN7;35 62.6 1.17 — — _ _
PSANg,-b-PHEMA, ;”° 86.5 1.25 13.8 76.4 11.1 12.8
PSANg;-b-PHEMA,,*> 90.2 1.24 19.2 81.8 14.8 17.0
PSAN,; 34.2 1.13 — —

PSANgg-b-PHEMA,,*! 51.7 1.18 7.1 141.3 10.7 12.4
PSANg-b-PHEMA ¢ *° 51.0 1.19 11.0 45.2 14.0 16.1
PSANgy-b-PHEMA,,*’ 56.0 1.21 12.5 46.7 17.4 19.9
PSAN,¢-b-PHEMA,,*° 62.2 1.18 15.4 49.6 20.7 23.6

“Molar mass M, in kg mol™ determined via SEC-MALLS in THF. ® Determined via SEC in THF, in case of BCP the PHEMA moieties were
benzoyl-protected (-Bz). © Calculated from "H-NMR spectra. 4 Calculated from M,, psan from (a) and M, puema from (c). © Calculated from the

corresponding "H-NMR spectra.’ Calculated from xpypua using the molar mass of HEMA and a polymer density of 1.42 g cm™.

This journal is © The Royal Society of Chemistry 2023
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samples were placed on a copper grid. Staining was conducted
by vapour staining with a diluted solution of OsO, in water.
TEM images were obtained using a JEOL JEM-2100 LaBg elec-
tron microscope (JEOL Ltd Tokyo, Japan) with 200 kV accelera-
tion voltage, 0.14 nm line resolution and a Gatan Orius
SC1000 camera (Gatan Inc. Pleasanton, CA, USA) in the bright-
field mode.

Scanning electron microscopy (SEM) was carried out on a
Zeiss Sigma VP device (GeminiSEM 500) using the software
SmartSEM Version 6.07. The samples were mounted on an
aluminum stud using adhesive copper tape and sputter-coated
with approximately 6 nm platinum using an Automatic Turbo
Coater PLASMATOOL 125 SIN 2020_131 from Ingenieurbiiro
Peter Liebscher. High-resolution micrographs were acquired
using an in-lens detector with acceleration voltages between 1
and 3 kV in high-current mode and a 20 pm aperture.

Small-Angle X-ray Scattering (SAXS) experiments were per-
formed on a Xeuss 2.0 system (Xenocs SAS, Grenoble, France).
The incident X-ray beam from a Copper K, source (wavelength
A =0.154 nm) was collimated and focused on the sample with
a spot size of 0.25 mm®. 2D scattering intensity patterns were
collected using a Pilatus 300K detector (pixel size 172 x
172 pm?), located at a sample-detector distance of approxi-
mately 2500 mm, determined using a silver behenate standard.
For each measurement, the acquisition time was 3600 s. As no
signs of anisotropic scattering were observed, the scattering
patterns were azimuthally averaged to obtain the scattered
intensity I in dependence on momentum transfer g = 4w x
sin (6/2)/4, with 6 being the scattering angle. The free-standing
films were placed directly into the beam, without the need of a
sample container.

Nanomechanical characterization was performed in the
PeakForce tapping mode using a Dimension Icon atomic force
microscope (AFM) from Bruker AXS (Santa Barbara, CA). We
used an NSC-35 cantilever (Type C) from Mikromasch
(Wetzlar, Germany) and removed the two other cantilevers
mechanically from the chip prior to the measurement. This
type of cantilever has a typical tip radius of 8 nm, a spring con-
stant of 5.4 N m~" and a resonant frequency of 150 kHz (as
provided by the datasheet of the manufacturer). The optical
lever deflection sensitivity was calibrated by pushing the tip
against a stiff sapphire surface and linearly relating the deflec-
tion (volts) with the motion of the z-piezo (nanometer).
Subsequently, the exact spring constant of the cantilever was
determined by the thermal noise method.”> Images (300 x
300 nm?, 256 x 256 pixel) were taken with a line rate of 1 Hz,
setpoint force of 10 nN and a cantilever drive frequency of 1
kHz. Topography images were first-order flattened to remove
sample tilt and to correct for drift during image acquisition.

Block copolymer synthesis

Exemplary synthesis of PSAN,y;. A round-bottom Schlenk-
flask featuring an additional glass-socket behind a stopcock
was used. The flask was equipped with a stirring bar, as well
as a first septum on the regular socket and a second septum
on the socket behind the stopcock. It was filled with 15 mL of

4828 | Polym. Chem., 2023, 14, 4825-4837
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anisole, 10.0 mL of styrene (86.9 mmol, 600 eq.), 3.7 mL of
acrylonitrile (56.5 mmol, 390 eq.) and 27.0 pL of tert-butyl-
a-bromoisobutyrate (0.14 mmol, 1 eq.) using syringes and a
Hamilton syringe, respectively. The mixture was degassed two
times with the freeze-pump-thaw method and frozen again.
21.7 pL of Cu"Cl,/MesTREN (0.2 M in anisole, 0.004 mmol,
0.03 eq.) was added using a Hamilton syringe, the first septum
was exchanged for a glass stopper, and the frozen mixture was
degassed and thawed again. The flask was heated to 80 °C in
an oil bath in Ar atmosphere and 0.15 mL of Sn(EH),/
MeTREN (0.1 M in anisole, 0.014 mmol, 0.1 eq.) was added
quickly with a syringe through the second septum and the
stopcock to start the reaction. After the reducing agent was
added the stopcock was closed. After 67 h of reaction time the
flask was cooled in an ice bath, opened and bubbled with
40 mL of air. The mixture was diluted with anisole to achieve
an adequate viscosity for the following precipitation in a
10-fold excess of cold methanol. The polymer was collected
and dried at room temperature in vacuum. This synthesis
yielded 4.6 g (38.3%) polymer. The as-obtained macroinitiator
was stored in Ar atmosphere at —16 °C until use.

SEC PSAN (DMF vs. PMMA): M, = 43200 g mol ™ ; M,, =
54200 g mol™'; b =1.25.

SEC PSAN (THF vs. PS): M;, = 44 000 g mol~*; M,, = 49500 g
mol™; b =1.11.

SEC-MALLS: M,, = 37 200 g mol .

'H-NMR (300 MHz, 300 K, CDCl;) § = 8.01 (1H, DMF
residue), 7.26 (CHCl;), 7.13 (w, PS aromatic), 6.75 (w, PS aro-
matic), 2.95 (3H, CH3, DMF residue), 2.88 (3H, CH;, DMF
residue), 2.6-1.2 (w, multiple H, PAN, PS aliphatic, bb) ppm.

Exemplary synthesis of PSANg,-b-PHEMA,¢*>. The 417.3 mg
of PSAN,; macroinitiator (0.009 mmol, 1 eq.) was re-dried and
weighed in a round-bottom Schlenk-flask. 5.1 mL of anisole
and 0.47 mL of HEMA-TMS (2.18 mmol, 230 eq.) were added
using a syringe through the septum and the mixture was
degassed in three freeze-pump-thaw cycles. The flask was
heated to 90 °C in an oil bath and 3.3 pL of Cu"Cl,/PMDETA
(0.02 M in anisole, 0.07 pmol, 0.007 eq.) and 0.17 mL of Cu'Cl/
PMDETA (0.2 M in anisole, 0.033 mmol, 3.5 eq.) were added
quickly to start the reaction. After 17 h the flask was cooled in
an ice bath, diluted with THF and passed over a column filled
with aluminum oxide until a colorless liquid was obtained.
The solvent was evaporated in a high vacuum and the residue
was dissolved in a mixture of DMF/THF/HCl,q. 6:2:1, stirred
for 3 h and precipitated in water to obtain the de-protected
polymer PSAN-b-PHEMA. The polymer was washed with water
thoroughly to get rid of any excess of acid and then dried at
40 °C in vacuum. This synthesis yielded 467.9 mg (54.5%)
polymer. The largest amount of BCP synthesized was 1.1 g. For
characterization the PSAN-b-PHEMA was protected with
benzoic acid. Therefore, 25 mg of the polymer and 950 mg of
benzoic acid were dissolved in 2 mL of pyridine and stirred for
3 days. The polymer PSAN-h-PHEMA(-Bz) was precipitated in
cold methanol and dried in vacuum.

SEC PSAN-H-PHEMA (DMF vs. PMMA): M,, = 58 300 g mol ™ ;
M, =73800 g mol™'; b=1.27.

This journal is © The Royal Society of Chemistry 2023
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SEC PSAN-b-PHEMA(-Bz) (THF vs. PS): M,, = 51 000 g mol ™ ;
M,, = 60600 g mol™*; b =1.19.

'"H-NMR PSAN-b-PHEMA (300 MHz, 300 K, py-d5) § = 8.73
(py), 7.58 (py), 7.5-6.6 (w, PS ar), 7.22 (py), 4.97 (W, PHEMA,
OH), 4.38 (w, PHEMA, CH,), 3.66 (w, PHEMA, CH,), 3.6-1.3 (W,
multiple H, AN, PS and PHEMA bb), 1.59 (H,0O) ppm.

Block copolymer film preparation

Exemplary solvent-casting and annealing process. 40 mg of
the BCP was dissolved in DMF in a brown glass vial in Ar
atmosphere for four days. Afterwards, the open vial was
placed in a vessel containing 2 mL of DMF and was heated to
90 °C in Ar atmosphere to conduct solvent-annealing for one
day and was then heated to 110 °C to evaporate all DMF for 8
days. The as-received film was further dried in vacuum at
40 °C for three days.

Formation of membranes via SNIPS

Exemplary membrane formation process. If necessary, a
fraction of the polymer stock was dissolved, filtered using a
syringe filter, precipitated and dried completely before mem-
brane formation. In a rolled rim bottle, 160.6 mg of the puri-
fied PSANg;-b-PHEMA,,®*> and 0.6 mg of LiCl were dissolved in
627 mg of a solvent mixture of THF, DMF and DOX (3:1:1 by
weight) by stirring for several hours to obtain a clear solution
of 20.3 mass% (polymer/solvent). When completely dissolved,
0.2-0.3 mL of the polymer solution was cast on a THF-con-
ditioned polyester support (type FLPD 85,
Freudenberg Performance Materials) on a glass plate with a
doctor blade using the blade gap of 100 um. After the evapor-
ation time of 14 s the plate was immersed into a water bath,

nonwoven
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precipitated for 20 min, then dried over night at room temp-
erature and subsequently in vacuum at 40 °C. Membranes
with a size of 10 cm X 5 cm were obtained.

Results and discussion
Synthesis and characterization of PSAN-b-PHEMA

The synthesis of poly(styrene-co-acrylonitrile)-block-poly
(hydroxyethyl methacrylate) (PSAN-b-PHEMA) was conducted
in a two-step ATRP procedure. First, as it is shown in
Scheme 1, PSAN 4 was synthesized with an azeotropic molar
composition of styrene 1 and acrylonitrile 2 via ARGET-ATRP
with a-bromo-tert-butyl isobutyrate 3 as the initiator, Cu"'Cl,/
MesTREN as the catalyst system, and Sn(EH),/MesTREN as
the reducing agent according to literature.®” In a second
step, the PSAN macroinitiator 4 was converted into a BCP
via ATRP with HEMA-TMS 5 with Cu'Cl/PMDETA as the cata-
lyst system, taking advantage of the halogen exchange
reaction.’””® The halogen exchange to chloride was necess-
ary to ensure re-initiation because of the low reactivity of the
bromide terminated poly(styryl) chain ends in the copolymer
macroinitiator.®" Deprotection of the hydroxy moieties in the
obtained PSAN-b-(PHEMA-TMS) by treatment with diluted
hydrochloric acid lead to the desired amphiphilic PSAN-b-
PHEMA 6.

The synthesized BCPs were analyzed with SEC, 'H-NMR
spectroscopy, TGA and DSC. An exemplary set of characteriz-
ation data is compiled in Fig. 1, while all other spectra, molar
mass distributions and thermograms of the investigated BCPs
are compiled in the ESI (Fig. S1-S57).

N Sn(EH), Br
AN o) | / MegTREN
Cu'Cl, X y'n
nx + ny ll + Br 0 + I
N / MeGTREN anisole N
80°C
1 2 3 4
Br 1. Cu'Cl / PMDETA Cl
X yYn 4+ m (o) anisole, 90°C X yln m
If g Il 0" o
N ( © 2. DMF / THF N
0-TMS * HClyg, H
4 5 6 OH

Scheme 1 Two-step ATRP synthetic route leading to the PSAN-b-PHEMA 6. In the first step, styrene 1 and acrylonitrile 2 were polymerized via an
ARGET-ATRP protocol with tris(2-dimethylaminoethyl)amine (MegTREN) as the ligand and tin(i)-diethylhexanoate (Sn(EH),) with MegTREN as the
reducing agent. In the second step, the PSAN-macroinitiator 4 and HEMA-TMS 5 were treated via an ATRP protocol with N,N,N’,N’,N”-pentamethyl-
diethylenetriamine (PMDETA) as the ligand, followed by de-protection with diluted hydrochloric acid in a mixture of DMF and THF to obtain the final

product.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Exemplary characterization of PSAN macroinitiators and BCPs. SEC in THF of (a) PSAN4o3 and PSAN;g-b-PHEMA(—Bz),,°° and (b) PSAN;zg
and PSANgz-b-PHEMA(-Bz);,%2, (c) DSC thermogram of PSANg-b-PHEMA,,>° with one glass transition at 107 °C, *H-NMR spectra of (d) PSANg-b-

PHEMA_,>° in pyridine-ds and (e) PSAN;6-b-PHEMA(-Bz),,>° in CDCls.

The macroinitiators and the BCPs exhibited uniform molar
mass distributions with a clear shift towards higher molar
masses after conversion of the second monomer. This is a
good indication for a complete and uniform re-initiation of
the PSAN macroinitiator. Still, the presence of low amounts of
macroinitiator cannot be excluded due to the significant
overlap of the molar mass distributions. We gained further
indications by conducting diffusion-ordered NMR spec-
troscopy (DOSY) investigations, which are presented in the ESI
(Fig. S7-S9%). For this purpose, we compared the diffusion
coefficients of the macroinitiator PSAN,o; (Fig. S7t) with the
BCP PSANg,-b-PHEMA,,"” (Fig. S81) under the same experi-
mental conditions (solvent, concentration, temperature and
setup). All integrals of the signals from the different copolymer
blocks for both the macroinitiator and the BCP could be well
fitted with monoexponential functions. This is a common
observation for single-diffusion particles, whereas overlapping
signals from species with distinct diffusion-coefficients must
be fitted with biexponential functions. The applicability of the
monoexponential fitting indicates narrow and uniform mole-
cular weight distributions. For the macroinitiator, we found
diffusion coefficients that were similar for the two different
repeating units (D(PSAN4y;) ~ 4.22 m”> s™'). For the BCP
PSANg,-b-PHEMA,,*” we found significantly lower diffusion-
coefficients (D(PSANgy-b-PHEMA,"") ~ 3.25 m> s7'), clearly

4830 | Polym. Chem., 2023, 14, 4825-4837

showing the increase in molecular weight as to be expected
from the Stokes-Einstein relation (D = kgT x (6myRy)”"; with kg
the Boltzmann constant, T the temperature, # the viscosity of
the solution and Ry the hydrodynamic radius, related to the
molecular mass of macromolecules). From the applicability of
the monoexponential fit for the BCP PSANg,-b-PHEMA,,*” a
low to negligible amount of unreacted macroinitiator can be
assumed. The diffusion behavior of the two macromolecules
in solution is also depicted by the comparison of the two
DOSY-plots (chemical shift vs. D), given in Fig. S9.}

In order to obtain absolute molar masses, SEC of the
macroinitiators was conducted using a multi-angle laser-light
scattering (MALLS) detector with THF as the eluent. For a
direct comparison of the molar mass distributions of the BCPs
in SEC with THF as the eluent the hydrophilic PHEMA moi-
eties were protected with benzoyl groups (-Bz) using benzoic
acid to ensure solubility and to avoid interactions with the
column setup. 'H-NMR spectra of the deprotected PSAN¢-b-
PHEMA,,>° and the corresponding benzoyl-protected PSAN-
b-PHEMA(-Bz),,°° are also shown in Fig. 1. The overall molar
masses as compiled in Table 1 were calculated using the molar
masses of the macroinitiators obtained by SEC-MALLS detec-
tion and molar compositions determined from the corres-
ponding "H-NMR spectra of the BCPs. The DSC thermogram
of the BCP PSAN,s-h-PHEMA,,*° revealed a glass-transition

This journal is © The Royal Society of Chemistry 2023
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temperature at 107 °C, which is assigned to the PSAN-block.
The glass transition temperature of the PHEMA segment could
not be detected due to the small amounts of water present in
the sample.>*””

All polymers presented in this work feature narrow molar
mass distributions and high molar masses. The length of the
second block segment increased with increasing reaction time
(Fig. S67), which allows for targeted BCP synthesis by using
the procedure presented here. Within our work at hand, this is
the first preparation of an amphiphilic BCP based on PSAN
featuring molar masses exceeding 20 kDa with controllable
chain length of the hydrophilic block using an ATRP pro-
cedure. BCPs with molar masses between 51 and 90 kDa fea-
turing dispersity indices between 1.18 and 1.25 were obtained.
This is a basic prerequisite paving the way for the development
of functional PSAN-based materials. Nanomechanical charac-
terization is presented in the following to analyze the improve-
ment of the materials’ properties of PSAN compared to the
typical PS block segments.

AFM-investigation of PSAN

Before investigating the self-assembly capability of the
obtained BCPs in the bulk state and its membrane formation,
the morphology of the first block segment PSAN was investi-
gated using AFM. The incorporation of acrylonitrile into a
polymeric material can lead to mechanical improvements. To
evaluate the change of mechanical properties at the nanometer
length scale, a film of PSAN was investigated by AFM and com-
pared to a film of PS, which is commonly used as a matrix
material in SNIPS membranes.

To this end, nanomechanical characterization on both
films was performed in the PeakForce tapping mode. In
this mode, the cantilever is sinusoidally driven, but far
below its resonant frequency in contrast to standard
tapping mode. Consequently, the cantilever deflection can
be directly related to the instantaneous tip—sample force via
the spring constant when scanning across the surface. The
resulting force-versus-distance curves were fitted to the
Hertz contact mechanics model allowing for the extraction
of the elastic modulus in each pixel (Fig. 2b and d). The
average value of the elastic modulus measured on the PS
film was Eps = 6.0 GPa (Fig. 2b) whereas Epsay = 28.3 GPa
on the PSAN film (Fig. 2d). The surface roughness of the
PSAN film was considerably larger, what could lead to
potential errors in determining the elastic modulus owing
to variations of the tip-sample contact area during the
scan. However, when the highest elastic modulus values
from the obtained image (see violet mask, Fig. 2d) were
excluded, the corrected average value of the elastic modulus
Epsan,corr = 9.1 GPa found on the PSAN sample was still
reasonably larger than that of PS. This demonstrates the
increase in mechanical strength of the PSAN-domain in con-
trast to PS on a polymeric film. Hence, replacing functional
PS-BCP based materials with PSAN-based ones can bring
substantial improvements in mechanical stability. As
described in the introduction, in BCP based membranes PS

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Nanomechanical characterization of PS (a and b) and PSAN (c
and d) films. Topography images (a) and (c) were obtained by the
PeakForce tapping mode where the feedback was set on a constant tip—
sample force Fpeax = 10 nN. Elastic modulus maps (b) and (d) were
deduced from fitting a Hertz contact mechanics model to each force-
versus-distance curve.

is the most used nonpolar matrix block segment, which
could be outperformed upon AN incorporation.

Microphase separation of PSAN-b-PHEMA in the bulk state

PHEMA is a building block that has been scarcely investigated
regarding its microphase separation capability in the bulk
state.”>”%®° The BCP investigated in this work carries func-
tional moieties in both BCP segments, resulting in a highly
interesting material whose overall properties are yet to be dis-
covered. Aside from that, the capability of a BCP to form iso-
porous membranes by SNIPS depends strongly on their phase
separation capabilities, as y-N (where y is the Flory-Huggins
interaction parameter) is one of the most important variables
herein. To investigate the self-assembly capability of PSAN-b-
PHEMA, BCP bulk films with PHEMA volume fractions
ranging from 12 to 24 vol% and varying overall molar masses
were characterized with TEM imaging and SAXS measure-
ments, which also probes the long-range order. For this
purpose, BCP films were solvent-cast from DMF and sub-
sequently treated with a solvent-annealing protocol (cf:
Experimental section). In Table 2, the morphologies deter-
mined by the combined methods are listed, as well as the
interdomain distances, if determinable. For the latter, Bragg-
peak positions from SAXS measurements are considered
(repeat distance Dsaxs = 2m/qo), as well as a graphical evalu-
ation of TEM-images (repeat distance Drgy;). The TEM images
and SAXS data are presented in Fig. 3. Both methods depict
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Table 2 Compilation of bulk morphologies and repeat distances observed by SAXS (Dsaxs) and TEM (Dtgm) according to PHEMA-volume fractions

DPpHEMA

Polymer DPpema “/V01% Morphology ? observed Dgaxs ‘/mm Drgy é/mm
PSAN, ;5 0 —

PSANg,-b-PHEMA,;”° 13 rep 56 —
PSANg;-b-PHEMA, ;% 17 rcp 71 —
PSAN,03 0 —

PSANgg-b-PHEMA,,*! 12 rcp 33 —
PSANg,-b-PHEMA,¢* 16 rcp 46 —
PSANg,-b-PHEMA,,"” 20 hex+ 47 49+6
PSAN,¢-b-PHEMA,,*° 24 hex+ 52 50+ 8

“See Table 1. ? rep: randomly close packed spheres; hex+: hexagonally arranged cylinders plus secondary structure. © Interdomain distance, calcu-
lated from g, using d = 20ng,~*. * Measured graphically from middle-point to middle-point using image]J at more than 90 points.
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Fig. 3 Bulk morphology investigations via TEM of thin slices of BCPs PSANgs-b-PHEMA,%? (a and b) PSANgy-b-PHEMA,,*” (d and e) PSANg-b-
PHEMA,,°° (g and h) in two magnifications. The corresponding SAXS curves (c, f and i) are presented with blue dots while the black line represents a
model plot given within Fig. S3, ESI.} In the first image of each row the volume fractions of PHEMA are imprinted.

the phase separation capability of PSAN-b-PHEMA, detailed in

the following.

The TEM images shown in Fig. 3 reveal microphase separ-
ation with light PHEMA-domains in a dark PSAN-matrix. The
sample PSANg;-b-PHEMA,,%* (Fig. 3a-c) featuring 17 vol%

4832 | Polym. Chem., 2023, 14, 4825-4837

PHEMA exhibited microphase-separated morphologies with no

obvious order visible in the TEM images. The SAXS pattern

(Fig. 3c) showed a series of peaks, and was compared with a
model for randomly close packed (rcp) spheres, described in
more detail in the ESL.¥ As can be observed in Fig. 3c, all pro-

This journal is © The Royal Society of Chemistry 2023
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minent features of the scattering curve were captured by the
model with R = 21 nm and ¢ = 2 nm, and a sphere center-to-
center distance of 70 nm. Therefore, it qualitatively describes
the microphase-separated structure of PSANg;-h-PHEMA,,%.
As deviations between model and the data still exist, a minor
presence of other structures cannot be excluded. The worm-
like appearance of the bright PHEMA domains (Fig. 3a and b)
indicates that the volume fraction of 17% is close to the phase
transition from spheres to cylinders.*® The TEM images of
PSANgo-b-PHEMA,,*’ (Fig. 3d and e) featuring 20% PHEMA as
well as PSAN,.-b-PHEMA,,>® (Fig. 3g and h) featuring 24%
PHEMA reveal distinct domains with a long-range order. This
finding is supported by the SAXS measurements, shown in
Fig. 3f and i for PSANgy-b-PHEMA,,"” and PSAN,¢b-
PHEMA,,*°, respectively. In both curves, a pronounced Bragg
peak located at g, is observed, with secondary peaks present at
\/3~q0, \/4-q0 and \/7~q0, which are assigned to scattering from
hexagonally packed cylinders.®" Also in these cases, secondary
structures may be present, as there are further peaks that
cannot be clearly assigned. Further transmission electron
micrographs can be found in the ESL{ Hexagonal structure
elements of PSANg,-b-PHEMA,,*” and PSAN,-b-PHEMA,,*°
are highlighted in Fig. S10a and b,{ while Fig. S10c-f{ indi-
cates the presence of bicontinuous structures in some areas of
both samples. Additional samples with PHEMA volume con-
tents of 12 to 16% were investigated analogously and randomly
close packed spheres were found by TEM and SAXS (see
Table 2 and Fig. S111 and discussion).

Comparing these results to the research on the self-assem-
bly of PHEMA BCPs by Plank et al.*® a similar phase behavior
is found. The PS-b-PHEMA with 16% PHEMA exhibits hexagon-
ally arranged cylinders, while cylinders along with hexagonally
perforated lamellae and bicontinuous domains are observed at
24% PHEMA-content. A comparison of the repeat distances
also reveals an increase of domain sizes following the order
PS-b-PB, PS-b-PHEMA to PSAN-H)-PHEMA at comparable molar
masses.®® This phenomenon is attributed to increasing inter-
action parameters y, corresponding values are presented in
Table S1.1 898278 In this section we showed that the prepared
amphiphilic BCPs PSAN-b-PHEMA were capable of micro-
phase-separating in the bulk state into distinct domains above
a PHEMA-content of 16 vol% revealing highly ordered and
interesting morphologies. Further detailed investigation of the
bulk morphologies will be subject of future research.

Besides the microphase separation in the bulk state,
micelle formation capabilities in solvent mixtures give a good
indication on the amphiphilicity of a BCP® and hence the
feasibility of successful membrane fabrication using the SNIPS
process.®® Therefore, in this study, micelle solutions were pre-
pared from BCPs with differing compositions in solvent mix-
tures, which were characterized with TEM measurements.
Spherical and interconnected micelles were observed, shown
and discussed in the ESL{ Furthermore, we found that the
macroinitiator PSAN5, also formed micelles when introduced
to a solvent mixture, which implies that the copolymer PSAN
alone could self-assemble into microstructures. The mem-

This journal is © The Royal Society of Chemistry 2023
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brane forming capability of the presented BCPs is investigated
as a next step.

Block copolymer membranes of PSAN-b-PHEMA

As a focus of this work, membranes were fabricated via SNIPS
process using the PAN-containing BCPs. As stated in the intro-
duction, when applying the SNIPS procedure to a new BCP
there are many variables to consider. The following parameters
were kept constant: THF/DMF/DOX as the solvent mixture,
LiCl as the additive for the casting solution and the polyester
nonwoven as a membrane support. The temperature of the
precipitation bath (Tpgp) and of the environment (7g) as well as
relative air humidity (RH) of the environment were also set as
similar as possible (Tg = 20-24 °C, Tpg = 18-22 °C, RH =
35-41%). The variables that are of utmost importance for the
membrane preparation process have been studied. The evapor-
ation time, the THF-content of the casting solution, the
polymer concentration of the casting solution, the film thick-
ness, as well as the overall molar masses of the BCPs were
varied. In the following section preparation procedures are pre-
sented which lead to isoporous asymmetrical membranes that
are potentially suitable for ultrafiltration applications.

As a starting point, parameters known for SNIPS mem-
branes prepared from PS-b-PHEMA BCPs were chosen based
on procedures by Schottner et al>* For this purpose, the
polymer PSANg;-h-PHEMA,,** was cast from a 20.5 mass%
(polymer/solvent) solution. The solvent mixtures consisted of
THF/DMF/DOX in weight fractions of 2:1:1 (Fig. 4a-d) and
3:1:1 (Fig. 4e and f), containing 0.1 mass% LiCl. The solu-
tions were cast using the 200 pm (Fig. 4a and b) and 100 pm
(Fig. 4c-f) blade gap of the doctor blade. In Fig. 4 the corres-
ponding scanning electron micrographs of the membrane sur-
faces are compiled.

These topographies reveal that the membranes did not
exhibit uniform pores when casting with the 200 pm blade
gap, as is supported by the large variation in the pore dia-
meters which are shown in the corresponding scanning elec-
tron micrographs in Fig. 4. The decrease of the film thickness
when using the 100 pm gap led to more uniform pores in
appearance and size. When increasing the THF content of the
solvent mixture from 2:1:1 (Fig. 4d) to 3:1:1 (Fig. 4f), the
pore structure appeared even more homogeneous and ordered,
as the pore diameter of (34 + 6) nm reflects. Additional scan-
ning electron micrographs on the membranes’ structure after
applying the SNIPS process are provided in Fig. S14.t

The membrane shown in Fig. 4f was considered the most
promising and as a next step the polymer concentration in the
casting solution was varied, which is shown in Fig. 5. When
increasing the polymer concentration similar effects to increas-
ing the film thickness and reducing the THF content were
observed: the number and uniformity of pores decreased and
more flaws like in Fig. S141 were observed. At 24.1 mass% no
porous membrane structure was obtained. These variations
suggest that lower film thickness as well as lower concen-
tration and higher THF-content favor the formation of an iso-
porous selective layer.
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Fig. 4 Topography images by SEM of the membrane surfaces cast from solutions of PSANgs-b-PHEMA,%? in THF/DMF/DOX 2:1:1 (a—d) and
3:1:1 (e and f) at 20.3—-20.5 mass% using 200 um (a and b) and 100 pm (c—f) blade gap with varying evaporation times of 8 s (a, c and e) and 14 s (b,
d and f), respectively. At the bottom right of each image the pore diameters measured visually (ImageJ) at more than 100 pores are displayed.

20.3 mass%

14s

22.5 mass%

24.1 % mass%

Fig. 5 Topography images by SEM of the membrane surfaces cast from solutions of PSANgz-b-PHEMA;,%? in THF/DMF/DOX 3:1:1 using the
100 pm blade gap at 20.3 mass% (a), 22.5 mass% (b) and 24.1 mass% (c) with an evaporation time of 14 s.

As reducing the film thickness and the polymer concen-
tration and increasing the THF content affected the pore for-
mation similarly favorably, we assume that high mobility of
polymeric chains and fast evaporation increase the uniformity
of pores in the membranes prepared with these polymers.
Therefore, the BCP PSANg-b-PHEMA,¢*> featuring similar
composition and a lower overall molar mass was cast using the
same conditions. Due to the lower molar mass the concen-
tration of polymer in the solvent mixture was increased. Fig. 6
shows the membrane surface resulting from a 24 mass%
polymer solution in 3:1:1 THF/DMF/DOX cast using the
100 pm blade gap. Applying 8 seconds of evaporation time did
not lead to any uniform pores at the surface of the membrane.
After 14 seconds of evaporation time pores of a uniform size of

4834 | Polym. Chem., 2023, 14, 4825-4837

(24 = 7) nm and irregular shape were visible. Within the scan-
ning electron micrographs of the membrane topography cast
with 20 seconds of evaporation time, uniform and hexagonally
arranged pores exhibited a mean pore diameter of (27 + 8) nm.
Larger circles with flaws in order and pore size were present at
the membrane surface, as in Fig. 6¢c on the right side of the
image. The overall membrane surface also exhibited larger
areas that resemble the surface structure of the membrane
shown in Fig. 6b (14 s evaporation time), as can be seen in
additional images provided in Fig. S15.f BCPs with lower
molar masses require higher evaporation times to form
ordered structures as y-N decreases.®”

As a result, the polymer PSANg;-b-PHEMA,®> cast from a
20.5 mass% solution in the solvent mixture THF/DMF/DOX

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Topography images by SEM of the membrane surfaces cast from solutions of PSANgs-b-PHEMA;6** in THF/DMF/DOX 3:1:1 using the
100 pm blade gap at 24.0 mass% with an evaporation time of 8 s (a), 14 s (b) and 20 s (c).

Fig. 7 Topography images by SEM increasing magnifications from (a) to (c) of the membrane surfaces cast from solutions of PSANgz-b-PHEMA,,%?
in THF/DMF/DOX 3:1:1 at 20.3 mass% using the 100 pm blade gap with an evaporation time of 14 s.

3:1:1 with a doctor blade featuring 100 pm blade gap ren-
dered the most uniform and homogeneous surface pore struc-
ture. In Fig. 7, scanning electron micrographs with varying
magnifications of this membranes’ surface are shown. Fig. 7a
presents a larger area where the structure of the underlying
non-woven is visible. As in this polymer system a high mobility
was required in the casting solution, it featured a lower vis-
cosity and therefore penetrates the support rather than to
build a separate layer on top, as it is often the case in other
supported phase inversion membranes. Nonetheless a smooth
and uniform surface layer is formed with the herein used com-
position, as can be seen in Fig. 7b. First data reveal per-
meances at both membranes exhibiting uniform pores. More
details and comparative measurements are given in the ESL{

Conclusion

In this work we produced isoporous integral asymmetric mem-
branes prepared by the SNIPS process using well-defined poly-
acrylonitrile-based amphiphilic BCPs. In a first step, PSAN was
synthesized by ARGET-ATRP procedure using very low
amounts of copper. In a second step, PSAN was used as a
macroinitiator to polymerize HEMA-TMS taking advantage of
the halogen-exchange reaction. After de-protection of the BCP,

This journal is © The Royal Society of Chemistry 2023

PSAN-p-PHEMA was obtained. Macroinitiators and BCPs both
featured uniform molar mass distributions with dispersity
indices between 1.13 and 1.25, and with high BCP molar
masses between 41 and 82 kDa. The fractions of PHEMA were
systematically varied between 12 and 24 mass%. This is the first
reported synthesis of a PSAN-based amphiphilic BCP with
varying hydrophilic block content via an ATRP route. The BCPs
at hand were capable of self-assembling into ordered micro-
phase separated structures in the bulk state, as analyzed by
TEM and SAXS measurements. Different morphologies were
found, making these BCPs interesting and promising candi-
dates for a variety of applications. Nanomechanical analysis was
conducted via AFM, and the data suggest improvements in the
mechanical robustness of PSAN compared to PS, which is com-
monly used as a matrix material in BCP membranes. We
obtained isoporous membranes by applying the SNIPS process
on our actylonitrile-based amphiphilic BCP, which has not been
reported until now. Incorporating acrylonitrile into the polymer
matrix of BCP membranes that we presented here paves the way
towards the fabrication of more robust membranes.
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