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Synthesis and Self-Assembly of Pore-Forming Three-Arm

Amphiphilic Block Copolymers

Sebastian Pusse, Bart-Jan Niebuur, Tobias Kraus, Volker Presser, Bizan N. Balzer,*

and Markus Gallei*

The synthesis of an amphiphilic three-arm block copolymer (AB);-BCP, which
consists of poly(methyl methacrylate) (PMMA) and poly(butyl methacrylate)
(PBMA) in the hydrophobic inner block, is reported. The hydrophilic block
segment is based on poly(2-hydroxyethyl methacrylate) (PHEMA) originating
from 2-(trimethylsiloxyl)ethyl methacrylate (HEMA-TMS). The preparation is
carried out in two steps using a core-first approach. Using atom transfer
radical polymerization (ATRP) as a controlled polymerization technique, three
(AB);-BPCs with HEMA contents of 15 to 38 mol~" % are prepared, applying
different reaction conditions. Porous structures are generated from these
BCPs by applying a self-assembly and nonsolvent-induced phase separation
(SNIPS) protocol. Complex surface structures are observed using scanning
electron microscopy (SEM). Bulk morphologies are investigated for a better
understanding of the underlying self-assembly. For PHEMA-rich (AB);-BCPs,
non-regular lamellar microphases are observed in transmission electron
microscopy (TEM) and confirmed by small-angle X-ray scattering (SAXS). The
porous structures and their expected swelling characteristics are analyzed
using atomic force microscopy (AFM) in air and water. Time-resolved
measurements in water indicate a rapid swelling after immersion into the
water bath. The present study paves the way for exciting porous materials
based on the herein synthesized amphiphilic three-arm block copolymers
useful for applications as absorber materials and coatings.

1. Introduction

Self-assembly of block copolymers (BCPs)
and their capability of microphase separa-
tion is one of the most intriguing features
in polymer science. By connecting two im-
miscible polymers via a covalent bond, both
block segments still follow their intrinsic
urge to de-mix into separated phases, as it
is well known for blends of two or more
immiscible polymers. The self-assembly of
BCPs and the resulting morphology in the
bulk state at nanometer length scales are re-
lated to different properties of the underly-
ing block copolymer, such as the degree of
polymerization N, the enthalpic interaction
between the different blocks, described by
the Frorv-HuGGINs interaction parameter
1, as well as the volume fraction fI!l By vary-
ing these parameters different morpholo-
gies can be achieved. The dependence of the
obtained morphology on the determining
parameters has first been shown by LErBLER
in a Mean-Field-Diagram.[?! By increasing
the volume fraction of B (fy), the obtained
structures range from sphere-like, cylindri-
cal, and gyroidal to lamellar morphologies.
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Scheme 1. Synthetic route for the preparation of A3-P(BMA-co-MMA)-b-P(HEMA) in a two-step ATRP. First, a three-armed star polymer containing BMA
and MMA was prepared, to lead to the macroinitiators MI11 and MI2. In the second step, this star-shaped copolymer is used as a macroinitiator for ATRP

of HEMA-TMS to generate a star-shaped block copolymer.

The symmetrical phase diagram of BCPs can be distorted by tun-
ing the molecular architecture of the BCPs. The tremendous in-
fluence of the underlying BCP architecture on self-assembly ca-
pabilities was first investigated in the 80s and 90s of the last cen-
tury. By synthesizing star-shaped BCPs, where each arm can be
interpreted as an AB-block copolymer, the authors were able to
shift and influence the bulk morphology from lamellae toward a
bicontinuous structure by varying the degree of polymerization
Nas well as the number of arms.*-! The higher complexity of the
BCP architecture is transferred to the interphase between phases
A and B in the bulk state by a change in its morphology. To min-
imize the interface interaction between both phases, the inter-
phase favors a more curved shape.[®! This leads to an asymmetric
Mean-Field-Diagram. Distinct morphologies can now be stabi-
lized over a wider range in the phase diagram of BCPs, which
otherwise would not exist for linear BCPs. One example is the
gyroidal morphology, which is typically only obtained in a nar-
row range of block composition for linear block copolymers; by
varying the BCP architecture, this phase can be more accessi-
ble, for example, based on star-shaped BCPs. Recently, we have
developed different dendrimer-like BCPs using different motifs
as a central architecture and investigated their self-assembly be-
havior as well as their influence on polymer blend systems.!”*!
These delicate architectures are based on convenient monomers
like styrene and butadiene,/’! or styrene and methyl methacry-
late, where also a three-arm motif as a central architecture is
used.[® The convenient molecular variations enabled access to
complex morphologies, which have formed the basis for differ-
ent mechanical®1%l as well as opticall'!l properties in materials.
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By enlarging the pallet of monomers with hydrophilic proper-
ties, interesting materials can be prepared based on amphiphilic
block copolymers. A prominent example of a hydrophilic
monomer is 2-hydroxyethyl methacrylate (HEMA).[12715] A rele-
vant application for this monomer acting as the hydrophilic part
in amphiphilic BCPs is found in the field of ultrafiltration (UF)
membranes.['*15] Typically, the hydrophobic block segment of
the BCP serves as a matrix and the hydrophilic minor block (e.g.,
HEMA) acts as a pore-building block providing accessible hy-
droxy groups at the interior of the pores. Such functional groups
can pave the way toward porous materials with highly sophisti-
cated and feasible functionalities via postmodification.'¢-1#] The
second and most important aspect for applications in filtration
systems, e.g., for wastewater treatment, are anti-fouling prop-
erties accomplished by the implementation of hydroxy-moieties
on the surface of the membrane.['2% A feasible method for
the preparation of BCP-based UF membranes is the so-called
self-assembly and non-solvent induced phase separation (SNIPS)
process,?!l where the hydrophilic block collapses and unveils
a monodisperse porous structure with a distinct cut-off. Bene-
ficial for this method is the precise adjustment of the cut-off
due to the linear correlation between chain length and pore
size.[??) Such porous materials are usually based on self-assembly
in a hexagonal cylindrical morphology.?!! A prominent exam-
ple is the preparation of a highly ordered UF membrane in a
SNIPS process using a linear amphiphilic diblock copolymer of
polystyrene and poly(2-hydroxyethyl methacrylate).)] A draw-
back of previously reported linear block copolymer systems is the
orientation of these cylindrical pore domains. While a perpen-
dicular orientation concerning the material surface is mandatory
in membrane applications, a horizontal alignment is thermody-
namically preferred.**! To overcome this flaw of the linear BCP-
based approach, where the porous structure needs to be trapped
kinetically to ensure a suitable top layer of the membrane, in-
terconnected gyroidal porous structures could be feasible.[2+25]
Such anisotropic porous structures are more difficult to obtain
using linear BCPs because this morphology is only metastable
in a certain range of phase-determining parameters (degree
of polymerization N, volume fraction f, interaction parameter
x)- A broader range for the phase-determining parameters and

© 2025 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH

85U8017 SUOWWIOD SR 3|(dedldde aupy Aq peusenob ase sojolie VO ‘85N JO Sa|nJ 10} ArIq1T8UlUO /8|1 LD (SUOTHPUOD-PUR-SLLIBI IO A8 | 1M ARe.d 1 |Bu [UO//:Sdny) SUOIPUOD pue SWLB | 8u18eS *[5202/80/TT] uo Akeiqiauljuo A|IM 'Ba Xeyiol|qicsiIseAln Aq 220005202 9eW/Z00T 0T/I0p/W0d A8 | im Afe.d i jeuluo//sdny woj pepeojumod ‘2T ‘520z ‘L265T2ST


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}glgc%br

Rapid Communications

www.advancedsciencenews.com

www.mrc-journal.de

Table 1. Compiled data on the macroinitiators MI1 and MI2 as well as the block copolymers BCP1, BCP2, and BCP3.

Polymer M M, cplSEC? M, priema[NMR] X[BMA]/X[MMA]/X[HEMA]®
MI1 - 56 100 113 - 0.5/0.5/0

MI2 - 50 700 1.13 - 0.50/0.5/0

BCP1 MI1 115 400 (108 500) 1.68 (1.24) 37000 0.32/0.30/0.38

BCP2 M 97 300 (85 300) 1.56 (1.18) 20 700 0.38/0.37/0.25

BCP3 MI2 65 900 234 9700 0.43/0.42/0.15

3 M., for the BCPs given based on SEC using DMF as eluent. Molecular weights and dispersities from THF-SEC are given in brackets; ®) Molar fractions are obtained from

NMR spectroscopy measurements.

therefore a more accessible gyroidal morphology could be
achieved with the use of an amphiphilic three-arm BCP. The us-
age of this architecture could also achieve a higher cost-efficiency
in industrial-scale membrane preparation because cheaper poly-
merization techniques like controlled radical polymerizations
could be used instead of more cost-intensive anionic polymeriza-
tion strategies.?! NIPS-based membranes, another suitable ap-
proach toward interconnected porous structures,!?”2%! could be
another cost-efficient approach, but a monodisperse pore size
distribution would not be maintained in this approach com-
pared to the SNIPS-based proposal using star-shaped BCPs. To
further improve UF membrane performance, interconnected
porous structures can increase other parameters, such as the flux
of such systems, compared to hexagonal cylindrical templated
membrane systems.!>>?] In terms of long-term stability, this ap-
proach could also be beneficial to the linear BCP system. Since
the cylindrical pores with perpendicular orientation are kineti-
cally trapped, the system may switch to a thermodynamically fa-
vorable orientation. The perpendicular-oriented pores could start
to tilt over time.[*"]

2. Results and Discussion

In this work, we present a core-first approach for the prepara-
tion of an amphiphilic (AB);-star-shaped block copolymer us-
ing atom transfer radical polymerization in two stages. For
the inner hydrophobic block, butyl methacrylate (BMA) and
methyl methacrylate (MMA) were copolymerized statistically.
The outer block was prepared from 2-(trimethylsiloxyl)ethyl
methacrylate (HEMA-TMS) with an additional deprotection af-
ter synthesis, revealing a more hydrophilic segment as a sec-
ond block. The amphiphilic star-shaped block copolymer was
investigated in its self-assembly behavior as well as in a po-
tential template for porous systems with complex structures
using the hydrophobic block as a matrix building block and
PHEMA as a pore-forming block segment. The amphiphilic
(AB);-BCP (poly (butyl methacrylate-co-methyl methacrylate)-
b-poly(2-hydroxyethyl methacrylate)) (AB);-P(BMA-co-MMA)-b-
P(HEMA) with different fractions of the hydrophilic P(HEMA)-
block was prepared using atom transfer radical polymerization
(ATRP), following a two-step procedure, as shown in Scheme 1
and summarized in Table 1. Starting from a tri-functional ini-
tiator INLBY a macroinitiator MI was prepared as a hydropho-
bic inner block, using ATRP for statistical copolymerization of
BMA and MMA. The reaction was carried out using anisole as
a solvent. For the catalyst, CuCl was chosen with N,N,N’,N”,N"-

Macromol. Rapid Commun. 2025, 46, 2500077 2500077 (3 of 8)

pentamethyl diethylenetriamine (PMDETA) as a ligand. Two dif-
ferent macroinitiators, MI1 and MI2, were prepared, varying
the reaction temperature and reaction time. In both entries,
polymers with monomodal distributions were received, show-
ing a low dispersity of ® = 1.13 with 56100 g mol~" for MI1
(Figure 1a; Table S1, Supporting Information) and D = 1.13
with 50700 g mol~! for MI2 (Figure S2 and Table S1, Sup-
porting Information). All size exclusion chromatography (SEC)
measurements were calibrated based on linear polystyrene stan-
dard. Therefore, all molecular weights are expected to be slightly
under-interpreted, as it is shown in several earlier studies in
the field of star-shaped polymers.l?-34] Usually, in ATRP, a tran-
sition from CuBr in macroinitiator synthesis to CuCl for the
preparation of a second block in BCP formation can be used to
obtain more defined BCPs due to a slower propagation rate of
chlorine.3%! Here, the bromine was already replaced at the initia-
tor site. The reason for that is that in earlier tests, the macroinitia-
tors received from synthesis using CuBr as a catalyst have shown
a bimodal distribution or strong shoulders in SEC measurements
(Figure S3, Supporting Information). Given this observation, a
halogen exchange was already carried out during the macroini-
tiator synthesis to ensure a uniform initiation of all three initiator
sites. Both monomers BMA and MMA were used in a ratio of 1:1
in both BCP syntheses. The obtained ratio of the monomers in
both macroinitiators MI1 and MI2 was determined by 'H-NMR
spectroscopy (Figures S4 and S5, Supporting Information). As
an outcome, the ratio of BMA and MMA in the final macroini-
tiators was also reflected in the ratio of the monomer mixture,
proving the desired monomer incorporation. MMA and BMA
were chosen in a ratio of 1:1 to adjust the glass transition tem-
perature, T,, of the matrix building block. Matrices with high
glass transition temperatures provide more stable membranes,
while membranes based on matrices with lower glass transition
temperatures tend to increase fracture resistance.l**! For both
macroinitiators, glass transition temperatures of T, ,;; = 72.1°C
and T, \;;, = 68.5 °C were achieved (Figures S6 and S7, Support-
ing Information).

Starting from macroinitiators MI1 and MI2, the second block
of the star-shaped BCP was introduced again via ATRP. As
shown in Scheme 1 and Table S2 (Supporting Information),
the polymerization was carried out in the same setup as it was
used for macroinitiator formation. CuCl was used in combina-
tion with PMDETA for the catalyst system, while anisole was
used as the solvent. To implement amphiphilic properties, 2-
(trimethylsiloxyl)ethyl methacrylate (HEMA-TMS) as a protected
hydrophilic monomer was chosen. The reaction was carried out
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Figure 1. TH-NMR spectrum of BCP3 in CDCl; a) and SEC measurements of MI2 (blue) as well as BCP2 (red) and BCP3 (yellow) after Bz- protection in

THF as an eluent b).

[Correction added on February 26, 2025, after first online publication: Figure 1 has been revised)].

at different temperatures for 20 h. Surprisingly, there was no di-
rect correlation between reaction temperature and the observed
degree of polymerization observable. The entry of BCP2, pre-
pared at 90 °C, resulted in a lower molecular weight as compared
to BCP3 (80 °C). This observation indicates a loss of control at
elevated temperatures due to the increased probability of chain
termination.

After deprotection of the raw product in an acidic environ-
ment, the target structures were obtained as amphiphilic (AB),-
block copolymers (Scheme 1). A successful polymerization was
confirmed with 'H-NMR spectroscopy with the appearance of a
characteristic signal at 4.39 ppm corresponding CH,-unit next
to the hydroxy moiety of the PHEMA side chain after polymer
workup (Figure la; Figures S8-S10, Supporting Information).
These observations could also be confirmed via SEC measure-
ments, as shown in Figure 1b and Figure S13 (Supporting
Information). Additionally, BCP1 and BCP2 were analyzed using
DSC, receiving the appearance of an T, pcp, = 115.4 °C (Figure
S12, Supporting Information) and T,pcp, = 114.9 °C (Figure
S13, Supporting Information) corresponding to the PHEMA
segment.

BCP1 was received from MI1 as an entry at a reaction tem-
perature of 80 °C. Using NMR spectroscopy in combination with
the molecular weight for MI1 from SEC, a molecular weight of
M, pcp (HEMA) = 37000 g mol™! was determined. This repre-
sents a molar fraction of 38 mol™ % based on NMR data. For
better comparison of the prepared BCP with their correspond-
ing macroinitiators, all polymers were characterized via SEC. All
polymers were measured using dimethylformamide (DMF) as
an eluent (Figure S12, Supporting Information). MI1, BCP2, and
BCP3 were additionally characterized via SEC using tetrahydro-
furan (THF) as an eluent (Figure 1b). For this approach, the hy-
droxy moieties of BCP1 and BCP2 had to be protected using a
method already introduced earlier by ScHOTTNER et al. for the
modification of PHEMA in other block copolymers.[?3! As shown
in Figure 1b, a significant shift between MI1 (blue) and both
block copolymers BCP1 (yellow) and BCP2 (red) were observed.
For both BCPs, the SEC traces show a narrow and monomodal
size distribution. As expected from NMR data BCP1, contain-
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ing a larger amount of the second block, showed a stronger
shift to higher molecular weights compared to BCP2, containing
25 mol~! % HEMA over the whole molecular weight of the BCP.

Both BCPs show a second significantly smaller signal shift
toward higher molar masses in SEC measurements using DMF
(Figure S12, Supporting Information). These traces contribute
to the total molecular weight distribution with 1.6% for BCP2
and 4.7% for BCP1. These observations match our hypothesis of
an increased termination rate at elevated temperatures for this
system. For BCP3, only SEC measurements were taken using
DMF as an eluent (Figure S12, Supporting Information). A
relatively small shift from MI2 to BCP3 matches the trend given
from BCP1 and BCP2. The molecular weight distribution for
BCP3 shows a shoulder toward higher molecular weights. This
could be connected to unfavorable side reactions at late-stage
propagation reactions. This observation matches the high disper-
sity of D = 2.34 in DMF. In general, the SEC measurements of
the unprotected BCPs show broader distributions compared to
the Bz-protected block copolymers in THEF. These observations
can be connected to strong interactions of the hydroxy moieties.
In our application, dispersity plays a decisive role as it can
influence the self-assembly of the BCP.! It is to be mentioned
that due to the interactions between hydroxy moieties in the
second block, the dispersity will appear higher with a given SEC
setup. Therefore, the values of the Bz-protected samples are
given in brackets, too. The latter values are more reliable as there
is no interaction with the SEC columns, as shown in previous
studies.!141523]

MI2 was used as a macroinitiator for BCP2, synthesized at
90 °C with a reaction time of 20 h. For BCP2, a molecular weight
of M, pcp, (HEMA) = 20700 g mol~! was determined analogously
to BCP1. This equals a molar fraction of x.p,(HEMA) = 0.15.
These results matched a comparably higher shift of BCP2 com-
pared to BCP 1. Here, a dispersity of D = 1.56 was obtained.

The volume fraction f, which is relevant for the self-assembly
behavior, is listed in Table S3 (Supporting Information). The vol-
ume fraction for each block copolymer was determined based
on the densities for both block segments and the molecular
weight for each block. For the hydrophilic PHEMA block, a den-
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Figure 2. SEM images of the self-assembly a), SEM images of porous structures based on BCP1 (left) and BCP2 (right) b), and SAXS measurements of
the self-assembly showing a main Bragg peak q, and secondary Bragg peaks q; and g, c).

sity of 1.275 g cm™ can be assumed.l’”] The density for the hy-
drophobic matrix building block was estimated by the densities
of the respective homopolymers of PBMA[P®] (1.041 g cm™—3) and
PMMAP? (1.188 g cm™). All calculations can be found in the
(Equations S1 and S2, Supporting Information).

For the preparation of porous films based on BCP1-BCP3
using the method of self-assembly and non-solvent induced
phase separation process (SNIPS process), polymer solutions
were prepared, using THF, DMF, and 1,4-dioxane (DOX) in a ra-

Macromol. Rapid Commun. 2025, 46, 2500077 2500077 (5 of 8)

tio of THF/DMF/DOX:2/1/1.* The composition of the polymer
solution as well as all membrane preparation conditions are
given in table (Table S3, Supporting Information). The polymer
solutions for BCP1-BCP3 were cast on a THF-preconditioned
polyester nonwoven using a doctor blade with a blade gap of
200 pm. After a short evaporation time, the BCP film was placed
in a precipitation bath consisting of distilled water. After drying,
the BCP films were characterized using scanning electron mi-
croscopy (SEM).
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Figure 3. AFM-based topography images of a BCP1-membrane in air a,b) and water (ca. 167 min after immersion in water) c,d). Pore diameter distri-
butions of b and d are given as Gaussian fits based on the elliptical major axis an average pore diameter e).

For BCP3 with 14 vol% of PHEMA, only films with just a few
pores were obtained. The pores appeared slightly tilted without
any preferred orientation. This is in strong contrast to earlier
studies with similar BCPs but with an underlying linear BCP
architecture. In these former studies, the pores appeared more
circular and had a perpendicular orientation referring to the ma-
terial surface."*?31 Additionally, a unique surface pattern was ob-
served as well (Figure S14, Supporting Information). For the pore
size, a pore diameter of dycp; gy = 40.2 + 10.2 nm was deter-
mined, using 63 measuring points. To summarize the average
pore diameter different pores were picked and measured at ran-
dom angles using SEM micrographs. Compared to these find-
ings, membranes based on BCP2 with 25 vol% of PHEMA did
not show any pores at all. (Figure 2a, right) However, the SEM
micrographs show a similar pronounced surface structure, indi-
cating a strong tendency for self-assembly in a structure by hav-
ing no favored orientation at all. By increasing the amount of pore
building PHEMA-block to 32 vol%, a highly porous surface struc-
ture was received based on BCP1. (Figure 2a, left) As presented
for BCP3, the pore diameter was determined based on 100 pores
for an average of dycp; gpy = 45.2 + 10.6 nm. This observation
meets the findings presented earlier where the pore size corre-
lates with the length of the pore building block in the BCP.[2%]

To gain more insights into these first findings from SEM, the
polymers were further investigated in their bulk state. For this
purpose, thin films of the bulk material were prepared. The thin
films of the three polymers were analyzed using transmission
electron microscopy (TEM). Dichlorodimethylsilane (Me,SiCl,)
was used to stain the PHEMA block selectively to enhance the
contrast for the assumed microphases for TEM. BCP3 did not

Macromol. Rapid Commun. 2025, 46, 2500077 2500077 (6 of 8)

show any self-assembly in this approach. BCP3 did not self-
assemble into a classically ordered morphology in this approach,
as shown by SAXS measurements. As shown in the correspond-
ing scattering pattern of BCP3 (Figure S16, Supporting Informa-
tion), a primary Bragg peak located at g, = 0.0262 A~" indicates
the presence of a microphase-separated structure with a repeat
distance of 24 nm. The absence of pronounced secondary Bragg
peaks shows that the domains present were mainly positioned
randomly with respect to each other. However, the very weak and

broad scattering signal in the scattering pattern at \/gqo and /7 do
suggest that some domains in the sample may be arranged in
a weakly-defined hexagonal lattice. Given these results, this ap-
proach was not pursued further. In contrast, TEM imaging re-
vealed a lamellar morphology for BCP2 (Figure 2D, right). The
wavy lamellar pattern of the interface between the two phases is
highlighted here. This could be an indication of the beginning
of a phase transition from a lamellar morphology toward a bi-
continuous morphology. The average repeat distance of the more
complex morphology, based on TEM imaging, is 92.5 + 17.1 nm.
The distances measured are shown again in Figure S15 (Sup-
porting Information) (left). It is to be mentioned here that this
pattern was found only in certain areas, indicating only a weak
long-range order. For BCP1 transmission electron micrographs,
a lamellar pattern was revealed over the whole sample. An av-
erage repeat distance of 43.1 + 3.8 nm was measured based on
TEM. (Figure S15, Supporting Information, right) These results
were confirmed by small-angle X-ray scattering (SAXS) exper-
iments. (Figure 2c) For BCP1, a main Bragg peak g, was re-
ceived, corresponding to a domain size of 52.8 nm. The pattern
of the secondary reflections g, and ¢, with g, = 3q, and g, = 4q,
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strongly suggests a lamellar structure. (Figure 2c, left) The do-
main size based on SAXS matches the domain size based on
TEM quite well. By contrast, for BCP2, only a primary Bragg
peak was observed in SAXS. (Figure 2c, right) Here g, indicates
a domain size of 30.6 nm as D = 2x/q,. Furthermore, no sec-
ondary Bragg peaks following a defined pattern, e.g., lamellar, gy-
roidal, or hexagonal cylindrical morphologies were observed. The
on average considerably smaller domain size in SAXS and the
unspecific SAXS pattern supports the observations from TEM,
where only in small areas an irregular lamellar pattern was
found. One explanation could be an indication of a mixed mor-
phology in the sample.

For further investigations on the pore formation process dur-
ing the membrane-building process and the pore development
in aqueous media, BCP1 membranes were examined in more
detail by atomic force microscopy (AFM)- based imaging. Figure
3a,b show the topography in air at a 5 um scale and 1 um scale.
The topography of BCP1 in water after an immersion time of al-
most 3 h is presented in Figure 3c,d, again at a 5 um scale and
1 um scale. In both cases, a sponge-like structure is observed.
Figure 3e represents in blue a pore diameter distribution based
on the major axis of an elliptical fit for the sample in air. A sim-
ilar distribution is presented in red for the sample in water. Av-
erage diameters for both distributions were determined by the
application of a Gaussian fit, namely 68.6 + 2.7 nm (air) and 58.3
+ 1.9 nm (water). In both cases, the pore diameter appears to
be larger compared to the diameter determined using SEM. This
could be explained by using the elliptical major axis as a mea-
sure for irregularly shaped pores. By contrast, for SEM, axes of
random orientations were picked, possibly leading to a higher
degree of averaging. Comparing the received pore diameters in
air and water, only a small degree of swelling, with a loss of diam-
eter on the order of 10% was observed using AFM. Due to a high
affinity of PHEMA for water, a stronger degree of swelling had
been expected. Furthermore, time-dependent AFM-based imag-
ing was performed in water. There, over a time span of 27 to 161
min, the size of the pores did not change significantly (Figure
S17, Supporting Information), revealing that any observed slight
swelling might occur immediately after immersing the sample in
water.

3. Conclusion

In conclusion, a synthetic protocol for the preparation of am-
phiphilic tri-arm block copolymers (AB),;-P(BMA-co-MMA)-b-
PHEMA was introduced as a sequential core-first approach us-
ing atom transfer radical polymerization as a controlled poly-
merization technique. With this protocol, star-shaped BCPs with
different HEMA contents could be synthesized. The influence
of the implemented molecular architecture on the formation
of porous structures was investigated following a SNIPS proto-
col. Here, different complex surface structures were observed.
The underlying self-assembly was further investigated by ex-
ploration of the morphology in bulk. To do so, thin polymer
films were studied using TEM and SAXS revealing a lamel-
lar morphology, comprising pronounced irregularities compared
to typical lamellar structures. The respective porous material
was further tested for potential applications in aqueous media.
The estimated swelling property of the pore building HEMA-
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block was analyzed using AFM in air and water as a medium.
Here, a rapid swelling was observable. The approach presented
here delivers membrane materials with complex porous struc-
tures. Those could be used as potential host systems for het-
erogeneous catalysis after postmodification of the pore-building
moiety. It could also be suitable as a blueprint for filtering
applications, like ion harvesting or bio-applications hosting
enzymes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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