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Nanoporous Block Copolymer Membranes with Enhanced
Solvent Resistance Via UV-Mediated Cross-Linking
Strategies

Florian V. Frieß, Qiwei Hu, Jannik Mayer, Lea Gemmer, Volker Presser, Bizan N. Balzer,*
and Markus Gallei*

In this work, a block copolymer (BCP) consisting of poly((butyl
methacrylate-co-benzophenone methacrylate-co-methyl
methacrylate)-block-(2-hydroxyethyl methacrylate))
(P(BMA-co-BPMA-co-MMA)-b-P(HEMA)) is prepared by a two-step
atom-transfer radical polymerization (ATRP) procedure. BCP membranes are
fabricated applying the self-assembly and nonsolvent induced phase
separation (SNIPS) process from a ternary solvent mixture of tetrahydrofuran
(THF), 1,4-dioxane, and dimethylformamide (DMF). The presence of a porous
top layer of the integral asymmetric membrane featuring pores of about
30 nm is confirmed via scanning electron microscopy (SEM). UV-mediated
cross-linking protocols for the nanoporous membrane are adjusted to
maintain the open and isoporous top layer. The swelling capability of the
noncross-linked and cross-linked BCP membranes is investigated in water,
water/ethanol mixture (1:1), and pure ethanol using atomic force microscopy,
proving a stabilizing effect of the UV cross-linking on the porous structures.
Finally, the influence of the herein described cross-linking protocols on
water-flux measurements for the obtained membranes is explored. As a
result, an increased swelling resistance for all tested solvents is found, leading
to an increased water flux compared to the pristine membrane. The herein
established UV-mediated cross-linking protocol is expected to pave the way to
a new generation of porous and stabilized membranes within the fields of
separation technologies.
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1. Introduction

Currently, polymer membranes attracted
enormous attention for separating compo-
nents from water or organic solvents.[1]

Porous and sponge-like polymer mem-
branes can be prepared by the so-called non-
solvent induced phase separation (NIPS) or
thermally induced phase separation (TIPS)
processes for industrially relevant applica-
tions. Ultrafiltration membranes typically
feature pore sizes in the range of 5–
100 nm, and they have attracted attention
for the removal of colloids, organic contam-
inants, and macromolecules in the field of
wastewater treatment and remediation, or
selective separations.[2–4] Block copolymers
(BCPs) represent an exciting class of poly-
mers to prepare iso- and nanoporous films
with well-defined and adjustable pore sizes.
Moreover, these pores may be reversibly
changed regarding the polarity and size
through incorporation of smart and func-
tional polymer segments.[5–9] Asymmetric
copolymer membranes can be obtained by
application of the combination of BCP self-
assembly and nonsolvent induced phase
separation (SNIPS) process.[10] For this
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purpose, a concentrated polymer solution is cast on a macro-
porous support followed by immersion in a nonsolvent bath.
This procedure is accompanied by a microphase separation of
the BCP, forming a selective layer with uniform pores at the top
of the substrate.[5,7,11] For more details on the membrane for-
mation process and potential applications, readers are referred
to some excellent reviews and articles in this field.[12–17] A ma-
jor issue for these membranes is the structural change upon
applying high pressure, temperatures above the glass transition
temperature, Tg, and the missing long-term stability.[18] To a cer-
tain extent, this can be circumvented by increasing the Tg of the
matrix-forming block segment, which in principle determines
the mechanical properties of the thin porous layer. Abetz and
co-workers, for instance, explored the feasibility of BCPs based
on poly(𝛼-methylstyrene)- and poly(4-methylstyrene) with poly(4-
vinylpyridine) as polar block segment to increase the thermal
membrane stability up to 150 °C.[19] In another study, Zhou et al.
reported increasing thermal membrane stability up to 158 °C by
using poly(styrene-alt-N-phenylmaleimide) as a matrix-forming
block segment.[20] A different approach is represented by UV-
induced cross-linking strategies for stabilizing BCP architec-
tures, such as micelles or capsules. For example an anthracene
motif was used by Elter et al. in a methoxy-poly(ethylene oxide)-
block-poly(2-ethylhexyl glycidyl ether-co-9-methylanthracenyl gly-
cidyl ether) diblock terpolymer to form partially reversible cross-
links in the micelle cores.[21] Chen et al. used poly(styrene-
co-benzophenone) as the hydrophobic block to prepare sta-
bilized micelles through photo-cross-linking to increase (wa-
ter) concentration and heat stability, and long-term storage.[22]

Kang et al. were able to synthesize core cross-linked micelles
from poly(ethylene oxide)-block-poly(2-[4′-iodobenzoyloxy]-ethyl
methacrylate) generating benzophenone moieties, which were
exploited to immobilize the polymer on silicon wafers.[23] By
incorporating a polymerizable allyl group between the two
block segments of stimuli-responsive poly(vinyl ferrocene)-block-
poly(ethylene glycol), Morsbach et al. significantly stabilized the
BCP micelle by using UV cross-linking protocols.[24] Yang et al.
showed an increased pressure resistance (up to 2 bar) of mem-
branes against various organic solvents, such as dimethylfor-
mamide (DMF) and toluene, as well as resistance to acetic acid
and dilute base via preparation and annealing of a poly(S-block-
poly(methyl methacrylate)). During this process, the polystyrene
(PS) block formed cross-linking sites.[25] However, to the best of
our knowledge, benzophenone as an integral part of the nonpolar
(co)polymer segment was not reported for isoporous BCP mem-
branes.

In this work, we present a synthetic procedure for an intrinsi-
cally UV cross-linkable amphiphilic BCP and applied the SNIPS
process to combine the advantages of the convenient prepara-
tion of BCP membranes and increased stability of the cross-
linkable matrix-forming polymer segment. For the hydropho-
bic block, a statistical copolymer, consisting of methyl methacry-
late (MMA), n-butyl methacrylate (BMA), and benzophenone
methacrylate (BPMA) was chosen, while for the hydrophilic
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block, 2-hydroxyethyl methacrylate (HEMA) was selected. Incor-
porating poly(HEMA) as the pore-forming cylindrical domain in
BCP membranes was shown to offer advantages in subsequent
post functionalization chemistry, antifouling properties, and ac-
cess to filtration processes with a high water flux.[8,26–28]

2. Results and Discussion

The amphiphilic BCP poly((butyl methacrylate-co-benzophenone
methacrylate-co-methyl methacrylate)-block-(2-hydroxyethyl
methacrylate)) P(BMA-co-BPMA-co-MMA)-b-P(HEMA) P2 was
synthesized via a two-step atom-transfer radical polymerization
(ATRP), as shown in Scheme 1.

First, the statistical copolymer P1 consisting of methyl
n-butyl methacrylate (BMA) 1, benzophenone methacrylate
(BPMA) 2, and methacrylate (MMA) 3 was polymerized
by using tert-butyl 𝛼-bromoisobutyrate (tBib) as initiator, a
mixture of Cu(I) and Cu(II)-bromide with N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (PMDETA) ligands as catalyst
and anisole as solvent. The incorporation of MMA and BMA as
part of the macroinitiator offers two advantages: i) combining a
high Tg and low Tg component (PMMA and PBMA respectively)
increases the fracture resistance of polymer membranes for a
poly(isoprene-b-styrene-b-4-vinylpyridine) terpolymer.[29] ii) The
increased number of protons of BMA inside the polymer side-
chain prevents main-chain scission during the cross-linking pro-
cess, as shown by Carbone et al. when comparing PS- and poly(n-
butyl acrylate)-based polymers for benzophenone-mediated UV
cross-linking strategies.[30] Additionally, the benzophenone moi-
eties are known for their efficient cross-linking capabilities upon
UV-irradiation, without the necessity of the addition of rad-
ical starters or catalysts.[22,23,31–33] Within this study, the ben-
zophenone moiety was additionally incorporated as an UV cross-
linkable monomer to avoid leaching during application of the
SNIPS process and to avoid any potential gradients of the small
molecule within the final membrane structure. Moreover, the
BPMA was only incorporated into the matrix-forming block seg-
ment of the membrane so that the pore-forming polar block seg-
ment was unaffected.

After purification and analysis of the statistical cross-linkable
polymer P1, a second ATRP was carried out with (trimethyl-
siloxyl ethyl) methacrylate (HEMA-TMS) as monomer, using a
similar catalyst system (see Scheme 1 and Supporting Informa-
tion for further details). After BCP formation, the P(HEMA-TMS)
block was deprotected with hydrochloric acid, yielding the tar-
geted amphiphilic block copolymer P2. The obtained polymer
was analyzed concerning its chemical composition via 1H-NMR-
spectroscopy and molecular weight and distribution via size ex-
clusion chromatography (SEC). Corresponding analytical data
are compiled in Figure 1.

The narrow molecular weight distribution of P1 (Ð = 1.23)
indicated a good control over the ATRP reaction. The SEC traces
of P2, shown in Figure 1a), exhibited a clear shift to higher molar
masses. The hydroxy-groups of the poly(HEMA) block, present in
P2 and to a small extent in the TMS-protected P2, interfered with
the SEC analysis leading to nonrepresentative absolute molec-
ular weights. Therefore, the hydroxyl groups of HEMA were
protected with a stable benzoyl group (P2-benz), as described by
Schöttner et al. for other HEMA-containing BCPs.[27] The weak

Macromol. Rapid Commun. 2022, 43, 2100632 2100632 (2 of 8) © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mrc-journal.de

Scheme 1. Synthetic route leading to P(BMA-co-BPMA-co-MMA)-b-P(HEMA) via a two-step ATRP method. In the first step, a macroinitiator from methyl
methacrylate (MMA), butyl methacrylate (BMA), and benzophenone methacrylate (BPMA) is synthesized and used in the second step to initiate poly-
merization of (trimethylsiloxyl ethyl) methacrylate (HEMA-TMS).

Figure 1. Analytical data. a) Molecular weight distribution of the macroinitiator P1 (blue, dashed), the BCP P2 (black, solid), and the TMS-protected
BCP (red, dotted), obtained by SEC in DMF versus PMMA b) molecular weight distribution of the macroinitiator P1 (black, solid) and the benzoyl
protected BCP P2-benz (red, dashed), obtained by SEC versus PS in THF c) 1H-NMR spectrum of P2 measured in pyridine-d5 at 300 MHz and 300 K. d)
Transmission electron micrograph of P2 micelles obtained from a ternary solvent mixture of THF, DMF and 1,4-dioxane (2:1:1 by mass).
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Table 1. Summary of the relevant data for the block copolymer P2. For
the calculation methods, please see the Supporting Information. Amounts
for BMA, BPMA, and MMA repeating units corresponded to polymer P1.
The amount of substance of the poly(HEMA) block in polymer P2 was
comparable to P1.

Mn(P1) Ð (P1) Mn(P2) D(P2-benz) Mn(P2)calc.

[g mol−1] [g mol−1] [g mol−1]

49 800 1.23 59 400 1.33 55 100

x(BMA) x(BPMA) x(MMA) x(HEMA) Φ(HEMA)

0.41 0.10 0.49 0.10 0.08

signal shifting toward higher Mn in the distribution of P2-benz
could most likely be attributed to cross-linking reactions over the
hydroxyl-groups during the protection procedure, as they were
not observed within the molar mass distributions of the unpro-
cessed and deprotected P2, shown in Figure 1a). The number
average molecular weight of the benzoyl-protected polymer was
determined to be 59 400 g mol−1 with a polydispersity of 1.33, as
determined by SEC in tetrahydrofuran (THF) versus PS. The mo-
lar fractions of the four polymer components were calculated af-
ter performing 1H-NMR spectroscopy. It could be calculated from
the corresponding integrals (Figure S1, Supporting Information)
that the amount of the UV-cross-linking agent BPMA was about
10 mol% within the macroinitiator P1, together with 49 mol%
MMA and 41 mol% BMA, whereas the hydrophilic block consist-
ing of poly(HEMA) was determined to be 10 mol% for the overall
BCP P2. The 10 mol% content of the BPMA was used based on
previously reported studies revealing good mechanical properties
for the investigated films. Within these studies contents between
0.5 and 20 mol% were investigated.[34,35]

A detailed calculation can be found, together with differential
scanning calorimetry data (Figure S2, Supporting Information),
in the Supporting Information. Traditionally, the hydrophilic
block is incorporated with higher amounts. Yet, Plank et al.
showed that poly(HEMA) forms cylindrical morphologies at sig-
nificantly lower contents compared to typical phase diagrams of
diblock copolymers.[36] The molar mass of the deprotected sec-
ond poly(HEMA) block was calculated to be 5300 g mol−1 using
the SEC data and the 1H-NMR spectral data (calculations can be
found in the Supporting Information). In summary to the poly-
mer synthesis and analytics, the obtained values for the compo-
sition were in good accordance with expectations based on the
respective monomers used.

The volume fraction of the poly(HEMA) block segment of P2
was calculated using the densities of the two respective blocks.
While the density of P1 was determined as 1.09 g cm–3 following
a method by Hughes,[37] literature data were used for the pure
poly(HEMA) segment.[38] All data on the polymers are compiled
in Table 1.

Before applying the SNIPS process for membrane forma-
tion, the micellation of P2 was investigated in a ternary solvent
mixture consisting of THF, DMF, and 1,4-dioxane in a 2:1:1
mass ratio, following a procedure by Schöttner et al. for another
poly(HEMA)-containing block copolymer.[24] This solvent com-
position also represents the casting solution within the subse-
quent section. For transmission electron microscopy (TEM) stud-

ies, the polymer solution (30 wt-% of P2 in the ternary mixture
of solvents) was diluted by dropwise addition of the polymer so-
lution into neat solvent mixture until a mass concentration of
2 mg L–1 was reached. This solution was drop-casted on a carbon-
coated copper grid, and the solvent was allowed to evaporate at
ambient conditions for 12 h. Figure 1d displays a representative
transmission electron micrograph of the resulting spherical mi-
celles featuring a diameter of 127 ± 22 nm. In conclusion to the
TEM investigations, micelle formation capabilities were proven
for the amphiphilic BCPs, a basic prerequisite for BCP mem-
brane formation using the SNIPS process.[16]

In the next step, BCP membranes from P2 were fabricated. For
this purpose, a 30 wt-% polymer solution of the ternary solvent
mixture was prepared. The solution contained 0.43 wt-% CuCl2 to
increase the polymer solution’s viscosity and enhance the order of
the pores.[27,39] The viscous solution was cast on a polyester non-
woven or cellulose support utilizing a doctor blade with 200 μm
gap width. After a solvent evaporation time of 10 or 15 s, the poly-
mer membrane was precipitated in deionized water for 30 min,
predried at ambient conditions for 12 h, and then dried in a vac-
uum oven at 40 °C for 2 days.

The porous structure of the obtained membranes was investi-
gated by scanning electron microscopy (SEM), shown in Figure 2.

As can be concluded from the corresponding SEM images
Figure 2a,b, the topographies of the membranes exhibited an
open-porous surface structure with pore sizes of 26 ± 5 nm for
10 s evaporation time and 30 ± 5 nm for 15 s. Cross-section
SEM of the same samples revealed the expected sponge-like
substructure, characteristic for integral asymmetric BCP mem-
branes (Figure 2c,d).[16,40]

In the next step, the cross-linking capabilities of the ben-
zophenone moieties were investigated for the pristine statistical
copolymer P1 (without a second block segment). For this pur-
pose, polymer films were fabricated from a THF solution and
exposed to 1000 W UV-irradiation for 1–4 min, using a Hönle
UV-technology UVA-Cube 2000, equipped with a UVAPRINT
100–200 HPV EZ lamp. For gaining first insights into the cross-
linking capabilities of the statistical copolymer, the amount of
nonsoluble polymer after irradiation was used to reference the
amount of cross-linked polymer material. Interestingly, after 1
min of irradiation 18 wt-% of the polymer was insoluble in THF,
increasing to 22 wt-% after 4 min. This result on the amount for
cross-linked sites is expected, as mechanistically the benzophe-
none moieties do not initiate a radical chain reaction and can only
form radicals once.[41] The upper limit for irradiation time for the
BCP membranes was set to 4 min, as the membrane structure
collapsed at least after 10 min in previous experiments. Corre-
sponding scanning electron micrographs of differently treated
membranes can be found in Figure S3 (Supporting Informa-
tion). For this purpose, the membranes were subjected to 4 min
of UV treatment, carried out in 30 s intervals with 15 s pause
in between in order to maximize the content of the cross-linked
polymer, while still retaining the porous structure. The pause was
applied to allow for heat dissipation upon the irradiation process
to prevent destroying the membrane structure. By using this
elaborated irradiation protocol, the porous structure of the BCP
membrane was obviously retained after the irradiation featuring
pore diameters of 29 ± 4 nm for 10 s evaporation time and 30 ±
4 nm for 15 s, which was comparable to the untreated membrane
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Figure 2. Scanning electron micrographs of the P(BMA-co-BPMA-co-MMA)-b-P(HEMA) BCP membranes, fabricated via SNIPS process with different
evaporation times and treatments: a) 10 s evaporation time, no treatment b) 15 s evaporation time, no treatment c) 10 s evaporation time, no treatment,
inner view of the membrane d) 15 s evaporation time, no treatment, inner view of the membrane e) 10 s evaporation time, 4 min UV-treatment f) 15 s
evaporation time, 4 min UV-treatment.

Table 2. Summary of the pore diameters, measured from the scanning elec-
tron micrographs, shown in Figure 2a,b,e,f). The values presented are the
mean of 50 pores.

Membrane 10 s,
Untreated

10 s,
UV-treated

15 s,
Untreated

15 s,
UV-treated

pore diameter [nm] 26 ± 5 29 ± 4 30 ± 5 30 ± 4

(Figure 2e,f). The pore sizes before and after irradiation, as deter-
mined by the mean of 50 pores via SEM imaging, are compiled in
Table 2.

To gain additional insights into the swelling behavior and sta-
bility of the UV-treated, in comparison to the pristine membrane,
the influence of different solvent treatments on the pore size
and surface of the BCP membrane was studied by atomic force
microscopy[42] (AFM; Figure 3; and Figure S4, Supporting In-
formation). For this purpose, the isoporous BCP membrane ob-
tained with 10 s evaporation time before precipitation in water

was used, because this membrane revealed a higher pore order.
For the intended measurements, the membranes were stored in
the respective solutions for 30 min prior to the AFM measure-
ments to reach the equilibrium state of swelling.

AFM imaging revealed that the distribution of the maximum
inscribed radii rm of the pores in solution (for both water and
ethanol) is shifted to smaller values than those measured in air.
The water-ethanol mixture (1:1) led to a further shift to smaller
rm values compared to pure water, while this trend continued for
pure ethanol. This behavior can be explained by the interaction
of the different solvents and the polymer block segments. On
the one hand, the water was only able to swell the pore form-
ing block, that is the hydrophilic poly(HEMA) block segment, ex-
plaining the reduced pore sizes in water. Ethanol on the other
hand led to swelling of both the membrane matrix, which is rep-
resented by the hydrophobic block segment poly(BMA-co-BPMA-
co-MMA), and the pore forming block poly(HEMA), explaining
the further reduction in pore size. After cross-linking reactions
of the membrane matrix, this swelling of the hydrophobic block
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Figure 3. Solvent dependency of pore sizes of porous cross-linked and noncross-linked P2 membranes. AFM images and histograms of the maximum
inscribed radius rm for a) air, b) water, c) water-ethanol (1:1), and d) ethanol. The red lines show Gaussian fits for the data shown in the histograms,
respectively.

Table 3. Pore sizes of cross-linked and noncross-linked membranes are
given for AFM imaging under different environmental conditions. Mean
values and error values of the maximum inscribed radius rm values are
based on the mean values and standard deviations obtained by Gaussian
fits given in Figure 3.

Condition Air Water Water/Ethanol (1:1) Ethanol

rm, cross-linked [nm] 12 ± 2 11 ± 3 6 ± 1 9 ± 1

rm, noncross-linked [nm] 14 ± 3 10 ± 2 9 ± 3 —

was significantly reduced in ethanol containing solvent mixtures.
Therefore, the cross-linked matrix material was less affected by
solvent swelling and the pores stay larger, i.e., similar to values for
the water environment (see Table 3). Compared to these findings
in presence of ethanol, the pores in pure water did not show a
significant change, independent of the presence of cross-linking
sites, because the membrane matrix was generally not affected
by water.

It can also be concluded from the AFM data that the distri-
butions of the maximum inscribed radii rm of the cross-linked
sample for the 1:1 water-ethanol mixture are shifted to smaller
values than those in pure ethanol (Figure 3c,d). This shift might
arise from the fact that the AFM image, for the cross-linked
sample exposed to the 1:1 water-ethanol mixture, took 3 h (af-
ter 30 min immersion time for equilibration), while the cross-
linked membrane sample in pure ethanol could already be ob-
tained within 1 h (after 30 min immersion time for equilibra-
tion). This possibly hints toward a time-dependent swelling for
the cross-linked membranes, which then overestimates the cross-
linked sample for the 1:1 water-ethanol mixture. Nevertheless, a
clear decrease in the maximum inscribed radii rm of the pores
of the noncross-linked membrane structure was observed. The
pores collapsed when the noncross-linked membrane was treated
with pure ethanol (Figure 3d). The AFM cantilever tip has a finite
size that leads to a broadening of the image structures.[43] Thus,
the indicated maximum inscribed radii rm provide a lower limit
of the pore radii. As the polymers were not cross-linked here, the
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polymer chains had higher mobility in ethanol, and the isoporous
structure of the membrane was lost. Accordingly, the characteri-
zation of the pore size of the noncross-linked membrane in pure
ethanol was not possible. The pore sizes determined for the dif-
ferent conditions are summarized in Table 3. Comparing the pore
sizes determined by SEM and AFM imaging, we observed slightly
larger pores when using SEM. This difference is accounted for
by the measuring method, as with AFM the inscribed radius was
measured (see Figure S4, Supporting Information) and in SEM
imaging the distance from edge to edge of the pore is measured.

Finally, the behavior of the noncross-linked and cross-linked
membrane during the filtration process was compared using the
membrane fabricated with 15 s evaporation time. Water flux mea-
surements in a dead-end filtration cell at varying pressures be-
tween 0.2 and 0.6 bar were used to investigate the mechanical
stability along with the water flux values. The membranes were
stored in water for 30 min to reach their equilibrium state of
swelling prior to the flux measurement. The cross-linked mem-
brane exhibited a higher water flux for all pressures, with a max-
imum water flux of 1358 L h−1 bar−1 m−2 for the cross-linked
membrane and 322 L h−1 bar−1 m−2 for the untreated membrane
at 0.2 bar transmembrane pressure (Table S2, Supporting Infor-
mation). The higher water flux in the cross-linked state can most
likely be explained by a larger pore radius in the swollen state,
as evidenced for the membrane with 10 s evaporation time by
the AFM images shown in Figure 3. While the absolute values
of pore sizes for the 15 s membrane may slightly differ, the rel-
ative behavior is expected to remain the same when comparing
the cross-linked and noncross-linked membrane.

Furthermore, a higher mechanical stability could be derived
from the increased flux at higher transmembrane pressures.
Moreover, additional SEM images of the membranes were pre-
pared after the water-flux measurements with varying pressures,
proving the pore stability under the applied conditions Figure S5
(Supporting Information).

3. Conclusion

In conclusion, a synthetic route to preparing the amphiphilic
block copolymer P(BMA-co-BPMA-co-MMA)-b-P(HEMA) was
presented featuring a UV-addressable cross-linker moiety based
on a benzophenone-containing monomer covalently incorpo-
rated within the matrix-forming block segment. After applying
the SNIPS process for membrane fabrication, the positive effects
of cross-linking the matrix forming block of the block copolymer
membrane using UV-irradiation were shown. We confirmed an
increased stability against water, ethanol, and mixtures thereof
and mechanical pressure using SEM, AFM, and water flux mea-
surements. In the UV-mediated cross-linked membrane, the iso-
porous top-layer of the membrane was maintained and accompa-
nied by increased swelling resistance. Moreover, there is higher
water-flux for all investigated transmembrane pressures com-
pared to the noncross-linked membranes. The herein described
approach for direct incorporation of the benzophenone-cross-
linker moiety into the block copolymer structure and effect on the
stabilization of the membrane will pave the way for a new gener-
ation of (isoporous) membranes as selective layer for membrane
applications.

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