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Thermo-Responsive Ultrafiltration Block Copolymer
Membranes Based on Polystyrene-block-poly(diethyl
acrylamide)

Florian V. Frieß, Frank Hartmann, Lea Gemmer, Jens Pieschel, Bart-Jan Niebuur,
Matthias Faust, Tobias Kraus, Volker Presser, and Markus Gallei*

Within the present work, a thermo-responsive ultrafiltration membrane is
manufactured based on a polystyrene-block-poly(diethyl acrylamide) block
copolymer (BCP). The poly(diethyl acrylamide) block segment features a lower
critical solution temperature (LCST) in water, similar to the well-known
poly(N-isopropylacrylamide), but having increased biocompatibility and
without exhibiting a hysteresis of the thermally induced switching behavior.
The BCP is synthesized via sequential “living” anionic polymerization
protocols and analyzed by 1H-NMR spectroscopy, size exclusion
chromatography, and differential scanning calorimetry. The resulting
morphology in the bulk state is investigated by transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS) revealing the
intended hexagonal cylindrical morphology. The BCPs form micelles in a
binary mixture of tetrahydrofuran and dimethylformamide, where BCP
composition and solvent affinities are discussed in light of the expected
structure of these micelles and the resulting BCP membrane formation. The
membranes are manufactured using the non-solvent induced phase
separation (NIPS) process and are characterized via scanning electron
microscopy (SEM) and water permeation measurements. The latter are
carried out at room temperature and at 50 °C revealing up to a 23-fold
increase of the permeance, when crossing the LCST of the poly(diethyl
acrylamide) block segment in water.
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1. Introduction

Smart polymers open a way to introduce
new exciting aspects and possibilities
in conventional materials.[1] Within this
context, stimuli-responsive polymers can
react to changes in their environment,
for example, temperature, pH value,
or other triggers, with changes in their
macromolecular properties.[1–7] One pos-
sibility to achieve a thermally induced
response focuses on a lower critical so-
lution temperature (LCST) or an upper
critical solution temperature (UCST) in a
specific medium.[8–11] The different sol-
ubility of the polymer chains at different
temperatures can be exploited to use, for
example, polymer micelles to act as carri-
ers for specific cargo compounds. In this
manner appold et al. were able to design
a block copolymer (BCP) of poly(N,N-
dimethylaminoethyl methacrylate) and
poly(methyl methacrylate)-co-poly(N,N-
dimethyl aminoethyl methacrylate) to
encapsulate a polypyridyl ruthenium
complex and release it through applying
ultrasound or temperature.[12] Besides
this example there are numerous other
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stimuli-responsive BCP micelles, which are mainly investigated
in the field of drug delivery.[13,14] The mechanism of the changes
in the polymer chains around the LCST was investigated by kol-
berg et al. and found to be a cooperative effect of different chains
together.[15] Furthermore, this change in solubility, or more pre-
cisely, in the chain conformation can also be used for modulat-
ing porous materials leading to a change of permeation charac-
teristics upon applying external triggers. This feature can then
be used to design polymer membranes, switchable by the per-
meate or other internal or external triggers. Within this con-
text, porous membranes can be divided into two classes: On the
one hand, some authors modify existing membranes, like frost
et al., who functionalized a track-etched poly(ethylene terephtha-
late) ultrafiltration membrane with poly(N-isopropylacrylamide)
(PNIPAM) via surface-initiated atom-transfer radical polymer-
ization (SI-ATRP). The authors showed a temperature switch-
able rejection of silica nanoparticles for their membranes.[16]

In another example, tripathi et al. functionalized commercial
micro-filtration membranes with PNIPAM via a polydopamine
linker and were able to show thermo-responsive behavior in
both water permeance and protein rejection.[17] On the other
hand, there are some solutions that utilize the intrinsic prop-
erties of the polymers used to manufacture the membrane.
For example, schacher et al. used polystyrene-block-poly(N,N-
dimethyl aminoethyl methacrylate) BCPs to manufacture ultra-
filtration membranes, which exhibited temperature-dependent
exclusion of silica nanoparticles.[18] Moreover, Cetintas et al.
used PS-b-PNIPAM BCPs synthesized via reversible addition-
fragmentation polymerization to fabricate polymer membranes,
and were able to show a permeability increase of almost 400%
by raising the temperature from 20 to 50 °C.[19] Lastly, there
is also the possibility of using a polymer blend in the mem-
brane formation step, as shown by cai et al., who used a blend
of polyvinylidene fluoride (PVDF) and palygorskite-g-PNIPAM
in a combination of immersion precipitation and thermally in-
duced phase separation process. They enhanced the hydrophilic-
ity compared to neat PVDFmembranes, and thermo-responsivity
was introduced.[20] One of the most common polymers featuring
an LCST behavior is PNIPAM, while its derivative poly(diethyl
acrylamide) (PDEAAm) is investigated much less in the poly-
mer membrane field. In general, both polymers feature a sim-
ilar LCST in the range of just above 30 °C.[21,22] While PNIPAM
features a very sharp transition at the LCST, the transition of
PDEAAm is much more distributed over a larger temperature
interval.[23] On a more macroscopic scale, the phase transition
enthalpy is found to be lower for PDEAAm than for PNIPAM
that is said to point to a different water structure surrounding
the polymers.[22] While this may be a disadvantage for PDEAAm,
the transition of this polymer occurs at the same region for heat-
ing and cooling, while PNIPAM shows hysteresis.[23,24] Another
advantage of PDEAAm is its better biocompatibility compared to
PNIPAM,[25,26] which is important for potential biomedical appli-
cations.

Regarding the polymer synthesis, DEAAm is an alkyl acry-
late derivative, and there are some special precautions neces-
sary to suppress side reactions of the labile 𝛼-hydrogen during
living anionic polymerization.[27] To stabilize the living chain-
end, the electron density distribution of the metal ester enolate
ion pair has to be influenced by an aggregation equilibrium en-

abling a controlled polymer growth.[28] Most commonly, differ-
ent Lewis acids are used in order to facilitate this equilibrium.
ishizone et al. combined the Lewis acid character of dialkylzinc
with its multivalent coordination to stabilize the active chain-end
in tetrahydrofuran (THF).[29] The polymerization of acrylamides
was also tested with diethylzinc as an additive. kobayashi et al.
found that the coordination of the active chain-end slowed down
the propagation, so the temperature needed to be raised to 0 °C.
As a side effect, the coordination of the active chain-end with di-
ethylzinc also leads to a highly isotactic polymer, which is insolu-
ble in THF.[30] In comparison, andré et al. found that the usage
of triethylaluminium leads to heterotactic DEAAm, but triethyla-
luminium can also initiate the polymerization.[31] When triethyl
borane (BEt3) was used by kobayashi et al. instead, the result-
ing polymer showed syndiotactic triads. BEt3 also coordinates
stronger to the active chain-end and could be used in a lower ex-
cess to obtain polymers with low dispersity.[32] By the amount of
added Lewis acid and block copolymerization, the solubility of
DEAAm can be adjusted.[32,33]

In this work, polystyrene-block-poly(diethyl acrylamide) (PS-
b-PDEAAm) is synthesized with varying chain lengths, and
thermo-responsive block copolymer membranes are fabricated
using the non-solvent induced phase-inversion process. These
membranes are characterized using scanning electron mi-
croscopy and water permeation measurements at room temper-
ature and above the LCST.

2. Results and Discussion

2.1. Polymer Synthesis

The BCP PS-b-PDEAAm P2 was synthesized via sequential an-
ionic polymerization, as shown in Scheme 1. In the first step,
styrene 1 was polymerized in THF at −78 °C for 1 h, after initia-
tion with sec-butyl lithium. The active polymer chains were func-
tionalized with diphenyl ethylene to obtain P1DPHLi, to provide
a steric hinderance to suppress side-reactions with the DEAAm
carbonyl moiety in the following synthesis step. DEAAm 2 was
polymerized for 16 h at 0 °C with the help of triethyl borane as
Lewis acid, which forms a complex with the active chain ends
leading to structural control.[32]

The analytical data in Table 1 compile the obtained molecu-
lar weight of the resulting BCPs PS-b-PDEAAm after sequential
block copolymerization of the respective monomers.

The first block of the BCPs, PS, was measured using SEC
against a PS standard calibration. Therefore, the resultingmolec-
ular weights can be directly compared based on the same solution
behavior. The dispersity index values of the three PS blocks were
determined at below 1.05, as expected for good control over the
reaction using living carbanionic polymerization. After end-
functionalization with DPE and the addition of BEt3, DEAAm
was polymerized in a subsequent step at 0 °C. The resulting
BCPs were analyzed via SEC (Figure 1) with dimethyl formamide
with LiBr as a salt additive. Determining the molar masses of
the amphiphilic BCPs by SEC was performed versus PMMA
standards. Therefore, the absolute value of the Mn determined
this way is not representative of the BCP. However, since the
molecular masses for the first block segment (PS), determined
by SEC, can be considered absolute, the molecular mass of the
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Scheme 1. Reaction scheme for the sequential anionic polymerization of the monomers styrene and diethyl acrylamide leading to the BCP polystyrene-
block-poly(diethyl acrylamide) P2 (PS-b-PDEAAm). In the first step styrene is initiated by sec-Butyllithium in THF at −78 °C. After 1 h, the active chain
ends are functionalized with diphenyl ethylene at room temperature. Following, the reaction mixture is cooled to 0 °C, and triethyl borane and diethyl
acrylamide are added and polymerized for 16 h.

Table 1. Analytical data of the block copolymerization of PS-b-PDEAAm in THF with BEt3.

Polymer Mn [PS]a)

[kg mol−1]
Mn [BCP]b)

[kg mol−1]
Ðb) Mn [BCP]c)

[kg mol−1]
w [PDEAAm]c)

[wt.%]

PS70-b-PDEAAm17 70.2 71.5 1.11 87.4 23.5

PS125-b-PDEAAm43 125 118 1.16 168 25.6

PS131-b-PDEAAm42 131 139 1.22 173 24.3
a)

SEC in THF versus PS
b)

SEC in DMF +1 g L−1 LiBr at 60°C versus PMMA
c)

determined by 1H-NMR spectroscopy in CDCl3

BCP can be calculated from these and the composition, extracted
from the 1H-NMRmeasurements. As a conclusion from the SEC
measurements, the resulting dispersity indices were elevated
compared to the aforementioned THF system, resulting in a dis-
persity index value of 1.1 for the first PS block. This broadening
of the DMF SEC system also led to the dispersity of 1.11 to 1.22
for the BCP. The molecular weight distributions of the BCPs
from Table 1 are given in Figure 1d. A slight broadening of the
molecular weight distribution was observed for polymer PS125-
b-PDEAAm43 and PS131-b-PDEAAm42. The absolute molecular
weights of the BCPs were determined using the molecular
weights from the PS block in combination with the amounts of
PDEAAm, as determined by 1H-NMR spectroscopy, shown in
Figure 1a. The 1H-NMR spectra showed a similar PDEAAm con-
tent for all three BCPs ranging from 24.5 to 25.6 wt.% (Section
S1.1, Figures S1–S3, Supporting Information). Investigations
of the glass transition temperature (Tg) via differential scan-
ning calorimetry (DSC) were performed, and the Tg for the PS
homopolymer showed a value of 106.8 °C, which is within the ex-
pected range.[34] However, an additionally prepared PDEAAmho-
mopolymer of similarMn (Section S1.2, Supporting Information)

to the PDEAAm blocks in the BCP revealed a Tg of 94.5 °C, hence
similar to the PS block segment. As the two block segments of
the BCP have similar Tg, there was no indication of microphase
separation in these investigations. Thermograms of all BCP are
provided in (Section S1.3, Figure S4, Supporting Information).

2.2. Bulk Morphologies

To verify if the synthesized BCPs feature a microphase separa-
tion capability, the bulk morphology was analyzed via transmis-
sion electronmicroscopy (TEM) and small-angle X-ray scattering
(SAXS). For this purpose, BCP filmswere prepared by solvent an-
nealing from chloroform and a subsequent temperature anneal-
ing at 130 °C for at least 3 days. Thin slices were prepared via
ultramicrotomy, followed by staining with RuO4 to enhance the
electron contrast in TEM. The first polymer, PS70-b-PDEAAm17,
(Figure 2a) shows light PDEAAm hexagonally packed cylinders
in a darker appearing stained PS matrix. The observed cylinders
were of a size of 39.3 ± 4.4 nm and were not very well ordered
over larger length scales. The corresponding SAXSmeasurement
(Figure 2d) showed a strong primary peak at q0 = 0.0171 Å−1
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Figure 1. a) 1H-NMR-spectra of PS-b-PDEAAm, measured at 400 MHz and 300 K in CDCl3 b) Thermograms of homopolymers PS and PDEAAM, and
the respective BCP PS-b-PDEAAm measured at 10 K min−1 in N2 atmosphere c) Molecular weight distributions of the PS70 block (in black) of PS70-b-
PDEAAm17 (in red), measured in DMF against PMMA standard d) Molecular weight distributions of polymers PS-b-PDEAAm, measured in DMF against
PMMA standard.

and secondary Bragg reflections at √3 × q0 and √7 × q0, ex-
pected for hexagonally packed cylinders[35] with a repeat distance
of 2𝜋/q0 = 36.7 nm, which is in good agreement with the result
from TEM. The low intensities of the secondary Bragg peaks con-
firm the weak long-range order of the structure. By enlarging the
BCP from 87.4 to 168 kg mol−1 the mass ratio of PDEAAm was
also slightly increased from 23.5 to 25.6 wt.%. The resulting TEM
images (Figure 2b) of the bulk morphology revealed a weakly or-
dered structure without recognizable pattern. The SAXS pattern
(Figure 2e) showed a primary Bragg peak at q0 = 0.0171 Å−1,
which corresponds to a repeat distance of 2𝜋/q0 = 58.2 nm. Fur-
thermore, a very broad secondary peak at≈0.025 Å−1 was present,
which could not be assigned to a classical ordered phase. As at-
tempts to stain polymer PS131-b-PDEAAm42 with RuO4 failed, the
investigation of this BCPmorphology was performed with iodine
as a staining agent instead of RuO4. In this case the PDEAAm
phase should appear darker, and therefore dark PDEAAm cylin-
ders should be visible in a light PS matrix. Indeed, the expected
hexagonally packed cylindrical morphology for the mass ratio of
24.3 wt.% could be observed in the corresponding TEM image in
Figure 2c. The morphology appeared to be larger (64.9 ± 8.7 nm)
compared to Figure 2a for a polymer with a similar mass ratio of
PDEAAm but just about half of the total molecular weight. The
primary Bragg reflection from SAXS (Figure 2f) confirms the in-

creased repeat distance of 2𝜋/q0 = 80.6 nm. The weak secondary
Bragg peaks are found at √3 × q0 and √7 × q0, which again cor-
responds to a hexagonally packed phase and confirms the struc-
ture observed in the TEM images. The secondary Bragg peaks
are always very weak and have a broad maximum, so a lamel-
lar ordering with a ratio of 2 × q0 and 3 × q0 cannot be excluded.
Overall, the weak ordering of themorphology in polymers PS70-b-
PDEAAm17 and PS131-b-PDEAAm42 as well as the unclear phase
separation in polymer PS125-b-PDEAAm43 are a hint for a border
area of two different BCP morphologies. The expected morphol-
ogy is usually estimated from the volume ratio of the different
polymer blocks through the mean-field phase diagram.[36] The
required density of PDEAAm and interaction parameters for this
system have not been reported yet.

2.3. Micelle Formation of PS125-b-PDEAAm43 BCPs

The micellization behavior of PS125-b-PDEAAm43 prior to the
membrane formation was examined in a binary solvent mixture
of DMF and THF, which was considered a good solvent mixture
for micelle formation and the intended SNIPS process. In this
mixture, THF is a better solvent for the PS block and DMF is bet-
ter for the PDEAAm block, as can be concluded by comparing
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Figure 2. a) Transmission electron micrograph of an ultra-thin slice of PS70-b-PDEAAm17, stained with RuO4 b) Transmission electron micrograph of
an ultra-thin slice of PS125-b-PDEAAm43, stained with RuO4 c) Transmission electron micrograph of an ultra-thin slice of PS131-b-PDEAAm42, stained
with I2 d–f) SAXS analysis of the corresponding BCPs.

Table 2. Hildebrandt and Hansen parameters of the relevant solvents and
polymers.

Polymer/solvent 𝛿d [MPa1/2] 𝛿p [MPa1/2] 𝛿h [MPa1/2] 𝛿D [MPa1/2]

PS[38] 18.1 ± 0.1 1.9 ± 0.1 2.8 ± 0.1 18.4 ± 0.1

PDEAAm[39] 17.9 1.78 11.5 21.4

DMF[37] 17.4 13.7 11.3 24.8

THF[37] 16.8 5.7 8.0 18.6

THF/DMF (2:3 wt.%) 17.1 10.3 9.9 22.3

the experimentally determined Hildebrandt and Hansen param-
eters presented in Table 2. The overall value for the binary solvent
mixture can then be calculated from the values of THF and DMF,
weighted with their weight fraction and density.[37]

Based on these parameters, micelles were expected to form
with a core of the PS block and a corona of PDEAAm, since the
solvent mixture overall fits more closely to the latter. In Figure 3,
the resulting polymer micelles are shown, as determined from
TEM investigations, using a diluted mixture of ≈0.002 mg mL−1

polymer PS125-b-PDEAAm43 with THF and DMF (2:3 by weight).

As can be concluded from these investigations, BCP micelles
were observed with a diameter of 45 ± 6 nm (N = 25).

2.4. Membrane Characterization

Polymer membranes were fabricated from all three synthesized
BCPs. To this end a polymer solution consisting of the binary sol-
vent mixture of THF andDMF (2:3 by weight) and a solid content
of ≈25 to 30 wt.% was prepared. This polymer solution was then
cast on a polyester support and precipitated in water after defined
evaporation times after doctor-blading. Based on the results of the
micellization experiments, as well as the microphase separation
investigation and the Hansen parameters, a NIPS mechanism
during the membrane formation was plausible. Moreover, as the
THF evaporated after casting the BCP solution, the solvent mix-
ture became more favorable toward PDEAAm and a more dilute
phase, featuring predominantly PDEAAm, and a more concen-
trated phase, featuring predominantly PS was expected. Gener-
ally, the more concentrated phase forms the matrix of the BCP
membrane and the more dilute phase the pores.[40] The mem-
braneswere therefore expected to form a polystyrenematrix upon
evaporation of THF, with the PDEAAmbeing on the inside of the
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Figure 3. Transmission electron micrograph of a micellar solution (0.002 mg mL−1) of PS125-b-PDEAAm43 prepared in a THF/DMF (2:3 by weight)
solvent mixture, both a,b) are from the same solution but from different regions of the sample.

Figure 4. Schematic view of the proposed membrane structure with a
polystyrene matrix (blue) and PDEAAm (red) lined pores.

membrane pores. This is shown schematically in Figure 4. When
heating the membrane above the LCST of PDEAAm in water or
using hot water (above the LCST of 33 °C) within the filtration ex-
periment, the PDEAAm chains, which were swollen below that
temperature, are expected to collapse,[41,42] creating a larger pore
volume and higher permeation.

First, the polymer PS70-b-PDEAAm17 was dissolved in the bi-
nary mixture of THF and DMF (2:3 by weight). From this vis-
cous solution with a solid content of 31%, a polymer film was
cast with a doctor blade with a blade gap of 200 μm on a polyester
nonwoven. After an evaporation time of 15 s (polymer PS70-b-
PDEAAm17 and PS125-b-PDEAAm43), or 10 s (polymer PS131-b-
PDEAAm42) the polymer film was precipitated in water. The vari-
ation of the evaporation times was chosen because of the mem-
brane structure observed after 15 s for PS131-b-PDEAAm42, where
almost no pores were observed (Figure S5, Supporting Informa-
tion). As can be concluded from Figure 5 the resultingmembrane
features regions of good pore formations (Figure 5a) and regions
of poor pore formationwith large areas without pores (Figure 5b).

Since the PDEAAm block exhibits an LCST in water and is
soluble below this temperature, it was assumed that the precip-

itation step could be an issue, since the water of the precipita-
tion bath was at room temperature. With this in mind, the mem-
branes were precipitated in water baths at 40 °C. In Figure 6, the
typical surface of the membranes is shown on the left-hand side,
while cross-sections of the membranes are shown on the right-
hand side.

The membrane of PS70-b-PDEAAm17 shown in Figure 6a,b
exhibited a porous structure with a diameter of 22 ± 6 nm
and a sponge-like sub-structure typical for NIPS membranes.[43]

The PS125-b-PDEAAm43 membrane structure shown in (c,d) was
very similar to the first membrane, featuring a pore diameter of
36 ± 8 nm. This increased pore diameter, which also seemed
present in the sponge-like substructure, was attributed to the in-
crease in molecular weight from polymer PS70-b-PDEAAm17 to
PS125-b-PDEAAm43. This molecular weight and pore size depen-
dency was previously found for BCPs of polystyrene and poly(4-
vinylpyridine).[44] In contrast, the membrane of polymer PS131-b-
PDEAAm42, shown in Figure 6e,f featured a relatively dense sur-
face with very large and ill-defined pores. Nevertheless, all mem-
branes were subjected to thermo-responsive ultrafiltration exper-
iments in the subsequent section to gain further insights into the
switching capability.

2.5. Characterization of the Thermo-Responsive Properties of the
NIPS Membranes

To investigate the thermo-responsive behavior of the block
copolymermembranes the water permeation was determined via
a dead-end filtration cell. The measurements were carried out at
room temperature (RT) and 50 °C, i.e., well above the LCST of the
PDEAAm block.[22] In Table 3 the mean values are summarized.
The values for measurements at 50 °C are corrected for the vis-
cosity change of water (as shown in the Equation S4, Supporting
Information).

At first, the different water permeation at room tempera-
ture directly correlated with the pore diameters found within
the SEM images of the BCP membranes, shown in Figure 5.
From PS70-b-PDEAAm17 to PS125-b-PDEAAm43 the average di-
ameter increased by roughly 50 %, and the membrane of PS131-
b-PDEAAm42 exhibited an irregular surface without well-defined
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Figure 5. Scanning electron micrographs of the membranes from polymer PS70-b-PDEAAm17 precipitated at room temperature. a) Area with good pore
distribution b) Area of poor pore formation.

Figure 6. Scanning electron micrographs of the membrane surface and cross-section of the membranes of a,b) PS70-b-PDEAAm17, c,d) PS125-b-
PDEAAm43 with 15 s evaporation time, and e,f) PS131-b-PDEAAm42 with 10 s evaporation time.
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Table 3. Summary of the means of the water permeation for the three PS-
b-PDEAAm block copolymer membranes, measured at room temperature
and 50 °C as well as at room temperature after 50 °C. The water permeation
values at 50 °C are corrected for the viscosity change of water, as shown
in the experimental section.

Membrane RT 50 °C [corr.] RTafter 50 °C

[Lbar−1 h−1 m−2] [Lbar−1 h−1 m−2] [Lbar−1 h−1 m−2]

PS70-b-
PDEAAm17

25 590 77

PS125-b-
PDEAAm43

512 757 395

PS131-b-
PDEAAm42

48 261 118

pores. Therefore, the obtained values were within the expected
range. When comparing the change in water permeation from
RT to 50 °C there was a 23-fold increase of the water perme-
ation for themembrane PS70-b-PDEAAm17, whereas the increase
for PS125-b-PDEAAm43 and PS131-b-PDEAAm42 was found to be
much smaller. This behavior could be attributed to the aver-
age pore size, as obtained from the SEM images in Figure 6.
As the increase in water permeation is facilitated via the col-
lapse of the PDEAAm chains, illustrated in Figure 4, the rela-
tive change of diameter of the smaller pores could be larger than
for the larger pores. Finally, the permeation at room tempera-
ture and after the membrane was exposed to 50 °C showed a
value in the same range as before. For membranes of PS70-b-
PDEAAm17 and PS131-b-PDEAAm42 the permeation stays higher
and for PS125-b-PDEAAm43 the permeation is decreased, com-
pared to the first measurements at room temperature. This ob-
servation could be corroborated by findings from the scanning
electronmicrographs taken after the permeationmeasurements,
as shown in Figure 8. The surface of PS70-b-PDEAAm17 shows
no discernable change, and the pore diameter stayed unchanged
within the error limits. In contrast, the BCPmembrane obtained
from PS125-b-PDEAAm43 showed a membrane surface signifi-

cantly changedwith fewer pores, which can explain the decreased
permeation for this sample.

For a better understanding of these changes in the membrane
performance when crossing the LCST of PDEAAm, the water
permeation for the membrane cast from PS70-b-PDEAAm17 was
monitored over a longer period of time. In Figure 7b the course of
the water permeation is shown in dependence on time. Porous
polymer membranes are expected to be compressed by the ap-
plied water pressure and therefore exhibit a decreasing perme-
ation at constant pressure, when exposed over long periods. A
higher porosity leads to more compression and therefore a lower
permeation, as shown by persson et al.[45] Figure 7b) shows the
higher porosity at elevated temperatures. This higher porosity is
easily explained by the collapse of the PDEAAm chains through-
out themembrane. It shows the addressability of the LCSTwithin
the wholemembrane in contrast to being a surface phenomenon.
Analogously, this chain collapse could explain the loss of sur-
face structure during the measurement at 50°C in the mem-
brane of PS125-b-PDEAAm43. The larger pores on the surface and
cross-section, could collapse partially or fully when the pressure
is applied while the PDEAAm chains are in the collapsed state
(Figure 6).

3. Conclusion

To summarize, we were able to polymerize styrene and diethyl
acrylamide via sequential anionic polymerization, utilizing
diphenylethylene as a steric mediator, as well as triethyl borane
as Lewis acid functioning as a complexing agent during the
polymerization of DEAAm. These block copolymers were char-
acterized via SEC, 1H-NMR spectroscopy, and DSC. Three block
copolymers with molecular weights of 87.4 to 173 kg mol−1 were
obtained. The microphase separation in the bulk state was inves-
tigated by TEM and SAXS on thin film slices. For the polymers
PS70-b-PDEAAm17 and PS131-b-PDEAAm42 a hexagonal cylindri-
calmorphologywas found, while for polymer PS125-b-PDEAAm43
only disordered structures could be elucidated. Following, the
micellization of the block copolymers was investigated in a

Figure 7. a) Bar diagram of the mean values of the water permeation, showing the values for room temperature, 50 °C and room temperature again
after the measurement at elevated temperature, measured at 1 bar trans membrane pressure. b) Water permeation evolution of the membrane of P1 in
dependence of time, after an equilibration period of 1 h, measured at 1 bar trans membrane pressure.
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Figure 8. Scanning electron micrographs of the membrane surface from before and after the water permeation measurements at room temperature and
50 °C a) P1 before measurement, featuring a pore size of 22± 6 nm b) P1 after measurement, featuring a pore size of 21± 4 nm c) P2 before measurement
featuring a pore size of 36 ± 8 nm d) P2 after measurement, featuring an irregular surface with some pores still visible e,f) PS131-b-PDEAAm42 before
and after measurement, featuring an irregular surface, with some pores visible.

binary solvent mixture of THF and DMF (2:3 by weight) and
block copolymer micelles with a diameter of 45 nm were ob-
served in a TEM micrograph. Based on the Hildebrandt and
Hansen parameters of the polymers and solvents, polystyrene
micelle cores and a corona of PDEAAm were expected. Ultra-
filtration membranes from all three polymers were fabricated
using the NIPS procedure. The first tests found a better pore for-
mation at elevated temperatures of the precipitation bath, which
was explained by the LCST behavior of the PDEAAm block.
Only the polymers PS70-b-PDEAAm17 and PS125-b-PDEAAm43
showed a typical membrane surface for the NIPS process. The
surface of the membrane of polymer PS131-b-PDEAAm42 was
denser with larger, ill-defined pores. The thermo-responsive
behavior of these membranes was investigated using water

permeance measurements in a dead-end filtration cell at 1 bar
trans-membrane pressure. An up to 23-fold increase in water
permeation at 50 °C compared to room temperature was found,
which was explained by the PDEAAm chain collapse when
crossing the LCST. Differences between the membranes were
correlated to the different pore sizes, determined via SEM
images. Subsequent measurement of the water permeation
at room temperature showed the reversibility of the thermal
switching of the membrane for polymers PS70-b-PDEAAm17
and PS131-b-PDEAAm42. In contrast, the membrane of polymer
PS125-b-PDEAAm43 was damaged during the experiment. The
larger pore size and increased porosity of this membrane sample
explained this observation. The addressability of the PDEAAm
chains throughout the membrane was shown in a permeance

Macromol. Mater. Eng. 2023, 308, 2300113 2300113 (9 of 12) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202300113, W

iley O
nline L

ibrary on [06/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

measurement over a more extended time by comparing the de-
crease in permeance between room temperature and 50 °C. This
new membrane system could find valuable applications in the
bio-medicinal separation sector, as the thermo-responsive seg-
ment features excellent bio compatibility and the LCST is close to
human body temperature. Furthermore, this thermo-responsive
membrane could be combined with other external triggers
such as pH, redox or light in order to gain additional switch-
able membrane features for novel applications and separation
capabilities.[46–48]

4. Experimental Section
Materials: All chemicals were purchased from Sigma-Aldrich (St.

Louis, MO, USA), Fisher Scientific (Hampton, NH, USA), Th. Geyer (Ren-
ningen, Germany), TCI (Tokyo, Japan), Deutero (Kastellaun, Germany) and
used as received unless otherwise stated. For anionic polymerization THF
was treated with 1,1 diphenylethylene (DPE) and n-butyllithium (n-BuLi).
Styrene (S) and N,N-diethyl acrylamide (DEAAm) were dried by stirring
over calcium hydride (CaH2) followed by cryo transfer to concentrated di
n-butylmagnesium (0.5 m solution in heptane) or rather trioctylaluminium
(25 wt.% in hexane) for DEAAm. After final transfer reagents were stored in
a nitrogen-filled glovebox at −18 °C. Anionic polymerizations were carried
out under a nitrogen atmosphere in a glovebox equipped with a Coldwell
apparatus.

Characterization: Standard size-exclusion chromatography (SEC) in
THF was performed with a PSS SECcurity2 system composed of a 1260
IsoPump G7110B (Agilent Technologies, Santa Clara, CA, USA), a 1260
VW-detector G7162A at 270 nm (Agilent) and a 1260 RI-detector G7114A
at 30 °C (Agilent), with THF (HPLC grade) as mobile phase (flow rate
1 mL min−1) on a SDV column set (SDV 103, SDV 105, and SDV 106)
from PSS (Polymer Standard Service, Mainz, Germany). Calibration was
carried out using PS standards (from PSS). SEC in DMF (HPLC grade)
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−1 LiBr) as mobile phase (flow rate 1 mL min−1)
on a GRAM column set (GRAM 30, GRAM 1000, and GRAM 1000) from
PSS (Polymer Standard Service, Mainz, Germany) at 60 °C. Calibration was
carried out using PMMA standards. For data acquisition and evaluation of
the measurements, PSS WinGPC UniChrom 8.2 was used.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
Avance II 400 spectrometer (Bruker Co, Billerica, MA, USA) with a 9.4 T Ul-
trashield Plus Magnet, a BBFO probe, and referenced by using the solvent
signals. For processing and evaluation of the sprectra MestReNova 14.2.0
(MestReLab Research S.L., Santiago de Compostela, Spain) was used.

Differential scanning calorimetry (DSC) was carried out using a Net-
zsch DSC 214 Polyma in aluminum crucibles with a heating rate of
10 K min−1 and nitrogen as both protective and purge gas in flow rates
of 60 and 40 mL min−1, respectively. DSC data were evaluated using NET-
ZSCH Proteus Thermal Analysis 8.0.1.

Ultrathin sections (40 nm) were prepared with an ultramicrotome (Re-
ichert Ultracut by Leica Microsystems, Wetzlar, Germany) and placed on
a copper grid.

TEM Images were obtained using a JEOL JEM-2100 LaB6 electron
microscope (JEOL Ltd. Tokyo, Japan) with 200 kV acceleration voltage;
0.14 nm line resolution and a Gatan Orius SC1000 camera (Gatan Inc.
Pleasanton, CA, USA) in the brightfield mode.

Staining was a commonly used method for TEM sample preparation
and analysis of BCP morphologies in the bulk state. For this purpose, the
staining agent was added via vapor deposition – and therefore very low
concentrations – to the thin slices of the BCP films. A change in the mor-
phology was not expected, but results obtained from TEM measurements
should be compared to other techniques (SAXS, AFM, …) to verify ob-
served morphologies.[49–51]

Table 4. Exact contents of the NIPS solutions for the different polymer so-
lutions.

Component PS70-b-
PDEAAm17

PS125-b-
PDEAAm43

PS131-b-
PDEAAm42

Polymer [g] 0.592 0.490 0.489

THF [g] 0.526 0.562 0563

DMF [g] 0.790 0.830 0829

solid content [%] 31.0 26.0 26.0

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 car-
bon pad and sputter-coated with ≈6 nm platinum using an Automatic
Turbo Coater PLASMATOOL 125 SIN 2020_131 from Ingenieurbüro Peter
Liebscher. High-resolution micrographs were collected via in-lens detec-
tor with acceleration voltages between 1 and 3 kV in high-current mode,
20 μm aperture.

Small-Angle X-ray Scattering (SAXS) experiments were performed us-
ing a Xeuss 2.0 instrument (Xenocs, Grenoble, France). The X-ray beam
of a copper K𝛼 source (wavelength 𝜆 = 0.154 Å) was focused on the
sample with a spot size of 0.25 mm2. Measurements were performed
at a sample-detector distance of ≈2.5 m, calibrated using a silver behen-
ate standard. This resulted in an accessible momentum transfer range of
0.005 < q < 0.23 Å−1, with q = 4𝜋 × sin(𝜃/2)/𝜆 and 𝜃 the scattering an-
gle. The data were azimuthally averaged to obtain I(q). The samples were
placed directly in the beam, without the need of using a sample container.
The acquisition time for each sample was 1 h.

Synthesis: Exemplary Synthesis of PS70-b-PDEAAm17
In a nitrogen-filled glovebox 3.30 mL styrene (3.00 g; 28.8 mmol; 800 eq)

was dissolved in ≈80 mL of freshly distilled THF. After cooling to −78 °C,
25.7 μL s-butyllithium (1.4 m; 36.0 μmol; 1.00 eq) was added quickly to ini-
tiate the polymerization. After 1.5 h a sample of the yellow solution was
taken, terminated by the addition of degassed MeOH and precipitated.
13.0 μL 1,1-diphenylethylene (13.3 mg; 73.8 μmol; 2.05 eq) were added
and the red solution was kept at room temperature for 0.5 h. After cooling
to 0 °C, 0.35 mL triethyl borane (1.0 m; 350 μmol; 9.72 eq) and 1.00 mL
N,N-diethyl acrylamide (0.924 g; 7.27 mmol; 202 eq). After a reaction time
of 14 h the polymerization was terminated by addition of degassed MeOH.
The polymer was precipitated in hexane (synthetic grade) and dried in
vacuo at 40 °C. The analytical data for each polymer is presented in Table 1.

1H-NMR (400 MHz; CDCl3; 𝛿 in ppm): 7.2–6.2 (br, 5H, ar); 3.6–3.0 (br,
4H, N(CH2-CH3)2); 2.2–0.6 (alkyl).

Bulk Morphologies: The polymers were dissolved in chloroform (p.a.)
to examine the bulk morphology of the block copolymers. After slow sol-
vent evaporation, the polymer film was dried in vacuo at 40 °C over night.
Finally, the polymer was temperature annealed at 130 °C under a nitrogen
atmosphere for at least 4 days. Ultrathin sections (40 nm) were prepared
via ultramicrotomy and the resulting films were vapor stained with iodine
(>99.5 %) for 3 h or ruthenium oxide (0.5 % in H2O) for 5 min. For a
higher stability, the thin sections were carbon coated. Images of the bulk
morphologies were obtained by TEM.

NIPS Process: An appropriate amount of Polymer PS-b-PDEAAm was
dissolved in a mixture of THF and DMF (2:3 by weight) aiming for a weight
fraction of 25%. This polymer solution was cast via a doctor blade with a
gap width of 200 μm on a polyester nonwoven support and after 10 s, or
15 s precipitated in a water bath. The water bath was temperature con-
trolled on either room temperature (22 °C) or 40 °C. In Table 4 the exact
measurements are given.

Water-Permeation Measurements: The water permeance measure-
ments were carried out in a dead-end flow cell with a volume of 400 mL
and a membrane diameter of 1 cm. Fresh water was supplied by a
pressure pot from Sartorius AG, type SM 17 530, whereby the pressure
was generated from nitrogen gas.

Macromol. Mater. Eng. 2023, 308, 2300113 2300113 (10 of 12) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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The water used was purified by an ELGA CLASSIC UVF water purifica-
tion system and exhibits a resistance of 20 MΩ cm−1.

Measurements at Room Temperature[52]: The membrane was condi-
tioned for 30 min in water before being placed in the dead-end flow cell.
The system was operated at a pressure of 1 bar for 1 h, before three sam-
ples were collected in 10 min each. The permeation was calculated from
the weight of the water as the mean of the three samples.

Measurements at 50 °C: The membrane was conditioned for 1 h in
50 °C water before being placed in the dead-end flow cell, which in turn
was placed in a water bath at 50 °C. The system was operated at a pressure
of 1 bar for 1 h, before three samples were collected in 10 min each. The
permeation was calculated from the weight of the water.

Measurement of Permeation Diagram: For both temperatures the
membrane was conditioned the same way as for the permeation mea-
surements and subsequently placed in the filtration system and further
conditioned at the measurement pressure for 1 h. The water permeation
was monitored over 2–4 h over appropriate time intervals.
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the author.
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