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ABSTRACT: Hydrogen-bond formation between polystyr-
ene-b-poly (4-vinylpyridine) (PS-b-P4VP) block copolymer
(BCP) and −OH/−COOH functionalized organic molecules
was used to tune morphology of asymmetric nanoporous
membranes prepared by simultaneous self-assembly and
nonsolvent induced phase separation. The morphologies
were characterized by field emmision scanning electron
microscopy (FESEM) and atomic force microscopy (AFM).
Hydrogen bonds were confirmed by infrared (IR), and the
results were correlated to rheology characterization. The OH-
functionalized organic molecules direct the morphology into hexagonal order. COOH-functionalized molecules led to both
lamellar and hexagonal structures. Micelle formation in solutions and their sizes were determined using dynamic light scattering
(DLS) measurements and water fluxes of 600−3200 L/m2·h·bar were obtained. The pore size of the plain BCP membrane was
smaller than with additives. The following series of additives led to pores with hexagonal order with increasing pore size:
terephthalic acid (COOH-bifunctionalized) < rutin (OH-multifunctionalized) < 9-anthracenemethanol (OH-monofunctional-
ized) < 3,5-dihydroxybenzyl alcohol (OH-trifunctionalized).
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■ INTRODUCTION

The self-assembly of block copolymers (BCPs) has gained
increasing importance for applications such as membranes,
templates, and lithography.1−3 The equilibrium morphology in
the bulk is controlled by the thermodynamic interaction
between blocks as well as their degree of polymerization. In
solution, the block interaction with solvents is an additional
very important parameter. In selective solvents different
morphologies such as spherical micelles, vesicles, wormlike
aggregates, gyroids, lamellas, and cylinders4−11 can be observed.
Efforts have been made to search for new routes to tune the
morphologies of block copolymer self-assembly by chemically
modifying one of the blocks of BCP,12 changing the pH,13

addition of complex forming metal salt,14 homopolymers and
small molecules acting as surfactants, which form hydrogen-
bonds with one of the copolymer blocks.15−17 Complex
formation with metal salts (coordination) and small organic
molecules (hydrogen-bond formation) is reported to be
particularly effective in controlling the morphology18−20 of
thin films. In this way supramolecular chemistry can tune the
morphology without the burden of synthesizing completely
new families of BCPs. Small organic molecules can be also
washed away as a strategy to form nanoporous structures.21

Varieties of block copolymers are readily available.
Polystyrene-b-poly (4-vinylpyridine) (PS-b-P4VP) is conven-
ient for supramolecular self-assembly, since the basic pyridine
groups easily complex with metal salts or hydrogen donor

organic molecules containing −OH, COOH groups. Ten
Brinke, Ikkala, and co-workers22−24 are pioneering in supra-
molecular assembly of BCP with addition of small organic
molecules to tune their morphology in solution and in bulk.
Our interest is to use analogous supramolecular techniques to
form nanoporous block copolymer membranes by phase
inversion technique, i.e. by solution casting and immersion in
water. We previously demonstrated that nanoporous block
copolymer membranes could be obtained with exceptionally
high selectivity and high flux, resulting from narrow pore size
distribution and a high pore density, respectively.25−28 The
method is easily scalable, in one step, without need for post-
treatment like block etching or additive postextraction. We have
been working on understanding the mechanism of pore
formation involved and optimizing the manufacturing process
to ensure reproducibility with long-range order.26−28 Figure 1
shows a simplified scheme of how micelles assemble in solution
to give rise to regular pores. We recently reported a detailed
investigation on the mechanism of pore formation in block
copolymer membranes by phase inversion with the help of
small-angle scattering and modeling.29 Although it is possible to
achieve long-range order, by tuning the solvent mixture, the
addition of complexing agents is expected to facilitate and
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stabilize the assembly and/or induce different morphologies.
We have reported that metal complexation with PS-b-P4VP
allows generation of isoporous membranes by nonsolvent
induced phase separation28 even with solvent mixtures and
copolymer concentrations, which would not lead to ordered
morphology. The degree of order is a function of the different
cations used such as Cu2+, Ni2+, Co2+, and Fe2+ and of the
pyridine−metal complex stability constant. We believe that the
cations intensify the intermicellar links and stabilize the order
before immersion in water. We also recently demonstrated that
isoporous membranes prepared from block copolymer could be
used for challenging tasks like the separation of bovine serum
albumin and hemoglobulin, proteins with very similar
molecular weights.30 Extending the application to other
biological macromolecules would require membranes with
other pore sizes. A potential strategy for pore size control is to
change the block size and therefore the micelle dimensions,
which are involved in the assembly and pore formation. A
challenge is to tune pore size in an even simpler way, which this
is the main motivation of this work. By a systematic
investigation we demonstrated that organic molecules contain-
ing mono-, di-, tri-, and polyhydroxyl/acids functional groups
strongly interact with the pyridine block of PS-b-P4VP, leading
to morphology diversification and controlled membrane pore
size.

■ EXPERIMENTAL SECTION
Materials. Polystyrene-b-poly(4-vinylpyridine) block copolymer

P10900-S4VP (PS-b-P4VP 188 000-b-64 000 g/mol) was purchased
from Polymer Source, Inc., Canada. Dimethyl formamide (DMF) was
supplied by Fisher Scientific; Rutin (Ru) was supplied by Acros
organics and used without further purification. 3,5-Dihydroxybenzyl
alcohol (DHBA), 9-anthracenemethanol (AM), mellitic acid (MA),
terephthalic acid (TPA), 1,3,5-tris(4′carboxy[1,1′-biphenyl]-4-yl)
benzene (Tris), and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich and used as received.
Membrane Preparation. All the membranes were prepared using

a solution containing 18 wt % block copolymer (BCP) in a mixture of
50 wt % DMF and 32 wt% THF. Different organic molecules were
mixed to the solution and stirred at room temperature for 24 h. The

BCP solutions were cast on a glass plate using a casting knife with 200
μm air gap. The solvent was allowed to evaporate for up to 10 s, and
the film was immersed in water at room temperature followed by
drying at 60 °C for 24 h for infrared (IR) and differential scanning
calorimetry (DSC) analysis.

Attenuated Total Reflectence Fourier Transform Infrared
(ATR-FTIR). A Perkin-Elmer 100 ATR-FTIR spectrometer was used
for recording the IR spectra of block copolymer membrane. Data were
collected over 16 scans with a resolution of 4 cm−1. The ATR-FTIR
measurements were made at room temperature, using an ATR unit at
a nominal incident angle of 45°.

Scanning Electron Microscopy. Micrographs of membranes
were obtained using a FEI Quanta 200 Field Emission Scanning
Electron Microscope. Imaging was carried out at 5 kV with a working
distance of 10 mm. The membrane samples were mounted on
aluminum stubs using aluminum tape and Au coated before imaging
for 45 s at 20 mA.

Atomic Force Microscopy. AFM analysis was performed using an
ICON Veeco microscope in tapping mode. The tip characteristics are
as follows: spring constant 3 N m−1, resonant frequency 60−80 Hz.
Block copolymer membranes were dried, and a small piece of
membrane was imaged directly.

Rheology. Rheological measurements were carried out at 25 °C
with AR- 1500 ES Rheometer with a cone and plate fixture of diameter
25 mm and a cone angle of 1°. The rheology measurements were
performed in the linear viscoelastic region. The range of shear rates
used for the viscosity measurements is 10−1000 s−1.

Dynamic Light Scattering (DLS). DLS measurements were taken
with a Malvern Zetasizer Nano Series (nano-ZS) at room temperature.
Solutions of 0.1 g/L PS-b-P4VP with various weight percent of −OH
and −COOH molecules in DMF/THF solvent mixtures were
investigated.

Water Flux Measurement. Pure water fluxes of membranes were
measured using a stirred Amicon dead-end ultrafilitration cell at 1 bar.
The membranes for flux measurements were prepared on a nonwoven
polyester support. Effective membrane area was 5 cm2. Deionized
water was used for water flux measurements.

■ RESULTS AND DISCUSSION

The organic molecules bearing −OH and −COOH functional
groups in Schemes 1 and 2 have been used for complex
formation with PS-b-P4VP block copolymer and membrane
formation.
We have demonstrated that the complexation of P4VP

blocks with metals such as Cu, Ni, Fe, and Co could be used to
guide the formation of ordered nanoporous membranes.27,28

Figure 1. Micelle assembly for formation of hexagonal pores in block
copolymer membranes (adapted from ref 27)

Scheme 1. OH-Bearing Organic Molecules for
Supramolecular Self-Assembly with PS-b-P4VP
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Small organic molecules with a strong tendency of forming
hydrogen bonds and/or favoring acid−base complexation6,24

have been proposed by different groups to guide the
nanostructuring of block copolymer systems. Van Zoelen et
al.24 used the strong interaction of pentadecylphenol and
pyridine to induce the formation of nanorods. Hayward and
Pochan6 used multiamines to tailor assemblies of poly(acrylic
acids). The amines are able to redefine micelle geometries and
introduce long-range interactions. Complexation of P4VP-
containing block copolymers with small molecules like naphtol,
naphtoic acid, and 1-pyrenebutyric acid, perfluorooctanoic acid,
which contain hydrogen donor groups, has been explored to
prepare nanostructured dense BCP thin film by dip coat-
ing.31−33 Here, we propose an analogous strategy, using
different molecules to direct the morphology of nanoporous
membranes manufactured by combining phase inversion and
block copolymer self-assembly. We focused on two classes of
molecules: with −COOH and −OH groups as in Schemes 1
and 2. Organic molecules such as Rutin (3 wt %), DHBA (6 wt
%), MA (6 wt %), TPA (3 wt %), Tris (6 wt %), and AM (6 wt
%) were blended with PS-b-P4VP in solution for hydrogen
bond formation. The organic molecules were added to the BCP
solution and stirred for 24 h at room temperature. The
copolymer composition (18 wt %) and solvents were kept
constant for all casting solutions. The amounts of added
organic molecules were mostly 6 wt %, but for Rutin and TPA
only a maximum of 3 wt % could be added without
precipitation. The solutions were cast on a glass plate or
polyester nonwoven, evaporated for 10 s, and immersed in
water for phase inversion. When immersed in water, solvent−
water exchange occurs. The solvent in the BCP solution
migrates to water and the water penetrates into the incipient
membrane solution to create the pores on the top surface of
membrane. Phase separation proceeds, and the porous
substructure of the membrane is then formed.
To study the hydrogen bonding behavior and morphology of

membrane, pure BCP solutions were cast and manufactured

into membranes under the same condition and compared with
those obtained in the presence of different organic molecules.

ATR-FTIR Characterization. Chemical structure and
hydrogen bond formation between PS-b-P4VP and −OH/
COOH containing organic molecules were investigated using
IR spectroscopy. Figure 2 shows the IR spectra range with
peaks, which are relevant for hydrogen bonds.

An absorption band at 995 cm−1 corresponds to the free
pyridine group, observed in pure BCP membrane. This peak
shifted to 1013 cm−1 after the formation of H-bonds with
proton donor groups. This is evident for Tris, MA, TPA (less
than for the first two) and for DHBA. For AM and Ru,
practically no change can be seen. An absorption peak near
1415 cm−1, for the plain membranes is characteristic of
unbounded pyridine. The peak is broadened and slightly shifted
to 1419 cm−1 after hydrogen bond formation between pyridine
and the hydrogen-donor groups. The change in the peak again
is more accentuated for Tris and MA. The appearance of a
broad absorption band at 2550 cm−1 for BCP solutions with
acid functionalized organic molecules indicates the presence of
hydrogen bonding between the acid functional group and the
pyridine moiety of the BCP. Additional absorption bands (not
all shown in Figure 2) are present at 2153, 1715, 1340, 1238,
1095 cm−1 for membranes formed from solutions with small
organic molecules. This indicates that after the phase inversion
process, the additives are still strongly bonded and are not
completely washed out of the membrane.
Both Tris and MA are functionalized with at least three

COOH groups, which are symmetrically placed in the
molecule. Hydrogen-bonds formation34−36 depends on the
strength of the proton donors and acceptors and the
effectiveness of the complex formation between different
molecules depends also on the steric position of the proton
donor group as well as the preference to intermolecular
hydrogen bonds compared to intramolecular ones. Intra-
molecular bonds are for instance preferred if six-membered-
rings could be formed. The preference for intermolecular
hydrogen bonds instead of intramolecular dimers is the key for

Scheme 2. COOH-Bearing Organic Molecules Used for
Supramolecular Self-Assembly with PS-b-P4VP

Figure 2. ATR-FTIR spectra for PS-b-P4VP nanostructured
membranes (plain membranes and membranes with different
additives).
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building cocrystals of small molecules. Carboxylic acid-pyridine
H-bonds play an important role in the formation of
pharmaceutical cocrystals designed by supramolecular chem-
istry and crystal engineering.36,37 Carboxylic acid moieties are
among the most frequent in supramolecular synthons,36,37

which include self-associated systems like dimers and hetero
associations (heterosynthons) composed of complementary
functional groups. The analysis of crystal structures containing
carboxylic acids in the presence of molecules, containing basic
nitrogen atoms as part of a delocalized or conjugated system,
demonstrates 98% preference for supramolecular heterosyn-
thons. The requirements for complexation with a pyridine
block to guide the copolymer assembly in our work are
analogous and COOH-functionalized molecules showed to be
excellent additives with strong hydrogen bonds confirmed by
FTIR. Alcohols are similar to carboxylic acids as they both can
be a hydrogen bond donor or acceptor, depending on the
complementary moiety. With pyridine they both act as proton
donor. In the presence of basic nitrogens like in pyridine at
least 50% of supramolecular heterosynthons (78% in the
absence of other proton donors) are formed instead of
homosynthons. Although less effective than COOH-function-
alized molecules, those bearing OH groups have been also
reported to affect self-assembly.33 In a recent paper, cyclo-
dextrine was used to optimize the morphology of PS-b-P4VP
porous films.38 The IR spectra analysis of the systems
investigated here indicates that the most effective hydrogen-
bond among the OH-functionalized molecules is DABH. The
molecule contains three OH groups, which are symmetrically
placed, facilitating the interaction with different pyridine
groups. AM on the other hand is monofunctional and therefore
not appropriate as a linker between 2 pyridine blocks.
Membrane Morphology. Field emission scanning electron

micrographs (FESEM) and topographic atomic force micro-
graphs (AFM) are shown in Figures 3 and 4 for membranes
prepared by complexation of hydroxyl functionalized organic
molecules and block copolymers, followed by phase inversion
in water. The solvent composition and polymer weight
proportion for all membranes were maintained the same (18
wt % copolymer). Figure 3a represents the surface of the pure
PS-b-P4VP membrane with no significant order. Figure 3b−d
shows membranes with complexing agents as additives. Cross-
section FESEM images are shown in Figure S1, as Supporting
Information. PS-b-P4VP(DHAB), PS-b-P4VP(Ru), and PS-b-
P4VP(AM) have hexagonal ordered pores. With anthracene
methanol (AM), the order is the most pronounced. The
hexagonal morphology could be better confirmed by AFM.
AM, being monofunctional, has no possibility of linking two
different pyridine groups. However it can decrease the flexibility
of the P4VP segments. We have demonstrated that when we
combine BCP self-assembly phase separation in water, the
mechanism of pore formation involves BCP micelles formation
and their supramolecular assembly.26,27,39 In the presence of
AM, the P4VP-rich corona might become less deformable than
without AM. Rigid spherical micelles are better ordered.26 At
the same time, the inclusion of AM in the corona increases the
intermicellar distance and as a consequence the pores are larger
than in the plain membrane.
Membranes from BCP complexed with the bulkier and less

symmetric Rutin molecules are more porous than the pure BCP
membrane but the order is lower than AM-BCP membranes.
DHAB-complexed BCP membranes are highly porous, the
order is confirmed by FESEM and AFM, but FESEM images

indicate that the assembly might have a preferential stability in
one direction. Pores are larger than for the other OH-additives
and certainly larger than in the plain membrane.
The surfaces of membranes prepared from block copolymer

solutions with COOH-functionalized organic molecules are
shown in Figures 5 (FESEM) and 6 (AFM). Cross-section
FESEM images are shown in Figure S1, as Supporting

Figure 3. FESEM images of PS-b-P4VP nanostructured membrane:
(a) pure PS-b-P4VP, (b) PS-b-P4VP (6 wt % DHBA), (c) PS-b-P4VP
(3 wt % Ru), (d) PS-b-P4VP (6 wt % AM).

Figure 4. AFM images of PS-b-P4VP nanostructured membrane: (a)
pure PS-b-P4VP, (b) PS-b-P4VP (6 wt % DHBA), (c) PS-b-P4VP (3
wt % Ru), (d) PS-b-P4VP (6 wt % AM).
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Information. Tris and MA led to lamellar morphology. In
Figure 5c, the influence of the additive concentration can be
observed. Excessively high concentration practically eliminates
the pores. A clear porosity reduction was observed also when
the DHBA concentration was increased to 9 wt % (Supporting
Information Figure S2). The membrane prepared with TPA has
very ordered hexagonal pores with high porosity and small pore
sizes. With this result we can report that while using the same
block copolymer, the pore size of the manufactured membrane
and the order of the pore morphology can be increased by
changing the hydrogen donor additive in the following series:

• Pore size of plain BCP membrane < TPA < Ru < AM <
DHBA

• Order of plain BCP membrane < Ru < DHBA < TPA =
AM

Roland et al.33 reported the morphology of PS-b-P4VP block
copolymer thin-film prepared by dip coating in the presence of
naphtol and naphthoic acid. In that case the solution was
prepared in tetrahydrofuran, which was completely evaporated
to form the solid film. They reported preferential dot
morphology when 1-naphthol is used and stripes when acid
is the additive; however, the morphology depends also on the
coating rate, stripes observed for rapid and thinner coatings. We
work with 32 wt % THF:50 wt % DMF mixtures. DMF is a
polar (solubility parameter closer to P4VP than to PS, favoring
PS cores) low-volatile solvent. The solution layers are much
thicker (>100 μm) than those used in dip coating and

practically independent of substrate wetting influence. A fast
solvent−water exchange is promoted, by immersion in water
and the morphology is frozen, remaining much closer to that in
the solution. According to previous evidence,26−28 supra-
molecular micelle assembly is an essential step in the pore
formation of self-assembly/phase inversion membranes.
Micelles are favored in the presence of all OH-additives and
TPA.
On the other hand, the addition of MA and Tris led to films

with lamellar or cylindrical structure (parallel to the surface).
The hydrodynamic radii of PS-b-P4VP micelles in dilute

solutions with different hydrogen-donor molecules were
determined by dynamic light scattering. For DLS measurement
DMF/THF solvent mixtures with 50:32 weight ratios were
used, analogously to the copolymer membrane casting solution.
The copolymer concentration for DLS measurements needs to
be much lower (1.0 g /L) than that used for membrane
preparation (18 wt %). Light scattering data suggests that
micelles are formed in all measured BCP solutions in THF/
DMF. The z-average value of pure BCP micelle radius in the
mixed solvent was 8.1 ± 0.2 nm. In BCP solutions with Ru,
DHBA, AM, and TPA, the z-average values were 8.1, 8.7, 8.3,
and 8.3 nm, respectively, practically nondistinguishable. In the
solutions containing hydrogen-donor molecules, which led to
lamella morphology (Tris and MA) z-average values for micelle
radius are higher than without additive. The z-average value for
Tris is 16.3 nm and for MA is 25.2 nm, respectively, 2 and 3
times higher than for the plain block copolymer in solution.
It can be concluded that compact micelles favor the

hexagonal order and pore morphology shown in Figure 3 and
5c. Light scattering data clearly indicates that the addition of
organic molecules changes the micelle sizes in solution. The
micelle radius size in solutions with Tris and MA are 2- and 3-
fold that for copolymers without additives, respectively,
indicating that 2 or 3 micelles might be strongly linked or
merged. The multifunctional COOH-molecules could facilitate
it. Additionally the interaction of the acid molecules with
pyridine groups could be strong enough to at least partially
protonate them and promote a stretching of the P4VP block.
The hydrogen bond formation between organic molecules

and pyridine affects the solution viscosity and therefore also the
membrane formation and final morphology. Figure 7 shows
how the viscosity changes with the additive incorporation. In all
cases the solutions are shear-thinning, indicating that as soon as
shear is applied to the ordered assemblies, the interactions
between micelles can be disturbed, facilitating the flow.
Solutions with mellitic acid (MA), which has six symmetric

Figure 5. FESEM images of PS-b-P4VP nanostructured membrane:
(a) PS-b-P4VP (6 wt % Tris), (b) PS-b-P4VP (3 wt % TPA), and (c)
PS-b-P4VP (2, 6, and 9 wt % MA).

Figure 6. AFM images of PS-b-P4VP nanostructured membrane: (a) PS-b-P4VP (6 wt % Tris), (b) PS-b-P4VP (3 wt % TPA), (c) PS-b-P4VP (6 wt
% MA).
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COOH groups available for interaction with pyridine sites, are
those with the highest viscosity, distinguishing from the others.
The same system led to a micelle radius 3-fold larger than
others and led also to final lamellar structure, in opposite to
most other investigated systems. The multi-COOH function-
ality certainly facilitates intermolecular and intermicellar
linking, causing the increase of viscosity. The second system
(Tris), which leads to lamellar structure, however, did not
substantially distinguish from others, regarding viscosity. The
effect of different additives becomes evident in oscillating
measurements by taking in account the storage (G′) and loss
(G″) moduli as a function of the strain amplitude at a fixed
frequency. There is detailed investigation in the literature on
rheology of water-soluble copolymers with poly(ethylene
oxide) blocks.40,41 Their behavior in semidiluted solution was
a starting point for us to understand the micelle rheology in our
system as well as results reported by Buitenhuis and Förster42

for PS-b-P4VP in toluene. Toluene is a better solvent for PS
and induces micelle formation with a P4VP core, in opposite to
the DMF/THF solvent mixture chosen here. For the 188 000-
b-64 000 g/mol PS-b-P4VP system investigated here, “crew cut”
micelles with P4VP corona are expected in a 50 (wt %) DMF/
32 (wt %) THF solvent mixture. Figure 8 shows the
dependence of G′ and G″ on strain. Below 65% strain, G′ is
higher than G″, indicating a strong elastic contribution, typical
of soft and hard gels. This is the result of closely packed micelle
assemblies, which have been confirmed by SAXS before.29 As
the strain increases, G′ and G″ are constant up to 10%. G′
decreases. A strain overshoot is observed for G″, indicating
break up of the network. Above 65% a strain thinning is
observed due to the possibility of layers sliding with the flow
direction. The viscous contribution to the flow predominates,
and the system behaves like a sol with G′ < G″. A scheme
representing the transition is proposed in Figure 8. A similar
behavior was observed for solutions containing different
additives, except for 9-anthracenemethanol (AM) and mellitic
acid (MA), as summarized in Table 1. The elastic contribution,
reflected by G′, is larger for terephtalic acid (TPA) and 1,3,5-
tris(4′carboxy[1,1′-biphenyl]-4-yl) benzene (Tris) than for the
plain copolymer solution. Strong hydrogen bonds were

confirmed by IR (Figure 2) for the two systems. They
contribute to increase the intermicellar linking and stabilize the
gel. This is an important aspect to maintain the assembly order
during the immersion in water, during the membrane
manufacture.
Although MA forms also strong hydrogen bonds to pyridine

and led to copolymer solutions with higher viscosity than the
others, G′ and G″ were relatively low and not far from each
other (Figure 9). As the strain amplitude decreases, both
decrease and G′ continues to be slightly larger than G″. An
explanation for it is shown in Figure 9. The multifunctionality

Figure 7. Viscosity of PS-b-P4VP solutions with different small organic
additives

Figure 8. Storage (G′) and loss (G″) moduli as a function of strain
(%) at 1 Hz for a 18 wt % PS-b-P4VP solution in 50 wt % DMF and
32 wt % THF. Scheme of the corresponding micelle assembly in
different stages.

Table 1. Values of Storage (G′) and Loss (G″) Moduli at
Low Strain for 18 wt % Solution of PS-b-P4VP in DMF/THF
with Different Additivesa

additive
G′ (Pa) at low

strain
G″ (Pa) at low

strain
strain (%) at G′ =

G″
no 800 200 65
Ru 300 80 50
AM <20 <20
DHBA 300 90 50
TPA 900 220 70
Tris 1000 350 60
MA 380 280 ----

aStrain percent at the crossing point between the G″ and G′ curves.

Figure 9. Storage (G′) and loss (G″) moduli as a function of strain
(%) at 1 Hz for a 18 wt % PS-b-P4VP solution in 50 wt % DMF and
32 wt % THF with mellitic acid. Scheme of the corresponding micelle
assembly in different stages.
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of MA allows the formation of a large number of hydrogen
bonds. Strong intra- and intermicellar linking lead to the
formation of aggregates, and the system is metastable. The
solution is visually milky. The large aggregates are not strongly
linked to form a strong network. As the strain is increased, the
connection between the large aggregates is broken, and they are
progressively aligned with the flow direction.
A different behavior was observed for solutions with AM.

The monofunctional molecule forms hydrogen bonds with
pyridine, which becomes less available to interact with segments
of another micelle. The intercorona link decreases, G′ and G″
are similar, and the elasticity of the gel is low (Figure 10). At

the same time the rigid anthracene units make the membrane
less deformable and lead to a very uniform morphology
(Figures 3d and 4d). The bulky anthracene moieties might also
stretch the corona segments and/or be partially dissolved in the
PS core. A swollen ordered morphology can be seen by
microscopy and larger pores are formed.
Water Flux Measurement and Retention. Water flux

measurements were carried out using an Amicon ultrafiltration
under 1 bar N2 gas pressure. Table 1 reports the water flux of
pure PS-b-PVP membrane and those with complexing organic
molecule. All the membranes had a high water flux between 600
and 3200 L/m2·h·bar.

The water flux did not follow a trend or correlation to the
structure on the membrane top layer. The lamellar structured
BCP membranes such as PS-b-P4VP (MA) and PS-b-P4VP
(Tris) had fluxes of 3000 and 1600 L/m2·h·bar. Membranes
with hexagonal order had water flux from 600 to 3200 L/
m2·h·bar. The retention of bovine albumin (molecular weight
66 000 g/mol) was measured, by filtering the protein solution
and analyzing UV absorption. The lamellar-structured mem-
branes (Tris) had the lowest retention (5%). The elongated
pores are not selective enough. The retention is more than 5-
fold higher (26%) for (AM) membranes. Both AM and TPA
led to pores with hexagonal order. (TPA) membrane pores are
clearly smaller (Figure 3d and 5c) than those of (AM)
membranes. TPA membranes are able to retain 62% of
albumin. The retention of gamma-globulin (molecular weight
150 000 g/mol) was 94% for AM membranes, while for the
lamellar Tris it was only 15%. Therefore, we confirm that the
membranes with hexagonal pore morphology are much more
selective than those with lamellar order, while still keeping very
high flux. Probably due to the rigidity of the corona, the
resulting pores of the AM membrane are not only very
uniform; they are less deformable than in the case of other
membranes. This contributes to the high separation factor for
globulin/albumin.

■ CONCLUSIONS

We showed that a small amount of proton-donor organic
molecules interferes with the supramolecular assembly of block
copolymers in solution and changes the final membrane
morphology. OH-functionalized organic molecules tuned the
final membrane morphology into hexagonal order. The light
scattering data revealed that the sizes of BCP micelles radius
formed in solution under the influence of OH group, bearing
organic molecules, are around 8 nm. DLS measurements for
BCP micelles formed in the presence of COOH-group were up
to 3-fold larger than with OH-molecules. A detailed analysis of
the system rheology was discussed. The COOH-system with
larger micelles aligns in a lamellar structure. Hydrogen bond
formation between P4VP and −OH/−COOH groups were
confirmed in the final membrane using ATR-FTIR spectros-
copy technique. The water fluxes were as high as 3000 L/
m2·h·bar. The pore sizes of membranes with hexagonal order
increased, in the following series: plain BCP membrane < TPA
< Ru < AM < DHBA.
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Figure 10. Storage (G′) and loss (G″) moduli as a function of strain
(%) at 1 Hz for a 18 wt % PS-b-P4VP solution in 50 wt % DMF and
32 wt % THF with 9-anthracene methanol (AM). Micelle surrounded
by AM molecules forming hydrogen-bonds to pyridine groups in the
corona.

Table 2. Water Flux and Retention of Membranes Prepared
from PS-b-P4VP Solutions with Different Additives

additive
water flux (103 L/

m2·h·bar)
albumin retention

(%)

no 1.2 ± 0.2
DHBA (OH) 0.6 ± 0.2
AM (OH) 1.8 ± 0.2 26 ± 2
Ru (OH) 3.2 ± 0.2
TPA (COOH) 1.2 ± 0.2 62 ± 2
Tris (COOH, lamella) 1.6 ± 0.2 5 ± 2
MA (COOH, lamella) 3.0 ± 0.2
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