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A B S T R A C T

Self-assembly and non-solvent induced phase separation (SNIPS) was extensively used in the fabrication of
isoporous membranes for its compatibility with massive production. However, for the well-defined SNIPS,
preparation of isoporous membranes from low χ block copolymers is challenging because self-assembly of these
polymers is usually hard to induce. In this work, we showed that such a problem could be effectively overcome
through the co-assembly strategy by blending with homopolymers that interacted with block copolymers (BCPs).
For the polystyrene-block-poly(N-isopropylacrylamide) (PS-b-PNIPAM) which has relatively small Flory-Huggins
interaction parameter (χ≈ 0.05), the formation of the isopores was readily induced when polyacrylic acid
(PAA) was added as an additive. Three PS-b-PNIPAM with the PNIPAM mass fractions ranging from 5.9 to
36.5 wt% were used as membrane-forming materials, and three PAA with different molecular weights (MWs)
were used to investigate how MWs of homopolymer affected the isopore formation. The selective H-bonding of
PAA with PNIPAM was in-situ determined by infrared spectroscopy, which was further supported by the small
angle X-ray scattering that indicated the microphase separation of PS-b-PNIPAM in solution was remarkably
enhanced by PAA. The contribution of PAA on isopore formation was also found for the casting solutions of a
wide range of concentrations and different solvent compositions. Our finding showed herein actually provided a
facile route to prepare isoporous membranes from low χ BCPs under general conditions.

1. Introduction

Membrane separation has played increasingly important roles in
modern chemical engineering because of its high efficiency and energy
saving. The permeability, selectivity, and fouling-resistance are three
critical aspects for membrane separation [1], and great effort had been
devoted to improving both or all of them in past years. One of the
methods that will simultaneously increase the selectivity and perme-
ability is the preparation of isoporous membranes. Typically, isoporous
organic or inorganic membranes can be fabricated through anodization,
templating, track etching, micro-electromechanical systems (MEMS)
and self-assembly of block copolymers (BCPs) [2–6]. However, com-
pared with the others, self-assembly of BCPs has attracted more atten-
tion because the pore size and pore chemistry can be tailor-made with
the precisely synthesized polymers [6]. Self-assembly and non-solvent
induced phase separation (SNIPS) was a recently developed strategy
that was used to fabricate isoporous membranes from self-assembling
polymers [7]. Different from some other methods such as selective

etching, SNIPs is highly compatible with industrial fabrication, which
allows the membranes to be produced in a fast, successive and large-
scale manner [8]. In addition, isoporous membranes prepared from
SNIPS are usually free-standing, which allows them to be used directly
without transfer. Relatively speaking, SNIPS is a robust strategy that
generates isoporous membranes in an effective and efficient way.

Typically, microphase separation is necessary for the generation of
isoporous membranes from block copolymers [9]. This means that
block polymers need to have sufficient segregation strength, which is a
function of the Flory-Huggins parameter (χ0) and the degree of poly-
merization (N), to induce the self-assembly. For the membranes pre-
pared through SNIPS, microphase separation is required for the BCPs
dissolved in solutions. However, the Flory-Huggins parameter between
solvated polymer blocks is diluted by solvents, and the effective χ
should be written as χ effective =χ0 C, where the χ effective is the effective
Flory-Huggins parameter in solution, and the C is the concentration of
block copolymers [10]. For the typical SNIPS process, the C is usually in
the range from 10–30wt%, which means that χ effective is only 10–30%
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of the χ0 found in bulk state. Therefore, to the successful fabrication of
isoporous membranes through SNIPS, block copolymers must have
larger N or higher χ0. Up to now, most of the isoporous membranes
prepared by SNIPS were using PS-b-P4VP [7,11–13], which was known
for its large χ value of around 0.35 [14,15]. Isoporous membranes were
also successfully prepared from PS-b-PHEMA and PS-b-PAA that had the
χ values of about 0.37 and 0.18, respectively [16,17]. Actually, block
copolymers including the PS-b-P4VP, PS-b-PHEMA and PS-b-PAA were
usually expressed as high χ polymers, because their χ values are several
times to one order magnitude larger than normally found polymers
such as PS-b-PMMA, PS-b-PI and others [16,18–20]. This interpretation
reflects that polymers possess higher χ are preferred when isoporous
membranes are fabricated via SNIPS. As another interesting polymer,
PS-b-PEO gives the χ value of ~0.05 [21], which is only 1/7 to that of
the PS-b-P4VP and PS-b-PHEMA. As a result, the membranes prepared
from PS-b-PEO presented obviously inferior pore organization than that
of the membranes prepared from PS-b-P4VP and PS-b-PHEMA. Since
the molecular weights (N) of BCPs used for membrane formation is in
the same order (100–200 kg/mol) [13,22,23], the much smaller χ and
the resultant lower segregation strength (χN) is the major reason re-
sponsible for this inferior pore formation. A similar result is found for
the recently developed block copolymer PS-b-PNIPAM (χ≈0.05),
which was successfully fabricated into isoporous membranes under a
specifically designed solvent system. However, the prepared mem-
branes gave a rather low permeability (~2 L/h∙m2∙bar), and the pore
density, as well as the poor organization, was also obviously inferior to
that found for membranes prepared from PS-b-P4VP. From the above
expressions, we can find that the properties of block polymer are critical
factors when SNIPS is used as the method to produce isoporous mem-
branes.

Although BCPs with high χ values are preferred by the SNIPS, there
are only limited high χ BCPs [24]. More importantly, lots of BCPs have
fantastic functionalities for membrane application but they belong to
low χ polymers. For those BCPs, fabrication of isoporous membrane
from them is challenging while also interesting. Theoretically, several
ways can be adopted to strengthen the microphase separation for low χ
BCPs in solutions. Firstly, increase the degree of polymerization (N).
However, this strategy will lead to large pore size and will further
prevent their applications from molecular separation [25,26]. Besides,
from the aspect of polymerization, synthesis of BCPs with ultrahigh
MWs is sometimes challenging and technique intensive. Secondly, in-
crease the concentrations of BCPs in solution. However, this method
will lead to an obvious increase in material consumption as well as the
fabrication cost, causing additional problems for their practical appli-
cations. Therefore, a facile and effective method that can be used to
fabricate isoporous membranes from those moderate or low χ BCPs is
urgently required.

Recently, the functions of additives on tailoring the structures of
isoporous membranes have been increasingly realized. Nunes found
that the metal salt such as copper (II) acetate added to solutions had
greatly improved the isoporous structures at non-optimized con-
centrations [27]. Less toxic salt such as magnesium acetate was also
found to work effectively [28]. Besides, Abetz observed that molecules
such as carbohydrates could be used as organic additives to improve
membranes porosity and pore size distribution [29]. We recently found
that organic acids added to solution increased the time window that
retained isoporous structure [30]. These findings implied that the self-

assembly of BCPs could be facilitated by foreign additives. However,
until now, additives used were only limited to small molecules [28–30],
and the BCPs used for membrane preparation, typically, the PS-b-P4VP
and PS-b-PHEMA, also belonged to high χ polymers. And thus far, the
blending of macromolecular additives with BCPs of either high or low χ
values has not been developed for SNIPS.

To successfully fabricate isoporous membranes from BCPs with
small χ values, this work investigated the membrane formation from
PS-b-PNIPAM through the co-assembly strategy, which used polyacrylic
acid (PAA) as the macromolecular additive for PS-b-PNIPAM and
membranes were prepared through well-defined SNIPS. PAA was
known for its selective interaction with PNIPAM in aqueous solution
[31,32], however, its contribution to self-assembly and isopores for-
mation had never been studied in the SNIPS process. By using the small
angle X-ray scattering (SAXS) analysis, we found that the phase se-
paration of PS-b-PNIPAM in casting solution had been greatly im-
proved. More importantly, as a result of increased microphase separa-
tion, our membranes fabricated from the co-assembly strategy showed
obviously improved pore ordering and permeability (increased from
0.84 to 11.40 L/h∙m2∙bar). Finally, we also demonstrated that the co-
assembly strategy was applicable to casting solutions of a wide range of
concentrations and solvent compositions, the phenomena of which was
typically found for the higher χ BCPs before. In brief, this study had
provided a facile while effective way to prepare isoporous membranes
from low χ BCPs under very accessible conditions.

2. Experimental section

2.1. Material and reagents

Styrene was purchased from Energy Chemical, and inhibitors were
removed by passing through the alkaline alumina column. N-iso-
propylacrylamide (NIPAM) was purchased from Energy Chemical and
purified by recrystallization in hexane. Acrylic acid was purified by
vacuum distillation. Adipic acid (AA), citric acid (CA), 1, 4-dioxane
(DOX), tetrahydrofuran (THF), dimethylformamide (DMF), Acetonitrile
(ACN) and other reagents were analytical purity and used as received.

2.2. Synthesis of the block copolymers

Polystyrene-block-poly(N-isopropylacrylamide) (PS-b-PNIPAM) co-
polymers were synthesized following a well-defined reversible addition-
fragmentation chain transfer (RAFT) polymerization. The details for
synthesis were showed in Supporting Information (S1.1). Three PS-b-
PNIPAM with different compositions were obtained, which were de-
scribed as PS520-b-PNIPAM139, PS430-b-PNIPAM227, and PS560-b-
PNIPAM32, respectively. The subscripts represented the degree of
polymerization for each block. The molecular weights, molecular
weight distribution and compositions and were determined by GPC and
NMR, respectively, and results were shown in Table 1.

2.3. Synthesis of PAA homopolymer

PAA with narrow molecular distribution was synthesized throw the
RAFT polymerization. The detail for polymerization was shown in
Supporting Information (S1.2). Three PAA with different degrees of
polymerization (DPs) were obtained, which were described as PAA35,

Table 1
Molecular characteristics of PS-b-PNIPAM copolymers.

Polymers Mn (GPC) g/mol Mw (GPC) g/mol Mn (NMR) g/mol PDI (GPC) PNIPAM wt%

PS560-b-PNIPAM32 40,712 57,146 61,849 1.39 5.9
PS520-b-PNIPAM139 30,073 40,220 69,766 1.34 22.5
PS430-b-PNIPAM227 31,277 43464 70,320 1.40 36.5
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PAA102, and PAA261, respectively. The subscripts represented the DP for
PAA. The molecular weights and polymer dispersity index (PDI) were
determined by GPC, and results were showed in Table 2.

2.4. Membrane fabrication

Casting solutions were prepared by dissolving BCP into mixed sol-
vents of different constitutions. The ratios of the carboxyl group
(-COOH) to NIPAM unit ranged from 0 to 2, and the compositions of
casting solutions were showed in Table 3. The well-dissolved solutions
were left standing for more than 2 h to release air bubbles. The solution
was then cast on a clean glass plate through a doctor blade with the gap
height of 150 μm, then evaporated in the air for 15–90s, and finally
transferred to de-ionized water. The temperature (25 °C) and humidity
(40%) remained constant during membrane fabrication.

2.5. Flux and thermal-responsiveness determination

Fluxes were determined with a dead-end device under trans-mem-
brane pressure of 0.1MPa. The effective membrane area was 1.56 cm2.
Electronic balance contained a water receiver was used to record the
flux of permeate. The steady flux was obtained by compacting for 1 h.
The water flux was calculated following Equation (1):

=J V
A T (1)

where, the J, V, A, T corresponded to water flux, the volume of filtrate,
the membrane area and the testing time, respectively.

Thermal responsiveness of the prepared membrane was determined
by measuring the permeability under different temperatures. Before the

test, the cell was allowed to stay at the set temperature for 1 h to ensure
that the membrane had reached the test temperatures. Since the visc-
osity of water changed with temperature and affected the flux ob-
viously, the flux calculated from Equation (1) was calibrated with
viscosity. Here we used α to describe the degree of membranes thermal
sensitivity, which was showed in Equation (2):

=
J µ

J µ
t t

20 20 (2)

where, α corresponded to the thermal sensitivity, Jt, J20 represented the
water flux at t °C and 20 °C, respectively, and µt, µ20 were the viscosity
of water at t °C and 20 °C, respectively.

2.6. General characterizations

Surface and cross-sectional morphologies were inspected by field
emission scanning electron microscope (SEM, Hitachi 8010), and a thin
layer of platinum (~2 nm) was sputtered before observation.
Microphase separation of BCPs in casting solution was analyzed by
small angle X-ray scattering (SAXS, Xenocs), and details of this analysis
were shown in our previous work [33]. Fourier transform infrared
spectroscopy-attenuated total reflection (FTIR-ATR, iS50) was used to
inspect the interaction of PAA with PS-b-PNIPAM in solutions. The
measurement was conducted under a resolution of 4 cm−1 from 32
scans.

3. Results and discussion

3.1. Membrane formation with additives

In a recent publication, PS-b-PNIPAM with the molecular weight of
194 kg/mol was fabricated into isoporous membranes using a mixture
of DOX and THF, which was developed as the effective solvent that
induces relatively well porous structure on membranes [23]. In the
current work, the PS520-b-PNIPAM139 with the molecular weight of
69.8 kg/mol was used to fabricate the membranes under identical
conditions. Unfortunately, results in Fig. 1 indicate that the BCP used
here cannot self-assemble into isoporous structures under the same

Table 2
Molecular characteristics of PAA homopolymers.

Polymers Mn (GPC) g/mol Mw (GPC) g/mol Mn (NMR) g/mol PDI (GPC)

PAA35 4,076 4,507 2,522 1.11
PAA 105 11,240 12,580 7,350 1.12
PAA261 24,459 28,568 18,807 1.17

Table 3
Compositions of casting solutions for membrane preparation.

NO. BCPs Concentrations (wt%) Additives -COOH/NIPAM Mixed Solvents (wt%)

DOX THF DMF ACN

M1 PS520-b-PNIPAM139 20 / 0 60 40 / /
M2 PS520-b-PNIPAM139 24 / 0 60 40 / /
M3 PS520-b-PNIPAM139 28 / 0 60 40 / /
M4 PS520-b-PNIPAM139 20 AA 1 60 40 / /
M5 PS520-b-PNIPAM139 20 CA 1 60 40 / /
M6 PS520-b-PNIPAM139 20 PAA102 1 60 40 / /
M7 PS520-b-PNIPAM139 20 PAA102 0.5 60 40 / /
M8 PS520-b-PNIPAM139 20 PAA102 2 60 40 / /
M9 PS520-b-PNIPAM139 20 PAA102 1 40 60 / /
M10 PS520-b-PNIPAM139 20 PAA102 1 80 20 / /
M11 PS520-b-PNIPAM139 12 PAA102 1 60 40 / /
M12 PS520-b-PNIPAM139 16 PAA102 1 60 40 / /
M13 PS520-b-PNIPAM139 24 PAA102 1 60 40 / /
M14 PS520-b-PNIPAM139 20 PAA35 1 60 40 / /
M15 PS520-b-PNIPAM139 20 PAA261 1 60 40 / /
M16 PS430-b-PNIPAM227 20 PAA35 1 60 40 / /
M17 PS430-b-PNIPAM227 20 PAA102 1 60 40 / /
M18 PS430-b-PNIPAM227 20 PAA261 1 60 40 / /
M19 PS515-b-PNIPAM32 20 PAA35 1 60 40 / /
M20 PS515-b-PNIPAM32 20 PAA102 1 60 40 / /
M21 PS515-b-PNIPAM32 20 PAA261 1 60 40 / /
M22 PS520-b-PNIPAM139 20 PAA102 1 90 / 10 /
M23 PS520-b-PNIPAM139 20 PAA102 1 90 / / 10
M24 PS520-b-PNIPAM139 22 PAA102 1 90 / / 10
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condition with literature. The reason can be assigned to its lower mo-
lecular weight that has decreased the segregation strength of blocks in
solutions.

It is previously found that small molecules such as polyols and or-
ganic acids will promote the self-assembly of BCP in solution
[29,34,35]. Therefore, small molecules containing –COOH are firstly
tested as additives for PS-b-PNIPAM (Scheme 1), and their effects on
membrane formation are investigated. The molecules containing
–COOH are selected because the amide group in NIPAM is a well-known
hydrogen bond acceptor (H-acceptor) that tends to form molecular in-
teractions with H-donor species. The additive is added at the molar
ratio of –COOH/NIPAM (1:1), and concentrations as well as the solvent
for membrane fabrication remain unchanged. Results in Fig. 1 indicate
that the adipic acid is just a pore-forming agent for the BCP, which
makes the membranes become porous while polymer assembly is not
observed. The surface becomes dense and poreless with the increase of
evaporation time. The citric acid (a ternary acid) does promote the self-
assembly, and worm-like structure is generated with the prolongation
of evaporation time, indicating that the density (or number) of –COOH
in molecules may be a factor that affects the self-assembly. Therefore,
we move to polymers or macromolecules containing –COOH groups.
Surprisingly, when poly (acrylic acid) with the DP of 102 is added as
the additive, the isoporous structure is clearly induced. The pore den-
sity of prepared membranes reaches 7.54× 1014/m2 (30s) and
5.37×1014/m2 (60s), which is on the same order with that found for
membranes prepared from high χ BCPs such as PS-b-P4VP. It is worth
noting that the pores on membranes fabricated under the optimized
condition have shown an excellent pore uniformity, and pores on PS-b-
PNIAPM membranes prepared herein display the uniformity similar to
PS-b-P4VP membranes when their size are the same [30].

To prove that the formation of isoporous structure is truly related to

PAA, the effect of PAA contents on membrane formation has been
further studied. The molar ratio of –COOH to NIPAM is changing from
0:1, 0.5:1, 1:1 to 2:1, which corresponds to a mass ratio of 0%, 7%,
14%, and 28% for the PAA102/PS520-b-PNIPAM139. The structure of
membranes formed under these ratios is shown in Fig. 2, which in-
dicates that the isoporous structures are successfully induced at all the
set contents. By comparing the structure generated at the evaporation
time of 15 and 30 s, it can be found that the contents of the additive
show a remarkable impact on membrane formation. At the –COOH/
NIPAM of 0.5:1, rather dense surface is found although the BCP shows a
tendency to assemble into isoporous structures, and relatively ordered
pores are generated when the evaporation time increase to 60 and 90 s.
Since the viscosity increases sharply at the –COOH/NIPAM of 2:1, the
casting solution is diluted to 16wt%. It is amazing to found that the
membrane generated from this diluted concentration still show good
isoporous structures, implying that PAA added to solution has played an
important role in membrane formation. A careful analysis of SEM
images in Fig. 2 indicates that the pore sizes show a close dependent on
amounts of PAA feed to the solution. At the evaporation time of 60s, the
pore size for the membranes generated at the –COOH/NIPAM ratio of
0.5:1, 1:1 and 2:1 are 9.84, 10.64, and 11.81 nm, respectively.

3.2. PAA induced phase separation

For the well-defined SNIPS process, generation of isoporous mem-
branes usually resulted from the microphase separation of BCPs dis-
solved in solutions. In the current work, the casting solutions with and
without additives are analyzed by SAXS, which is known for its sensi-
tivity to the microphase separation of polymers in bulk or solutions. For
the control solution without PAA (Fig. 3), the SAXS curve decays
smoothly with an increase of scattering vector (q), and no peak can be
found along with the profile. This result indicates that PS520-b-
PNIPAM139 has not undergone microphase separation in casting solu-
tion, which explains the reason why isoporous membranes cannot
generate from this solution (20 wt%). However, when PAA is added at a
molar ratio of –COOH/NIPAM=1/1, clear scattering peaks are found,
implying that the microphase separation of BCP has been successfully
induced. It is worth noting that two peaks observed on the SAXS profile

Fig. 1. SEM images of membranes prepared from blending with different acids. The molar ratio of –COOH/NIPAM is 1:1. The scale bar in the image is 300 nm.

Scheme 1. Molecular structure of different additives.

G.-D. Zhu, et al. Journal of Membrane Science 589 (2019) 117255

4



display a ratio of 1: 3 that corresponds closely to packed hexagonal
nano-structure [9], which agrees well with the pore arrangement found
on membranes. Besides, the d-spacing of micro-domains determined in
solutions (40 nm) in line with the d-spacing of neighbor pores on
membranes (35.1 ± 2 nm, with the evaporation time of 60s), implying
again that the formation of isoporous membranes is closely related to
the microphase separation of BCP in solutions. However, for the con-
trolled samples with adipic acid and citric acid as additives, no scat-
tering can be found, indicating the small organic acids are unable to
induce the microphase separation of PS-b-PNIPAM in solutions. This
result differs significantly from the finding observed for PS-b-P4VP, the
microphase separation of which in solutions can be easily induced by
small organic acids [30].

It's interesting to explain the finding why the microphase separation
of PS-b-PNIPAM can be induced by PAA. We firstly interpreted it from
the solubility parameter. As is showed in Table 4, it can be easily found
that the PS and PNIPAM share a very close solubility parameter (δtotal),
implying that the Flory-Huggins interaction parameter of them tends to
be small. This expression explains the undetectable microphase

separation for PS-b-PNIPAM in solution (Fig. 3). However, the solubility
parameter of PAA differs largely from that of PS, indicating that PAA
will not show a preferential interaction with PS. More importantly, the
notably big H-bonding components of PAA and PNIPAM indicate that
they are both good H-bonding formers and tend to interact with each
other. However, the interaction of PAA with PNIPAM in organic solvent
hasn't been intensively determined, although their H-bonding have
been proved in aqueous solutions before [32].

To directly inspect the possible interaction of PAA with PNIPAM,
casting solutions used for membrane fabrication are analyzed by FT-IR.
Herein we focus on the vibrations from [C]O-(N–H)] group in PNIPAM
and the [(C]O)–O–H] group in PAA. Fig. 4 indicates that the C]O-
(N–H) and (C]O)–O–H show the characteristic wavenumbers around
3311 cm−1 and 1736 cm−1, respectively for the control solutions with
only BCP and PAA. However, the vibration for C]O- (N–H)
(3311 cm−1) has shifted to higher wavenumbers (3324 cm−1) when
PAA is introduced. Meanwhile, the vibration of (C]O)–O–H that ori-
ginally appears at 1736 cm−1 shifts to 1726 and 1708 cm−1 for the PAA
in the casting solution. Obviously, the shift of vibrations from both
NIPAM and PAA demonstrates that they interact with each other in the
casting solution [32,40].

FT-IR analysis provides clear evidence on the H-bonding interaction
of PAA with PNIPAM. Theoretically, the selective interaction of PAA
with PNIPAM will contribute to the microphase separation of BCP in
different ways. Firstly, the Flory-Huggins parameter (χ=0.18) of PAA
and PS is obviously larger than that of PNIPAM and PS (χ ≈ 0.05, S

Fig. 2. SEM images of membranes prepared with different PAA contents. The scale bar in the image is 300 nm. PAA with DP of 102 was used as the additive.

Fig. 3. SAXS profiles for the casting solutions with and without additives. The
molar ratio of –COOH/NIPAM is 1/1. A mixture of 60 wt% DOX and 40wt%
THF was used as the solvent.

Table 4
Solubility parameters of polymers, solvent, and additives used in this work.

δtotal (MPa0.5) δd (MPa0.5) δp (MPa0.5) δh (MPa0.5)

PS [13] 18.60 – – –
PNIPAM [36] 19.64 – – 8.9a

PAA [37] 28.20 17.3 12.2 18.6
DOX [38] 20.47 19.0 1.8 7.4
THF [38] 19.46 16.8 5.7 8.0
DMF [38] 26.63 17.4 16.7 11.3
ACN [38] 24.40 15.3 18 6.1
χ (PS-PNIPAM) 0.047

a For NIPAM monomer [39].
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2.2). Loading of PAA to PNIPAM will obviously increase the phase re-
pulsion between the PS and complex of (PNIPAM + PAA). Secondly,
the multivalent H-bonding interaction, which arises from PAA and
PNIPAM, will stabilize the phase separation more effectively than small
organic acids if phase separation is successfully induced. The stabili-
zation of small molecules on phase separated domains has been found
for PS-b-P4VP before [30]. This stabilization effect for PS-b-PNIPAM is
also expected for the organic acids used in the current work. However,
one of the reasons why small organic acids cannot induce the phase
separation may result from their weak stabilization ability for the PS-b-
PNIPAM. This analysis explains why isoporous structure can be only
generated from PAA rather than the small organic acids.

Scheme 2 is provided to help understand the explanation for the
PAA induced microphase separation. From Scheme 2, we can interpret
that the multivalent H-bonding interaction between PAA and PNIPAM
make them bind tightly to each other, which will obviously stabilize the
microphase if self-assembly is induced. In addition, the loading of the
PAA to PNIPAM phase will increase the fractions of the hydrophilic
phase. As a result, the pore size that derives from the hydrophilic phase
will be increased with an increase in feeding amounts of PAA. This
explains the pore size evolution found by SEM image showed in Fig. 2.
Charles previously observed in thin films that domain size could be
facilely adjusted with changing the amount of additive loaded to PEO
phase [41]. However, their work concentrated on dried films which did
not suffer from the competition from solvents. Our result indicates that
the selective interaction of PAA with PNIPAM in solutions will si-
multaneously induce the phase separation and increase the pore (do-
main) size of weakly separated copolymers, which are critically im-
portant for the fabrication of membranes from those BCPs belonging to

low χ polymers.

3.3. MW effect of PAA on isoporous formation

To extend the observation that was found for PS520-b-PNIPAM139,
we further study the membrane formation from another two BCPs of
different molecular weights and compositions. Another two PAA with
different polymerization degrees, PAA35 and PAA261, were used as ad-
ditives for BCPs. The surface morphologies are shown in Fig. 5 (more
results for membranes prepared at an evaporation time of 30s are
presented in Fig. S3). Fig. 5 clearly indicates that the newly synthesized
BCPs, PS430-b-PNIPAM227, and PS560-b-PNIPAM32, cannot self-assemble
into isoporous membrane without additive. This result is consistent
with what has been observed for PS520-b-PNIPAM139. In contrast, they
readily assemble into isoporous structures when PAA of proper mole-
cular weights are added as additives, demonstrating that the co-as-
sembly strategy proposed in this work is effective. Although PS-b-
PNIPAM copolymers can be all fabricated into isoporous membranes
with the aid of PAA, their dependence on the MWs of PAA are obviously
different. For the PS520-b-PNIPAM139, much better isoporous structures
have been found for PAA with the DPs of 102 and 261, although iso-
porous structure can be generated from all three PAA with the DPs
ranging from 35 to 261. A similar result is found for PS560-b-PNIPAM32,
which self-assembles into relatively better isoporous structures with the
PAA having DPs of 35 and 102. For the third BCP, PS430-b-PNIPAM227,
it assembles into the best isoporous structures only when the DP of PAA
is close to that of PNIPAM. From these morphologies showed in Fig. 5, it
seems that the best isoporous structures tend to be generated at the DPs
of PAA closing to that of PNIPAM in BCPs.

To understand the effect of PAA on polymer assembly, casting so-
lutions containing PAA of different DPs are investigated by SAXS. Fig. 6
shows that the microphase separation of PS-b-PNIPAM is strongly de-
pendent on the MWs of PAA added to the solution. For the PS520-b-
PNIPAM139, the microphase separation is obviously induced by both the
PAA35 and PAA102. However, when SAXS profiles are carefully com-
pared, we will find that PAA102 leads to obviously larger d-spacing
because of the smaller q. Besides, a secondary peak is found for the
solution containing PAA102, which indicates that a better domain or-
dering has been induced in solutions. It is easy to understand this result
from the aspect of segregation strength (χN) that is usually considered
as the driving force for microphase separation. For the PAA interacting
with PNIPAM and loaded to the corresponding phase, the phase re-
pulsion from PS will increase with an increase of the DP. Therefore,
better-organized domains are induced for the solution containing
PAA102. Unfortunately, the PAA with DP of 261 cannot dissolve well in
the selected solvent, and casting solution with PAA261 become turbid
(Fig. S4). This might be a reason for the undetectable scattering for the
solutions containing PAA261. However, although the PAA with DP of
261 dissolves poorly in the selected solvent, its contribution on iso-
porous formation is still found for PS520-b-PNIPAM139 and PS430-b-
PNIPAM227, possibly indicating that the few PAA dissolved into solu-
tion also increases polymer assembly during membrane formation.

Besides the contribution on inducement of the microphase separa-
tion, the stabilization on phase separated domains from PAA is another
factor that might affect the final structure. The stabilization is related to
the interaction between PAA and PNIPAM that will restrict the chain
mobility during membrane formation. Typically, the larger MW of PAA,
the stronger restriction to PNIPAM will become. For PS520-b-
PNIPAM139, the membranes prepared with additives of PAA35, PAA102
and PAA261 show obviously decreasing pore size. For the PS520-b-
PNIPAM32, a similar result is found if the pore size of membranes
prepared with the PAA261 is taken as zero (No pores are found on this
membrane). Dami found in their publication that radius of isopores in
the resulting membrane prepared from SNIPS is similar to the hydro-
dynamic diameter of the pore-forming block [42]. Considering that
PAA with larger MWs has shown a decreased solubility in casting

Fig. 4. FTIR spectra of casting solution containing PAA. Solutions with only
PAA and PS-b-PNIPAM served as control samples.

Scheme 2. A possible mechanism for the PAA induced microphase separation
of PS-b-PNIPAM.
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solution, PAA loaded to PNIPAM domains will make the PNIPAM phase
become more compact for those PAA with higher MWs. Eventually, it
will lead to decreased pore size.

The condition for PS430-b-PNIPAM227 is a little different but can be
similarly explained. The PS430-b-PNIPAM227 itself assembles into par-
allel cylindrical structures without additives. However, with the in-
troduction of PAA, the parallel cylindrical structures gradually turn into
vertical isoporous when MWs of PAA increase. The SAXS results of
casting solutions prepared from blending with PAA35 and PAA102 show
similar scattering. However, the final structures on membranes are
different. The results can be related to the stronger stabilization effect
of larger PAA that has retained the assembled structure during the
membrane formation. In fact, the structural evolution, especially the
transition from assembly to disassembly, is rather common for the well-
defined SNIPS. However, this transition can be effectively prevented by
the additives that show stabilization to polymer phase [30]. For the
PS430-b-PNIPAM227, the PAA with DP of 102 seems to play dual roles of
inducement of phase separation and the stabilization of phase separated
domains. The stabilization of PAA261 to PNIPAM phase is also expected
although it dissolves only partly in the casting solution.

3.4. Membrane formation at different concentrations

It has been reported that isoporous membranes can be generated at
or slightly below the critical micelle concentration of BCPs dissolved in
solution [43]. From a practical point of view, it is desirable to figure out
the lowest concentration that leads to the isoporous structure as this
condition will both increase membranes permeability and decrease the
consumption of BCPs. The membranes are therefore prepared from

concentrations ranging from 8 to 24wt% to find out the evolution of
membranes structure with concentrations. Results in Fig. 7 clearly in-
dicates that isoporous structures are well induced even though the
concentration is lowered down to 12wt%, stressing the function of PAA
induced self-assembly. As displayed in Fig. 1, the PS520-b-PNIPAM139

itself cannot self-assemble into isoporous membranes at the con-
centration of 20 wt%, indicating that the critical micellization con-
centration of PS520-b-PNIPAM139 should be higher than 20wt% (Fig. 6).
As thus, it can be excepted that the polymer itself is unable to self-
assemble into isoporous structures at 12 wt% without PAA, neither. At
the same time, we find that isoporous membrane is also generated at
the concentration of 24 wt% via the blending method. However,
membrane prepared from pure BCP at this concentration does not show
isoporous structures (Fig. S5), indicating the formation of isoporous
membranes under this concentration still results from the functions of
PAA. Therefore, results in Fig. 9 clearly demonstrate that the self-as-
sembled, isoporous membranes can be generated from a broad con-
centration range with the aid of PAA additive. This finding is beneficial
to the adjustment of membranes mechanical strength as well as the
microstructure (pore size, porosity, and et al.) by just changing the
solution concentrations.

Besides the effect of fabrication concentration, we observed that the
membranes permeability and pore size are notably affected by the MWs
of PAA applied (Table 5). For the membrane M14, M6 and M15 that are
prepared at the same concentration but with different PAA polymers,
their permeability and pore size decrease obviously with an increase of
MW of PAA. It is also interesting to compare our results with the recent
publication. Merve fabricated isoporous membranes using the PS-b-
PNIPAM with MW of 194 kg/mol as material. They found that relatively

Fig. 5. SEM images of membranes prepared from different BCPs with different additives. The molar ratio of –COOH/NIPAM is 1:1. Scale bars in images are 300 nm.

Fig. 6. SAXS profiles of the casting solutions prepared from (a) PS520-b-PNIPAM139 and (b) PS430-b-PNIPAM227. PAA with different DPs are used as additives. The
molar ratio of –COOH/NIPAM remains constant at 1:1 for all the solutions.
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well organized isoporous structures was generated at concentrations
higher than 20wt%, and their membranes presented notably larger
pore size of 18.5 nm because of the higher MW, and permeability of
their membranes was only ~2 Lm−2.bar−1.h−1. However, our mem-
brane displays an obviously larger permeability although the pore size
is much smaller (9.35 nm). The loose and porous structures in cross-
section caused by PAA additive may be a reason for this improvement
(Fig. S6). This comparison also demonstrates the fundamentally im-
portant role of PAA on the inducement of surface and internal porosity.
Table 5 implies clearly that the co-assembly with PAA has provided a
facile while effective way to adjust the pore size and permeability of
membranes prepared from PS-b-PNIPAM.

The separation performance of prepared membranes (M6-30s) is
carried out. The rejections to lysozyme (4.5 nm) and hemoglobin
(6.4 nm) in their mixture are determined to be 41% and 95%, respec-
tively, demonstrating the sub-10 nm pores of fabricated membranes as
well as its potential in precise molecular separation. The spectra for
protein solutions before and after the separation are showed in Fig. S7.

3.5. Membrane formation from newly developed solvents

Until now, PS-b-PNIPAM can be only fabricated into isoporous
membrane with the mixed solvent consisting of DOX and THF. With the
demonstrated co-assembly strategy in hand, it is possible to extend the
solvent species that can be used in membrane fabrication. Thus, we try
the new combinations of DOX with DMF or acetonitrile (ACN). DMF is
considered because it displays a much higher polarity, which will in-
crease the solvent/non-solvent (H2O) exchange during phase inversion
and eventually increase membranes porosity. Unfortunately, it was
found that polymer assembly is largely destroyed even though only
10wt% DMF is introduced to DOX (Fig. S8). The reason may be related
to its competitive H-bonding ability that will weaken the interaction of
PAA with PS-b-PNIPAM (Table 4). Therefore, we move to ACN that has
a similar Hansen solubility parameter with DMF but its H-bonding
component is much smaller. Surprisingly, well organized isoporous
structures are readily generated from mixed solvent consisting of 90 wt
% DOX and 10 wt% CAN (Fig. 8, Fig. S9 shows the membranes prepared
at 20 wt%.). More importantly, the membrane prepared from this

Fig. 7. SEM images of membranes prepared from different concentrations. PAA102 was used as an additive. The molar ratio of –COOH/NIPAM is 1:1. The scale bar in
the image is 300 nm.

Fig. 8. SEM images of membranes prepared from a mixture of DOX and ACN. PAA102 was used as the additive, and the molar ratio of –COOH to NIPAM is 1:1.
Solution concentration is 22wt%. The scale bar in the image is 300 nm.
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solvent shows a typical asymmetric structure that is usually found for
the SNIPS (Fig. 8). The permeability of membranes generated at the
evaporation time of 30s reached 20.11 L/h∙m2∙bar, which is 1.76 and
10.06 times larger than the M6 and the membrane showed in literature
[23], indicating that the permeability and porosity in the cross-section
can be further improved by using solvents differing from the DOX/THF
combination. The sublayer close to the bottom surface becomes denser
when evaporation time increases to 60s although the isoporous struc-
ture is still found on the surface. As thus, the permeability of mem-
branes prepared from 60s is not determined.

3.6. Membrane composition and performance

The compositions of isoporous membranes prepared from blending
with PAA are analyzed by FT-IR. Fig. 9 indicates that the signal from
carboxyl groups is clearly detectable, implying that there are some
PAAs reserved in the membranes. Taking the signal of the benzene
group from PS block as the internal standard, the amount of PAA re-
served in membranes can be estimated by integrating the signal in-
tensity of the carboxyl group to the benzene group. Herein, the result
from fully dried membrane without phase inversion is taken as re-
ference. From the results shown in Table 6, it can be found that the
longer the evaporation time is, the higher the retention rate becomes.
This is because the solution gets concentrated with the increase of
solvent evaporation time, which makes it much more difficult for PAA
to migrate from membranes during the phase inversion. Besides, it is
also found that the residual amounts of PAA follow the order of
M6 > M14 > M15. For the M6 and M14, the amounts of PAA re-
servation are mainly dependent on their molecular weights. As the MW
of PAA102 is much higher, it will deliver stronger interaction with BCPs,
which will lead to higher retention. For the PAA261, however, its so-
lubility in casting solution is relatively poor. The H-bonding interaction
of PAA261 with PS-b-PNIPAM is discounted. As a result, it can be much
easier to be washed out from membranes during phase inversion. This
result is to some extent consistent with the results found by SAXS.

Finally, the thermal-responsive behavior of prepared membranes is
studied. To describe the membranes thermal-responsiveness in a much
more precise way, the flux presented here is calibrated with the water
viscosity (Equation (2)). Fig. 10 (a) clearly indicates that flux increases

sharply at the temperature between 25-35 °C, which is consistent with
the low critical solution temperature (LCST, ~32 °C) of PNIPAM
[44–46]. The increase of flux is thus mainly ascribed to the broadening
of pore size that is related to the shrinkage of PNIPAM chains. Fig. 10
indicates that the thermal-responsiveness remains unaffected although
there are some PAAs reserved in membranes. The repeated determi-
nation from several cycles shifted repeatedly from 20 to 40 °C also
proves that prepared membranes give stable thermal responsiveness.
This behavior can be used to fabricate fouling-resistance and self-
cleaning isoporous membranes.

4. Conclusions

To summarize, PS-b-PNIPAM that belonged to low χ BCPs was
successfully fabricated into isoporous membranes through the co-as-
sembly with PAA. Typically, with the co-assembly strategy, isoporous
membranes were able to generate from PS-b-PNIPAMs of relatively low
molecular weights (70 kg/mol) at less concentrated solutions (≤20wt
%). The result was assigned to the PAAs that had contributed to the
microphase separation of BCPs by selectively interacting with PNIPAM.
Isoporous membranes were successfully prepared from all three BCPs
having different molecular weights and compositions, demonstrating
the effectiveness and universality of the co-assembly strategy. With the
aid of PAA, the membrane was able to fabricate from different solvents
and a wide range of concentrations, opening the way for tailoring the
pore size and permeability of isoporous membranes. In comparison
with the membrane prepared from similar BCPs, our membranes pre-
sented obviously higher permeability although isopores on the surface
were much smaller, indicating the functions of PAA on tailoring both
the surface and internal structures. Finally, the thermal-responsiveness
of prepared isoporous membranes were studied and found that the PAA

Fig. 9. FT-IR results for membranes prepared with PAA of different MWs. The molar ratio of –COOH/NIPAM is 1:1. Evaporation time in (a) and (b) is 30 and 60 s,
respectively.

Table 5
Water flux and pore size of isoporous membranes prepared with the PAA additives.

Membranea M1 (without PAA) M14 (PAA35) M6 (PAA102) M15 (PAA261) M24 (PAA102)

Pore size (nm)b 13.81 13.13 9.35 8.69 9.02
Porosity (%)b 0.60 11.18 5.40 5.42 4.01
Permeability (L·m−2·h−1·bar−1) 0.84 13.38 11.40 8.24 20.11

a With the evaporation time of 30s.
b Analyzed by Image J (version 5.0).

Table 6
Contents of PAA reserved in isoporous membranes.

Evaporation
Time

M1 (without
PAA)

M14 (PAA35) M6 (PAA102) M15 (PAA261)

30 s 0.0 69.0% 83.9% 45.0%
60 s 0.0 76.0% 87.3% 68.3%
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reserved in membranes did not affect the membranes thermal-re-
sponsive behavior. The strategy showed in current work had provided a
facile and reliable method to prepare isoporous membranes from BCPs
belonged to low χ polymers.
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