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A B S T R A C T   

Selective swelling of block copolymers (BCPs) has been an efficient way to produce nanoporous materials with 
well-defined porosities. Currently, the cavitation of bulk BCP films by selective swelling needs to be performed at 
elevated temperatures (typically 50–70 �C), which is not only tedious in operation but also energy extensive. 
Herein, we develop the room-temperature (RT) swelling strategy to enable pore formation in BCP films with no 
need of heating. Simply introducing a solvent selective to the majority blocks of BCPs into the swelling bath 
allows the initiation of selective swelling-induced pore generation at room temperature because of plasticizing 
effect on BCP matrix. The swelling degrees and porosities of BCP films can be flexibly tuned by changing the 
compositions of the swelling bath and the swelling durations. The universality of this RT swelling strategy is also 
demonstrated by its applicability to both polystyrene (PS)-based BCPs and polysulfone-based BCPs with high 
glass transition temperatures. We prepare composite membranes with nanoporous polystyrene-block-poly (2- 
vinyl pyridine) (PS-b-P2VP) selective layers on top of macroporous substrates by using this RT swelling approach. 
Interestingly, thus-produced membranes exhibit more uniform pores with narrow pore size distributions, 
resulting in better selectivity. RT swelling is featured as convenient and energy-saving, and is desired in large- 
scale manufacturing of nanoporous BCP materials for various applications.   

1. Introduction 

Block copolymers (BCPs) have attracted much attention as promising 
precursors in the fabrication of porous materials with well-defined 
nanoporosities because of their intrinsic micro-phase separation [1–3]. 
Typically, BCPs are composed of at least two covalently connected 
polymer chains with distinct repeating units. The thermodynamic in-
compatibility of different chains drives BCPs to form ordered structures 
with microdomains of the minority blocks periodically embedded in the 
matrix of the majority blocks [4–6]. By transforming microdomains of 
the minority blocks into voids, one obtains well-defined pores with sizes 
typically in the range of ~10–50 nm [7,8]. The porous frameworks 
derived from BCPs show great advantages in structure regularity and 
pore uniformity [9,10]. 

Transforming the phase-separated BCP precursors into porous 
structures is the pivotal step. Among the currently available pore- 
making approaches, that is, chemical etching [11,12], 
nonsolvent-induced phase separation (NIPS) [13–15], and selective 
swelling [16], the latter one is distinguished for its nondestructive 

nature, extreme simplicity, and reversibility [17]. Selective swelling is 
applicable mainly to amphiphilic BCPs with one hydrophobic majority 
block and one hydrophilic minority block, such as poly-
styrene-block-poly (2-vinyl pyridine) (PS-b-P2VP) [18], poly-
styrene-block-poly (4-vinyl pyridine) (PS-b-P4VP) [19], 
polystyrene-block-poly (ethylene oxide) (PS-b-PEO) [20], poly-
styrene-block-poly (2-dimethylaminoethyl methacrylate) (PS-b 
-PDMAEMA) [21]. Pore formation in BCPs by selective swelling stems 
from the difference in the swelling of the hydrophilic and hydrophobic 
blocks in selective solvents. Upon immersion of the BCPs in a solvent 
which has a strong affinity to the hydrophilic blocks, for example, 
ethanol for PS-b-P2VP, the solvent (ethanol) penetrates into the BCP 
materials and is preferentially enriched in the microdomains of the 
hydrophilic blocks (P2VP). The osmosis pressure is gradually accumu-
lated in P2VP phases and drives the swollen P2VP phases to expand their 
volumes significantly and to squeeze the PS matrix. With the solvent 
evaporation in the following drying process, the swollen P2VP chains 
collapse, producing pores at the positions corresponding to the initial 
P2VP microdomains [22]. 
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Core-corona inversion in BCP micellar monolayers firstly observed 
by Sohn and coworkers about two decades ago [23] should also be 
considered in nature as a process of selective swelling. Exposing 
free-standing micellar monolayers of PS-b-P4VP to ethanol induced the 
surface morphology reconstruction as the swollen P4VP core pierced the 
PS corona forming pores. This process can take place easily at room 
temperature because the PS corona is extremely thin (less than 10 nm) 
and the P4VP core can readily rupture it under mild swelling conditions. 
However, once this swelling strategy is adopted to bulk BCP films, the 
temperature effect becomes apparent because the rigid PS phases are 
thick (>20 nm), which tightly constrain the swollen of hydrophilic 
blocks. As a result, thermal swelling, that is, swelling at elevated tem-
peratures (typically 50–70 �C), are always necessary for the formation of 
pores in cavitating bulk BCP films or BCP composite membranes by 
selective swelling [24–26]. However, considering from the standing 
point of scalability and real-world applications, operation at room 
temperature is always desired. There is no need of any extra heating 
facilities for the room temperature (RT) swelling, which greatly reduces 
the cost and energy consumption of production. Also, the RT swelling is 
capable of suppressing the evaporation loss of swelling agents as the 
commonly used swelling agent, ethanol, having a boiling point of 78 �C 
is highly volatile at typical swelling temperatures (50–70 �C). As a 
consequence, RT swelling would reduce the safety and environment 
risks caused by solvent volatilization accompanied by thermal swelling. 
In addition, RT swelling also enables the selective swelling process to be 
applicable to BCP precursors containing thermo-sensitive blocks. 
Therefore, a room temperature process of selective swelling-induced 
pore generation is highly important not only for the large-scale 
manufacturing of nanoporous BCP materials such as ultrafiltration 
membranes, but also for the expansion of the scope of BCP precursors 
applicable to selective swelling. 

The glass transition temperature (Tg) of bulk PS homopolymer in air 
is around 102 �C [27], indicating a glassy nature at room temperature. 
The Tg value is decreased to 85 �C when the polymer is immersed in 
ethanol [28], implying that the PS chains in ethanol at RT are still too 
rigid to allow the deformation of PS matrix of PS-b-P2VP films. 
Increasing the swelling temperature to approach the Tg of PS is able to 
enhance the segmental mobility of PS chains and relax their tight 
constraint to P2VP phases, thus the swollen P2VP chains can sufficiently 
expand the volumes. However, the swelling temperature should not 
exceed the Tg of PS for the sake of keeping the PS matrix in the glassy 
state to avoid collapse of the framework of the film during selective 
swelling [20]. Essentially, the elevated temperature is to gain a mod-
erate mobility of PS chains and this is critical for the generation of pores 
during the selective swelling process. In addition to thermal swelling, 
changing the swelling solvent can also regulate the mobility of BCP 
chains. It is well known that a glassy polymer in contact with a solvent 
could be plasticized by the solvent if the molecular interactions between 
them are sufficiently strong [29,30]. Solvating the polymer with the 
plasticizing solvent is able to enhance the molecular motion of the glassy 
polymer [31], reducing its Tg, thus changing the state of glassy polymer 
to rubbery at low temperature. Also, the segmental mobility of the glassy 
polymer can be precisely controlled by adjusting the composition of the 
plasticizing solvent. Inspired by the plasticizing effect, we herein pro-
pose to initiate selective swelling-induced pore generation of BCPs at 
room temperature, instead of conventional thermal swelling, by intro-
ducing a solvent selective to the majority block into the swelling bath to 
plasticize the BCP matrix. It is found that this RT swelling is efficient in 
producing pores in BCP films. The swelling degree can be flexibly 
controlled by adjusting the compositions of the swelling bath and the 
swelling durations. By using this approach, we prepare composite 
membranes with nanoporous PS-b-P2VP selective layers on top of 
macroporous substrates. Interestingly, because the pores induced by RT 
swelling are more uniform than that produced by thermal swelling, the 
membranes enabled by RT swelling exhibit better selectivity while 
maintain similar water permeance. 

2. Experimental section 

2.1. Materials 

Three BCPs were investigated in this work. PS-b-P2VP (abbreviated 
as S2VP below, Mn

P2VP ¼ 21.0 KDa, Mn
PS ¼ 53.0 KDa, polydispersity index 

(PDI) ¼ 1.09) was obtained from Tubang Polymer Materials Co., Ltd. PS- 
b-PDMAEMA (Mn

PDMAEMA ¼ 21.5 KDa, Mn
PS ¼ 70.1 KDa, PDI ¼ 1.16) was 

synthesized according to our previous work [21]. Polysulfone-block-poly 
(ethylene glycol) (PSF-b-PEG, Mn

PEG ¼ 16.6 KDa, Mn
PSF ¼ 62.5 KDa, PDI ¼

2.00) was obtained from Nanjing Bangding. Polyvinylidene fluoride 
(PVDF) membrane coupons with the diameter of 25 mm and the nom-
inal pore size of 220 nm were purchased from Millipore and used as 
macroporous substrates. Silicon wafers (size of 1.5 cm � 1.5 cm) cleaned 
with ethanol for three times were used as smooth substrates. Bovine 
serum albumin (BSA, 67 kDa) and phosphate buffered saline (PBS) 
tablets were obtained from MP Biomedicals, LLC. Deionized water 
(conductivity: 8–20 μs cm� 1) was used in all tests. All other reagents 
including chloroform, ethanol, 1, 4-dioxane, toluene, styrene, tetrahy-
drofuran, cyclohexane, and N, N-dimethylformamide were of analytical 
grade and purchased from local suppliers. 

2.2. Membrane preparation 

BCP was dissolved in chloroform at a concentration of 2 wt%. Prior 
to usage, the solution was filtrated through a 0.22 μm polytetrafluoro-
ethylene (PTFE) filter three times for the sake of removing big aggre-
gations. For the investigation of swelling behavior and solvent effect, the 
BCP solution was spin-coated on silicon wafers at 2000 rpm for 30 s to 
produce dense films. Subsequently, the as-coated films were immersed 
into different swelling baths composed of ethanol and another desired 
solvent at 20 �C to conduct the RT swelling process. After pre-set du-
rations, the films were taken out from the swelling bath, rinsed by 
ethanol for three times and naturally dried at room temperature. 

Composite membranes were prepared following our previous fabri-
cation procedures [32]. PVDF substrates were immersed in deionized 
water for about 30 min to fill the macropores with water. After with-
drawn from water, the PVDF substrates were wiped with filter papers to 
remove redundant water on the surface. Then BCP solutions were 
spin-coated onto the water-filled PVDF substrates at 2000 rpm for 30 s to 
form composite membranes. After residual solvent and water were 
evaporated completely, the membranes were treated in the swelling 
baths composed of ethanol and another desired solvent at room tem-
perature of 20 �C or in pure ethanol at 60 �C, followed by ethanol 
washing and air drying as described above. 

2.3. Characterization 

The surface and cross-sectional morphologies of BCP films and 
composite membranes were examined with a Hitachi S-4800 field 
emission scanning electron microscope (FESEM, Hitachi S4800) oper-
ated at 5 kV. The samples were pre-sputtering coated a thin layer of 
platinum to enhance their conductivity prior to characterization. A 
contact angle goniometer (DropMeter A100, Maist) was employed to 
measure the static water contact angles (WCAs) of BCP films. Five po-
sitions on each sample were tested and the mean value was reported as 
the result. The thicknesses and refractive indices of S2VP films before 
and after swelling were measured using a spectroscopic ellipsometer 
(Complete EASE M� 2000U, J. A. Woollam) with the incidence angle of 
70�. The porosities of films were calculated according to the following 
equation [33,34]: 

n2
1¼ n2

0ð1 � PÞ þ n2
airP  

where nair ¼ 1, representing the refractive index of air, n0 and n1 are the 
refractive indices of as-coated dense S2VP films and porous films after 
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swelling, respectively. 

2.4. Filtration tests 

The characterizations of water permeances and BSA rejections of 
composite membranes were performed on a dead-end filtration module 
(Amicon 8010, Millipore). Prior to water permeability tests, each 
membrane was subjected to preprocessing for 10 min under the pressure 
of 0.2 bar, making sure of a stable permeance. Then the permeability 
tests were carried out at the same pressure. The water permeance 
(L⋅m� 2⋅h� 1⋅bar� 1) was determined by calculating the volume of water 
passing through a unit area in unit time under unit trans-membrane 
pressure. 

For the retention tests, BSA was dissolved in a PBS solution at a 
concentration of 0.5 g/L. Then the BSA solution was served as the feed 
solution to evaluate the retention properties of membranes. The con-
centrations of the feed and filtrate solutions were measured by a UV–vis 
absorption spectrophotometer (NanoDrop 2000c, Thermo) at the 
wavelength of 280 nm. 

3. Results and discussion 

3.1. Swelling behaviors at room temperature 

The 2 wt% chloroform solution of S2VP was spin-coated onto silicon 
wafers to produce dense thin films (Fig. S1). Soaking in ethanol at room 
temperature for 12 h only produced a small number of pores on the 
surface of film (Fig. S2a), and these pores failed to form interconnected 
channels as observed from the cross-sectional image (Fig. S2b). This is 
consistent with the expectation because the glassy PS matrix is difficult 
to deform in ethanol at room temperature, which severely confines the 
swelling of P2VP phases. Considering that a good solvent for PS could 
increase the mobility of PS chains by plasticizing the PS matrix, 1, 4- 
dioxane (DOX) was first chosen to add into ethanol to compose the 
swelling bath. The S2VP films were immersed into the swelling bath 
with 12% DOX content (v/v) and the swelling treatment proceeded at 
the fixed room temperature (20 �C) for 12 h. As shown in Fig. 1, bi- 
continuous porous morphology was formed in the films after swelling. 
The pores were uniformly distributed on the surface (Fig. 1a and b) and 
also throughout the entire thickness of the films (Fig. 1c). 

The results evidently demonstrates the introduction of DOX in the 
swelling bath increases the segmental mobility of PS chains at room 
temperature, allowing the plastic deformation of PS matrix. Swollen 
P2VP domains in ethanol/DOX are able to expand their volumes and 

merge with each other, forming the continuous P2VP phases during the 
RT swelling. After withdrawn the films from the swelling bath, the 
swollen P2VP chains collapsed on the surface and pore walls with the 
elimination of solvent, and the volumes previously occupied by the 
swollen P2VP chains were converted to pores. Therefore, S2VP films 
with bi-continuous porosities were obtained as shown above. We note 
that there are mainly two types of pores with different geometries on the 
film surface: circular pores and channel-like pores (Fig. 1b). According 
to the mechanism of selective swelling-induced pore generation, the 
pore geometries are essentially dependent on the microdomain structure 
of minority blocks in BCP films [35]. In the as-coated S2VP films, P2VP 
chains form cylindrical micodomains randomly distributed in the PS 
matrix [36]. Swelling of the perpendicularly oriented P2VP cylinders 
results in the circular pores on the surface of films, while the P2VP 
cylinders parallel to the surface lead to the channel-like pores. 

We monitored the thickness change and morphology transition of the 
S2VP films with different swelling durations to investigate the kinetics of 
selective swelling process in 12% DOX/ethanol at room temperature. As 
shown in Fig. 2a, the film thickness experienced a fast increase from 
initial ~238 nm to ~333 nm within the swelling period of 1 h, resulting 
in a porosity of 28%. Then the film kept a continuous increase in 
thickness but at a much slower rate. As the swelling duration extended to 
12 h, the film thickness was increased to ~367 nm and the porosity 
reached 35%. In terms of the morphology, both circular pores and a few 
channel-like pores were observed on the films surface with a brief 
swelling for 0.5 h (Fig. 2b). After prolonging the swelling duration to 1 h, 
some of the circular pores were merged with their neighbors, and more 
narrow channels were formed (Fig. 2c). With further extending the 
swelling duration to 4 h and 8 h, the film maintained the porous 
morphology with no obvious change compared to the one swelling for 1 
h while the average pore sizes were slightly increased (Fig. 2d). The 
trend of morphological evolution is the same as that of the change in film 
thickness and porosity with swelling durations. By considering the 
change in thickness and morphology, it is clear that the pore-forming 
process mainly occurs in the first 1 h swelling as about 80% of the 
total porosity is achieved, which is similar to the kinetics to the thermal 
swelling of S2VP films [37]. 

The content of DOX in the swelling bath significantly influences the 
swelling process, and consequently the morphology of the films. As 
shown in Fig. 3, relatively low DOX contents of 4% and 8% in the 
swelling bath were only able to create circular pores on the film surfaces 
after swelling for 4 h (Fig. 3a and b), and the porosities of corresponding 
films were 9% and 20% (Fig. 3e), respectively. Increasing the DOX 
content to 12% led to the formation of narrow channels on the film 

Fig. 1. SEM images of S2VP films subjected to swelling in 12% DOX/ethanol at room temperature for 12 h: (a) the large-field surface SEM image, (b) the surface SEM 
image with a large magnification, and (c) the cross-sectional SEM image. 
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surface (Fig. 3c), resulting in a morphology of coexistence of circular 
pores and narrow channels, and the porosity was increased to 32%. With 
16% DOX, the porous structure of the obtained film became more loose. 
Except for circular and channel-like pores, some interconnected pores 
were formed (Fig. 3d) as a result of the strong deformation of PS matrix, 
and the porosity was further increased to 40%. Clearly, higher DOX 
contents in the swelling bath resulted in higher degrees of pore opening 
and larger porosities of the S2VP films. This behavior is quite similar to 
the polymer-plasticizer blending system where a high concentration of 
plasticizer generally leads to a low Tg value because of the high molec-
ular motion of polymer chains [38]. Here, the DOX also works as a 
plasticizer for PS. It is reasonable to speculate that the higher DOX 
content in the swelling bath would result in more DOX diffused into the 
PS matrix capable of increasing the molecular motion of the PS chains to 
a higher degree. As a consequence, this allows the larger deformation of 
PS matrix during the swelling course and consequently leads to larger 
pores. 

As evidenced by the previous works [39], polar P2VP chains migrate 
to the surface due to their strong affinity with swelling agent during the 
swelling process, leading to the change of hydrophilicity. The water 
contact angles (WCAs) for S2VP films were measured to characterize the 
surface hydrophilicity (Fig. 4). The pristine S2VP films without swelling 
had a WCA of ~91�, which is close to that of the PS homopolymer [40] 
because of the surface enrichment of PS chains after spin-coating. After 
soaking in the swelling bath with different DOX contents, all films had a 
similar trend in the WCAs change: a relatively fast decrease in the initial 
1 h swelling duration, and slow decreasing with extending the swelling 
duration to 2 h, 4 h and 8 h, and then achieving stability at 12 h. 
However, the final WCA values for the films treated with different DOX 
content were significantly different. As the DOX content changed from 
4%, 8%, 12% to 16%, the WCA of S2VP films was reduced to 89�, 85�, 
75� and 66�, respectively, suggesting that the surface hydrophilicity was 
enhanced with the increased DOX content. Considering the raised pore 
size and porosity at higher content of DOX (Fig. 3), the better surface 
hydrophilicity of S2VP films should be attributed to both the segregation 
of more P2VP chains on the surface and the increased porosity with the 

increased DOX content. 

3.2. Effect of different PS-selective solvent 

As discussed above, introduction of DOX in the swelling bath aims at 
facilitating the mobility of PS chains during swelling. Since various 
common solvents have favorable interactions with PS chains and can 
dissolve PS homopolymer just like DOX, we chose diverse solvents to 
add into ethanol and compared their swelling effect. Specifically, except 
for DOX, six solvents including tetrahydrofuran (THF), dichloromethane 
(DCM), cyclohexane (CYH), styrene (ST), toluene (TL), N, N-dime-
thylformamide (DMF), were investigated. The content of these solvents 
in the swelling baths were fixated at 12% (v/v), and the porosities of 
S2VP films after swelling different durations were measured to evaluate 
the swelling degree as shown in Fig. 5. We can roughly divide the po-
rosities of obtained films into three grades: high porosities for ST and TL 
(35% ~ 40%), moderate porosities for THF, DCM and DOX (25–30%), 
and low porosities for CYH and DMF (less than 10%). The porosity is the 
embodiment of the swelling degree. As the same contents of these sol-
vents in the swelling bath, to what degree BCP can be swollen is pre-
dominantly dictated by the affinity between solvents and the blocks of 

Fig. 2. The thicknesses and porosities (a), and surface SEM images of S2VP 
films soaked in 12% DOX/ethanol at room temperature for different durations 
(b–d): (b) 0.5 h, (c) 1 h, and (d) 8 h. All SEM images have the same magnifi-
cation and the scale bar corresponding to 500 nm is given in (d). 

Fig. 3. SEM images of S2VP films soaked in the swelling bath composed of 
ethanol and DOX with different DOX contents at room temperature for 4 h: (a) 
4%, (b) 8%, (c) 12%, (d) 16%. All images have the same magnification and the 
scale bar corresponding to 500 nm is given in (d). (e) Porosities of films pre-
pared with different DOX contents. 
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the BCP. We listed the solubility parameters (δ) of used solvents in Fig. 6 
and calculated the polymers and the polymer-solvent interaction pa-
rameters ( Polymer-Solvent) in Table S1 to qualitatively assess their affinity 
to understand the swelling behaviors. The solubility parameters of TL 
and ST are closest to the one of PS, and they have similar structures, 
implying their strongest affinity for PS according to the similarity- 
intermiscibility theory [41]. They were able to interact strongly with 
PS matrix and significantly increase the molecular motion of the chains, 
resulting in high swelling degrees of S2VP films. For the case of THF, 
DCM and DOX, their affinity for PS chains are slightly lower than TL and 
ST, consequently resulting in moderate swelling degrees. Compared 
with above-mentioned solvents that all values of PS-Solvent are lower 
than 0.5, DMF has a weak affinity for PS as PS-DMF is calculated to be 
1.55. Although pure DMF can dissolve PS chains, 12% content in the 
swelling bath only induced a low swelling degree. Unusually, CYH 
should have a stronger affinity for PS than DMF according to the analysis 
based on solubility parameters and polymer-solvent interaction 

parameters, but similarly low porosity of BCP film was obtained as 
shown in Fig. 5. This is because CYH is different from other six solvents 
which can dissolve both PS and P2VP homopolymers. CYH is a selective 
solvent to PS as PS-CYH is 0.48, whereas it is a nonsolvent to P2VP. The 
introduction of CYH in the swelling bath increases the mobility of PS 
matrix during swelling course, which has a positive effect to the pore 
generation. However, compare to pure ethanol which can intensively 
swell the P2VP microdomains, the poor affinity of CYH for P2VP causes 
a discounted swelling effect on P2VP microdomains, which is unfavor-
able to the pore generation, while other six solvents cause no negative 
effect on the swelling of P2VP. Since both the sufficient swelling of P2VP 
microdomains and the moderate mobility of PS matrix are essential to 
the swelling course, the introduction of CYH only led to a low swelling 
degree eventually. The results imply that we should choose a solvent 
which has a good affinity for both blocks. 

Fig. 6 gives the surface SEM images of S2VP films after swelling in 
different swelling baths for 8 h. Clearly, the films prepared by using ST 
and TL showed mostly circular pores and a few channel-like pores, 
suggesting a low swelling degree which is consistent with the results 
shown in Fig. 5. Similar morphologies were observed for the films 
treated by using THF, DCM and DOX. More channel-like pores were 
formed. While the films prepared by using TL and ST tended to appear 
more interconnected pores because of the high swelling degrees. Cross- 
sectional SEM images of the films swelling treated in different swelling 
baths presented coincident results as shown in Fig. S3. Overall, a number 
of solvents that are good solvents for PS can be applied to realize the 
selective swelling-induced pore generation of S2VP films at room tem-
perature. The porosity of film is dependent on the affinity between used 
solvent and PS chains, and stronger affinity results in higher swelling 
degrees and porosities. From the standing point of applications as sep-
aration membranes, the solvent with a moderate swelling effect is 
considered to be more appropriate to prepare nanoporous membranes, 
because interconnected pores caused by high swelling degree may 
weaken the selectivity of membranes, while low swelling degree leading 
to smaller pores is unfavorable to the permeability. Therefore, the 
swelling bath composed of ethanol and DOX was used to prepare com-
posite membranes for following separation applications. 

3.3. Ultrafiltration membranes enabled by RT swelling 

We prepared composite membranes (Fig. 7a) by spin-coating S2VP 
solutions on macroporous PVDF substrates followed by RT swelling. 
Prior to the swelling treatment, the composite membranes turned out no 
water permeation under the pressure of 0.2 bar, confirming the defect- 
free nature of the BCP layers. Then, the membranes were immersed 
into the mixture of 12% DOX and ethanol at room temperature (20 �C) to 
generate accessible pores in the BCP layers. The pure water permeance 
and BSA rejection of the membranes swelling treated for different du-
rations were measured to evaluate the separation performance. As 
shown in Fig. 7c, the S2VP composite membrane showed a water per-
meance of 188 L m� 2 h� 1⋅bar� 1 and a BSA rejection of 81% after RT 
swelling for 1 h, indicating the generation of performative pores 
throughout entire BCP layers, which is consistent with the result of 
cross-sectional SEM characterization (Fig. 7b). With the prolongation of 
swelling durations, the water permeance exhibited a rising tendency, 
while the BSA rejection was reduced as expected. The swelling duration 
of 2 h, 4 h, 8 h and 12 h led to water permeance of 346, 543, 722 and 
873 L m� 2 h� 1⋅bar� 1, and corresponding BSA rejection of 76%, 68%, 
58% and 42%, respectively. The change in BSA rejection should be 
ascribed to the continually enlarged pores with the extending of swelling 
durations, while the increased permeances were the result of both the 
enlarged pores and the enhanced surface hydrophilicity. However, it is 
noted that the water permeance had a nonlinear relationship with 
swelling durations. This is because extended swelling duration would 
also increase the thickness of S2VP layer resulting in enhanced mass 
transfer resistance. Moreover, the investigation on the flux under 

Fig. 4. Water contact angles of S2VP films soaked in DOX/ethanol with 
different DOX contents at room temperature for different durations. 

Fig. 5. The porosities of S2VP films soaked in the mixture of ethanol and 12% 
different solvents for different durations. 
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different transmembrane pressures indicates that membrane compac-
tion takes place at pressure higher than 1.5 bar, implying that it is better 
to use these membranes under relatively low transmembrane pressures 
to avoid membrane compaction and also to save energy. 

In order to compare this RT swelling strategy with conventional 
thermal swelling, we also measured the separation performance of the 
membranes swelling treated in pure ethanol at 60 �C. As can be seen in 
Fig. 8a, the membrane showed a water permeance of 211 L m� 2 

h� 1⋅bar� 1 and a BSA rejection of 65% after swelling for 5 min. Then the 
permeance was increased to 1120 and 2032 L m� 2 h� 1⋅bar� 1 with the 
swelling duration prolonged from to 1 h and 4 h, respectively, while the 
BSA rejection was sharply decreased to 33% and 8%. It was observed 
that there were similar BSA rejections for the membranes by RT swelling 
in 12% DOX/ethanol for 4 h and by thermal swelling in pure ethanol for 
5 min, but RT swelling gave a more than doubled permeance. In the case 
of same swelling duration, RT swelling generally led to higher BSA re-
jections but lower water permeances. To reveal the reason of the sig-
nificant difference in the separation performance between the RT 
swelling and thermal swelling, the surface morphologies of the mem-
branes were compared. As shown in Fig. 8b and c, RT swelling in DOX/ 
ethanol produced pores with higher regularity. There were few inter-
connected pores with irregularly shapes in addition to the circular and 
channel-like pores. In contrast, thermal swelling tended to produce more 
irregular pores. The statistical distribution of pore sizes (Fig. 8d and e) 
demonstrated that within identical swelling duration thermal swelling 
in pure ethanol generated larger pores with wide pore size distribution 
compared to RT swelling in DOX/ethanol, therefore leading to weaker 
rejection. In the case of thermal swelling, the elevated temperature not 
only increases the mobility of PS chains but also causes more osmotic 
pressures accumulated in P2VP phases, which leads to greater stress to 
squeeze the PS matrix. P2VP chains are intensively expanded and stress 
concentrations exist in the areas where P2VP cylinders are interlaced, 
and the pores with larger sizes are easy to be formed here. Consequently, 
the pore size distribution of the membrane prepared by the thermal 
swelling is relatively wide. As a comparison, the RT swelling strategy by 
the introduction of DOX specifically increases the mobility of PS chains 
but has little effect on the osmotic pressure of P2VP phases. The 
expansion of P2VP chains during the swelling process tends to be more 
gentle and uniform, resulting in smaller pores with narrow pore size 
distribution. 

Fig. 6. The surface SEM images of S2VP films after soaking in the swelling bath composed of ethanol and 12% different solvents with changing solubility parameters 
for 8 h. All images have the same magnification and the scale bar is given in the image corresponding to DMF. 

Fig. 7. The S2VP membranes prepared by RT swelling in 12% DOX/ethanol: 
(a) the photograph, (b) the cross-sectional image after swelling for 1 h, and (c) 
the pure water permeances and BSA rejections of membranes after swelling for 
different durations. 
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To demonstrate the universality of the RT swelling strategy, the films 
derived from another PS-based BCP, PS-b-PDMAEMA, and a non-PS- 
based BCP, PSF-b-PEG, were explored to produce porous structure at 
room temperature. It was found that swelling in 16% DOX/ethanol 
successfully induced the formation of interconnected pores for PS-b- 
PDMAEMA as shown in Figs. S4a and S4b. More importantly, porous 
structure was also obtained for the PSF-b-PEG films (Figs. S4c and S4d) 
at room temperature when the swelling bath composed of 24% TL and 
ethanol was employed, although PSF chains, which constituted the 
matrix of the film, have a quite high Tg of ~190 �C [42]. That is, RT 
swelling is a generic method capable of cavitating various BCPs by 
carefully formatting the swelling bath. 

4. Conclusion 

In summary, we develop a room temperature enabled selective 
swelling strategy to create well-defined nanopores in amphiphilic BCPs, 
which is much more convenient and energy-saving compared to typi-
cally used thermal swelling process. For the swelling of S2VP films, the 
introduction of a good solvent for PS, DOX, in the swelling agent of 
ethanol is able to enhance the mobility of PS matrix, therefore simply 
soaking S2VP films into the ethanol/DOX swelling bath can produce 
nanoporous structures without any additional heating. Higher DOX 
content in the swelling bath leads to higher swelling degrees and 
consequently larger pores and porosities. Apart from DOX, other 

Fig. 8. (a) Separation performances of the composite membranes prepared by swelling in 12% DOX/ethanol at 20 �C and in pure ethanol at 60 �C for different 
durations. (b–e) SEM images of S2VP films and corresponding pore size distributions prepared by thermal swelling in pure ethanol (b, d) and by RT swelling in 12% 
DOX/ethanol (c, e) for 4 h. The SEM images have the same magnification and the scale bar is given in (c). 
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solvents that have a strong affinity to PS chains are also applicable to 
trigger selective swelling-induced pore generation at room temperature. 
The pore sizes and porosities are dependent on the affinity between the 
used solvent and PS chains. Moreover, the RT swelling strategy is also 
applicable to various kinds of BCPs including both PS-based BCPs and 
non-PS-based BCPs. Furthermore, this RT swelling strategy is demon-
strated to be able to prepare BCP composite membranes with tunable 
separation performances. Compared to the membranes prepared by 
conventional thermal swelling, the membranes prepared by RT swelling 
exhibit more uniform pores with narrow pore size distributions, there-
fore leading to better selectivity. RT swelling avoids the energy- 
intensive heating operation, and is expected to be very much desired 
for the large-scale manufacturing of nanoporous BCP materials for 
practical applications not limited to membrane separation. 
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