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Abstract: Isoporous integral asymmetric membranes derived from the self-assembly of block 

copolymers combined with the non-solvent induced phase separation (SNIPS) have gained 

great attention. To extend their utility, a good control over pore size and surface functionality 

in a facile manner is highly desirable. Here an approach is proposed to achieve this by 

quaternization of the poly(4-vinylpyridine) (P4VP) moiety of a polystyrene-block-poly(4-

vinylpyridine) (PS-b-P4VP) SNIPS membrane using alkyl iodides via a scalable gas-solid 

heterogeneous reaction. By changing the size of the alkyl groups of the quaternization agent 

and the degree of quaternization the effective pore size of the membrane is tailored in a wide 

range from the ultrafiltration to the nanofiltration regime. A quaternization of approx. half of  

the 4VP repeating units of the membranes with methyl iodide, ethyl iodide, or 1-propyl iodide 

leads to a retention of methylene blue from a 10 mg L-1 aqueous solution of 96%, 87% and 83%, 

respectively. 
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Mesoporous membranes play a significant role in many separations such as biomolecule 

separation, potable water purification, or wastewater treatment.[1]  In these settings, most 

membranes separate molecules or particles mainly on the basis of size-selectivity. In order to 

enhance the separation performance, it is crucial to adjust the pore size, and to further 

understand and control the transport of analytes at the nanoscale. Block copolymers (BCPs) 

have received great interest for the preparation of advanced membranes with a well-defined 

mesoscopic structure and high accessible porosity, owing to their ability to self-assemble into 

a variety of periodic, ordered mesoscale structures.[2]  In 2007, a fast one-step scalable technique 

based on a combination of self-assembly of a block copolymer and non-solvent-induced phase 

separation (SNIPS) was developed to fabricate BCP derived membranes.[3]  Resulting 

membranes typically have a rather thin (< 200 nm) selective layer with a high density of ordered 

vertically-aligned cylindrical pores with narrow pore size distribution on top of a relatively 

thick spongy substructure comprised of the same material.[4]  This integral asymmetric 

isoporous structure ensures good selectivity while maintaining high permeability. Therefore, 

over the past decade, the SNIPS technique has been applied to a variety of block copolymers in 

flat sheet geometry.[5]  Also efforts were undertaken to reduce the amount of block copolymer 

when preparing SNIPS membranes in both flat sheet[6]  and hollow fiber geometry[7] . Although 

the SNIPS process is qualitatively understood to a certain extent,[8]  it is still not possible to 

quantitatively predict the pore size and overall integral asymmetric structure of a membrane 

due to many parameters influencing the structure formation process. However, a few 

relationships have been found to tailor the pore size of SNIPS membranes. One rather 

straightforward approach is to vary either the molecular weight or the composition of BCPs.[9]  

Binary blending of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) with different 

molecular weights and compositions has also shown to tailor the pore size according to the 

different ratio of the blend partners.[10]  Another strategy is to begin with a given porous 

membrane and alter its pore properties or pore size by post treatments, which do not destroy the 
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basic membrane structure. Yu et al. controlled the pore size by electroless gold deposition on 

PS-b-P4VP SNIPS membranes based on physical coordination interaction.[11]  Also molecular 

vapor deposition of aluminum oxide can be used to control the pore size of PS-b-P4VP SNIPS 

membranes.[4]  Filling porous block copolymers with inorganic components was also done to 

introduce for example catalytic functionality[12]  or contrast for 3D imaging of the porous block 

copolymer structure.[13]  Post treatment of a PS-b-P4VP SNIPS membrane with dopamine and 

poly(N-isopropyl acrylamide) led to a temperature and pH-repsonsive membrane.[14]  Based on 

a dopamine functionalization also atom transfer radical polymerization (ATRP) of poly(2-

hydroxylethyl methacrylate) (PHEMA) was carried out on a PS-b-P4VP SNIPS membrane.[15]  

Physical and chemical routes of post treatment were also introduced to reduce the pore size of 

a PS-b-PHEMA SNIPS membrane by thermal treatment or reaction of the hydroxyl groups with 

an alkyl isocyanate, respectively.[16]   

 

In recent years efforts have been made to reduce the pore size in the nanofiltration regime by 

taking advantage of the swelling of the pore-forming block in the hydrated state. As P4VP and 

P2VP are pH responsive, the nitrogen moieties are protonated at low pH which leads to 

stretching of the P4VP and P2VP block in corresponding block copolymers.[5a, 14, 17]  Gu et al. 

demonstrated that the pore size of a polyisoprene-block-polystyrene-block-poly(4-

vinylpyridine) (PI-b-PS-b-P4VP) membrane can be reduced to 5 nm using an additive driven 

pore expansion together with chain stretching of the P4VP block at pH 3.6. At neutral pH the 

pore size of the membrane was around 29 nm, as the P4VP block was in a collapsed state due 

to deprotonation of the nitrogen moieties.[18]  Similarly, Mulvenna et al. reported the pore size 

of a polyisoprene-block-polystyrene-block-poly(acrylic acid) (PI-b-PS-b-PAA) membrane can 

be reduced to 3.4 nm at pH 5.5.[5g]  Later, Zhang et al. attached sulfonic acid moieties to the 

pore wall of a PI-b-PS-b-PAA membrane using carbodiimide coupling. The resulting 

polyisoprene-block-polystyrene-block-poly(2-acrylamido-ethane-1,1-disulfonic acid) (PI-b-
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PS-b-PADSA) membrane exhibited a smaller effective pore diameter and lower degree of ionic 

strength response compared to the PI-b-PS-b-PAA counterpart.[19]  In these works, the tailoring 

of the pore size is dependent on protonation[18]  or deprotonation[5g, 19]  of the functional groups 

of the pore-forming block. PS-b-P4VP is a popular membrane material for quaternization due 

to the lone pair electron of the nitrogen of P4VP block.[20]  Unlike a protonated P4VP block, 

swelling of the quaternized P4VP block in the hydrated state is not limited to acidic conditions. 

Quaternized PS-b-P4VP membranes showing good anti-fouling properties[21]  and selective 

separation of proteins[22]  were reported. Herein, we present for the first time a versatile strategy 

for constructing an adjustable pore size and surface functionality of a PS-b-P4VP SNIPS 

membrane via a facile quaternization reaction using alkyl iodides with different sizes of alkyl 

groups (i.e. methyl iodide (MeI), ethyl iodide (EtI) and 1-propyl iodide (1-PrI)) (Figure 1a).  

 

To retain the original integral asymmetric isoporous structure, the quaternization has to be 

employed under a mild heterogeneous condition, for instance, by using a non-solvent as the 

reaction medium[22]  or a vapor-phase reaction without any solvent.[21, 23]  In this study, a facile 

and scalable gas-solid interface reaction was selected to carry out the quaternization of a PS-b-

P4VP membrane. The degree of quaternization with MeI, EtI and 1-PrI was controlled 

quantitatively by varying the duration of reaction (Supporting Information, Figure S3 – Figure 

S5) and the morphology of the quaternized membranes was monitored by scanning electron 

microscopy (SEM) (Supporting Information, Figure S6 – S10). The FTIR spectra, 1H NMR 

spectra and SEM micrographs of the pristine PS-b-P4VP membrane (I0) and the 100% 

quaternized PS-b-P4VP membrane with MeI (M100) are depicted in Figure 1. In the FTIR 

spectrum (Figrue 1b), I0 showed a characteristic peak at ca. 1600 cm-1 due to the stretching 

vibration of C=N and C=C of the aromatic rings. M100 showed a characteristic peak for the 

C=N+ stretching vibration at ca. 1640 cm-1.[24]  Since after quaternization the stretching 

vibration of C=N had disappeared, the intensity of stretching vibration at ca. 1600 cm-1 became 
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much weaker than in the spectrum of I0. Moreover, a broad signal appeared at ca. 3400 cm-1 

due to water molecules associated with the quaternized 4VP groups. In the 1H NMR spectrum 

of I0 the chemical shift at 8.75 ppm (peak a) was ascribed to two protons of unquaternized 

pyridine groups. The characteristic chemical shifts at 8.95 ppm (peak a′) appeared from two 

corresponding protons of quaternized pyridine groups in the 1H NMR spectrum of M100 

(Figure 1c). M100 clearly retained the integral asymmetric isoporous structure after 

quaternization (Figure 1d, g). Owing to the extra attachment of alkyl iodide molecules along 

the pore walls the pores on the top surface of M100 became 22 nm (Figure 1h) while that of I0 

was 27 nm (Figure 1e). The back scattered electron (BSE) imaging mode of SEM was used to 

determine the distribution of the electron rich iodide counterion. The BSE image of the top 

surface of I0 (Figure 1f) did not show any contrast between the matrix-forming block PS and 

the pore-forming block P4VP as the atomic number of C and N are next to each other. Whereas, 

there were brighter rings with uniform thickness along the pore walls of M100, assigned to the 

electron rich iodide, indicating the homogeneity of quaternization on the top surface (Figure 1i). 

The cross-sectional image (Supporting Information, Figure S6) also displayed the uniform 

distribution of iodide, which confirmed the uniform quaternization of the P4VP block all over 

the membrane. 

 

We have compared the membranes with ca. 52% quaternization of 4VP repeating units by MeI 

(M52), EtI (E52) and 1-PrI (P52) to investigate the influence of the size of alkyl groups on the 

morphology and separation performance of the membranes (Figure 2). The dynamic contact 

angle of a water droplet was monitored at the surface of I0, M52, E52, and P52. Figure 2a shows 

the snapshots of a sinking water droplet at the surface of I0. The snapshots of the water droplets 

at the surface of M52, E52 and P52 are provided in the Supporting Information Figure S11. In 

case of I0, the water droplet totally sunk into the membrane after ca. 12 s due to the big open 

pores. To compare the sinking rate of a water droplet, the contact angle vs time is provided in 
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Figure 2b. The sinking rate of a water droplet was lower in the quaternized membranes 

compared to I0, which followed the sequence, M52 < E52 < P52 < I0. The difference in change 

of contact angle of a water droplet at the surface of these porous membranes (Figure 1a, 1b and 

S11) implies that these membranes have different resistance against the permeation of a water 

droplet. To provide further evidence of this phenomenon, the water flux (Jw) through I0, M52, 

E52 and P52 was determined using a dead-end mode filtration device at a trans-membrane 

pressure of 1 bar. In accordance with the sinking rate of the water droplet, the water fluxes 

followed the sequence JwM52 < JwE52 < JwP52 << JwI0 (Figure 2c). The average pore size of the 

isoporous layer of M52, E52 and P52 was 22 – 23 nm (Figure 2 d-f) while that of I0 was 27 nm 

(Figure 1e) according to SEM images. In spite of such small difference, for the first 2 hours of 

water flux measurement, JwM52 was ca. 52 times lower than JwI0 while JwP52 was ca. 15 times 

lower than JwI0. During SEM investigation the pore-forming blocks of the membranes were in 

a collapsed state as the membranes were completely dry. Owing to their polyelectrolyte nature, 

the quaternized P4VP blocks of M52, E52 and P52 were dissociated in water, making the pore-

forming P4VP block partially charged and significantly swelled during the water flux 

measurement. As the hydrophobic PS matrix was fixed in space, the repulsive electrostatic 

interaction among the charged 4VP repeating units induced chain stretching toward the center 

of the pore, resulting in the smaller effective pore size. The constrained pore size imposed 

resistance to water penetration through the membrane. Moreover, the water flux through P52 

was three times higher compared to that through M52, which proves that the stretching of a 

P4VP block quaternized by 1-PrI is significantly lower than that quaternized by MeI (Figure 

2g). The hydrophilicity of the quaternized P4VP decreases with increasing the size of the alkyl 

group of the quaternization agent.[25]  The lower hydrophilicity of the pore-forming block of 

P52 leads to lower stretching in a hydrated state compared to that of E52 and M52. 

Consequently, the effective pore size, the rate of sinking of the water droplet (Figure 2b), and 

the water flux (Figure 2c) are higher in the case of P52 compared to E52 and M52. The water 
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flux measurements were carried out for 24 h. A gradual decrease of water flux as a function of 

time was observed. The average water flux during the first 2 h measurement ((JwM52 (13 L m-2 

h-1) < JwE52 (17 L m-2 h-1) < JwP52 (43 L m-2 h-1) << JwI0 (675 L m-2 h-1))) and during the last 2 h 

measurement ((JwM52 (11 L m-2 h-1) < JwE52 (13 L m-2 h-1) < JwP52 (23 L m-2 h-1) << JwI0 (375 L 

m-2 h-1)) showed a similar trend, which proved the quaternization was stable during the water 

flux measurement (Figure 2c). In previous studies, it was reported that the hydrophilicity of 

cross-linked membranes containing amine[26]  and 4VP[25]  moieties can be tuned by changing 

the size of the alkyl group (methyl, ethyl and 1-propyl) of the quaternization agent. Since in a 

PS-b-P4VP SNIPS membrane only one end of the pore-forming block (P4VP) is attached to 

the matrix-forming block (PS), we utilized this phenomenon to tailor the effective pore size of 

the membrane in the hydrated state. 

 

The performance of the membranes was tested by investigation of their separation properties 

of the cationic dye methylene blue (MB) (MB structure depicted in Figure 3a) from aqueous 

solutions in a dead-end filtration mode. Figure 3b shows that the color of the permeate solution 

through I0 was similar like the feed solution. In the permeate solutions through M52, E52 and 

P52 a substantial reduction of color was observed. The concentration of MB in the feed solution 

Cf (mg L-1) and permeate solutions Cp (mg L-1) was determined via UV-vis spectroscopy (Figure 

3c). Figure 3d shows for a 10 mg L-1 feed solution that the retentions follow the sequence RM52 

(96%) > RE52 (87%) > RP52 (83%) ≫ RI0 (~0). Similar to the permeation of water, P52 had the 

lowest resistance against permeation of MB while M52 had the highest resistance. In general, 

the rejection of a charged solute originates from a combined effect of size exclusion and 

electrostatic repulsion with a charged porous membrane.[27]  As the retention gradually 

decreased with increasing effective pore size, it is clear that the retention of MB in M52, E52 

and P52 was largely dictated by size exclusion. Figure 3b displays after the dye retention 

measurement that I0 became bluish in color, indicating the affinity of the cationic dye MB with 
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the 4VP groups of the membrane. The color changes of M52, E52 and P52 were significantly 

lower compared to that of I0. Hence, we assume that the quaternized 4VP groups repelled the 

cationic MB, which also contributed to the high retention of MB. The color difference between 

I0 and the quaternized membranes M52, E52 and P52 were more obvious when the 100 mg L-

1 aqueous solution of MB was used for the retention measurement (Supporting Information, 

Figure S13a). For 100 mg L-1 feed solution the values of MB retention were RM52 (97%) ≈  RE52 

(95%) ≈ RP52 (96%) >> RI0 (6%) which were higher than those for 10 mg L-1 feed solution 

(Supporting Information, Figure S13c). It is well known that the ionic dyes tend to aggregate 

in solution which is related to dye concentration.[28]  It was reported in literature that MB exists 

in a single molecular state in aqueous solution up to 30 mg L-1, while at a concentration > 60 

mg L-1 it tends to form aggregates.[29]  This probably is the reason behind the similar retention 

efficiency of M52, E52 and P52 for 100 mg L-1 feed solution.  

 

From Figure 2 it is evident that M52 and P52 have relatively obvious differences in 

hydrophilicity. Therefore, we compared the pure water flux (Figure 4a) and MB rejection from 

10 mg L-1 aqueous solution (Figure 4b) of membranes with a series of different degrees of 

quaternization with MeI and 1-PrI, namely M12, M25, M42, M52, M100, P12, P25, P42, P52 

and P55 (the letters M and P stand for MeI and 1-PrI while the following number stands for the 

degree of quaternization, respectively). A decrease of the pure water flux and an increase of 

MB rejection were observed with the increase of the degree of quaternization. These results 

demonstrate that the effective pore size of both of the series of quaternized membranes was 

successfully tailored by controlling the degree of quaternization in a wide range. For the same 

degree of conversion (in the range 12 – 52%), the membranes quaternized by 1-PrI had higher 

water flux and lower MB retention compared to MeI, which proves again that the effective pore 

size can be tuned by controlling the size of alkyl groups. A sharp increase of MB retention was 

observed for M25 compared to M12. A similar increase of MB retention was also observed for 
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P42 compared to P25. Moreover, it is noteworthy that the MB retention of M25 was 

dramatically increased compared to P25. These results suggest that the effective pore size of 

the membranes must cross a minimum limit for high retention of MB. Hence, Figure 4b 

reconfirms that the retention of MB was largely caused by the size exclusion. Efforts have been 

made to predict the pore size at the surface of the SNIPS membrane from the ration of pure 

water flux using a relationship derived from Hagen- Poiseuille equation.[18, 20]  However, there 

are several limitations to obtain the absolute pore size from the ratio of pure water flux (detailed 

discussion is in the Supporting Information, section 2.3.4). At this stage it is not possible for us 

to predict the absolute effective pore size of the quaternized membranes in the hydrated state. 

According to MM2 force field calculation (by chem3D software package), the molecular size 

of MB is 1.1 nm which is consistent with the values reported in literature.[30]  As we have 

successfully tuned the retention of MB between 6 – 98% (Figure 4b), in spite of the limitation 

to determine the absolute value of the pore size in the hydrated state, it is clear that the pore 

size of the PS-b-P4VP membrane can be successfully tuned in the nanofiltration regime by 

quaternization of pore-forming P4VP blocks. 

 

The membrane fabrication and post-modification method presented in this work is promising 

for the production of next generation nanofiltration membranes. The PS-b-P4VP membrane 

prepared by SNIPS had an isoporous layer of well-defined cylindrical channels. By using a 

scalable heterogeneous gas-solid reaction the homogeneity of the quaternization was 

successfully controlled. The effective pore size of the membrane in the hydrated state was 

successfully tuned in a wide range by changing the size of the alkyl groups of the quaternization 

agent and the degree of quaternization. The excellent performance of the membrane to separate 

the cationic MB from aqueous solution demonstrated the potential of these membranes for 

nanofiltration applications. Future research should be directed towards improving the 
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fundamental understanding of transport and rejection behavior of these membranes for water 

purification, wastewater treatment, biomolecule separation etc. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1.  (a) Reaction scheme of quaternization of the PS-b-P4VP membrane. (b) ATR-FTIR 
spectra of I0 and M100. (c) 1H NMR spectra of I0 and M100. Secondary electron (SE) images 
of SEM: cross section and top surface (d, e) I0, (g, h) M100. Back scattered electron (BSE) 
images of SEM: top surface of (f) I0, (i) M100. 

 

 
  



    

 - 16 - 

Figure 2. (a) Snapshots of dynamic contact angle of a water droplet onto I0 surface. (b) The 
change of contact angles onto I0, M52, E52 and P52 surface with time. (c) Water flux of I0, 
M52, E52 and P52 at a transmembrane pressure up to 1 bar at room temperature. Secondary 
electron (SE) images of SEM: top surface of (d) M52, (e) E52, (f) P52. (g) Schematic 
representation of I0, M52, E52 and P52 in the hydrated state. 
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Figure 3. (a) Molecular structure and space-filling model of methylene blue (MB). (b) The 
photography of the feed and permeate solutions of I0, M52, E52, and P52, and the prepared 
membranes after MB rejection measurements using a 10 mg L-1 feed solution. (c) UV-vis 
absorbance of the feed and the permeate solutions of I0, M52, E52, and P52 with feed solution 
of concentration 10 mg L-1. (d) MB retention of I0, M52, E52, and P52 with feed solution of 
concentration 10 mg L-1.  
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Figure 4. (a) Water flux (average value of 0~2 h measurement) of I0 and the membranes having 
the series of different degrees of quaternization with MeI and 1-PrI, respectively. (b) MB 
retention of I0 and the membranes having the series of different degrees of quaternization with 
MeI and 1-PrI, respectively, with feed solution of concentration 10 mg L-1. 
 

 

 
 
 
 


