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Abstract 

 

Membranes were prepared by self-assembly and casting of 5 and 13 wt% poly(styrene-b-

butadiene-b-styrene) (PS-b-PB-b-PS) copolymers solutions in different solvents, followed by 

immersion in water or ethanol. By controlling the solution-casting gap, porous films of 50 and 1 

ɛm thickness were obtained. A gradient of increasing pore size was generated as the distance 

from the surface increased. An ordered porous surface layer with continuous nanochannels could 

be observed.  Its formation was investigated, by using time-resolved grazing incident small angle 

X-ray scattering, electron microscopy, and rheology, suggesting a strong effect of the air-

solution interface on the morphology formation. The thin PS-b-PB-b-PS ordered films were 

modified, by promoting the photolytic addition of thioglycolic acid to the polybutadiene groups, 

adding chemical functionality and specific transport characteristics on the preformed 

nanochannels, without sacrificing the membrane morphology. Photomodification increased 5-

fold the water permeance to around 2 L m-2 h-1 bar-1, compared to that of the unmodified one. A 

rejection of 74% was measured for methyl orange in water. The membranes fabrication with 

tailored nanochannels and chemical functionalities could be demonstrated using relatively lower 

cost block copolymers. Casting on porous polyacrylonitrile supports makes the membranes even 

more scalable and competitive in large scale.     
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1. Introduction  

Membranes prepared by combining block copolymer self-assembly and phase inversion have 

been now explored and optimized for a decade. [1, 2] In addition to high porosity and narrow pore 

size distribution, the membranes can have other interesting properties: various stimuli-responsive 

behaviors,[3, 4] form complex with different metals for catalysis [5] or antifouling activity.[6, 7]  The 

chemical functionality of the membranes can be tailored by incorporating functional groups 

useful for different separations. A number of diblock copolymers have been used for asymmetric 

membrane fabrication by phase inversion.  In most cases, one of the blocks is polystyrene (PS). 

The following hydrophilic blocks have been investigated: poly(4-vinyl pyridine) (P4VP),[8-10] 

poly(2-vinyl pyridine) (P2VP),[11] poly(ethylene oxide) (PEO),[12] poly(acrylic acid).[13] 

Membranes have been also prepared from ABC triblock copolymers, such as polyisoprene-b-PS-

b-P4VP,[14] and PS-b-P2VP-b-PEO.[15, 16] Most prepared membranes operate in the ultrafiltration 

range, with well-ordered and uniform pore sizes of 20-30 nm. The structure formation has been 

recently reviewed.[2] It results from a combination of factors, which contributes to the 

morphology of different layers of the membrane. Micelle formation in the casting solution is one 

of the key aspects. Amphiphilic block copolymers with high Flory-Huggins interaction 

parameters between blocks are therefore particularly convenient for morphology control, 

providing a large flexibility of solvent selection to tune the micelle formation. Membrane 

preparation by the same methodology using only hydrophobic blocks has not been explored yet.  

In this work, we prepared for the first time membranes with well-defined nanostructures based 

on a fully hydrophobic terpolymer, poly(styrene-b-butadiene-b-styrene) (PS-b-PB-b-PS), using 

phase inversion. Fully hydrophobic membranes could be used for applications, such as 

membrane distillation, which require hydrophobic membranes to repel liquid water, but facilitate 

vapor transport. 

The second part of this work explores a method of nanopore functionalization. More 

recently[17] we have demonstrated that nanochannels with 4-5 nm diameter could be formed with 

a high density of hydrogen-bond groups, leading to effective separation of proteins from neutral 

solutes of similar size. Here we promote functionalization by conducting photolytic addition of 

thiols to the polybutadiene blocks to tune the membranes separation capacity. 
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2. Results and Discussion 

Solid bulk morphology 

The synthesized PS40k-b-PB35k-b-PS42k shows typical microstructure (92 wt% 1,4- and 8 

wt% 1,2) of polybutadiene, in benzene, as observed in the 1H-NMR spectrum in Figure S3. The 

size exclusion chromatographs and the molecular characteristics of PS, PS-b-PB1,4 intermediate 

and PS-b-PB1,4-b-PS triblock copolymer are given in the supporting information. 

The equilibrium structure of the bulk of annealed PS40k-b-PB35k-b-PS42k terpolymer films 

was analyzed.  A solid dense film was cast from 5 wt% terpolymer solution in toluene and 

slowly dried for 5 days at room temperature. Figures 1a, 1b and 1e show the transmission 

electron microscope (TEM) images of the film stained with OsO4 (selective for butadiene) and 

the small angle X-ray scattering (SAXS) profile of the film. The TEM images and tomography 

confirmed the formation of highly-ordered bicontinuous structures with a complex 3D network 

of dark/gray stained polybutadiene domains within the bright/unstained polystyrene matrix. The 

double-wave morphology in the right part of Figure 1a is characteristic of the cross-section 

trough the (211) plane of a double gyroid structure.[18] Areas like the ones marked in Figure 1b 

resemble wagon wheel pattern representing the (111) projection and others with the cross-section 

of double gyroid network parallel to the (110) plane.[19] The relative position of the peaks in 

SAXS profile in Figure 1e are located at Ѝφq*, Ѝςςq*, Ѝτπq*, Ѝυπq*, which fall into the 

sequence attributed to gyroid morphology, similar to report in the literature for other systems.[20] 

The lowest diffraction order of Ѝφ corresponds to periodic distances of 106 nm. Distances 

measured by TEM (red scaling marks in Figure 1a) are around 118 nm.  

Tomographic analysis of the film was performed, building a 3D profile of the film 

structure, by acquiring a series of TEM images at different tilting angles. It is evident that the 

terpolymer formed an ordered bicontinuous structure as shown in Figure 1c and 1d (video 

provided as supporting information). 
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 Figure 1. (a, b) TEM images of the bulk of PS40k-b-PB35k-b-PS42k films cast from toluene and 

stained with OsO4; (c) A 20-nm thick virtual slice and (d) 3D rendering models extracted from 

the tomogram shows the well ordered bicontinuous structure and the double wave morphology 

(scale bars are 100 nm) and (e) SAXS profile. 

 Porous PS40k-b-PB35k-b-PS42k membranes were prepared by casting 13 wt% solutions in 

dioxane, tetrahydrofuran (THF), chloroform and toluene. Membranes cast from solutions in polar 

solvents were precipitated in water while those from non-polar solvents were precipitated in 

ethanol. The membranes prepared from dioxane were precipitated both in water and ethanol.  

AFM images of the membranes (Figure 2a) show that solvents and non-solvents 

influenced the structure of the membranes. The bright areas in the AFM images represent the 

polymeric matrix and the dark areas are pores or voids, which are also confirmed by the SEM 

images of the corresponding membranes in Figure S4. Various ordered structures were observed. 

A highly ordered hexagonal structure was obtained for PS40k-b-PB35k-b-PS42k membranes 

prepared from solutions in dioxane coagulated in water. When ethanol was used as coagulation 

bath, a highly isoporous hexagonal structure was obtained with pores slightly more open. 

Membranes prepared from solutions in chloroform had a mixture of hexagonally ordered pores 
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and horizontally aligned cylinders. On the other hand, THF and toluene produced worm like 

structures on the surface.  

The SEM images of the membrane cross sections (Figure 2b) showed that the membranes 

formed a thin ordered layer on the surface, supported by a spongy sublayer structure. As in the 

case of AFM, the images indicate cavities and pores, without chemical contrast. To obtain 

information on PS and PB block distribution, TEM was used. The TEM images of the membrane 

top layer are shown in Figure 3. As in Figure 1, the dark areas correspond polybutadiene 

domains, stained with OsO4. The bright regions could be unstained polystyrene and open 

channels filled with resin in the TEM sample preparation.    

The structure formed on the membrane surface was guided by the partial evaporation of 

the solvent before the immersion in the non-solvent bath. The self-assembly in solution and the 

morphology evolution during evaporation were investigated by SAXS and GISAXS, as shown in 

Figure 4. Figure 4a gives information on how polymer concentration affects order, keeping the 

solvent composition constant. A low order is observed in solutions with 9-13 wt% solutions. 18 

wt% solutions are characterized by peaks, which correspond to hexagonal order. The d-spacing 

at this concentration was 43 nm, slightly lower than the distances between the pore centers of 

membranes cast from dioxane solution, followed by immersion in water. At higher concentration 

(25 wt%), the principal peak was shifted to a lower q, but the characteristic ratio sill corresponds 

to hexagonal order. The lower q means larger d-spacing, larger periodic features. A more 

realistic investigation of the morphology evolution during membrane formation was conducted 

by time-resolved GISAXS with solvent evaporation (Figure 4b and 4c). A film was cast from13 

wt% PS40k-b-PB35k-b-PS42k solutions in dioxane. After 10 s evaporation, scattering peaks with 

ratios corresponding to hexagonally ordered structure were observed. As evaporation proceeded 

the peaks became less evident, indicating that the hexagonal order might be disrupted after 200 s. 

The first peak practically did not shift and the d-spacing calculated from the q values 

corresponding to the intensity maximum was 49 nm, very close to the distances between the pore 

centers of the membranes prepared from dioxane. It is evident that the hexagonal structures 

formed on the final membrane are related to the order achieved during solvent evaporation step. 

By immersion in the non-solvent bath, a fast solvent-non-solvent exchange is promoted. If the 

solution concentration is high and the order stable, the structures achieved in solution are 

practically frozen and pores in the solution-non-solvent interface are formed with solvent 
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transferring to the coagulation bath. In layers far from the interface solvent-non-solvent 

exchange is slower and macrophase separation can proceed, forming larger pores, leading to a 

morphology, which is less influenced by the block self-assembly.  

  As reported for other block copolymer membranes [2] the order in solution guides the 

final membrane morphology. The PS40k-b-PB35k-b-PS42k membranes were prepared by casting 

and immersion in water or ethanol as non-solvents. Self-assembly with a hexagonal order was 

confirmed by SAXS and GISAXS. When immersed in water, a fast solvent-nonsolvent exchange 

takes place. The solvent quality around the copolymer chains fast deteriorate, the polymer-

polymer interaction becomes stronger than between polymer and solvent.  The friction between 

chains increases, reducing the system mobility. The solvent exchange is faster at the copolymer 

solution-non solvent interface. Far from the interface, the non-solvent introduction is slow and a 

macrophase separation evolves forming larger and disordered pores. 
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(a) 

 

 
(b) 

 
Figure 2.  Images of PS40k-b-PB35k-b-PS42k membranes cast from 13 wt% terpolymer in various 

solvents, followed by immersion in water and ethanol: (a) AFM of the surface and (b) SEM of 

cross-sections. 
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(a)                                                                          (b) 

Figure 3. TEM images of membranes cast from PS40k-b-PB35k-b-PS42k solutions in dioxane and 

immersed in (a) water and (b) ethanol. The dark phases in higher magnification correspond to 

polybutadiene. 

 

 

 
                             (a)                                                  (b)                                       (c) 

Figure 4. (a) SAXS curves of PS40k-b-PB35k-b-PS42k solutions in dioxane with different 

concentrations; (b) GISAXS in-plane curves and (c) 2D patterns for films cast from 13 wt% 

PS40k-b-PB35k-b-PS42k solutions after various evaporation times. 

 
Other physical properties of the polymer solutions were investigated using dynamic light 

scattering (DLS) and rheology measurements. The DLS measurements of the dilute solution 

showed only a small variation (20-27 nm) of hydrodynamic radii (Z-average), indicating that the 

solvents have similar interactions with the polymer blocks. Z-average values for PS40k-b-PB35k-b-

PS42k slightly increased in the following sequence chloroform < dioxane < toluene < THF. 

Larger values indicate better solvent quality.  Table S2 shows Hansen solubility parameters (ŭ) 
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of polymer blocks, solvents and non-solvents and solvent-block Flory Huggins interaction 

parameters (ɢ), estimated from their ŭ values.[21] Polystyrene and polybutadiene have similar 

solubility parameters. Their (block-block) Flory-Huggins interaction parameter is as low as 

0.045.[22]  

 
 

 
Figure 5. Frequency sweep of 13 wt% PS40k-b-PB35k-b-PS42k in various solvents. 

         

The radius of gyration (Rg) can be estimated from values of the hydrodynamic radius (Rh) 

measured by DLS, using the following equation [23]: 

Rh = 0.77 Rg            (1) 

Rg values for the copolymer in the different solvents are between 13 and 18 nm.  From Rg values, 

the concentration at which the block copolymer coils start to entangle (ὅᶻ) can be estimated by 
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ὅᶻ
       

         (2) 

where M is molecular weight and NA is the Avogadro number.[24]   The values of ὅᶻare 1-2 wt%.  

This means that the casting solutions used for membrane preparation are highly entangled 

systems. This contributes to some extent of elasticity, reflected in the storage modulus. At higher 

oscillation strain values, disentanglement is promoted and the storage modulus decreases.  

Particularly toluene might be able to plasticize the chains, leading to higher loss modulus over 

storage modulus.   

The rheology measurements (Figure 5) show that PS40k-b-PB35k-b-PS42k in dioxane and 

chloroform has higher viscosity compared to other solutions. This is consistent with the DLS 

measurements, since dioxane and chloroform are less favorable solvents, leading to the lowest 

hydrodynamic radii.  Above ὅᶻ a poorer solvent favors polymer-polymer segment interaction 

over polymer-solvent. Friction between segments increases, reflecting in a higher viscosity.  

Membranes prepared from dioxane and chloroform formed hexagonally ordered pores, while 

those prepared from solutions in THF and toluene formed a worm-like structure. Stronger 

interactions between copolymer segments probably contribute to stabilizing order in solution, 

while in a more flexible liquid system order is lost as the membrane formation proceeds to the 

final steps, by immersion in the non-solvent.   

Both PS and PB blocks are hydrophobic and tend to be equally placed at the air-solution 

interface. Since THF and toluene are less selective than dioxane and chloroform, non-preferential 

wetting is observed during the evaporation step and horizontally aligned cylinders are formed. 

Dioxane and chloroform are more selective to polybutadiene. At the solution-air interface, a 

hexagonally ordered structure is more favored, similar to the formation of metastable surface 

morphology in confined systems with a constant mean curvature.[2]    

 

Membrane modification 

In this paper, we explored the possibility of adding chemical functionality to the PS-b-

PB-b-PS membranes using a simple and scalable photomodifcation route via thio-ene reaction. 

PS40k-b-PB35k-b-PS42k membranes were modified to introduce functional groups to generate 
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hydrophilic channels and facilitate separations with the transport of molecules preferentially 

interacting with carboxylic groups. A photolytic addition to the butadiene groups of the 

membrane was performed using thioglycolic acid, using an analogous procedure reported for 

modification of 1,2-polybutadiene with mercaptoacetic acid.[25] The membrane was immersed in 

thioglycolic acid solutions in methanol with varying concentration (0.07, 0.13 and 0.33 M). 

Benzophenone was used as photoinitiator at different concentrations (0.0015, 0.003 and 0.0073 

M).  The reaction was performed under an oxygen-free condition for 24 h using 365 nm UV 

light.   

Figure S5 shows the FTIR spectra of the membranes with various modification degrees 

and the scheme of the expected reaction. As the concentration of thioglycolic acid increased five-

fold, a peak at 1710 cm-1, corresponding to carboxylic acid groups, appeared. XPS analysis 

(Figure 6) confirmed the incorporation of SCH2COOH groups on the membrane, by the 

appearance of sulfur peaks in the XPS spectrum. The SEM images of the modified membranes 

show an only minor decrease of pore size and no further morphology change (Figure 6, insets). 

Water contact angle measurements on the membrane, before and after modification, indicated 

that hydrophilicity increased. The contact angle changed from 98.3 ± 2.7 for the unmodified film 

to 98.5 ± 2.8, 90.7 ± 0.7 and 84.5 ± 4.2, by exposing it to 0.07 M, 0.13M, 0.33M thioglycolic 

acid solutions. 
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Figure 6. XPS spectra and SEM images (insets) of the PS40k-b-PB35k-b-PS42k membranes before 

and after photolytic addition with 0.33 M thioglycolic acid along with the reaction scheme of the 

photomodifcation (top).  

 
 We have demonstrated here that well-ordered isoporous membranes can be fabricated 

from PS40k-b-PB35k-b-PS42k, a class of block copolymers that are commercially available on a 

large scale. However, we recognized that optimization was necessary to improve the water 

permeation. This was performed by casting thinner PS40k-b-PB35k-b-PS42k films on a porous 

polyacrylonitrile (PAN) support and promoting a photomodification of the hydrophobic 

polybutadiene phase. Figures 7a and 7b show membranes prepared from 5 wt% polymer solution 

in dioxane, leading to a 1-ɛm selective layer with well-ordered structure and self-assembled 

continuous nanochannels. In Figure 7b, the dark phases also correspond to OsO4 stained 

polybutadiene domains. The bright areas are related to the polystyrene phase and empty 

nanochannels. Membranes prepared from the 13 wt% (Figure 3) and 5 wt% (Figure 7b) solutions 

had a similar cross-sectional arrangement in layers close to the surface. However, in the first 

case, the copolymer concentration was much higher. As shown by SAXS in Figure 4 order in 

solution increases with concentration. Therefore a more ordered surface morphology was 

obtained in membranes prepared from 13 wt% than from 5 wt% (Figure 7a). Evaporation time 

was also different in both cases.  
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The thin PS40k-b-PB35k-b-PS42k membrane depicted in Figure 7 was then photomodified 

using 0.33 M thioglycolic acid in methanol for 24 h to incorporate SCH2COOH groups. Energy 

filtered TEM (EFTEM) element map of sulfur (S) was performed to visualize the distribution of 

SCH2COOH along the cross section of the photomodified PS40k-b-PB35k-b-PS42k thin membrane. 

Figure 7c exhibits the S-enriched domains on the photomodified PS40k-b-PB35k-b-PS42k 

membrane, consistent with the bicontinuous structure of the membrane. Zero loss filtered image 

(ZL) of the modified membrane is provided in Figure S5. Figure 7d shows images obtained by 

high angle annular dark field (HAADF), scanning TEM (STEM) and electron energy loss 

spectroscopy (EELS) techniques at high magnification. In contrast to EFTEM mode, the bright 

phase in the STEM mode corresponds to the OsO4 stained polybutadiene domains, while the 

dark phase corresponds to the polystyrene domains and resin-filled nanochannels. High 

magnification STEM-EELS mapping revealed that  S-groups are located, as expected, in the 

polybutadiene (Figure 7d) phase. We believe that nanochannels are present with walls initially 

formed by polybutadiene blocks. The incorporation of carboxylic groups attached to 

polybutadiene by thiol-ene reaction turns the channels hydrophilic, potentially increasing the 

water permeation as confirmed below. 
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Figure 7. (a) SEM image of the surface and (b) TEM (OsO4 stained) of cross-sections of thin 

membranes, prepared from 5 wt% PS40k-b-PB35k-b-PS42k solutions in dioxane cast on 

polyacrylonitrile (PAN) porous support. The inset shows the TEM image at a higher 

magnification; (c) Sulfur-specific L2,3ïedge EFTEM imaging, (d) HAADF images and STEM-

EELS map of S L2,3-edge of the modified PS40k-b-PB35k-b-PS42k membrane.  

 

Filtration measurements performed with the thin PS40k-b-PB35k-b-PS42k layer (Figure 7) 

membrane on PAN support confirmed that the photoaddition of thioglycolic acid on the 
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membranes improved the water permeance by a factor of 5 (Figure 8a) and doubled the 

permeation of methanol compared to that of non-modifed membranes. This result indicates that 

the photomodification created a higher preferential transport path for water, due to the presence 

of carboxylic acid groups along the channels. The membranes before and after modification had 

stable flux in a continuous dead-end filtration cell for more than 8 hours at 3-bar transmembrane 

pressure, indicating that the mechanical stability of the membranes in terms of compaction is not 

altered by the chemical modification. 

The membranes rejected 74% of methyl orange (327 g/mol) and 100% of brilliant blue R 

(826 g/mol) in water (Figure 8b) with no significant adsorption of dyes on the membrane surface 

(Figure S7). We then examined the rejection of a neutral dye (vitamin B12) and a positively-

charged dye (rhodamine B). The membrane had almost no rejection for vitamin B12 and 

rhodamine B (Figure 8c). A small decrease of the rhodamine B absorption peak in the permeate 

was due to a severe adsorption of the dye as depicted in Figure S7. The mean pore size of the 

functionalized membrane was then estimated using poly(ethylene glycol) (PEG) as neutral solute 

with different molecular weights (Figure 8d). The results suggested that the membrane had mean 

pore sizes of 4.4 nm with the pore size distribution presented in Figure S8. Although the methyl 

orange and brilliant blue have molecular sizes of around 1 nm, their transport through the 

membranes is highly affected by the surface charge of the modified PS40k-b-PB35k-b-PS42k 

nanochannels. The presence of SCH2COOH groups provides more negatively-charged pore walls 

due to the carboxylic acid moieties. The tortuosity of the PS40k-b-PB35k-b-PS42k nanochannels 

might also influence the solute transport. The transport mechanism of dyes, in this case, is 

similar to the ion rectification mechanism through nanofluidic channels, which is influenced by 

several factors, which include surface charge, surface-to-volume ratios, double layer overlap and 

entropic barriers.[27] Furthermore, the significant increase in the water permeance after the 

incorporation of SCH2COOH groups shows that our approach provides the opportunity to push 

the membrane performance beyond the permeability-selectivity trade-off. The permeance can be 

further increased by optimizing the reaction condition (e. g. temperature, concentration) as well 

as increasing the amount of 1,2-polybutadiene content in the block copolymer due to its higher 

reactivity compared to the 1,4-polybutadiene. 
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Figure 8. (a) Water  and methanol permeance of modified and unmodified PS40k-b-PB35k-b-PS42k 

thin membranes; (b) UV-Vis absorption spectra of methyl orange (MO) and brilliant blue (BB), 

as well as (c) vitamin B12 (B12) and rhodamine B (Rho) feeds and permeates from the filtration 

tests of the modified PS40k-b-PB35k-b-PS42k thin membranes; (d) Rejection of PEG with different 

molecular weights of the modified PS40k-b-PB35k-b-PS42k thin membranes.  

 

Exploration of other thiol-ene reactions for the photolytic addition of the PS40k-b-PB35k-b-

PS42k membranes can be done, using different types of thiol compounds. For instance, radical 

photoaddition of thiols reported onto 1,2-polybutadiene could be adapted to the PS-b-PB-b-PS 

membranes. [28] This photoaddition involves thiols containing carbonyl, amino acids, glucose, 

and cholesterol molecules that would be interesting for specific separations. Such functional 

groups can create selective nanochannels, which exhibit special interaction (e. g. hydrogen 

bonding, electrostatic interactions, etc) with molecules passing through the membranes to 

perform separations that cannot be done by conventional membranes, as previously demonstrated 

by our group, using a block copolymer containing hydrogen bonds sites. [17] In addition, the 

increased hydrophilicity of the membranes after modification can be beneficial to improve the 
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anti-fouling properties of the membranes. Our approach can open the avenue to develop robust 

nanofiltration membranes, having a sharp selectivity in the sub-nanometer range, in addition to 

another interesting approach using post pore functionalization, recently demonstrated by Zhang 

et al.[29] On the other hand isoporous hydrophobic block copolymer membranes have been rarely 

reported before and therefore new applications can profit from this class of membranes. The 

hydrophobicity of the unmodified membranes as well as the high porosity and well-defined 

nanochannels can be promising for applications such as membrane distillation,[30] membrane 

crystallization,[31] and thermo-osmotic energy conversion.[32]   

Finally it is worth to mention that PS-b-PB-b-PS terpolymers with other block ratios have 

been produced as bulk commodity with lower price compared to other block copolymers for 

mass industrial application. Being able to develop membranes from PS-b-PB-b-PS can be an 

important step in terms of increasing the economic competitiveness of this class of membranes.    

 
3. Conclusions 

Our results show that membranes with narrow pore size distribution and well-defined 

nanostructures can be manufactured by combining self-assembly and phase inversion of PS-b-

PB-b-PS terpolymers. Small angle X-ray scattering techniques, as well as rheology and electron 

microscopy were used to follow the structure formation of the membranes from the terpolymer 

that has a unique bicontinuos structure in the equilibrium state. This analysis leads to a better 

understanding of the air (vapor)-solution interface effects on the formation of the ordered surface 

structures of the membranes. Further modification of the membranes using thiol compounds 

provides the possibility to attach various functional groups for a specific separation without 

sacrificing the membrane morphology. Thin PS-b-PB-b-PS membranes fabricated on PAN 

support show an attractive performance for nanofiltration applications.  Photomodification of the 

membranes using thioglycolic acid demonstrates a preferential water transport, giving the 

opportunity to develop membranes with a performance beyond the permeability-selectivity trade-

off using a robust and economically-viable block copolymer.  

 
4. Experimental 

4.1. Materials 
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1,4-dioxane (anhydrous, 99.8%), toluene (anhydrous, 99.8%), thioglycolic acid (Ó99%) were 

purchased from Sigma-Aldrich. Benzophenone (99%) was supplied from Alfa Aesar, 

tetrahydrofuran (Ó99.5%) from Carl Roth, and chloroform from Fisher Scientific.  

 

4.2. Polymer Synthesis 

The linear triblock copolymer (PS-b-PB1,4-b-PS) [PS: polystyrene; PB1,4: poly(butadiene) 

with high 1,4-microstructure], was synthesized via sequential anionic polymerization high 

vacuum techniques.[33, 34] The detailed experimental procedure and the molecular characteristics 

of the samples are given in the Supporting Information. 

 

4.3. Membrane preparation 

Membranes were prepared by dissolving 13 wt% PS40k-b-PB35k-b-PS42k block copolymer in 

dioxane. The solution was cast on a polyester nonwoven support, using a doctor blade with 250 

ɛm air gap. The solvent was partially evaporated during 10 s before plunging the cast film into 

the precipitation bath of water or ethanol at room temperature. Thin PS40k-b-PB35k-b-PS42k 

membranes were prepared using 5 wt% PS40k-b-PB35k-b-PS42k solution in dioxane. The solution 

was cast on a polyacrylonitrile membrane support (GMT Membrantechnik GmbH; Germany) 

using a doctor blade with 50 ɛm air gap. After 1 min of evaporation at room temperature, the 

cast film was immersed in water. 

 

4.4. Microscopy 

4.4.1. Field emission scanning electron microscopy (FESEM) 

FESEM images of membrane surface and cross-section were acquired using FEI Novanano 

microscope at accelerating voltages of 3 kV and working distances of 2.5-3 mm. The cross 

section samples were stained with osmium tetroxide (OsO4) to improve the rigidity before 

fracturing in liquid nitrogen. The samples were mounted on aluminum stubs using aluminum 

tape and sputter coated using Iridium with 2-5 nm thickness before imaging.  

4.4.2. Atomic force microscopy (AFM) 

Agilent 5500 AFM was used to obtain the topography profiles of the membrane surfaces. 

The measurement was operated in tapping mode using PicoView 1.8 software. A silicon 
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cantilever probe with a resonance frequency of 76-263 kHz and force constant of 1.2-29 Nm-1 

was used for the measurement. The acquired imaging data were post-processed using Gwyddion 

data analysis software.   

4.4.3. Transmission electron microscopy (TEM) 

TEM analyses of dense films annealed films and membrane cross-sections were conducted 

on a FEI Tecnai 12 microscope, operating at 120 kV. The membranes were first stained with 

OsO4 selective for the alkene double bond to provide contrast and increase the membrane rigidity 

for microtomy. The samples were then embedded in an epoxy resin and cured at 60 oC for 24 h. 

Ultrathin sections (60-80 nm) were prepared using an ultramicrotome (Leica EM UC6) with a 

diamond knife. The sections were collected on a 200-300 mesh copper grid prior to imaging.  

TEM tomography was performed using a Titan CT ( FEI company) operating at 300 kV 

equipped with a 4k 4k CCD camera (Gatan, Pleasanton, CA, USA). Tilt series for tomographic 

reconstruction were acquired using the Xplore 3D tomography software (FEI Company). The 

sample was tilted from 65 to +65 and images were captured at 2 degree initial intervals following 

a Saxton scheme. Tomograms were generated using a back projection algorithm as implemented 

in the IMOD software. 3D rendering models were generated with the segmentation tools 

implemented in Avizo. 

Energy filtered TEM (EFTEM), high angle annular dark field (HAADF), scanning TEM 

(STEM) and electron energy loss spectroscopy (EELS) imaging and analysis were performed 

using an FEI Titan ST microscope equipped with a Schottky field emission gun working at 300 

kV and Gatan Triediem energy filter.  

EFTEM map of sulfur L2,3-edge (165 eV) was acquired using a contrast aperture of 20 eV to 

reduce the aberrations mostly chromatic, and the three windows method to extrapolate the 

background. Zero loss filtered image (ZL) was acquired as a reference with an energy slit of 20 

eV. STEM-EELS mapping was performed in the energy range of the core loss of sulfur L2,3 edge 

as well to reveal in more detail the sulfur distribution. In the both analytical techniques, EFTEM 

and STEM-EELS, the S L2,3-edge (165 eV) is not affected by any superposition effect of the 

signals coming from other main elements in the sample, i.e. carbon, oxygen, and osmium. The 

energies of C K-edge (284 eV), O K-edge (532 eV), Os O2,3-edge (45 eV), Os M5-edge (1960 

eV) and Os M4-edge (2031 eV) are ewll away from the S L2,3-edge. 
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4.5. Dynamic light scattering (DLS) 

The hydrodynamic radii (Z-average) of block copolymer dilute solutions in various solvents 

were measured using Malvern Zetasizer with 173o backscatter measurement angle and glass 

cuvette with square aperture. Each sample was measured three times with 12-17 runs per 

measurement. 

 

4.6. Rheology 

Rheological measurements were performed using AR 1500ex rheometer at 25 °C. A cone 

and plate fixture with 20 mm diameter and 1° cone angle was used. An oscillation strain of 1% 

was used for the frequency sweep measurements of PS40k-b-PB35k-b-PS42k solutions in dioxane, 

THF and chloroform, and 10% for solutions. The samples compositions were identical to the 

membrane casting solution composition: 13 wt% copolymer in dioxane, THF, chloroform, and 

toluene. 

 

4.7. Small angle X-ray scattering (SAXS) and grazing-incident SAXS (GISAXS) 

SAXS measurements of the block copolymer solutions and solid dense films were 

performed at the SAXS1 beam line of the Brazilian Synchrotron facility (LNLS). A fixed energy 

of 8.0 keV and X-ray wavelength of 1.55 Å were used with a sample-to-detector distance of 

3.057 m and a beam area of 1 mm2. The 2D scattering patterns were acquired using PILATUS 

detector with 172 ɛm2 pixels. The solution was transferred using a syringe into a vacuum cell 

equipped with windows covered by mica through which the beam incides. The terpolymer dense 

film was fixed using a film fixture provided at the beamline. Each measurement was done with 

300 s exposure time and 2-4 frames. The acquired 2D patterns were first corrected for primary 

beam intensity and substracted by the background scattering. The intensity versus scattering 

vector (q) profiles were obtained as the average of the azimutally integrated 2D patterns. 

Time-resolved GISAXS experiments were performed by film casting and spin-coating thin films, 

at the D1 beam line of the Cornell High Energy Synchrotron Source (CHESS). A beam energy of 

10.6 keV and X-ray wavelength of 1.166 Å were used. The copolymer solution was first dropped 

using a pipette onto a glass substrate fixed on the sample goniometer with a sample-to-detector 

distance of 1.77 m. An in situ doctor blading system[35] was used to cast films with a thickness of 
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200 ɛm, using a casting speed of 1500 ɛm/s. GISAXS measurements with an incident angle of 

0.13° were immediately initiated after casting. 2D scattering patterns with 1 s exposure time 

were acquired every 2 s using Pilatus 200k detector. Fit2D software was used to obtain 1 D 

profile of the scattered intensity versus scattering vector (q) for horizontal projections. The ratios 

between the peak positions and the principal peak (q*) indicate the predominant order of the 

nanostructured film with domain spacing (d-spacing), calculated as 2ˊ/q*.  

 

4.8. Modification by UV photoreaction 

PS40k-b-PB35k-b-PS42k membranes were modified by applying a photolytic reaction with 

thioglycolic acid.[25] The membranes were first immersed and washed in methanol before 

reaction. For membrane areas of 1.5 cm2, 2-10 mg benzophenone was mixed with 7.5 mL 

methanol in a flask and  thioglycolic acid was added at concentrations of approximately 0.07 to 

0.33 M. The membrane was fully immersed into the solution and the flask was capped. The 

solution was shaked several times and sparged with nitrogen for 5 min to displace oxygen. The 

mixture was exposed to UV light (365 nm, 8 W) in a closed box with a cooling system to 

maintain the reaction condition approximately at room temperature. After 24 h the membrane 

was rinsed with ethanol and deionized (DI) water and heated against DI water at 50 °C for 1 h. 

For Fourier transform infra red spectroscopy (FTIR), X-ray photoemission spectroscopy (XPS), 

and microscopy characterizations, the membranes were dried under nitrogen stream. The FTIR 

measurements were performed on a Thermo Nicolet iS10 and XPS was performed on a Kratos 

Axis Ultra DLD spectrometer. 

 

4.9. Filtration measurements 

Filtration tests through the membranes were performed using a dead-end Amicon cell for 

ultrafiltration (effective membrane area = 4.1 cm2). Transmembrane pressure used for all the 

tests was 3 bar. The volumetric amount of permeance (V) collected during the filtration period (t) 

was measured, and then flux (ὗ) and permeance (ὐ) were calculated using Equation 3 and 4 as 

follows. 

ὗ  
ὠ

ὃȢὸ
          σ                                           ὐ

ὗ

Ўὖ
        τ 



22 

  

where ὃ is the effective membrane area, and Ўὖ is the pressure difference between the feed and 

permeate. Rejection of dyes (Methyl Orange, Brilliant Blue R, Rhodamine B, and Vitamin B12) 

was observed using feed solutions of 100 ppm dyes in water. Dye concentrations at the feed and 

permeate were measured using NanoDropTM 2000/2000c spectrophotometer (Thermo Fisher 

Scientific) at 466 nm and 555 nm for Methyl Orange and Brilliant Blue, respectively. Rejections 

(Ὑ) were calculated with the Equation 5. 

Ὑ ρ
ὧ

ὧ
ὼ ρππϷ                                                            υ 

where ὧ and ὧ are the concentrations of dyes in the permeate and feed solution. Rejection of 

poly(ethylene glycol) (PEG) was measured using aqueous solutions of 200, 1,000, 3,000, 10,000, 

35,000 and 100,000 g mol-1 PEG with a concentration of 0.1 wt% each. The measurement of the 

PEG 35,000-100,000 mixture was performed separately. PEG content in the feed and permeate 

was determined using gel permeation chromatography (1260 infinity GPC/SEC, Agilent 

technologies) with two columns in series (PL aquagel-OH 40 and 60). The rejection values of 

different PEG as well as calculation of PEG diameter using Stokes radius equation (Equation 

6)[36, 37] was then the used to estimate the mean pore size of the membrane with an assumption 

that the interaction between solute and membrane pores is negligible.  

 

Á ρφȢχσ ὼ ρπ - Ȣ                                               φ 

 

where a is the Stokes radius (cm) and M is the PEG molecular weight (g mol-1).  

The mean pore diameter of the membrane (ɛp) was determined as the PEG size (dp = 2a) 

having 50% rejection. To obtain the pore size distribution, geometric standard deviation (ůp) was 

estimated as the ratio of the PEG diameter (dp) at 84.13% rejection over that of 50% rejection. 

From the obtained ɛp and ůp, the membrane pore size distribution was then determined as the 

probability density function, ÄὪÄ ȾÄÄ , using Equation 7:[38]   

ÄὪÄ

ÄÄ
 

ρ

Ä ÌÎ ʎЍςʌ
ÅØÐ
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