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Abstract: Amphiphilic block copolymer (BCP) thick films with stimuli-responsive pores are 

promising candidates for the manufacturing of next-generation ultrafiltration (UF) membranes 

since their smart nanochannels facilitates the removal of fouling which is considered as one of 

the biggest challenges in membrane technology. In this work, a well-defined polystyrene-block-

poly(2-vinylpyridine)-block-poly(N-isopropylacrylamide) (PS-b-P2VP-b-PNIPAM) 

terpolymer was prepared for the first time via reversible addition-fragmentation chain transfer 

(RAFT) polymerization. The combination of the nonsolvent-induced phase separation (NIPS) 

process with a solvent vapor annealing (SVA) treatment was used to produce nanostructured 

pH- and thermo-double sensitive ABC-type BCP thick films. Here, the NIPS-made PS-b-P2VP-

b-PNIPAM thick film, comprising a microporous spinodal-type network substructure, topped 

by a dense thin layer of poorly defined nanopores is transformed into a monolith entirely 

composed of a well-ordered perforated lamellar (PL) phase upon exposure to a chloroform 

vapor during 6h. Such kind of PL-structured monoliths, showing a permeance value as high as 

18 L.h-1.m-².bar-1 at 46°C and pH = 7 with an excellent temperature cyclability, are highly 

desired to manufacture smart separation-based UF materials able to transit their pore state from 

hydrophilic to hydrophobic (and vice versa), thereby leading to much more efficient detachment 

of foulants during the cleaning process.  

Keywords: PS-b-P2VP-b-PNIPAM, RAFT polymerization, thermo-sensitive, pH-responsive, 

membrane. 
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Introduction  

Over the last decade, amphiphilic block copolymers (BCPs) have attracted extensive 

attention to manufacture ideal membranes combining high selectivity and good permeability 

for valuable ultrafiltration (UF) applications (e.g., water purification with complete rejection of 

virus, biopharmaceutical separations, etc.).1-5 Such innovative materials with a better figure of 

merit compared to the state of the art membrane are based on the BCP self-assembly into well-

ordered nanofeatures leading to the formation of monodisperse pores in high areal density (up 

to 10 terapores per inch²) on the membrane top surface.6  

However, in UF processes, the inevitable flux decline of membranes caused by the 

accumulation of foulants in the nanopores is particularly challenging to solve since low shear 

forces can be achieved in such small pores.7 One appealing approach to prevent the fouling 

effects (i.e., flux decline, high-energy consumption and material lifetime decreasing) is the 

nanodesign of smart membranes with an adjustable pore shape that can be controlled by external 

stimuli such as temperature, pH, ion concentration and redox potential.8-11 In this way, one key 

feature of BCP membranes is the facile implementation of specific properties within the 

material since microphase-separated domains afford to overcome the dilemma between the 

mechanical strength of the material and a macromolecular dynamic under an external stimulus 

required for facilitating the cleaning process.   

Following this strategy, several BCP membranes containing a stimuli-responsive block have 

been demonstrated by using a nonsolvent-induced phase separation (NIPS) preparation 

method.12-16For instance, asymmetric membranes with pH-responsive pores were achieved by 

using polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) chains since the 

swelling/shrinking switches of the weak polyelectrolyte P2VP by protonation/deprotonation 

lead to a closing/opening state of the nanochannels.17 In another example, thermoresponsive 

PS-b-poly(N-isopropylacrylamide) (PS-b-PNIPAM) membranes were produced due to the 

lower critical solution temperature (LCST) of PNIPAM occurring at 32°C.7 Here the effective 

porosity of nanochannels can be regulated according to changes in the water temperature since 

the PNIPAM block swells below its LCST, thus restricting the formation of large pores and 

vice versa. This behavior makes that an increase of the permeability by almost 400% was 

observed above the PNIPAM LCST. However, the formation of monodisperse PNIPAM-based 

nanochannels was not demonstrated for these single-responsive PS-b-PNIPAM membranes. 

More recently, original linear and star-shaped PNIPAM-b-poly(vinylidene fluoride) (PNIPAM-

b-PVDF) membranes with a thermoresponsive character were produced by Algarni and 

coworkers.16 Although some PNIPAM-b-PVDF membranes revealed an interesting zig-zag 



morphology at the micron scale, again monodisperse PNIPAM-based nanochannels in a high 

areal density were not generated during the NIPS process. 

  To take the concept one-step further, membranes showing both pH-and thermo-responsive 

behavior have also been manufactured.  For instance, Clodt et al. have recently obtained this 

dual responsive behavior by coating an end-functionalized PNIPAM homopolymer on a pH-

responsive PS-b-P4VP membrane via “grafting to” approach.14 

Generally, in the “grafting to” approach, the diffusion of the end-functionalized 

homopolymers into the nanoscale pores is prevented by the polymer brushes already grafted on 

the membrane surface. Here, we have synthesized for the first time PS-b-P2VP-b-PNIPAM 

terpolymers via reversible addition-fragmentation chain transfer (RAFT) polymerization to 

produce asymmetric thick films endowed with thermo/pH dual responsive nanodomains. We 

show that the non-permeable NIPS-made PS-b-P2VP-b-PNIPAM thick film, consisting of a 

microporous (spinodal) network substructure and a dense top layer with a poorly-defined phase, 

is transformed into a permeable monolith entirely composed of a well-ordered perforated 

lamellar (PL) phase during the solvent vapor annealing (SVA) treatment. Water permeability 

tests were carried out to confirm the dual responsive behavior of the P2VP/PNIPAM nanopores 

formed within the PL-structured monolith as well as their good thermal cyclability. Such 

multifunctional monoliths with unique nanoscale properties provide prospect to the fabrication 

of efficient easy-to-clean separation based-materials. 

         

     Results and discussion 

The general route used in this work to prepare PS-b-P2VP-b-PNIPAM terpolymers by RAFT 

polymerization is presented in Scheme 1.  

 
Scheme 1.  General route for RAFT polymerization of the (1) PS, (2) PS-b-P2VP and (3) PS-

b-P2VP-b-PNIPAM macro-RAFT agents.  



 

Our approach was to start with (1) a bulk styrene polymerization using trithiocarbonate as 

RAFT agent and AIBN as the initiator, (2) followed by an extension with 2VP conducted in 

1,4-dioxane in presence of AIBN and (3) then with NIPAM under similar conditions. According 

to the literature, this RAFT polymerization approach optimizes the synthesis of the PS-b-P2VP-

b-PNIPAM system since starting by a PNIPAM macroRAFT to prepare a PNIPAM-b-P2VP-

b-PS terpolymer may cause retardation of the styrene polymerization due to slow initiation, 

slow fragmentation of the intermediate radicals and possible irreversible termination 

reactions.18 Figure S1 shows the size exclusion chromatography (SEC) traces of the PS 

homopolymer (hPS) (purple) and PS-b-P2VP BCP (red) macro-RAFT agents as well as the  

desired PS-b-P2VP-b-PNIPAM terpolymer (green) for which the synthesis preparation 

conditions are detailed in the experimental section. All SEC traces exhibit a narrow, unimodal 

distribution with no evidence of high molecular weight polymers that may justify uncontrolled 

polymerization or coupling reactions. Moreover, the shift of the SEC curves toward higher 

molecular weights, which comes from the difference in the hydrodynamic volumes of the hPS, 

PS-b-P2VP BCP and PS-b-P2VP-b-PNIPAM terpolymer, fully supports the successful 

preparation of targeted ABC triblock terpolymer chains with low dispersity (Đ < 1.32). Note 

that the molecular weight (Mn) of the hPS macroRAFT was found to be 28.2 kg/mol (Đ = 1.09) 

using PS standards. 

To determine the molecular weights of the P2VP and PNIPAM blocks, 1H nuclear magnetic 

resonance (NMR) spectra of the AB- and ABC-type BCPs were used (see Fig. S2). By 

comparing the 1H NMR integral ratios between the characteristic signal of PS at δ = 6.59-7.05 

ppm and those of P2VP (δ = 8.25 ppm) and PNIPAM (δ = 3.99 ppm), the molar masses of the 

PS-b-P2VP and PS-b-P2VP-b-PNIPAM BCPs were calculated to be 34.6 kg/mol and 42.5 

kg/mol, respectively. Therefore, the proton NMR spectroscopy indicates that PS-b-P2VP-b-

PNIPAM chains consists of PS (28.2 kg/mol, PS = 0.68), P2VP (5.8 kg/mol, P2VP = 0.13) and 

PNIPAM (8.5 kg/mol, PNIPAM = 0.19) where  represents the different volume fractions (see 

Table 1). Note that the PS-b-P2VP-b-PNIPAM chains were devised with a relatively low 

molecular weight in order to overcome the trade-off between the terpolymer chain mobility 

when exposed to a CHCl3 vapor and sufficiently good mechanical properties to generate non-

brittle (freestanding) films. 

 

 

 



Block PS P2VP PNIPAM 

Mn,NMR (kg/mol) 28.2 5.8 8.5 

Vol. fraction 0.68 0.13 0.19 

Table 1: Molecular weight and composition of the PS-b-P2VP-b-PNIPAM system used in this 

work. 

 

As the presence of PS homopolymer or even PS-b-P2VP BCP within the ABC triblock 

terpolymer thick film can strongly affect the phase behavior of the PS-b-P2VP-b-PNIPAM 

chains, the powder purity was established by 2D-diffusion-ordered spectroscopy (DOSY)-

NMR (see Fig. S3). The NMR experiment revealed that 1H resonances belonging to the PS, 

P2VP and PNIPAM blocks are aligned with the same horizontal for the PS-b-P2VP-b-PNIPAM 

terpolymer, thereby indicating a good purity of the powder since all the signals arise from the 

same macromolecule having a diffusion coefficient of 5.01 x 10-11 m2.s-1. It is noteworthy that 

the diffusion coefficients of the PS and PS-b-P2VP chains are higher since they are found to be 

6.60 x 10-11 m2.s-1 and 8.31 x 10-11 m2.s-1, respectively. 

Thick film morphology formed by the PS-b-P2VP-b-PNIPAM terpolymer was also studied. 

Both the top view scanning electron microscopy (SEM) and atomic force microscopy (AFM) 

topographic images presented in Figure S4 reveal the representative top surface morphology 

of a PS-b-P2VP-b-PNIPAM thick film that was manufactured by NIPS from a 18 wt. % 

polymer solution in a di-solvent mixture of 1,4-dioxane and tetrahydrofuran (DOX/THF: 1/1 

w/w). These micrographs show that a dense top surface layer with poorly defined domains is 

produced when the mixture of di-solvents is allowed to evaporate from the PS-b-P2VP-b-

PNIPAM thick film for 30s before immersing the material into a coagulation (water) bath to 

induce the phase inversion. To know more about the skin layer morphology and gain insight 

into the porosity generated by NIPS within the material, cross-sectional SEM views were also 

taken (see Fig. 1).  

 



  
Figure 1.  Cross-sectional SEM views of an asymmetric PS-b-P2VP-b-PNIPAM thick film 

generated by NIPS showing: (a) the full material having a thickness of 21 µm, (b) a 500 nm 

thick top layer (light gray) with a poorly defined phase topping the sponge-like substructure, 

and (c) the formation of a thin dense bottom layer without any pores. 

 

The cross-sectional SEM image of the full material reveals a 21 µm thick PS-b-P2VP-b-

PNIPAM film consisting of a (dark gray) microporous spinodal-type network substructure19 

and a (light gray) dense top surface layer (see Fig. 1a). The magnified SEM view of the upper 

region of the NIPS-made PS-b-P2VP-b-PNIPAM thick film confirms that the dense top layer 

with a thickness of 500 nm exhibits a poorly defined nanophase (see Fig. 1b). At the opposite 

interface of the PS-b-P2VP-b-PNIPAM thick film, a dense thin bottom layer20 (thickness of 

few tens of nanometers) without any open pores can be observed from the magnified SEM view 

taken at the vicinity of the bottom interface (see Fig. 1c and S5). The presence of a dense and 

non-porous surface layer at each face of the NIPS-made PS-b-P2VP-b-PNIPAM thick film 

should explain why the water flux across this material is zero (i.e., non-permeable polymeric 

thick film). 

 One way to improve the water permeability of the PS-b-P2VP-b-PNIPAM thick films is to 

generate well-defined permeable nanochannels within the top and bottom dense layers. To this 

end, the polymeric thick films were exposed to a CHCl3 vapor during 6h in order to promote 

the self-assembly of the PS-b-P2VP-b-PNIPAM chains into a thermo/pH dual responsive 



nanoporous morphology. After the SVA treatment, the SEM image presented in Figure S6 

shows that the material top surface exhibits well-defined in-plane cylinders or out-of-plane 

lamellae arranged into large grains. The AFM topographic image presented in Figure 2a reveals 

that the equilibrium structure formed on the material top surface consists more precisely of an 

alternation of well-defined PS (bright) and P2VP/PNIPAM (dark) out-of-plane lamellae having 

a period of 37 nm, as extracted from the fast Fourier transform (FFT). The associated high-

resolution mapping obtained by using a Laplacian matrix deconvolution method allows 

distinguishing the presence of dark holes within the PS lamellae, which indicates that the 

nanostructure is rather a perforated lamellar (PL) phase (see Fig. 2b). 

  
Figure 2.  (a) AFM topographic view and (b) its associated high-resolution mapping obtained 

by using a Laplacian deconvolution matrix that show a 37 nm period fingerprint pattern formed 

on the top surface of a solvent-annealed (6h, CHCl3) PS-b-P2VP-b-PNIPAM thick film 

subsequently treated by a CF4 plasma. Insets: Magnified AFM topographic image and its 

corresponding high-resolution mapping showing the presence of lamellae with dots arising 

from PS perforations. Schematic representation of the PL phase showing the core-shell (green) 

PNIPAM-(red) P2VP lamellae perforated by (purple) PS protrusions connecting the 

adjacent PS lamellae.  

 

In general, the perforation formed within the PL phase obeys either to a conventional 

hexagonal or tetragonal symmetry.21 As the symmetry of PS perforations extended through the 

P2VP/PNIPAM lamellae remains unclear from the AFM topographic image, grazing incidence 

small X-ray scattering (GISAXS) experiments were performed to elucidate the protrusion 

packing arrangement. The 2D GISAXS pattern presented in Figure S7 indicates that the PS 

perforations are arranged into a rhombic array (c2mm crystallographic group) with the lattice 

parameters a = 37 nm and b = 26 nm and a preferential (10) plane orientation parallel to film 

free surface, instead of the common hexagonal or tetragonal packings expected for a PL 



structure. These results compare favorably with the cross-sectional SEM images presented in 

Figure S8 showing the formation of a rhombic array with similar lattice parameters (a = 36 nm 

and b = 26 nm) extracted from the 2D-FFT. Note that the formation of a bicontinuous PL 

structure with perforations ordered into a rhombic array has been recently observed both from 

asymmetric poly(1,1-dimethyl silacyclobutane)-b-PS-b-P2VP thick films and their monolith 

homologs, depending on the SVA treatment duration.22 

Here to highlight the fabrication of monoliths entirely composed of the PL phase after the 

SVA treatment, cross-sectional SEM images were taken from the top, middle and bottom 

regions of a PS-b-P2VP-b-PNIPAM film (see Fig. 3). The cross-sectional SEM view presented 

in Figure 3a reveals that the PS-b-P2VP-b-PNIPAM material has densified during the SVA 

treatment to form a symmetric film exhibiting a well-developed PL structure (see Figures S8 

and S9) as attested by a strong decrease of the film thickness (14 µm). This phenomenon can 

be attributed to the growth of the nanoporous PL phase at the expense of the microporous 

spinodal-type network structure. Moreover, the cross-sectional images taken close to the top 

and bottom interfaces of the solvent-annealed (6h, CHCl3) PS-b-P2VP-b-PNIPAM thick film 

show both the presence of a self-assembled structure which clearly indicates the formation of a 

monolith entirely composed of a nanoporous PL phase (see Fig. 3b,c). 

 



 
Figure 3.  Cross-sectional SEM views of a solvent-annealed (6h, CHCl3) PS-b-P2VP-b-

PNIPAM thick film generated by NIPS-SVA showing (a) the full symmetric material having a 

thickness of 14 µm as well as the formation of the nanoporous PL phase in the vicinity of the 

(b) top and (c) bottom interfaces.   

 

To show that the SVA treatment allows manufacturing PS-b-P2VP-b-PNIPAM materials 

endowed with thermo/pH dual responsive nanopores, flux performance tests were conducted at 

different water environments (i.e., different temperature and pH conditions) (see Fig. 4). To 

study the thermo-responsive behavior, the water fluxes of solvent-annealed (6h, CHCl3) PS-b-

P2VP-b-PNIPAM monoliths were recorded at temperatures well below and above the LCST 

transition of the PNIPAM block (32°C) under neutral pH conditions (pH = 7) (see Fig. 4a). 

Prior to do the measurement, the PS-b-P2VP-b-PNIPAM monoliths generated by NIPS-SVA 

were deposited on a highly permeable polyvinylidene difluoride (PVDF) support and the 

permeance was then plotted as the function of the water pressure applied from 0.5 to 2 bar, 

using a dead-end stirred ultrafiltration cell.23 The PS-b-P2VP-b-PNIPAM monoliths 

demonstrated an excellent stability over failure even at high feed pressure (over 2 bar) since a 



linear change in water flux with the increase in pressure drop is observed regardless of the 

temperature (20°C and 46°C). Water permeance values were measured to be 2 and 18 L.h-1.m-

².bar-1 at 20°C and viscosity corrected at 46°C, respectively, which demonstrates the thermo-

sensitive character of the PL-structured monoliths. Importantly, the flux performance recorded 

at 46°C was corrected for the temperature dependence of water viscosity to determine the 

temperature-dependent changes that only outcome from the thermo-responsive behavior of 

PNIPAM-based nanopores.7,12  

 

  
Figure 4.  (a) Water fluxes, J, of the PS-b-P2VP-b-PNIPAM monoliths measured at different 

temperatures: (black squares) 20°C and viscosity corrected (red dots) 46°C. Uncorrected data 

(blue triangles) measured at 46°C are also given while error bars are the standard deviations of 

the mean relative permeance values calculated for two different samples. (b) Reversibility of 

the water permeance as a function of the temperature cycles (20°C and 46°C). Both uncorrected 

(blue triangles) and viscosity corrected (red dots) data are given. (c) J measured at 1 bar in 

acidic and basic water environments (pH = 3 and 9.5) for different temperatures: (black squares) 

20°C and viscosity corrected (red dots) 46°C. (d) Schematic drawing of the PS-b-P2VP-b-

PNIPAM terpolymer and illustration of the stimuli-responsive P2VP/PNIPAM nanopore 

behavior. The effective nanochannel porosity is regulated by the shape (i.e., a swollen or 

shrunken state) of the P2VP and PNIPAM blocks according to changes of temperature and pH. 

(1) and (2) correspond to the close and open channel state, respectively.          



 

Figure 4b shows a good temperature cyclability of the symmetric  PS-b-P2VP-b-PNIPAM film 

between 20°C and 46°C. Indeed, at each cycle (i.e., temperature switch), the permeance value 

matched with the previous one obtained at the same temperature. These results indicate that the 

well-defined PNIPAM-based nanochannels manufactured by NIPS-SVA have a fully reversible 

thermo-responsive character in accordance with a previous study reported by the Kamperman 

group on asymmetric single-responsive PS-b-PNIPAM membranes, however, endowed with 

short-range ordered nanopores.12 Note also that the permeability values of these asymmetric 

single-responsive AB-type BCP membranes, measured above and below the PNIPAM LCST, 

are in the same range as those obtained in this work from symmetric dual-responsive ABC-type 

BCP membranes.    

 To go further in this study, the pH-sensitive character of the P2VP/PNIPAM nanoporous 

domains was also explored by measuring the viscosity corrected water fluxes under acidic and 

basic environments (at pH = 3 and 9.5) for two different temperatures (20°C and 46°C) (see 

Fig. 4c). The results revealed that the PS-b-P2VP-b-PNIPAM monolith generated by NIPS-

SVA reaches various water flux values under the different conditions. This phenomenon occurs 

because the flux performance is closely related to the size of the adjustable porosity within the 

P2VP/PNIPAM nanochannels. The water channels are closed when the water flux test is 

conducted in an acidic environment (pH = 3) at 20°C (i.e., below the PNIPAM LCST). This 

close channel state illustrated by the sketch (1) in Figure 4d corresponds to the case where both 

the PNIPAM and P2VP blocks are swollen, thereby leading to a small water flux value (0.8 

L.h-1.m-² at 1 bar). Conversely, the highest water flux is achieved when the channel porosity is 

maximized by switching the pH environment to basic conditions (pH = 9.5) and increasing the 

temperature to 46°C (i.e., above the PNIPAM LCST). This open channel state illustrated by the 

sketch (2) in Figure 4d corresponds to the case where both the PNIPAM and P2VP blocks are 

shrunken, which allows for a corrected water flux value of 8.8 L.h-1.m-² at 1 bar. Note that two 

partially open channel states can be reached when only one block shrinks within the 

P2VP/PNIPAM nanodomains. Therefore, an intermediate water flux value of 1.2 L.h-1.m-² at 1 

bar is measured when only the P2VP block shrinks (pH = 9.3 and T = 20°C).  Interestingly, the 

corrected water flux value (5.1 L.h-1.m-² at 1 bar) is substantially higher when only the PNIPAM 

block shrinks (pH = 3 and T = 46°C). This phenomenon could be attributed to the difference in 

size between the P2VP (5.8 kg/mol, P2VP = 0.13) and PNIPAM (8.5 kg/mol, PNIPAM = 0.19) 

blocks or could be due to the terpolymer chain architecture implying that P2VP and PNIPAM 

are the middle- and end-block, respectively, of the ABC-type BCP. In the last case, this makes 



that the P2VP conformation changes under pH variations could be impeded by the absence of 

a free chain-end and/or could be due to a partial deprotonation of P2VP since the middle-block 

cannot be directly in contact with the water at basic pH.  

 

Conclusion  

In this study, a well-defined linear PS-b-P2VP-b-PNIPAM triblock terpolymer was 

synthesized for the first time by RAFT polymerization. The combination of the NIPS process 

with a SVA treatment was used to produce thermo/pH dual-responsive PL-structured PS-b-

P2VP-b-PNIPAM monoliths with an adjustable nanochannel porosity. It is showed that the 

smart P2VP/PNIPAM nanochannels truly adopt an open or close state depending on the 

temperature and pH of water. An excellent temperature-reversible performance was also 

demonstrated by switching the water temperature below and above the PNIPAM LCST. These 

easy-to-clean nanostructured monoliths with thermo- and pH-responsive channels are 

envisioned to have potential in smart separation-based applications.       

 

Experimental  

Materials 

N-isopropylacrylamide (NIPAM, >99%, Sigma-Aldrich) was purified by recrystallization in 

a mixture of toluene/hexane (50/50, v/v). Styrene (St, >98%, Sigma-Aldrich) was stirred with 

inhibitor removal resin about 30 min prior to use. 2-Vinylpyridine (2VP, >97%, Sigma-Aldrich) 

was passed throw a column of activated alumina in order to remove the tert-butylcatechol 

present in the monomer. 2,2′-Azobis (2-methylpropionitrile) (AIBN, >99%, Sigma-Aldrich) 

was purified by recrystallization from methanol before being used. 4-Cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDPA, >97%,  RAFT agent, Sigma-

Aldrich) was used without further purification. All the solvents: 1,4-dioxane (DOX, >99%), 

tetrahydrofuran (THF, >99%), heptane, diethyl ether (>99%) and NMR solvents (i.e., 

deuterated dichloromethane (CD2Cl2) and chloroform deuterated (CDCl3)) were purchased 

from Sigma-Aldrich and used as received. 

 

Synthesis procedures 

Synthesis of the PS homopolymer macro-RAFT agent. In a typical experiment, a 100 mL 

round-bottomed flask was charged with 60 g of freshly purified styrene (0.57 mol), 0.26 g of 

CDPA (0.66 mmol) and 21 mg of AIBN (0.13 mmol). The sealed reaction vessel was purged 

with nitrogen and immersed in a preheated oil bath at 70 °C for 20h. The styrene bulk 



polymerization was stopped by cooling the reaction vessel in an ice bath, then an aliquot was 

withdrawn from the solution to determine the monomer conversion by 1H NMR. By comparing 

the integrated aliphatic proton signals due to the PS groups at 1.88 ppm to those due to the 

styrene monomer at 5.77–5.83 ppm, the conversion was found to be 39%. The resulting PS 

macro-chain transfer agent (CTA) was precipitated three times in cold methanol and dried 

overnight in a vacuum oven at RT) to give a white-yellowish powder. The molecular weight of 

hPS was determined solely by SEC since the CTA chain-end protons are not visible from the 

NMR spectrum.1H NMR (400MHz, CD2Cl2): δ = 6.59-7.05 (5H, m, Ph), 1.2-1.83 (3H,m,CH-

CH2-). SEC in THF at 35°C using PS standard: the molecular weight (Mn) and dispersity (Đ) 

values were found to be of 28.2 kg/mol and 1.09, respectively. 2D-DOSY-NMR (600MHz, 

CD2Cl2): D = 8.31 x 10-11 m2.s-1. 

Synthesis of the PS-b-P2VP macro-RAFT agent. In 200 mL round flask, hPS28.2k (5 g, 

0.17 mmol) was mixed with 2VP (28.82 g, 0.27 mol), AIBN (5.8 mg, 0.035 mmol) and 1,4-

dioxane (54.9 mL). The solution was purged with nitrogen and then heated to 70°C by using a 

temperature controlled oil bath. Polymerization was allowed to proceed during 7h prior to 

stopping the reaction by immersing the vessel into an ice bath. An aliquot was withdrawn from 

the solution, then the brown mixture was concentrated, precipitated in heptane and dried 

overnight under vacuum at RT (5.45 g, yield = 16 %). The PS-b-P2VP macro-RAFT agent 

conversion was calculated by 1H NMR to be 10.2 %, by comparing the integrated aromatic 

proton signals of the P2VP ring at 8.25 ppm to those of the 2VP monomer at 8.53 ppm. 1H 

NMR (400MHz, CD2Cl2): δ = 8.25 (1H,m Ph), 6.61-7.06 (8H,m,Ph) and 1.27-2.30 (6H,m,CH-

CH2). The PS-b-P2VP molecular weight and its PS volume fraction were determined by 1H 

NMR to be 34.6 kg/mol and 0.83, respectively. SEC in THF using PS standard: Mn= 41.8 

kg/mol, Đ = 1.14. 2D-DOSY-NMR (600MHz, CD2Cl2): D = 6.60 x 10-11 m2.s-1. 

Synthesis of the PS-b-P2VP-b-PNIPAM terpolymer. The PS-b-P2VP34.6k macro-RAFT 

agent (4.5 g, 0.13 mmol), NIPAM (4.42 g, 0.03 mol) and AIBN (2.13 mg, 0.013 mmol) were 

dissolved in 23.4 mL of 1,4-dioxane. The solution was purged with nitrogen and then placed in 

preheated oil bath at 70°C for 5h. The polymerization was stopped by placing the reaction vessel 

into ice bath and an aliquot was afterwards withdrawn. 1,4-dioxane was removed with a rotary 

evaporator after which the PS-b-P2VP-b-PNIPAM chains were dissolved in a small amount of 

THF. The ABC triblock terpolymer was precipitated once from cold diethyl ether, in order to 

eliminate the unreacted NIPAM monomer, and heptane. To properly eliminate the undesired 

PNIPAM dead chains, a Soxhlet extraction was carried out with ethanol at 95°C for 96h. The 

PS-b-P2VP-b-PNIPAM terpolymer was then concentrated, precipitated in heptane and dried in 



vacuum oven at room temperature (RT). The conversion was calculated by 1H NMR to be 56%, 

by comparing the integrated proton signals of the PNIPAM groups at 3.99 ppm to those of the 

NIPAM monomer at 4,01-4,13 ppm. 1H NMR (400MHz, CD2Cl2): δ = 3,99 (1H, s, CH), 1.13 

(6H,m,CH3-). 1H NMR spectrum revealed that PS-b-P2VP-b-PNIPAM chains consisted of PS 

(28.2 kg/mol, PS = 0.68), P2VP (5.8 kg/mol, P2VP = 0.13) and PNIPAM (8.5 kg/mol, PNIPAM 

= 0.19). SEC in THF using a PS standard revealed a Mn value of 46.4 kg/mol (Đ = 1.32) which 

is close to the one obtained by NMR (42.5 kg/mol). 2D-DOSY-NMR (600MHz, CD2Cl2): D = 

5.01 x 10-11 m2.s-1. 

Characterizations 

 1H NMR and SEC characterizations. 1H NMR spectroscopy were carried out on a Bruker 

Advance spectrometer operating either at 400 or 600 MHz using deuterated dichloromethane 

(CD2Cl2) or deuterated chloroform (CDCl3). SEC was carried out on a Viscotek device 

(Malvern Instruments, Worcestershire, U.K) with a triple detector array. The SEC apparatus 

was equipped with two PLgel 5µm 500Å columns, THF as eluent with a flow rate at 1mL/min 

at 35°C, PS standards were used for calibration of the column. Omnisec software using 

refractive index and light scattering signals was applied to calculate Mn and Đ of polystyrene 

synthesized. Mn of all block copolymers were calculated using the Mn of their PS macro-RAFT 

agent obtained from SEC and the block ratios obtained from 1H NMR results. 

Fabrication of asymmetric PS-b-P2VP-b-PNIPAM thick films by NIPS: Freestanding 

21 µm thick PS-b-P2VP-b-PNIPAM films were drawn onto (3 x 3 cm) silicon substrates by 

using a simple tape casting technique with 250 µm gap from a 18 % wt. terpolymer solution in 

a di-solvent mixture (DOX/THF: 1/1 by weight) (see Fig. S10). Solvents were allowed to 

evaporate during 30s at RT to form a dense air surface layer with a (kinetically trapped) poorly 

defined nanostructure, and then the PS-b-P2VP-b-NIPAM thick films were immersed into a 

deionized water bath at RT for 5 min to induce the polymer precipitation. In order to facilitate 

the removal of the terpolymer materials from the substrate, the silicon pieces were treated by 

an oxygen plasma in a home-made chamber (plasma conditions: 45 W, 75 mTorr O2, 10min) 

prior to their use, then a sacrificial poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) was inserted by spin-coating between the substrate and the PS-b-P2VP-b-

PNIPAM thick films. It is noteworthy that the PS-b-P2VP-b-PNIPAM chains were solubilized 

in a large amount of THF (50 % wt.) in order to avoid their precipitation as observed in the 

commonly used DOX/THF: 4/1(by weight) mixture after several days.  

Fabrication of the PL-structured PS-b-P2VP-b-PNIPAM monoliths by SVA: The self-

assembly of PS-b-P2VP-b-PNIPAM chains formed within the NIPS-made thick films  was 



promoted by exposing films during 6h to a continuous stream of CHCl3 vapor produced by 

bubbling nitrogen gas through the liquid solvent as described previously.24,25 This continuous 

flow system was used to control the CHCl3 vapor pressure in the chamber by dilution with a 

separate N2 stream so that a solvent vapor consisted of 32 sccm CHCl3 vapor and 8 sccm N2 

(total 40 sccm). Note that the NIPS process was initially used to generate asymmetric 

terpolymer films after the SVA treatment.23 However, a long SVA time (> 2h) was required to 

achieve well-defined nanopores on the material top surface, making that only symmetric 

terpolymer films entirely composed of the PL phase were finally considered in this work.              

AFM, SEM and GISAXS characterizations: Atomic force microscopy (AFM Nano-

Observer, CSInstruments) was used in tapping mode to characterize the surface morphology of 

PS-b-P2VP-b-PNIPAM thick films. Silicon cantilevers (PPP-NCH, Nanosensors) with a 

typical tip radius of 5 nm were used. The resonance frequency of the cantilevers was about 

235 kHz. Prior AFM measurements, PS-b-P2VP-b-PNIPAM thick films were treated with a 

fluorine based plasma in a home-made chamber to improve the AFM topographic image 

contrast (plasma conditions: 45 W, 75 mTorr CF4, and 90s). Scanning electron microscopy 

(SEM, Hitachi S-4800) was used at an accelerating voltage of 5 kV to acquire top view and 

cross-section images of both asymmetric thick films and monoliths formed by PS-b-P2VP-b-

PNIPAM chains. GISAXS experiments were performed on the Dutch-Belgian Beamline 

(DUBBLE) at the European Synchrotron Radiation Facility (ESRF) station BM26B in 

Grenoble.26 A monochromatic beam of 12 keV was set using a Si (111) double crystal 

monochromator.  The sample (typical size of 150 mm2) was shone with the X-ray beam with 

an angle of incidence of 0.2º, which is above the critical angle of the polymer, ensuring full 

penetration of the X-ray beam in the material and hence, analyzing the full volume of the 

sample. The 2D scattering patterns were collected with a PILATUS3 S 1 M detector. The 

scattering vector and the sample to detector distance were calibrated using silver behenate as 

standard, obtaining a sample-to-detector distance of 7500 mm.  

Water flux performances: The water permeability of the different PS-b-P2VP-b-PNIPAM 

thick films was measured in a 10 mL filtration cell (Amicon 8010 stirred cell) connected to a 

water reservoir and a compressed air line. The measurements were performed on 2.5cm 

diameter PS-b-P2VP-b-PNIPAM material discs supported by a high permeable hydrophilic 

PVDF material (water permeability of 2900 L h-1 m-2 bar-1)23 at pressures between 0.5 and 2 

bar. The mass of water passing through the stacked materials (permeate) was recorded using a 

connected balance at regular time intervals for 10 min. Water temperature was maintained at 



20°C and heated up to 46°C using a stainless steel electronic baths. Correction for the 

temperature dependence of water viscosity was obtained by multiplying the flux results with 

the relative change in dynamic viscosity of water at 46°C compared to that of water at 20°C. 

Hydrochloric acid and sodium hydroxide solutions were used for filtration experiments in 

acidic and basic conditions (pH = 3 and 9.5), respectively. 
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