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Supporting Information 

 

METHODS: 

Contact angle measurements 

    Contact angle, θ, between water and the membrane surface was measured with Easy Drop 

Standard system (Kruss), which allows the direct measurement of the angle using a 

goniometer. Each value was obtained 3 min after dropping water on the membrane surface. 

Dynamic Light Scattering (DLS)  

   DLS measurements were performed with a Malvern NanoZS Zetasizer equipped with a 

633 nm He-Ne laser. All DLS measurements were done with a laser wavelength of 658.0 nm 

and an incident angle of 90 ° at 25 °C. For each sample, 15 runs of 10 s were performed, with 

three repetitions for all the samples.  

Scanning Electron Microscopy (SEM)  

   A small piece of wet membrane was dried under nitrogen gas and then placed on the 

specimen holder using carbon conductive tapes. To avoid charging problem, the samples 

were sputter coated with iridium for 60s at 20mA current in an argon atmosphere. The 

samples were then transferred to an SEM stage and observed on FEI Quanta 600 and Helios 

400S microscopes at 30 kV.  

Atomic Force Microscopy (AFM) 
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The AFM analysis was performed using and ICON Veeco microscope operating in the 

tapping mode under ambient conditions, using commercial silicon TM AFM tips (model 

MPP 12100). For observation of the nanoporous membrane surface morphology, a piece of 

wet membrane was dried under nitrogen gas and placed on a glass slide using carbon 

conductive tapes. 

Preparation and Characterization of the Feed Solution for the Filtration Experiment 

    Protoporphyrin IX feed solutions: Feed solutions were prepared by weighing 5 mg solid 

and dissolving them in dimethyl sulfoxide (DMSO). This solution was diluted with 500 ml 

Milli-Q water, and stored in the dark. In all experiments, the concentration of DMSO in 

water was less than 5% (v/v). 

    Lysine, Cytochrome c, Ovalbumin, Bovine serum albumin (BSA) and globulin-γ

solutions: All the solutions were prepared by dissolving 1 mg protein in 1 ml commercial 

solution of PBS at the physiological pH of 7.4.  

    20 nm gold particle: In order to obtain gold particles of high quality it was crucial that all 

glassware and magnetic stir bars used in these synthesis were thoroughly cleaned in aqua 

regia (HCl/HNO3 3:1, v/v), rinsed in Milli-Q water, and then oven-dried prior to use, to 

avoid unwanted nucleation during the synthesis, as well as aggregation of gold colloid 

solutions. 2 ml of 1.0 wt % sodium citrate solution was added into 100 ml of HAuCl4·3H2O 

(0.01 wt %) solution and heated to boiling for 15-30 min until the color is red. After cooling 

down to room temperature 30.5 ml of K2CO3 (0.1 M) was added.  
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    The membranes (diameter 2.2 cm) were tested in an Amicon cell at a pressure of 1.37 bar until 

3 ml of a 6 ml starting sample passed through the membranes. All the concentrations were 

determined by a NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scientific). 

Computational Model 

(1) Interaction Parameters  

 The Flory-Huggins (F-H) interaction parameters (χis) between each block i and the solvent 

mixture were computed from the solubility parameters of the polymer and solvent mixture (i.e., 

δi and δs) by the equation  

 

where R, T are the gas constant and temperature, respectively. A reference molar volume Vs = 

77.1 cm3/gmol is used in our calculations, corresponding to the volume of DMF. The solubility 

parameters were computed based on the Hansen’s solubility parameters[1] (i.e., dispersive δd, 

polar δp, and hydrogen bond δh interactions), as δ = (δd
2

 + δp
2 + δh

2)1/2. In the Supplementary 

Table 3 we compile the Hansen’s solubility parameters used in this work. The solubility 

parameters of the solvent mixture are calculated from the solvents volume fraction ωj in the 

mixture 

 

where q = 3 is the number of solvents (i.e., DOX, acetone, and DMF). In the Supplementary 

Table 4 we show the computed Flory-Huggins parameters of a solvent mixture DMF: 0.3; 

acetone: 0.2; DOX: 0.5. In general we can use the computed χ to define the solvent quality,[2] 
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however, the final phase separation of the diblock copolymer is governed by the magnitude of χN, 

where N is the degree of polymerization. According to Supplementary Table 4 we may expect 

the solvent mixture to be a poor solvent for the PAA block (χ > 0.5), while being practically a 

theta solvent (χ ≈ 0.5) for the P4VP block. The solvent interaction with the PS block is just 

slightly poor compared to the P4VP, however since the degree of polymerization for PS is larger, 

we expect the solvent to behave as a poor solvent for polystyrene.  

(2) Dissipative Particle Dynamics Method 

    The particle dynamics and the balance of linear momentum are described by 

 

where ri, vi are the position and velocity of a particle i, respectively, mi is its mass, and fi is the 

net force on the particle. The force is given by three contributions, a conservative force F!"! , a 

dissipative force F!"!  and a stochastic force F!"! . The conservative force can be mapped to 

polymeric systems from the standpoint of Flory-Huggins theory.[3] The dissipative force models 

viscous effects while the stochastic force, approximates the Brownian motion of polymers and 

colloids. The conservative force can be written as F!"!  = F!"!  + F!"! , where F!"!  and F!"!  account for 

bead-bead and bead-spring (when particles are connected) interactions, respectively. In this work 

we use bead-bead and harmonic spring potentials given as  
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where aij is an interaction parameter, Ks is the spring constant, and ro corresponds to the 

equilibrium average distance between particles.  

    The dissipative and random forces are defined as 

 

where γ is a friction coefficient, σ is the noise amplitude. ωD and ωR are weighting function, ζ is 

a random number with zero mean and unit variance. The system satisfies a Gaussian distribution 

if ωD(rij) = [ωR (rij)]2.[4] In addition the noise amplitude and the dissipative coefficient are related 

by σ2 = 2γkBT, where kB is the Boltzmann constant and T is the equilibrium temperature. For 

ωR(rij) we adopt the traditional form 

 

(3) Simulation Details 

    The diblock copolymers are constructed through spring potentials, linking sets of N particles 

with a spring constant Ks = 50kbT and equilibrium distance ro = 0.8. The PS-b-P4VP molecules 

are discretized using NPS-P4VP = 192 particles, while the number of particles per chain of PS-b-

PAA is defined according to the length ratio lr = NPS-b-P4VP/NPS-b-PAA evaluated. In this study the 

length-ratios evaluated range from 1 ≤ lr ≤ 14.6. The number of particles representing each block 

is defined (i.e., NP4VP = fP4VPN) from the experimental DBC composition fi (PS!"#$!.!" -b-P4VP!"#!.!" 

and PS!""!.!"-b-PAA!!!.!" , where the subscript indicates the degree of polymerization, and the 

superscript the block fraction fi). The study of the effect of the PS-b-PAA concentration over the 

assembled structures is presented for a fixed lr = 14.6, while the amount of PS-b-PAA in the 
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systems varies from 0 to 20%. The PS-b-P4VP concentration is defined according to the one 

used in the experimental membrane preparation (≥ 17 wt %), unless otherwise is stated. 

    Concentrated solutions with 25% of PS-b-P4VP are evaluated to mimic the system conditions 

just after the phase inversion. The blend is located on a slab of the simulation box and is 

immersed in a poor solvent. Although in this condition we disregard the effect of the casting 

solution, this approach allows us to study effect of the PS-b-PAA in the phase separation of the 

PS-b-P4VP pure block copolymer, providing an insight into the mechanism of the membrane 

formation. As a convention we use filled or striped squares in the main text to denote 

homogeneously distributed blend or localized in slab, respectively. The solvent mixture is 

modelled as a set of single solvent particles with an effective polymer-solvent interaction, where 

ais is the affinity of the solvent mixture with block i. 

 According to the Flory-Huggins interaction parameters computed the interaction parameters aij 

of the DPD model can be defined.[3,5,6,8,9] We choose aij based on the solvent quality for each 

block.10 The interaction parameters aPS-PAA and aPS-P4VP are defined taking into account the low 

affinity of PAA and P4VP with the polystyrene. The parameter aP4VP-PAA is chosen to reproduce 

properly the strong interactions between PAA and P4VP.[11, 12] 

We denote the affinity between the constituent system as Δaij = aij – ass, where ass = 25.0 is the 

solvent-solvent interactions. Herein we consider that interactions between particles of the same 

type as the equal for any specie i (i. e., aii = 0). In Supplementary Table 5 we give a breakdown 

of the values of Δa used. 

(4) Polymer Coil Size Characterization 

    The polymer coil size is characterized computing the radius of gyration Rg. In Supplementary 

Table 6 we present the computed radius of gyration for PS-b-P4VP and PS-b-PAA chains for 
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different molar ratios. We can observe that the addition of PS-b-PAA effectively reduce the 

stretching of the PS-b-P4VP coils leading to a reduction in the characteristic domain size of the 

assembled membrane, while the coil size of the PS-b-PAA polymer is not affected by the blend. 

(5) Length-Ratio Effect 

    The experimental study of the length-ratio (lr = NPS-b-P4VP/NPS-b-PAA) effect in the overall self-

assembly was also addressed through computational modeling. In general, for the concentrations 

considered in experimental settings, we observe that as the magnitude of lr decreases the polymer 

chains tend to form large aggregates without noticeable order, which coincides with the macro-

phase separation found in large molecular weight PS-b-PAA. In order to clarify the effect the 

length-ratio we prepare simulation boxes with 8 wt% of PS-b-P4VP (at constant PS144-b-PAA22 / 

PS1807-b-P4VP609 molar ratio). At this lower concentration we are able to reproduce aggregates 

with smaller characteristic domain size.  In all the cases we obtain compartmentalized micellar 

aggregates, however the shape and size of the P4VP domains are significantly modified by the 

different values of lr. Lower values of lr leads to larger PAA blocks that are strongly associated 

with the P4VP domains increasing their overall size. As lr grows, the PAA-P4VP domains 

diminish in size, and the PAA segments only localize at the interface between P4VP and PS, 

modifying the curvature of the aggregates. 

    In Figure 4, we include the systems with larger concentrations of PS-b-P4VP (25%), where the 

phase separation within a film of the diblock copolymers blend is modelled in contact with a 

poor solvent. In this case we can appreciate that porous films are preferred if the PAA segments 

are shorter (larger lr). Therefore, we may expect that highly porous membranes are favored when 

the second added diblock copolymer is short enough. 

 



	   8	  

 References 

[1] C. M. Hansen, Hansen Solubility Parameters: A User’s Handbook, CRC Press, 2nd Ed., 

2007. 

[2] M. Rubinstein, R. H. Colby, Polymer Physics. Oxford University Press 1st edition, 2003. 

[3] R. D. Groot, P. B. Warren, Journal Chem. Phys. 1997,107, 4423–4435  

[4] P. Español, P. B. Warren, Europhysics Letters (EPL) 1995, 30, 191–196 

[5] R. D. Groot, T. J. Madden, D. J. Tildesley, The Journal of Chemical Physics 1999, 110, 9739  

[6] A. A. Gavrilov, Y. V. Kudryavtsev, A. V. Chertovich, The Journal of Chemical Physics 2013,     

139, 224901  

[7] Z. Posel, B. Rousseau, M. Lísal, Molecular Simulation 2014, 1–16 

[8] K. Šindelka, Z. Limpouchová, M. Lísal, K. Procházka, Macromolecules 2014, 47, 6121–6134  

[9] P. Sandhu, J. Zong, D. Yang, Q. Wang, The Journal of chemical physics 2013 138, 194904  

[10] N. Moreno, S. P. Nunes, V. Calo, Computer Physics Communications 2014, 

doi:10.1016/j.cpc.2015.06.012 

[11] R. Vyhnalkova, A. H. E. Müller, A. Eisenberg, Langmuir 2014, 30, 5031–5040  

[12] R. Vyhnalkova, L. Xiao, G. Yang, A. Eisenberg, Langmuir 2014, 30, 2188–2195  

 

 

 

 

 

 

 



	   9	  
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Scheme S1: (a) Self-assembly of blended PS1807-b-P4VP609 and PS144-b-PAA22 by H-bonding. (b) Coarse 

grained representations of the polymer chains. The numbers indicate the amount of particles used to 

discretize each block, such that the experimental block compositions and the length ratio between the 

DBCs are preserved.   
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Figure S1: Structures of the molecules and their diameters from DLS for the filtration experiments. 

 

 

Figure S2: (a) DLS result of PS144-b-PAA22 in the solvent mixtures of DMF/dioxane/acetone indicating a 

homogeneous solution. This solution contained 7.9 wt % copolymer, 27.0 wt % DMF, 47.1 wt % dioxane, 

and 18.0 wt % acetone. (b) DPD result for pure PS(11)-b-PAA(2) (analogous to experimental system 

PS144-b-P22) showing no micelle aggregates. Blue and green beads correspond to PS and PAA in PS-b-

PAA, respectively. 
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Figure S3: DPD results show the locations of the polymer chains. (a) pure PS(144)-b-P4VP(48) 

membrane (analogous to experimental system PS1807-b-P4VP609). (b) PS(144)-b-P4VP(48) blended with 

low molecular weight PS(11)-b-PAA(2) (analogous to experimental system PS144-b-PAA22). (c)  PS-b-

P4VP blended with high molecular weight PS-b-PAA (analogous to experimental system PS673-b-PAA180). 

Blue and red beads correspond to PS and P4VP in PS-b-P4VP, respectively; Grey and green beads 

correspond to PS and PAA in PS-b-PAA, respectively.  

 

	  

Figure S4: DPD result shows the strong aggregation of PS1807-b-P4VP609 (17 wt %) and high molecular 

weight PS673-b-PAA180 block copolymers with PS673-b-PAA180/ PS1807-b-P4VP609 molar ratio 8.6 and lr = 1. 
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Blue, red and green beads correspond to PS, P4VP in PS-b-P4VP respectively. Solvent particles are 

omitted for clarity. 

 

 

 

Figure S5: Pore size distribution calculated from the N2 adsorption isotherm using the Barrett-Joyner-

Halenda (BJH) method for the blended BCP PS144-b-PAA22 / PS1807-b-P4VP609 membrane with a 6:1 

molar ratio. 
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Table S1:	  Filtration of different solutions with plain PS-b-P4VP membrane and PS-b-P4VP / PS-b-PAA 

membrane 

Name	   	  	   	  	   PS1807-‐b-‐P4VP609	  

membrane	  

PS144-‐b-‐PAA22	  /	  

PS1807-‐b-‐P4VP609	  

6/1	  molar	  ratio	  	  

	   Molecular	  

Weight	  

(kg/mol)	  

Diameter	  

(nm)	  

Flux	  	  

(L	  h-‐1	  m-‐2)	  

Rejection	  

(%)	  

Flux	  

(L	  h-‐1	  m-‐2)	  

Rejection	  

(%)	  

Lysine	   0.146	  	   0.8	   2700	   0	   590	   0	  

Protoporphyrin	  IX	   0.563	   1.5	   2500	   0	   540	   95	  

Cytochrome	  c	   12.4	  	  	   2.5	  x	  2.5	  x	  

3.7*	  

1850	   0	   210	   70	  

Ovalbumin	   44	  	   2.8	   1606	   0	   15	   100	  

BSA	   66	   6.5	   1053	   5	   -‐	   -‐	  

IgG	   150	   14	   1013	   12	   -‐	   -‐	  

Gold	  particle	   	   20	   95	   100	   -‐	   -‐	  

*non	  spherical	  	  	  
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Table S2:	  Contact angle θ and water/membrane adhesion work ωA 

PS144-‐b-‐PAA22	  /	  PS1807-‐b-‐P4VP609	  
molar	  ratio	  

θ	   ωA x	  102	  

(N/m) 
0.42/1	   65	   10.4	  

0.84/1	   57	   11.2	  

2.5/1	   54	   11.6	  

6.0/1	   49	   12.1	  

9.3/1	   45	   12.4	  

 

From values of the contact angle, the work ωA necessary to pull water from a square meter of 

membrane surface can be calculated31  

ωA = ƳW (1 + cos θ) 

where ƳW = water surface tension = 7.28 x 10-2 N/m. 

Values of ωA can be directly related to membrane hydrophilicity.   
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Table S3:	  Solubility parameters of the different polymer blocks and solvents used in the experiment.[1] 

	   Name	   δd	  [MPa1/2]	   δp	  [MPa1/2]	   δh	  [MPa1/2]	   δ	  [MPa1/2]	  

PS	   Polystyrene	   18.5	   4.5	   2.9	   19.26	  

P4VP	   Poly-‐4-‐vinylpyridine	   19	   8.8	   5.9	   21.75	  

AA	   Acrylic	  acid	   17.7	   6.4	   14.9	   24.00	  

DOX	   1,4-‐dioxane	   19	   1.8	   7.4	   20.47	  

DMF	   Dimethylformamide	   17.4	   13.7	   11.3	   24.86	  

Ac	   Acetone	   15.5	   10.4	   7	   19.93	  

	  

 

Table S4: Flory-Huggins interaction parameters computed for a solvent mixture DMF: 0.3, Acetone: 0.2 

and DOX: 0.5	  

	  

	   χpolymer-‐mixture	   χN	  

Acrylic	  acid	  (AA)	   0.73	   16	  

4-‐Vinyl	  pyridine	  (4VP)	   0.46	   280	  

Polystyrene	  (PS)	   0.54	   963a-‐77b	  

a	  PS1807-‐b-‐P4VP609,	  	  
b	  PS144-‐b-‐PAA22	  
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Table S5: Interaction parameters used in the computational model constructed.	  

Δɑij	  =	  ɑij	  -‐	  ɑss	   PS	   P4VP	   PAA	   S	  

PS	   0.0	   10.0	   10.0	  
4.0	  

P4VP	   	   0.0	   -‐5.0	   2.5	  

PAA	   	   	   0.0	  
5.0	  

S	   	   	   	   0.0	  

	  	  	  	  	  	  

	  

Table S6:	  Radius of gyration variation with the molar ratio between diblock copolymers. 

PS144-‐b-‐PAA22	  /	  PS1807-‐b-‐P4VP609	  

molar	  ratio	  

Rg	  [rc]	  PS-‐b-‐P4VP	   Rg	  [rc]	  PS-‐b-‐PAA	  

0	   39	   -‐	  

8.6/1	   35.7	   1.72	  

13/1	   32	   1.75	  

 


