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ABSTRACT 

 

The hybrid process of block copolymer (BCP) self-assembly and non-solvent 

induced phase separation (SNIPS) is widely used for the fabrication of ultrafiltration 

(UF) membranes due to its commercial scalability and assurance of high 

permselectivity. Since its inception, there have been numerous efforts to expand the 

functionality of SNIPS membranes via additive incorporation, surface coating, or 

synthesis of more chemically-diverse BCPs. This study focuses on the synthesis of a 

poly(styrene)-b-poly(4-vinylpyridine)-b-poly(propylene sulfide) (SVPS) triblock 

terpolymer and the fabrication and optimization of SNIPS membranes derived 

therefrom. The resultant membranes, lined with narrowly-dispersed, hexagonally-

ordered pores,  displayed pH-responsive behavior and covalent binding capabilities 

reflective of the block chemistries. To further extend the applicability of these 

membranes, parameters such as evaporation time, polymer concentration, and solvent 

system composition were systematically varied to achieve a spectrum of substructure 

morphologies and permeability profiles while maintaining top surface order. 

 



  iii 

BIOGRAPHICAL SKETCH 

 

 Lieihn (Lilly) Tsaur was born in Stuttgart, Germany, and grew up only 

speaking German, despite her Taiwanese heritage. She moved to Taiwan at the age of 

six, where she attended the International Bilingual School at Hsinchu Science Park 

(IBSH) until her high school graduation in 2013. During this time, she was involved in 

the Interact Service Club, and volunteered at the Lux Mundi Home for the Elderly and 

Disabled. Following her high school graduation, Lilly moved to California to pursue a 

B.S. in Materials Engineering at the University of California, Los Angeles (UCLA). 

She was a member of the Theta Kappa Phi Sorority, and actively participated in 

fundraising events such as Relay for Life to raise breast cancer awareness.  

 Lilly discovered her interest in polymers after spending summers researching 

polymeric membranes for anti-fouling and fuel cell applications under the guidance of 

Prof. Yung Chang and Prof. Ying-Ling Liu, respectively.  In the fall of 2017, Lilly 

joined the Wiesner Group at Cornell University as an M.S. student in Materials 

Science and Engineering. Her research focused on the synthesis, characterization, and 

optimization of block copolymer membranes. Lilly has decided to stay at Cornell for 

her Ph.D.  



  iv 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my Family and Friends 



  v 

ACKNOWLEDGMENTS 

 

 First and foremost, I would like to thank my advisor Prof. Uli Wiesner for his 

endless enthusiasm when it comes to research. I have learned so much—about myself 

and polymers—from our countless office discussions. I would also like to thank my 

special committee member, Prof. Lara Estroff, for always being so understanding and 

supportive. 

 An enormous thank you to all the Wiesner Group members. In particular, I 

would like to thank Dr. Yuk Mun Li and Dr. Qi Zhang for mentoring me in all aspects, 

and helping me adjust to graduate school life. Special thanks to Rachel Lee for 

keeping me sane and always being there for me, regardless of which side of the world 

we’re on. I would also like to thank Aditya Sundaram, Dana Chapman, Fei Yu, 

Jiazhen Xu, Paxton Thedford, Sarah Hesse, William Tait, and Dr. Yusuke Hibi for 

their help and motivation throughout my time here. Thank you to Mick Thomas 

(CCMR) for always being one call away, and helping me with all kinds of SEM-

related issues.  

 Finally, I would like to thank my parents for believing in me and supporting 

me from afar.  None of this would have been possible without them.  

 



  vi 

TABLE OF CONTENTS 

 

Biographical Sketch....................................................................................................... iii 

Dedication...................................................................................................................... iv 

Acknowledgments .......................................................................................................... v 

Table of Contents .......................................................................................................... vi 

List of Figures............................................................................................................... vii 

List of Tables ................................................................................................................. ix 

List of Abbreviations ...................................................................................................... x 

Chapter 1: Introduction ............................................................................................... 1 

REFERENCES ................................................................................................................ 5 

Chapter 2: Methods and Results ................................................................................. 8 

2.1 EXPERIMENTAL METHODS ...................................................................................... 8 

2.1.1 Polymer Synthesis and Characterization ....................................................... 8 

2.1.2 Small-angle X-ray Scattering (SAXS) .......................................................... 9 

2.1.3 Membrane Fabrication and Characterization ................................................ 9 

2.1.4 Solubility Parameter Calculation ................................................................. 11 

2.1.5 Membrane Performance Testing ................................................................. 12 

2.1.6 Functionalized Dye Conjugation ................................................................. 12 

2.2 RESULTS AND DISCUSSION.................................................................................... 13 

2.2.1 Small-angle X-ray scattering (SAXS) analysis ........................................... 13 

2.2.2 Membrane Top Surface Characterization .................................................... 14 

2.2.3 Membrane Cross-Sectional Characterization .............................................. 17 

2.2.4 Tuning Substructure of SVPS Membranes.................................................. 18 

2.2.4a Influence of Solvent System .................................................................. 19 

2.2.4b Influence of Evaporation Time .............................................................. 23 

2.2.4c Influence of Casting Solution Concentration ........................................ 25 

2.2.5 Hydraulic Permeability Comparison ........................................................... 26 

2.2.6 Functionalized Dye Conjugation ................................................................. 28 

ACKNOWLEDGEMENT................................................................................................. 29 

REFERENCES .............................................................................................................. 30 

Chapter 3: Conclusion and Outlook ......................................................................... 32 

3.1 CONCLUSION ........................................................................................................ 32 

3.2 FUTURE WORK...................................................................................................... 32 

REFERENCES .............................................................................................................. 34 

Appendix ..................................................................................................................... 35 

 



  vii 

LIST OF FIGURES 

 

Figure 2.1. Membrane fabrication via the SNIPS process. SVPS was dissolved in a 

binary solvent system of DOX/THF. The solution was allowed to stir for a minimum 

of two hours prior to casting with an automated blade casting system at a set gate 

height. Thin film was evaporated for a set amount of time (50-95s) to drive top surface 

self-assembly before immersion in a coagulation bath to trap a non-equilibrium state 

of the film in the form of an asymmetric pore structure ............................................... 10 

Figure 2.2. SAXS patterns of various concentrations of SVPS in DOX/THF =7/3 (by 

weight). Peaks observed at higher concentrations (19 and 21%) were indexed 

according to (q/q*)2 = 1, 2, 3, 4, 5, 6, 7, 8, and 9, consistent with an ordered BCC 

lattice of BCP micelles with d110 ~ 34 nm .................................................................... 14 

Figure 2.3. Membrane top surface characterization. SEM image of SNIPS derived 

membrane from 12wt% SVPS in DOX/THF = 7/3 (by weight) (a), and segmentation 

using ImageJ (b), resulting in pore size distribution (c), and FFT analysis (d). Ticks 

above the FFT peaks in (d) indicate expected positions corresponding to (q/q*) = 1, 3, 

4, and 7, consistent with a 2D hexagonal lattice. ......................................................... 15 

Figure 2.4. Structure of (a) a BCC unit cell, (b) the atomic configuration of the (110) 

plane, and (c) SEM micrograph of membrane cross-section near the top surface with 

separation layer indicated ............................................................................................. 17 

Figure 2.5. Membrane structural characterization. SEM images of a membrane 

derived from 11wt% SVPS in DOX/THF = 7/3 (by weight) with an evaporation time 

of 80 s. (a) Top surface, (b) bottom surface, (c) lower magnification image of entire 

cross-section, and higher magnification images taken at (d) d = 0 μm, (e) d = 3.1 μm, 

(f) d = 10.4 μm, and (g) d = 34.2 μm, where d is defined as distance from the top 

surface........................................................................................................................... 18 

Figure 2.6. SEM characterization of top surfaces and cross-sections of SNIPS derived 

membranes from 12wt% SVPS in (a,d) DOX/THF = 7/3, (b,e) DOX/THF = 8/2, (c,f) 

DOX/THF = 9/1. Evaporation time was 80 s for all membranes ................................. 20 

Figure 2.7. SEM characterization of top surfaces and cross-sections of SNIPS 

membranes derived from 11wt% SVPS in DOX/THF = 7/3 evaporated for (a,d) 50 s, 

(b,e) 65 s, and (c,f) 80 s ................................................................................................ 24 

Figure 2.8. SEM characterization of top surface and cross-section of 11wt% SVPS in 

DOX/THF = 8/2 evaporated for (a,d) 50 s, (b,e) 65 s, and (c,f) 95 s ........................... 25 

Figure 2.9. SEM characterization of top surfaces and cross-sections of SNIPS derived 

membranes from (a,d) 10wt%, (b,e) 11wt%, and (c,f) 12wt% SVPS in DOX/THF= 9/1 

evaporated for 80 s. ...................................................................................................... 26 

Figure 2.10. Water permeability of SVPS membranes exhibiting various substructure 

morphologies under different pH conditions. ............................................................... 28 



  viii 

Figure 2.11. Functionalized dye conjugation assessment. SVPS and SV membranes 

were soaked in a maleimide-functionalized TMR dye solution overnight. Membranes 

were subsequently soaked in DMSO to remove non-covalently contained dye. 

Persisting pink hue of SVPS membrane suggests presence of covalent binding sites . 29 

Figure A.1. Synthesis scheme of SVPS triblock terpolymer using a sequential anionic 

polymerization technique ............................................................................................. 35 

Figure A.2. Characterization of synthesized SVPS triblock terpolymer using (a) THF 

GPC, and (b) 1H NMR using deuterated chloroform as a solvent. ............................... 35 

Figure A.3. SEM characterization of top surface and cross section of snips 

membranes cast from 10wt% SVOS in DOX/THF = 9/1 solutions evaporated for (a,c) 

80 s, and (b,d) 95 s........................................................................................................ 36 

Figure A.4. (a) Pore size distribution (18.5  3.7 nm) corresponding to Figure A.3b, 

and (b) higher magnification SEM characterization of cross section shown in Figure 

A.3d .............................................................................................................................. 37 

Figure A.5. SEM characterization of (a) top surface, (b) cross-section, and (c) bottom 

surface of SNIPS membrane cast from a 15wt% SV solution in DOX/THF/DMF = 

65/25/10 (by weight) and evaporated for 30 s .............................................................. 38 

 



  ix 

LIST OF TABLES 

 

Table 2.1. Number average molar mass (Mn), volume fractions (F) and polydispersity 

index (PDI) of SVPS polymer used in this study ........................................................... 8 

Table 2.2. Hansen Solubility Parameters (δd, δp, δh) of solvents and non-solvent, and 

solubility parameter differences between solvents and non-solvent (δS-NS). ................ 21 

Table 2.3. Hansen Solubility Parameter differences between polystyrene and relevant 

solvents (δP-S) ................................................................................................................ 22 

Table A.1. Individual Hansen Solubility Parameters (δd, δp, δh) of polystyrene and 

solvents, and solubility parameter differences between polystyrene and solvents (δP-S)

 ...................................................................................................................................... 36 

 



  x 

LIST OF ABBREVIATIONS 

 

BCP – Block copolymer 

DMF – N,N-dimethylformamide 

DMSO – Dimethyl sulfoxide 

DOX – 1,4-Dioxane 

FFT – Fast Fourier Transform 

GPC – Gel Permeation Chromatography 

ISV – Poly(isoprene-b-styrene-b-4-vinylpyridine) 

NIPS – Non-solvent induced phase separation 

NMR – Nuclear magnetic resonance 

P2VP – Poly(2-vinylpyridine) 

P4VP – Poly(4-vinylpyridine) 

PDI – Polydispersity index 

PS – Poly(styrene) 

PPS – Poly(propylene sulfide) 

RAFT – Reversible addition-fragmentation chain transfer 

RO – Reverse osmosis 

SAXS – Small-angle X-ray Scattering 

SEM – Scanning electron microscopy 

SNIPS – Self-assembly and non-solvent induced phase separation 

S-NS – Solvent-non-solvent 

SVPS – Poly(styrene)-b-poly(4-vinylpyridine)-b-poly(propylene sulfide) 

THF – Tetrahydrofuran 

TMR – Tetramethylrhodamine 

UF – Ultrafiltration 



  1 

CHAPTER 1 

INTRODUCTION 

Following the takeoff of membrane technology in the 1960s, polymeric 

membranes have become prime candidates for applications such as reverse osmosis 

(RO), ultrafiltration (UF), and hemodialysis due to their low cost, high throughput, 

and tailorable properties1,2. The current global water scarcity, a result of 

overpopulation and changing consumption patterns, warrants efficient wastewater 

treatment to meet the rising freshwater demand and prevent the overuse of natural 

sources3,4. The world market for polymeric UF membranes is thus expected to grow 

further over the coming years. 

The primary issue plaguing the filtration industry is the tradeoff between 

selectivity and permeability5. The main membrane fabrication methods are track-

etching and phase inversion. Track-etching, which consists of particle bombardment 

followed by chemical etching, results in membranes with uniform pore sizes. 

However, to maintain high selectivity, porosity is restricted (< 5%) to prevent pore 

merging, thereby severely limiting pore density and resulting permeability. Phase 

inversion is commercially achieved using a non-solvent induced phase separation 

(NIPS) technique. Such membranes are fabricated by immersing a thin film of 

polymer solution in a non-solvent coagulation bath, typically water. Solvent-non-

solvent (S-NS) exchange leads to phase separation into polymer-rich and polymer-

poor phases, which form the matrix and pores of the final precipitated membrane, 

respectively6. Depending on the S-NS exchange rate, the cross-sectional morphology 

can be varied from an open, finger-like structure to a dense, sponge-like structure, and 
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the overall pore structure can be either uniform or graded7. Membranes displaying 

finger-like morphologies are more suited for low pressure applications such as UF, 

whereas those with sponge-like morphologies can be used for high pressure 

applications such as RO8,9. Ultimately, NIPS membranes, though capable of achieving 

considerably higher permeability than track-etched membranes, lack selectivity due to 

their large pore size distributions6. 

 The combination of block copolymer (BCP) self-assembly and NIPS (SNIPS), 

first demonstrated by Peinemann et al. via the fabrication of a pH-responsive 

poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) membrane, eliminates the 

selectivity/permeability tradeoff, marking a major breakthrough in the UF membrane 

field10. The ability of BCPs to self-assemble into a range of well-ordered structures 

stems from the microphase separation of the thermodynamically-incompatible, 

covalently-linked blocks. To minimize the interfacial area between the blocks, the 

BCP chains are forced to stretch from their equilibrium conformations. The membrane 

pore geometry is determined by the structural configuration that minimizes the total 

free energy of the system, which in turn depends on the volume fraction of the 

individual blocks11. The SNIPS process differs from the conventional NIPS process 

only in the solvent evaporation driven BCP self-assembly in the top separation layer of 

the membrane prior to kinetic entrapment of the non-equilibrium substructure upon 

non-solvent immersion. Resulting membranes integrate a highly selective, self-

assembled skin layer, with a highly permeable, macroporous substructure10. 

 Subsequent efforts were geared towards enhancing the mechanical stability, 

functionality, and synthetic facility of SNIPS membranes. Phillip et al. prepended a 
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rubbery polyisoprene block to the PS-b-P4VP BCP architecture in poly(isoprene-b-

styrene-b-4-vinylpyridine) (ISV), marking the transition from diblock copolymers to 

triblock terpolymers in SNIPS, and tripling the toughness of derived membranes12. 

Jung et al. appended a short, hydrophilic poly(ethylene oxide) block to a PS-b-P4VP 

analogue, poly(styrene-b-2-vinylpyridine) (PS-b-P2VP), to improve membrane 

antifouling and pore-forming capabilities13. Phillip et al. and Gu et al. utilized 

selective additive incorporation into the pore-forming block to expand the range of 

accessible pore sizes of membranes derived from a single BCP12,14. Mulvenna et al. 

synthesized a BCP using a controlled reversible addition-fragmentation chain transfer 

(RAFT) mechanism and integrated pH-responsiveness into SNIPS membranes made 

therefrom via post-functionalization15. Recent findings showed that the SNIPS process 

could even be extended to casting solutions containing more than one BCP. Radjabian 

et al. demonstrated that a range of membrane pore sizes could be achieved by blending 

together pairs of PS-b-P4VP copolymers with different chain lengths16.  Li et al. 

subsequently introduced a blending method of two chemically distinct, pH-responsive 

triblock terpolymers, demonstrating that the pore wall chemistry of the resulting 

SNIPS membranes could be tailored via a simple “mix-and-match” approach17. 

 In line with these efforts, Zhang et al. first reported the synthesis of a 

poly(styrene)-b-poly(4-vinylpyridine)-b-poly(propylene sulfide) (PS-b-P4VP-b-PPS 

or SVPS) triblock terpolymer, and demonstrated that derived SNIPS membranes 

exhibited pH-responsive and covalent binding capabilities attributable to the P4VP 

and PPS blocks, respectively. Based on the covalent attachment of the short PPS end 

block to the pore-forming P4VP block, thiol groups are expected to line the pore 
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walls, enabling facile chemical modification18. The present study takes inspiration 

from a previous study on the substructure tuning of ISV derived SNIPS membranes19, 

and investigates how casting parameters such as polymer concentration, evaporation 

time, and solvent system composition affect the substructure formation of SVPS 

derived SNIPS membranes.  
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CHAPTER 2 

METHODS AND RESULTS 

2.1 Experimental Methods 

2.1.1 Polymer Synthesis and Characterization 

 Poly(styrene)-b-poly(4-vinylpyridine)-b-poly(propylene sulfide) (SVPS) was 

synthesized using a sequential anionic polymerization technique (Figure A.1). Prior to 

distillation, styrene was dried over di-n-butylmagnesium,  4-vinylpyridine over 

ethylaluminum dichloride, and propylene sulfide over calcium hydride. The 

polymerization of styrene was initiated with sec-butyllithium in benzene. Distilled 

styrene was added to the reactor and allowed to polymerize overnight. The polymer 

was stabilized with diphenylethylene (DPE) prior to conducting a solvent exchange 

from benzene to THF. The reactor was brought down to -78°C using an 

isopropanol/dry ice bath. Distilled 4-vinylpyridine was reverse-injected and allowed to 

react for 1.5 hours. Thereafter, distilled propylene sulfide was reverse-injected at -

78°C. The reactor was removed from the IPA/dry ice bath and allowed to stir for 2 

hours before the reaction was terminated with degassed methanol. THF was distilled 

off before the polymer was re-dissolved in chloroform, precipitated into methanol and 

dried in a vacuum oven at 50°C for 2 days. The final polymer was characterized using 

a combination of THF GPC (Waters) and 1H NMR (Bruker AV-500). The resulting 

molecular triblock terpolymer characteristics are summarized in Table 2.1.  

 

Table 2.1. Number average molar mass (Mn), weight fractions (f) and polydispersity 

index (PDI) of SVPS polymer used in this study 
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2.1.2 Small-angle X-ray Scattering (SAXS) 

Small-angle x-ray scattering (SAXS) measurements were performed on a 

series of solutions containing different concentrations of SVPS terpolymer dissolved 

in a binary solvent system consisting of 1,4-dioxane/tetrahydrofuran (DOX/THF) = 

7/3 by weight. Solutions were transferred into 0.9 mm glass capillaries (Charles 

Supper Co.), centrifuged down, and double-sealed (flame and epoxy). SAXS results 

were obtained at beamline 12-ID-B at the Advanced Photon Source (APS) at Argonne 

National Laboratory using a sample-to-detector distance of 3 m and an incident photon 

energy of 13.3 keV. Two-dimensional (2D) scattering patterns were collected using a 

Pilatus 2M detector with 172x172 μm pixels, and radially integrated for analysis. The 

scattering vector, q, is defined as follows: 

 𝑞 =
4𝜋sin𝜃

𝜆
 (1) 

where θ is half the scattering angle, and λ is the x-ray wavelength1. 

 

2.1.3 Membrane Fabrication and Characterization 

 SVPS membranes were fabricated using the SNIPS process (Figure 2.1). 

Solutions were prepared by dissolving SVPS in a binary solvent system consisting of 

DOX and THF. The concentration of polymer and weight ratios of solvent were varied 

as appropriate (see Results section). Solutions were pipetted onto a glass slide, and 

subsequently cast into thin films using an automated blade-casting machine with a 
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gate height between 203 μm and 229 μm. The thin films were allowed to evaporate for 

a set amount of time to drive the self-assembly process before being immersed in a 

coagulation bath consisting of deionized water (18.2 MΩ) to precipitate the polymer 

and trap a non-equilibrium state of the film as manifested in an asymmetric pore 

structure. Membranes were cast in a dry box at room temperature. Relative humidity 

was adjusted to 40-45% prior to casting.  

 

 

Figure 2.1. Membrane fabrication via the SNIPS process. SVPS was dissolved in a 

binary solvent system of DOX/THF. The solution was allowed to stir for a minimum 

of two hours prior to casting with an automated blade casting system at a set gate 

height. Thin film was evaporated for a set amount of time (50-95s) to drive top surface 

self-assembly before immersion in a coagulation bath to trap a non-equilibrium state 

of the film in the form of an asymmetric pore structure.  

 

 SVPS membranes were sputter-coated with gold-palladium using a Denton 

Vacuum Desk II prior to scanning electron microscopy (SEM) imaging. Top surface 
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SEM micrographs were obtained using a Tescan Mira3 field emission scanning 

electron microscope (FESEM), equipped with an in-lens detector, at an accelerating 

voltage of 5kV. Cross sections were prepared under cryogenic conditions and imaged 

using a Zeiss Gemini 500 SEM and an accelerating voltage of 2kV.  

 Top surface micrographs were segmented using the Trainable Weka 

Segmentation plugin in ImageJ. Fast Fourier Transform (FFT) analysis of the 

segmented micrographs was conducted using the ImageJ Radial Profile Plugin 

(Philippe Carl). Pore size, pore density, and porosity assessments were performed on 

the segmented images using ImageJ. 

 

2.1.4 Solubility Parameter Calculation 

Hansen solubility parameters for dispersion (δD), polar (δP), and hydrogen 

bonding (δH) interactions of polymers, solvents and non-solvents were obtained from 

literature2,3. 

The total solubility parameter (δ) for different solvents and polymer segments 

was calculated using the following equation2: 

 𝛿 = √𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2
 (2) 

The solubility parameter of binary solvent mixtures (δi,s) was calculated using 

the volumetric average of the solubility parameters of the individual solvents given 

by4,5: 

 𝛿𝑖,𝑠 =
∑ (𝑋𝑗𝑉𝑗𝛿𝑖,𝑗)𝑗

∑ (𝑋𝑗𝑉𝑗)𝑗
 (3) 
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where Xj, Vj, and δi,j represent the mole fraction, molar volume and solubility of 

component j in the mixture, respectively. 

 The solubility parameter difference (δA-B) between two species (i.e. polymer 

and solvent) was calculated using the following expression4,5: 

 𝛿𝐴−𝐵 = √(𝛿𝐷,𝐴 − 𝛿𝐷,𝐵)2 + (𝛿𝑃,𝐴 − 𝛿𝑃,𝐵)2 + (𝛿𝐻,𝐴 − 𝛿𝐻,𝐵)2  (4) 

 

2.1.5 Membrane Performance Testing 

 Permeability tests were performed using a 10 mL dead-end stirred cell 

(Amicon 8010, Millipore, Co.) with an active area of 4.1 cm2. Membranes were placed 

atop a 0.2μm Nylon support (Sterlitech) during testing to prevent damage from the 

stirred cell. pH buffers were prepared using sodium chloride and hydrochloric acid 

(pH 2), sodium acetate and acetic acid (pH 3-6), and imidazole and hydrochloric acid 

(pH 7). pH values of buffer solutions were confirmed using a pH meter prior to 

testing. Three subsequent measurements were conducted at a transmembrane pressure 

of 1 psi, and average values were reported. Hydraulic permeability was calculated 

using the ratio of the volumetric filtrate flux (L m-2 h-1) to the transmembrane pressure 

(bar). 

 

2.1.6 Functionalized Dye Conjugation 

 An SVPS membrane (2.01 cm2) was soaked in a maleimide-functionalized 

tetramethylrhodamine-5 (TMR) dye containing solution overnight. Thereafter, the 

membrane was removed from the solution and soaked in dimethyl sulfoxide (DMSO) 
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for 10 minutes to remove non-covalently retained dye and visually assess presence of 

thiol groups (covalent binding sites). 

 

2.2 Results and Discussion 

2.2.1 Small-angle x-ray scattering (SAXS) analysis 

 Previous studies have shown that SAXS can be used to screen suitable solvent 

systems and casting solution concentrations for a given BCP system for SNIPS. 

Appropriate solvent system parameters are identified by the presence of higher order 

reflections, corresponding to micelle ordering, for solutions above a threshold 

concentration. Casting solutions with concentrations slightly lower than this threshold 

concentration have been shown to result in membranes with well-ordered separation 

layers. This is because the polymer concentration at the top surface reaches the 

threshold value during the solvent evaporation step of the SNIPS process6. 

 The SAXS curves for SVPS solutions with concentrations ranging from 

13wt% to 21wt% are shown in Figure 2.2. The solvent system for all solutions was 

DOX/THF = 7/3 (by weight). At lower concentrations (13 and 17wt%), only broad 

peaks are observed, indicating the absence of a well-defined BCP micelle lattice. In 

contrast, at 19wt%, multiple well-defined higher order reflections can be indexed 

according to (q/q*)2 = 1, 2, 3, 4, 5, 6, and 9, consistent with a body centered cubic 

(BCC) or simple cubic (SC) lattice. Due to the absence of the (q/q*)2 = 7 and (q/q*)2 = 

8 peaks, it is not possible to distinguish between these two lattices. The distance 

between two scattering centers can be determined using the position of the first order 

peak. Analysis of the SAXS patterns suggests a spacing of ~34 nm, corresponding to 
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d100 in the case of an SC lattice, and d110 in the case of a BCC lattice. A previous 

SAXS study conducted on a similar SVPS polymer dissolved in DOX/THF = 1/1 (by 

weight) showed that the micelles ordered in a BCC lattice5. Furthermore, no 

terpolymer SAXS solution study to date has resulted in SC lattices. Therefore, higher 

concentration (19 and 21%) derived SAXS patterns in Figure 2.2. were indexed in 

accordance with a BCC lattice. 

 

Figure 2.2. SAXS patterns of various concentrations of SVPS in DOX/THF =7/3 (by 

weight). Peaks observed at higher concentrations (19 and 21%) were indexed 

according to (q/q*)2 = 1, 2, 3, 4, 5, 6, 7, 8, and 9, consistent with an ordered BCC 

lattice of BCP micelles with d110 ~ 34 nm.  

 

2.2.2 Membrane Top Surface Characterization 

 Following the previously described rationale, a 12wt% SVPS solution in a 

DOX/THF = 7/3 (by weight) solvent system was prepared. The solution was cast 

using the SNIPS process under controlled humidity conditions (RH ~ 45%) and an 
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evaporation time of 80 s. Under these conditions, a well-ordered top surface was 

obtained, as suggested by SEM characterization of the resulting membrane shown in 

Figure 2.3a. The SVPS membrane displays narrowly dispersed pores (16.7 nm  1.7 

nm) arranged in a 2D hexagonal lattice with a pore-to-pore distance of 32.2 nm, 

consistent with FFT analysis. Further analysis using ImageJ revealed a pore density of 

8.94 x 1014 pores/m2, and a porosity of 20%, consistent with SNIPS membranes 

derived from other block copolymers7. 

 

Figure 2.3. Membrane top surface characterization. SEM image of SNIPS derived 

membrane from 12wt% SVPS in DOX/THF = 7/3 (by weight) (a), and segmentation 

using ImageJ (b), resulting in pore size distribution (c), and FFT analysis (d). Ticks 

above the FFT peaks in (d) indicate expected positions corresponding to (q/q*) = 1, 3, 

4, and 7, consistent with a 2D hexagonal lattice. 
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 Prior studies have suggested that the ordering of the casting solution is a good 

predictor of the pore geometry of the final membrane. An ISV membrane, derived 

from a solution consisting of micelles packed in a cubic lattice at higher 

concentrations, showed a top surface with 2D square packing. Similarly, a PS-b-P4VP 

membrane, derived from a solution with HEX cylinder packing at higher 

concentrations, displayed a top surface with 2D hexagonal structure6. However, in the 

case of SVPS, there is a disconnect between the cubic micelle packing observed in 

solution, and the hexagonal pore packing observed in the resulting membrane top 

surface layer. This difference may be reconciled by considering the packing frustration 

that arises as a result of the competing entropic (stretching) and interfacial 

contributions. Prior studies showed that BCPs exhibiting BCC symmetry (Figure 2.4a) 

in bulk, displayed hexagonal symmetry when in thin film conformation, since these 

lattices minimized packing frustration in three dimensions (3D) and two dimensions 

(2D), respectively. This order-order transition from BCC in 3D to hexagonal in 2D is 

facilitated by the distorted hexagonal configuration of the BCC (110) plane (Figure 

2.4b). Since the (110) plane is the closest-packed plane in the BCC lattice, 

preferentially orienting it towards the top surface minimizes elastic chain stretching 

contributions to the free energy8. Considering the sub-100nm top separation layer of 

the membrane (Figure 2.4c) as a quasi-2D structure would then explain the observed 

hexagonal symmetry. The interconnecting domains of the SVPS membrane separation 

layer, which are characteristic of cubic structures (i.e. ISV), and distinct from the free-

standing columnar pores of membranes derived from hexagonal bulk structures (i.e. 



  17 

SV), further suggest that the 2D hexagonal top surface packing stems from a cubic 

structure.  Quantitative comparison of the d110 spacing obtained from SAXS (~34 nm) 

and pore-to-pore distance of the membrane (~32 nm) supports this explanation, but 

more experimental evidence is needed to corroborate this conjecture.  

 

 

Figure 2.4. Structure of (a) a BCC unit cell, (b) the atomic configuration of the (110) 

plane, and (c) SEM micrograph of membrane cross-section near the top surface with 

separation layer indicated. 

 

2.2.3 Membrane Structural Characterization 

 The asymmetric nature of SVPS SNIPS membranes is exemplified by the 

drastic difference in feature size and structure of the membrane top surface (Figure 

2.5a) and bottom surface (Figure 2.5b). The cross-section of an SVPS membrane made 

from an 11wt% solution in DOX/THF = 7/3 (by weight) with an evaporation time of 

80s (Figure 2.5c) displayed a sponge-like substructure, with maximum pore sizes 

occurring near the middle of the membrane before density significantly increases 

again. This is unlike what was previously observed from cross-sections of SNIPS 

membranes made from ISV triblock terpolymers, where pore sizes continuously 
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increased along the depth of the membrane5. The total thickness of the membrane, as 

measured via ImageJ, was ~40 μm. Examining the membrane structure in further 

detail (Figure 2.5d,e,f,g) revealed the changes in connectivity occurring along the 

depth of the membrane, further highlighting its asymmetry. 

 

 

Figure 2.5. Membrane structural characterization. SEM images of a membrane 

derived from 11wt% SVPS in DOX/THF = 7/3 (by weight) with an evaporation time 

of 80 s. (a) Top surface, (b) bottom surface, (c) lower magnification image of entire 

cross-section, and higher magnification images taken at (d) d = 0 μm, (e) d = 3.1 μm, 

(f) d = 10.4 μm, and (g) d = 34.2 μm, where d is defined as distance from the top 

surface. 

 

2.2.4 Tuning Substructure of SVPS Membranes 

 Research conducted on non-solvent induced phase separation (NIPS) derived 

membranes divides membrane substructures into two main types: sponge-like and 

fingerlike. The formation of the different substructures is widely attributed to the 

demixing rate upon immersing the membrane in a coagulation bath. If instantaneous 

demixing occurs, the system separates into polymer-rich and polymer-poor phases 

upon immersion, leading to the formation of a finger-like morphology consisting of 
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macrovoids. If the system remains in the miscible one-phase region for a longer period 

of time, demixing is delayed, leading to a denser sponge-like morphology9. Previous 

work conducted on SNIPS membranes derived from ISV triblock terpolymers 

confirmed that the structural formation mechanism of NIPS membranes is also 

applicable to SNIPS membranes5. 

 The present study focuses on tuning the demixing rate, and thus the 

substructural morphology of SVPS membranes, via three parameters—solvent system, 

evaporation time, and casting solution concentration—all of which can be readily 

adjusted during the membrane fabrication process.  

 

2.2.4a Influence of Solvent System 

 Using the DOX/THF = 7/3 solvent system as a starting point, the DOX content 

was increased to DOX/THF = 8/2 and 9/1, and the effect on the substructure was 

studied for a given polymer concentration (12wt%) and evaporation time (80 s). The 

results (Figure 2.6) indicate that while the effects on top surface order are minimal, the 

substructure exhibits more macrovoids—becomes more finger-like—with increasing 

DOX content.  
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Figure 2.6. SEM characterization of top surfaces and cross-sections of SNIPS derived 

membranes from 12wt% SVPS in (a,d) DOX/THF = 7/3, (b,e) DOX/THF = 8/2, (c,f) 

DOX/THF = 9/1. Evaporation time was 80 s for all membranes. 

 

To explain this finding, this study will discuss four solvent-system-dependent 

contributors to demixing rate: casting solution viscosity, solvent-non solvent (S-NS) 

affinity, polymer-solvent (P-S) affinity, and solvent volatility.  

Increased casting solution viscosity is expected to delay demixing due to 

increased rheological hindrance, leading to a more sponge-like substructure10. 

However, in this polymer-solvent system, an increased solution viscosity—associated 

with increased DOX content—results in a more finger-like substructure, suggesting 

that casting solution viscosity is not the main contributor to demixing rate. 

Solvent-non solvent (S-NS) affinities of individual solvents and solvent 

mixtures are listed in Table 2.2. Detailed calculations can be found in the experimental 
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methods section. High solvent-non solvent affinity, reflected by a low solubility 

parameter difference (δS-NS), is expected to facilitate S-NS exchange, leading to faster 

demixing and a more fingerlike substructure morphology. Out of the individual 

solvent components, THF has a higher affinity (lower δS-NS value) with the non-

solvent (H2O). This suggests that a solvent system with higher THF content (i.e. 

DOX/THF = 7/3) should display faster demixing and a more fingerlike substructure 

than one with lower THF content (i.e. DOX/THF = 9/1). Since the experimental 

results demonstrate the opposite trend, S-NS affinity may not be the main contributor 

to demixing rate for this polymer system either. 

Table 2.2. Hansen solubility parameters (δD, δP, δH) of solvents and non-solvent2, and 

solubility parameter differences between solvents and non-solvent (δS-NS).  

 

 

The polymer-solvent affinity can also be modeled in terms of solubility 

parameter disparity (δP-S). The more compatible the polymer and solvent are (small δP-

S), the more time it takes to remove the solvent from the polymer, and the slower the 

S-NS exchange10. Therefore, substructures are expected to become increasingly 

fingerlike with decreasing polymer-solvent compatibility (increasing δP-S). To assess 

the relevant polymer-solvent interaction, it is necessary to consider the micellar 

structure. Previous studies on PS-b-P4VP copolymers demonstrated that the shorter, 



  22 

pore-forming P4VP block was in the core of the micelle, while the majority PS block 

constituted the corona, even in solvents selective for P4VP11. For the current study, the 

short PPS block (Mn~2.3 kg/mol) is assumed to reside in the micellar core with the 

P4VP block. Therefore, the main polymer-solvent interactions involve the PS block. 

The solubility parameter differences between polystyrene and the relevant solvents 

(δP-S) are summarized in Table 2.3. Out of the two solvent constituents, polystyrene is 

less compatible with DOX. Therefore, solvent systems with higher DOX ratios should 

give rise to more fingerlike substructures. This is consistent with the experimental 

results (Figure 2.6). 

Table 2.3. Hansen solubility parameter differences between polystyrene and relevant 

solvents. Parameters were calculated using Equation (4). (see Appendix for full table) 

 

 
 

The boiling point of THF (65°C) is much lower than that of DOX (101°C), 

which means that THF preferentially evaporates during the solvent evaporation step, 

resulting in an elevation in polymer concentration at the film surface12. This layer 

physically impedes the S-NS diffusional exchange4. As a result, solvent systems with 

higher THF content (i.e. DOX/THF = 7/3) are expected to experience slower 

precipitation kinetics than those with lower THF content (i.e. DOX/THF = 9/1), 

leading to membranes with denser, more sponge-like substructures. The experimental 

results (Figure 2.6) are in agreement with this prediction, suggesting that the effects of 

solvent volatility and polymer-solvent affinity may dominate the demixing rate for this 

particular polymer-solvent system.  
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2.2.4b Influence of Evaporation Time 

 The effect of evaporation time on the demixing rate and substructure 

morphology can be connected back to the volatility of the THF component in the 

solvent system. The longer the evaporation time, the higher the polymer concentration 

at the film surface, and the more resistance there is to S-NS exchange. Thus, 

decreasing the evaporation time should result in faster S-NS exchange, and a more 

finger-like substructure.  

 Following this rationale, an 11wt% solution of SVPS in DOX/THF = 7/3—

shown previously to have a sponge-like substructure for an evaporation time of 80 s 

(Figure 2.5)— was used as a starting point, and films with evaporation times of 50 s, 

and 65 s were cast. Cross-sectional analysis revealed sponge-like substructures for all 

three membranes, regardless of evaporation time (Figure 2.7). Further reducing 

evaporation time—to enhance the demixing rate—was not considered a practical 

method of obtaining a more finger-like substructure because the top surface of the 

membrane evaporated for 50s (Figure 2.7a) already exhibited higher disorder as 

compared to membranes evaporated for longer time periods, indicating that the 

polymer surface concentration was not high enough to reach the fully ordered state. A 

shorter evaporation time (t < 50 s) would only exacerbate this effect, which would not 

be conducive to high selectivity applications. An interesting observation is the shift of 

the pore size distribution across the depth of the membrane as a function of 

evaporation time. The position of the maximum pore size (as identified visually) 

appears to shift towards the bottom of the membrane with increasing evaporation time.  
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Figure 2.7. SEM characterization of top surfaces and cross-sections of SNIPS 

membranes derived from 11wt% SVPS in DOX/THF = 7/3 evaporated for (a,d) 50 s, 

(b,e) 65 s, and (c,f) 80 s. 

 

 To better demonstrate the effect of evaporation time on substructure 

morphology, the DOX content in the solvent system was increased (DOX/THF = 8/2) 

for reasons previously stated, while keeping the polymer concentration in solution 

constant (11wt%). Films were evaporated for 50 s, 65 s, and 95 s prior to coagulant 

immersion. Cross-sectional analysis confirmed increasing sponge-like character with 

increasing evaporation time (Figure 2.8). Membrane thickness decreased as a function 

of evaporation time, from 49.0 μm at 50 s to 39.8 μm at 95 s, consistent with the 

conservation of polymer mass. 
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Figure 2.8. SEM characterization of top surface and cross-section of 11wt% SVPS in 

DOX/THF = 8/2 evaporated for (a,d) 50 s, (b,e) 65 s, and (c,f) 95 s. 

 

2.2.4c Influence of Casting Solution Concentration 

 For a given evaporation time, a higher polymer concentration in the casting 

dope leads to a higher polymer concentration at the film-non solvent interface upon 

immersion, which retards demixing and results in a more sponge-like substructure. 

Using a 12wt% solution of SVPS in DOX/THF = 9/1—shown previously to have a 

half finger-like, half sponge-like substructure for an 80 s evaporation time (Figure 

2.6f)—as a starting point, polymer concentrations were decreased to 11wt% and 

10wt% in an attempt to increase the finger-like character of the membrane cross-

sections. SEM characterization of the aforementioned cross-sections (Figure 2.9) 

corroborates increasing finger-like character with decreasing polymer concentration. 

The decrease in membrane thickness with increasing casting solution concentration 
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conveys that the contribution from the increasing substructure density (due to more 

sponge-like character) outweighs that of the increasing polymer mass in the casting 

dope.   

 

Figure 2.9. SEM characterization of top surfaces and cross-sections of SNIPS derived 

membranes from (a,d) 10wt%, (b,e) 11wt%, and (c,f) 12wt% SVPS in DOX/THF = 

9/1 evaporated for 80 s. 

 

2.2.5 Hydraulic Permeability Comparison 

 The primary factors influencing membrane permeability are top surface pore 

size and pore density, membrane thickness, and substructure morphology. A 

membrane with a fingerlike substructure generally exhibits a higher permeability than 

one with a sponge-like substructure, because the macrovoids act as low-resistance 

channels that enhance water flow. For a given substructure morphology (i.e. sponge-

like), an increased membrane thickness results in decreased permeability due to an 
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increased path length5. To minimize the effect of top surface pore size variation on 

permeability, a 10wt% SVPS solution in DOX/THF = 9/1 was evaporated for 95 s 

(Figure A.3) to obtain an isoporous membrane (Figure A.4a) with a fingerlike 

substructure.  

The protonation of the P4VP block at pH<4.6 causes the chains to stretch out, 

resulting in pore closure7. Therefore, SVPS membrane performance can be assessed 

by observing whether membranes display a drastic change in permeability as pH 

conditions are varied. A dead-end stirred cell (active area = 4.1 cm2) pressurized with 

N2 gas was used to measure permeability. The results in Figure 2.10 confirm that the 

pH-responsive nature of the P4VP block is preserved, regardless of substructure 

morphology. Adjusting substructure morphology from sponge-like to finger-like 

caused pure water permeability above pH of 4.6 to increase by a factor of 2.6, despite 

the ~9% increase in membrane thickness. The intermediate performance of the 

membrane portraying a hybrid (half sponge-like, half finger-like) substructure 

demonstrates the ability to tune the permeability profile—via tuning the 

substructure—e.g. to match a desired application. Finally, the more incomplete closure 

at low pH of the membrane with finger-like substructure may be due to the fact that 

the fingers extend almost up to the top separation layer (Figure A.4b) and thus overall 

provide less resistance to flow, irrespective of whether the pores are closed or not. 
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Figure 2.10. Water permeability of SVPS membranes exhibiting various substructure 

morphologies under different pH conditions. 

 

2.2.6 Functionalized Dye Conjugation 

 In addition to pH-responsiveness, SVPS membranes also possess sulfhydryl 

groups to which foreign molecules can be covalently attached via thiol-ene click 

chemistry. This innate functionality allows the attachment of proteins and enzymes 

without denaturation, and forgoes the need for an extra binding layer13. Additionally, 

the ability to covalently attach foreign molecules is more desirable than other less-

permanent noncovalent binding methods. To demonstrate this functionality, an SVPS 

membrane and a control SV membrane (see Appendix for characterization) were 

immersed in a maleimide-functionalized tetramethylrhodamine (TMR) dye solution 

overnight (Figure 2.11). Thereafter, the membranes were soaked in dimethyl sulfoxide 

(DMSO), a good solvent for the TMR dye, to remove noncovalently bound dye. The 
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SV membrane’s reversion to its original color suggests that dye retention was 

primarily non-covalent, whereas the SVPS membrane’s persisting pink color 

following the DMSO wash supports the existence of accessible covalent binding sites.  

 

 

Figure 2.11. Functionalized dye conjugation assessment. SVPS and SV membranes 

were soaked in a maleimide-functionalized TMR dye solution overnight. Membranes 

were subsequently soaked in DMSO to remove non-covalently contained dye. 

Persisting pink hue of SVPS membrane suggests presence of covalent binding sites. 
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CHAPTER 3 

CONCLUSION AND OUTLOOK 

3.1 Conclusion 

 This study presented the synthesis of an SVPS triblock terpolymer, and the 

characterization and optimization of top surface packing and substructure morphology 

of SNIPS derived membranes. A fundamental connection between the micellar 

packing of SVPS in solution into a cubic lattice, and the hexagonal top surface pore 

geometry of the membranes could be made. Thereafter, it was demonstrated that the 

substructure of SVPS SNIPS membranes could be readily tuned between fingerlike 

and sponge-like morphologies by systematically adjusting various casting parameters. 

Nevertheless, simultaneous achievement of an isoporous top surface and the desired 

substructure may require the adjustment of multiple parameters. The combination of 

high permselectivity, facile tunability, and presence of covalent binding sites as 

evidenced by attachment of a fluorescent dye using thiol-ene click chemistry makes 

SVPS membranes an attractive template for advanced UF applications, surpassing its 

less-functional PS-b-P4VP-based predecessors. 

 

3.2 Future Work 

 Up until now, studies on SVPS terpolymers have assumed that its micellar 

structure resembles that of its SV counterpart, with the addition of the short PPS block 

in the core of the micelle1. However, even if this is the case, it is unknown how these 

two core components interact with each other, and how that affects structure and 

membrane formation. To better understand why SV and SVPS polymers have 
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different solvent system requirements and solution behaviors, it would be useful to 

qualitatively determine which of the blocks of SVPS are in the micelle core and which 

are in the corona. One method to accomplish this would be to conduct T2 relaxation 

studies on a range of SVPS solution concentrations in DOX/THF solvent mixtures. 

The recently established “mix and match” approach to produce blended SNIPS 

membranes from two chemically-distinct triblock terpolymers opened up a realm of 

possibilities for UF applications2. However, one current limitation is the inability to 

control the distribution of the BCP constituents in the final membrane. The SVPS 

polymer characterized and optimized in this study would make an ideal blend 

constituent for multiple reasons: (1) Its 2D hexagonal surface packing is visually 

distinguishable from the 2D square packing of the ISV SNIPS membranes that have 

been thoroughly studied in the past; (2) SVPS and ISV triblock terpolymers are 

optimized for the same solvent system (DOX/THF = 7/3), removing the effect of 

solvent system variation on the final membrane structure; (3) labeling the SVPS 

polymer with a fluorescent dye or nanoparticle may enable the mapping of the 

different blend constituents in the membrane top surface layer and beyond, and in 

situations where surface pore structure is not clearly distinguishable.  
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APPENDIX 

 

 
 

 

Figure A.1. Synthesis scheme of SVPS triblock terpolymer using a sequential anionic 

polymerization technique. 

 

 

 
 

Figure A.2. Characterization of synthesized SVPS triblock terpolymer using (a) THF 

GPC, and (b) 1H NMR using deuterated chloroform as a solvent. 

 

 

 

 

 

 

 



  36 

Table A.1. Individual Hansen solubility parameters (δD, δP, δH) of polystyrene and 

solvents, and solubility parameter differences between polystyrene and solvents (δP-S). 

 

 
 

 

 
 

Figure A.3. SEM characterization of top surface and cross section of SNIPS 

membranes cast from 10wt% SVPS in DOX/THF = 9/1 solutions evaporated for (a,c) 

80 s, and (b,d) 95 s. 
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Figure A.4. (a) Pore size distribution (18.5  3.7 nm) corresponding to Figure A.3b, 

and (b) Higher magnification SEM characterization of cross section shown in Figure 

A.3d. 

 

Synthesis and Characterization of SV Polymer 

 SV was synthesized using a sequential anionic polymerization technique as 

previously described1. The SV block copolymer used in this study has a number 

average molar mass of 150 kg/mol, a PDI of 1.14, and weight fractions of 0.82 and 

0.18 for PS and P4VP, respectively. A 15wt% solution of SV in DOX/THF/DMF = 

65/25/10 (by weight) was cast into a thin film using an automated blade-casting 

machine with a gate height between 203 μm and 229 μm. The film was allowed to 

evaporate for 30s prior to immersion in a deionized water bath. The SEM 

characterization of the final SV SNIPS membrane is depicted in Figure A.5. 
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Figure A.5. SEM characterization of (a) top surface, (b) cross-section, and (c) bottom 

surface of SNIPS membrane cast from a 15wt% SV solution in DOX/THF/DMF = 

65/25/10 (by weight) and evaporated for 30 s.  
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