
 

1 

 

博士論文（要約） 

 

 

 

 

Stimuli-responsive mesoporous membranes using block copolymer 

(ブロックコポリマーを用いた刺激応答性メゾポーラス膜) 

 

 

 

 

 

 

 

 

 

 

 

唐 彦春 

  



 

2 

 

Content 

1. Introduction .......................................................................................................................................... 5 

1.1 Background and motivation ........................................................................................................... 5 

1.2 Scope of the research ..................................................................................................................... 5 

2. Theory and literature review ................................................................................................................. 6 

2.1. Stimuli-responsive polymers ........................................................................................................ 6 

2.1.1 Thermo-responsive polymer .................................................................................................. 7 

2.1.2 pH-responsive polymers ...................................................................................................... 15 

2.2 Block copolymers ........................................................................................................................ 18 

2.3. Stimuli-responsive membranes ................................................................................................... 20 

2.3.1. Stimuli-responsive membrane preparation strategies .......................................................... 21 

2.4 Reversible addition-fragmentation chain transfer (RAFT) polymerization for stimuli-responsive 

polymers ................................................................................................................................................ 31 

2.4.1. Mechanism of RAFT polymerization ................................................................................. 32 

2.4.2. Block copolymer synthesis ................................................................................................. 34 

2.5 X-ray photoelectron spectroscopy (XPS) .................................................................................... 35 

2.5.1 Qualitative analysis .............................................................................................................. 36 

2.5.2 Quantitative analysis ............................................................................................................ 38 

3. Thermo-responsive mesoporous block copolymer membranes .......................................................... 41 

3.1. INTRODUCTION ...................................................................................................................... 41 

3.2. EXPERIMENTAL SECTION .................................................................................................... 43 

3.2.1. Materials. ............................................................................................................................ 43 

3.2.2 Membrane preparation ......................................................................................................... 44 

3.2.3. Scanning electron microscopy investigation ....................................................................... 45 



 

3 

 

3.2.4. Water permeability measurements. ..................................................................................... 45 

3.2.5. Gold nanoparticles filtrations. ............................................................................................. 46 

3.2.6. Dextran sieving tests ........................................................................................................... 46 

3.3. RESULTS ................................................................................................................................... 47 

3.3.1. Morphology of the composite membranes .......................................................................... 47 

3.3.2. Thermoresponsive permeability of composite membranes ................................................. 51 

3.3.3. Thermoresponsive separation of gold nanoparticles ........................................................... 56 

3.3.4. Thermoresponsive separation of dextran molecules ........................................................... 59 

3.4. CONCLUSION........................................................................................................................... 64 

3.5 SUPPORTING INFORMATION (Stability of composite membrane) ....................................... 65 

4. Magneto-responsive mesoporous block copolymer membranes ........................................................ 66 

4.1. INTRODUCTION ...................................................................................................................... 66 

4.2. EXPERIMENTAL SECTION .................................................................................................... 68 

4.2.1. Materials ............................................................................................................................. 68 

4.2.2 Membrane preparation ......................................................................................................... 68 

4.2.3. Evaluation of the IONPs heating effect by calorimetric method ........................................ 69 

4.2.4. Scanning electron microscopy (SEM) investigation ........................................................... 70 

4.2.5. Thermo- and magneto-responsive water permeability ........................................................ 70 

4.2.6. Thermo- and magneto-responsive molecular sieving performance .................................... 72 

4.3. RESULTS AND DISCUSSION ................................................................................................. 72 

4.3.1. Heating efficiency of IONPs dispersion.............................................................................. 72 

4.3.2. Morphology of the BCP-IONPs thin-film composite membranes ...................................... 74 

4.3.3. Thermo- and magneto-responsive water permeability of the BCP-IONPs membranes ...... 76 



 

4 

 

4.3.4. Thermo- and magneto-responsive molecular sieving performance of the BCP-IONPs 

membranes ........................................................................................................................................ 83 

4.4. CONCLUSIONS ........................................................................................................................ 87 

4.5 SUPPORTING INFORMATION ................................................................................................ 88 

4.5.1. Alternating magnetic field (AMF) amplitude ..................................................................... 88 

4.5.2. Water flux with and without AMF at different initial fluxes .............................................. 90 

4.5.3. Magneto-responsive performances of 5CS and 5CL membranes with different magnetic field 

amplitude (H) .................................................................................................................................... 91 

4.5.4. Fluxes measured during dextran sieving experiments......................................................... 92 

5. Mesoporous block copolymer membranes with thermo- and pH-responsivities ................................ 94 

6. Summary ............................................................................................................................................ 95 

7. Outlook ............................................................................................................................................... 97 

8. Acknowledgements ............................................................................................................................ 99 

9. Published list .................................................................................................................................... 100 

10. References ...................................................................................................................................... 101 

 

 

  



 

5 

 

1. Introduction  

1.1 Background and motivation 

Membrane technology had been dramatically developed after the membrane first commercialized for 

water purification in 1930s. Nowadays, membranes are not only provided to solve the problems of water 

scarcity and energy shortage, but also supported medical application like hemodialysis, drug delivery, 

microfluidics, micro-analysis and reactions. Among them, the stimuli-responsive membranes which can 

change their chemical, physical and barrier properties by responding to the environmental conditions have 

attracted large attention and shown tremendous development in last two decades. Multiple types of stimuli 

were applied to induce responses, including the direct stimulants such as temperature, pH, specific ions, 

and newly emerged remote triggers such as light, electric and magnetic fields.  

However, preparing stimuli-responsive membranes with nano-scale pore size is still in challenge. The 

common stimuli-responsive membrane preparation methods are separated into post-modification and pre-

modification approaches depending on the time for introducing stimuli-responsive gates into the membrane 

substrate. In the post-modification approach, stimuli-responsive polymers are usually immobilized on 

commercial membrane substrate by “grafting to” and “grafting form” methods. But with those methods, 

the diffusion of polymer chain or monomers is strongly inhibited by narrow membrane pore size, especially 

for those smaller than 100 nm, leading to inhomogeneous grafting and pore plugging.1, 2 The pre-

modification approach uses stimuli-responsive copolymers or micro-gels as additives of blend during 

membrane formation. Almost all the pre-modification type membrane are fabricated using the nonsolvent 

induced phase separation (NIPS) method. While, those membranes typically have a rather pore size broad 

distribution, which obviously limited their application. Moreover, instead of the NIPS, it is quite rare to see 

the pre-modification type membranes prepared via other method.    

 

1.2 Scope of the research 

In this study, we utilized a completely new method to develop three kinds of pre-modification type 

stimuli-responsive mesoporous membranes. Those membranes not only have excellent and unique stimuli-

responsivities but also are with narrow size distribution. The detail information of those three types of 

membranes, like the preparation processes and filtration properties, will be described in three chapters 

respectively.  

The first type is thermo-responsive mesoporous block copolymer membrane prepared by introducing 

nanopores into poly(oligoethylene glycol methyl ether methacrylate)-b-polystyrene-b-poly(oligoethylene 

glycol methyl ether methacrylate) (PMEOnMA-b-PS-b-PMEOnMA) templates via selective swelling the 
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PMEOnMA domains. The membrane with PS being the mechanical stable part of the matrix and thermo-

responsive PMEOnMA covered the mesopores interiors. The lower critical solution temperature (LCST) of 

PMEOnMA is tunable by changing the average number of ethylene glycol repeating units in the side group, 

n, thus providing the membrane a tuning the thermos-responsivity.3  

The second type is magneto-responsive mesoporous block copolymer membrane constructed by 

embedding iron oxide nanoparticles (IONPs) as local heaters into the PS matrix of the foresaid porous block 

copolymer membrane. The swollen/shrunken state of PMEOnMA brushes on the pore walls were triggered 

by the heat generated by the nearby IONPs within alternate magnetic field (AMF), leading to adjustable 

molecular sieving performance of the membrane.4  

The third type is uncoupled thermo- and pH-responsive mesoporous block copolymer membrane 

fabricated with poly(N,N-dimethylaminoethyl methacrylate)-b- poly(diethyleneglycol methyl ether 

methacrylate)-b-polystyrene (PDMAEMA-b-PMEO2MA-b-PS) using selective swelling PDMAEMA-b-

PMEO2MA domains. PMEO2MA has LCST at 26 °C. PDMAEMA is a typical weak polyelectrolyte with 

pKa value at 7.0-7.5 and also a thermo-responsive polymer revealed a LCST of 20-80 °C in aqueous solution. 

With combination of the properties of PMEO2MA and PDMAEMA, such membrane pore size can be varied 

into 4 different barrier dimension as function of the combination of temperature and pH.  

 

2. Theory and literature review  

2.1. Stimuli-responsive polymers 

Stimuli-responsive polymers are capable of chemical and/or physical property change on receiving an 

external stimulus.5-8 The typical stimuli include the direct stimulants such as temperature, pH, mechanical 

force,9 specific ions and molecules, and newly emerged remote triggers such as light, electric and magnetic 

fields.10, 11 The responses are also manifold, including dissolution/precipitation, degradation, drug release, 

and changes in hydration state, swelling/collapsing, hydrophobic/hydrophilic surface, conformation and 

micellisation (Figure 2.1).12 Among all the stimuli, the temperature and pH are most important and 

predominantly studied. In this section, I will focus on displaying the theory and recent development of 

thermo-responsive and pH-responsive polymers.    
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Figure 2.1. Stimuli and responses of stimuli-responsive polymers.12  

 

2.1.1 Thermo-responsive polymer 

2.1.1.1 Upper and lower critical solution temperature 

Mixture is a system consisted of different chemical species. In a homogeneous mixture, all components 

are uniform and intermixed in molecular scale, for example, a polymer in a good solvent. A heterogeneous 

mixture has several phases with regions of different compositions, for instants, the oil and water mixture.  

An ideal mixture is with no difference in interaction energy between components. An ideal mixture is 

always homogeneous because the free energy of mixing per site of it is purely entropic and the mixing 

entropy always being positive. Consider the binary ideal mixture of component A and B (A and B can be 

solvent molecules, monomers or large molecules) which have NA and NB molecules respectively. φA=φ 

denote the volume fraction of component A and φB=1-φ is the corresponding volume fraction of component 

B. The free energy of mixing component A and B is shown as following equation: 

∆𝐹𝑚𝑖𝑥 = −𝑇∆𝑆𝑚𝑖𝑥 = 𝑘𝑇 [
𝜙

𝑁𝐴

𝐼𝑛𝜙 +
1 − 𝜙

𝑁𝐵

𝐼𝑛(1 − 𝜙)]  (2.1) 

∆Fmix is always negative as a result of always positive ∆Smix. 

When we take the interaction energy (U) between components into account, the free energy of mixing 

per lattice site is written as: 

∆𝐹𝑚𝑖𝑥 = Δ𝑈𝑚𝑖𝑥 − 𝑇Δ𝑆𝑚𝑖𝑥 = 𝑘𝑇 [
𝜙

𝑁𝐴

𝐼𝑛𝜙 +
1 − 𝜙

𝑁𝐵

𝐼𝑛(1 − 𝜙) + 𝜒𝜙(1 − 𝜙)]  (2.2) 
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In where, χ is the flory interaction parameter defined as the difference of interaction energies of each 

chemical species. Equation (2.2) was first calculated by Huggins and later independently derived by Flory, 

so it is commonly referred as the Flory-Huggins equation. For polymer solution, NA = N and NB = 1, 

therefore the Flory-Huggins equation for polymer solutions is: 

∆𝐹𝑚𝑖𝑥 = Δ𝑈𝑚𝑖𝑥 − 𝑇Δ𝑆𝑚𝑖𝑥 = 𝑘𝑇 [
𝜙

𝑁
𝐼𝑛𝜙 + (1 − 𝜙)𝐼𝑛(1 − 𝜙) + 𝜒𝜙(1 − 𝜙)] (2.3) 

Flory-Huggins theory assumes that there is no volume change with mixing. However, in most real 

polymer mixture, the volume changes. Because of the local packing effects, the Flory interaction parameter 

(χ) is with a temperature-dependent additive constant and often written as the sum of two terms empirically: 

χ(T) ≅ A + 𝐵
𝑇⁄  (2.4) 

Term A is the ‘entropic part’ of χ, and B/T is referred to the ‘enthalpic part’. In practice, the local packing 

effects are not fully understood. All deviations from the lattice model are lumped into χ which displays 

dependences on composition, chain length, and temperature. 

The local stability of a homogeneous mixture of composition φ0 with free energy Fmix(φ0) is determined 

by whether the Fmix(φ0) is higher or lower than that of a phase separated state Fαβ(φ0). Figure 2.2 is the free 

energy versus composition profile. When Fmix(φ0) > Fαβ(φ0), as shown in Figure 2.2a, the system can lower 

its free energy by phase separating into two phases. While, when Fmix(φ0) < Fαβ(φ0) (Figure 2.2b), the mixed 

state is locally stable. The criterion for local stability is written in terms of the second derivative of the free 

energy:  

𝜕2𝐹𝑚𝑖𝑥

𝜕2𝜙2
< 0     𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒, 

𝜕2𝐹𝑚𝑖𝑥

𝜕2𝜙2
> 0     𝑠𝑡𝑎𝑏𝑙𝑒 
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Figure 2.2. Composition dependence of free energy, with examples of system that are (a) unstable and (b) 

locally stable.13  

A phase diagram can be constructed to summarize the temperature dependent phase behavior of the 

mixture, showing stability, instability, and meta-stability regions (Figure 2.3). The binodal (solid line in the 

phase diagram, Figure 2.3) is the interaction parameter corresponding to the phase boundary, which can be 

obtained by solving following equation: 

(
𝜕∆𝐹𝑚𝑖𝑥

𝜕𝜙
 )

∅=∅′

= (
𝜕∆𝐹𝑚𝑖𝑥

𝜕𝜙
 )

∅=∅"

= 𝑘𝑇 [
𝐼𝑛𝜙

𝑁
−

𝐼𝑛(1 − 𝜙)

𝑁
− 𝜒(1 − 2𝜙)] = 0 (2.5) 

The spinodal curve (the dashed line in the bottom part of Figure 2.3) is the boundary between unstable 

and metastable regions.13 Because of the temperature dependence of χ (see Equation 2.4), the phase diagram 

also can be transformed into temperature and composition profile. When the χ of a polymer blend linearly 

increases with 1/T (B > 0), the increasing temperature in this blend leads to increased miscibility (Figure 

2.4). The highest temperature of the two-phase region is the upper critical solution temperature (UCST), 

and a large number of polymer blends exhibit this UCST behavior. On the other hand, as shown in Figure 

2.5, the increasing temperature leads to an increase of the χ (B <0), and hence lower the miscibility of blend. 

The lowest temperature of the two-phase region is the lower critical solution temperature (LCST).14 Note 

that, only the minimum and maximum points of the binodal/spinodal in the phase diagram are LSCT and 

UCST points, respectively, any other point along the respective curve is referred to as a cloud point (Tcp) 

or a demixing (Tdem) point.15  

When consider the polymers in aqueous solution, the interactions between polymers and water became 

stronger and more complex other than the sample van der Waals interactions in organic environment. The 

polar groups in the polymer can interact with water by dipole-dipole interactions and hyderogen bonding 

(enthalpy) thereby avoiding the strong hydrophobic interactions in water (entropy).16 But using Flory-

Huggins equation (Equation 2.3), the experimental data still can be fairly accurate fitted. Thermo-

responsive polymers are separated into LCST-type (undergoing a demixing phase transition upon heating) 
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and UCST-type (undergoing a demixing phase transition upon cooling) based on the phase separation 

occurred above or below a specific temperature. The solvent plays an important role in the solution behavior 

for a thermo-responsive polymer. One thermo-responsive polymer can exhibit LCST behavior in one 

solvent and UCST behavior in another. For example, the poly(N-isopropyl acrylamide) (PNIPAM) shows 

LCST behavior in water but display UCST behavior in water/alcohol binary solvent.16-18 Thermo-

responsive polymers are almost applied in an aqueous solvent environment.19           

 

Figure 2.3. Free energy of a symmetric polymer blend (χN=2.1, top figure) and the corresponding phase 

diagram (bottom). The solid curve is binodal and dashed curve is spinodal.13  

 

Figure 2.4. Temperature dependence of χ (a) and phase diagram (b) of the hydrogenated polybutadiene 

(88% vinyl) and deuterated polybutadiene (78% vinyl) blend .14  
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Figure 2.5. Temperature dependence of χ (a) and phase diagram (b) of the hydrogenated polyisobutylene 

and deuterated head-to-head polypropylene blend.14 

 

2.1.1.2 LCST-type thermo-responsive polymers 

LCST-type thermo-responsive polymers exhibit a phase transition from a clear to a cloudy state as the 

environment temperature increases about LCST. The common characteristic of temperature-responsive 

polymers is the presence of hydrophilic part together with hydrophobic groups, like methyl, ethyl and 

propyl groups, as show in Figure 2.6-2.9.8 The discontinuous transition of thermo-responsive polymer can 

be mainly attributed to hydrogen bonds and hydrophobic interactions. A small change of the balance 

between those two interactions is responsible for the interconversion of polymers between two different 

phases. In the case of aqueous solution, hydrogen bonds between hydrophilic groups of thermo-responsive 

polymer and already somewhat arranged water molecules convert the polymer chains in specific 

orientations. Accompanying with exothermic enthalpy of hydrogen bonds, the water molecules structured 

around the nonpolar regions of polymers cause hydrophobic effect resulting in a decreased entropy upon 

mixing (negative ΔS). At low temperatures, the strong hydrogen bonding outweighs the unfavorable free 

energy related to the exposure of hydrophobic groups to water, leading to good solubility of the polymer in 

water. As the temperature rises, the attractive forces weaken upon heating, entropy term dominates the 

otherwise exothermic enthalpy of the hydrogen bonds which is the initial driving force for dissolution.20   

The most famous and intensively studied thermo-responsive polymers are PNIPAM and its derivatives. 

PNIPAM has a LCST in the range of 30-35 ᴼC which is very close to the human physiological temperature, 

therefore PNIPAM products have been found very promising for pulsatile drug delivery.6, 7, 21, 22 By 

copolymerizing NIPAM and a second monomers, the shifting hydrophilic/hydrophobic balance can 

decrease/increase the LCST of PNIPAM.23-25 Further, the LCST also can be turned by replacing the 

isopropyl group by a carboxyl group, an amide group or a hydroxyl group.24, 26-28  
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Figure 2.6. (a) Chemical structure of PNIPAM and (b) temperature dependent swelling/deswelling 

transition.29 

The thermo-responsive polyamides (namely poly(2-oxazoline)s, polypeptoids and polypeptides, Figure 

2.7) is other thermo-responsive polymer family which is intensively studied for the developing drug 

delivery system.12, 30, 31 They are synthesized by living cationic ring-opening polymerization of the 2-

oxazolines or the corresponding amino acid N-carboxyanhydrides.31-33 The main chains consisting of the 

repeating amide groups are hydrophilic. The hydrophilic-hydrophobic balance of could be tuned by 

introducing hydrophobic side chains to obtain thermo-responsive. For example, poly(2-ethyl-2-oxazoline) 

(PEtOx) has a concentration-dependent cloud point in 61-64 ᴼC, poly(2-isopropyl-2-oxazoline) (PiPrOx) 

has a cloud point in the range of 36-39 ᴼC, poly(2-n-propyl-2-oxazoline) (PnPrOx) also exhibits thermo-

responsivity in water with a cloud point in 25 ᴼC (Figure 2.8).34-36      

 

Figure 2.7. General chemical structures of (partially) main-chain polyamides: poly(2-oxazoline), 

polypeptoid, and polypeptide; R = organic substituent (usually alkyl).31 
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Figure 2.8. PEtOx (left), PiPrOx (middle), and PnPrOx (right) with their corresponding LCST values.37 

PEG (polyethylene glycol)-based (co)polymers (Figure 2.9) are recently emerged thermo-responsive 

polymers that can compete with or even surpass PNIPAM. These polymers are easily accessible via 

polymerization of oligo ethylene glycol macro-monomers that consist of an oligo ethylene glycol chain 

with a polymerizable group, e.g., acrylate, methacrylate or styrene, and a methylether, ethyl ether or 

hydroxy-group. The most common type of backbone are methacrylates and acrylates (Figure 2.9). Ether of 

them can by polymerized by the three popular controlled radical polymerization (CRP) methods, only the 

nitroxide mediated polymerization (NMP) of the oligo ethylene glycol methacrylates is not possible without 

adding small amount of styrenic comonomers.38-40 The thermoresponsive oligo(ethylene glycol)-based 

polymers have wonderful bio-compatibility and a wide range of LCST, from 5 to 94 ᴼC, obtained by 

carefully control of the hydrophilic/hydrophobic balance of the polymers. Increasing hydrophilicity of the 

polymer will increase the LCST, because of the enthalpic. On the other hand, increasing hydrophobicity 

will decrease the LCST.41-48 Ishizone group have used living anionic polymerizations to synthesize a serious 

oligo(ethylene glycol) methacrylate homopolymers and copolymers. 44, 49, 50 They found both side chain 

length and ω-alkyl group of side chain would affect the LCST of polymer. Further, the LCST also could 

finely tuned by copolymerizing two oligo(ethylene glycol) methacrylates with different side chain length, 

for example, the di(ethylene glycol) methyl ether methacrylate (ME2MA) (80 mol%) and tri(ethylene 

glycol) methyl ether methacrylate (ME3MA) (20 mol%) random copolymer shown a cloud point in 37 ᴼC 

(Figure 2.10).50 Lutz et al. have intensively studied on the synthesis and the physicochemical properties of 

thermoresponsive oligo(ethylene glycol)-based polymers. In 2006, they synthesized the random 

copolymers of 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) and oligo(ethylene glycol) 

methacrylate (OEGMA, Mn = 475 g‚mol-1) by atom transfer radical polymerization (ATRP). By precisely 

adjusting the comonomers composition, the LCST was finely tuned from 28 to 90 ᴼC. By comparing with 

PNIPAM which is the “gold standard” of thermo-responsive polymers, they found that the oligo(ethylene 

glycol)-based polymers have fewer hysteresis between cooling and heating curves, and have less infect 

from the polymer dispersity and concentration. Because the monomer structure is the main influencing 

factor, the difference of the LCST for a certain oligo(ethylene glycol)-based polymer caused by the 

molecular weight, polymer end group and polymer concentration have rarely been reported .38, 42, 43, 46, 47, 51-

55  
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Figure 2.9. Molecular structures of oligo(ethylene glycol) methacrylates, R=Me or Et.  

 

Figure 2.10. Cloud point changes as function of the number of oligo(ethylene glycol) unit (m). O and ∆ 

represent the data of methyl and ethyl ethers, respectively.50 

Other LCST-type thermo-responsive polymers include: (1) natural thermo-responsive polymers, like 

methyl cellulose has a LCST of 40 ᴼC, hydroxypropyl cellulose has a LCST of 45 ᴼC and hydroxypropyl 

cellulose has a LCST of 69 ᴼC;56 (2) Amphiphilic poly(asparagine) derivatives which are with controllable 

sol-gel-sol phase transition;57, 58 (3) Poly(methyl vinyl ether) PMVE (LCST = 37 ᴼC); (4) Poly(N-vinyl 

caprolactam) PVCa (LCST = 33 ᴼC); (5) poly(N-vinylcaprolactam) (PVCL) (LCST = 32 ᴼC).12, 17  

 

2.1.1.3 UCST-type thermo-responsive polymers 

Comparing the large number of LCST-type thermo-responsive polymers, there are a few of UCST-type 

thermo-responsive were developed. Figure 2.11 shows the poly(N-acryloyl glycinamide) (PNAGA) and 

poly(N,N’-dimethyl(methacryloylethyl)ammonium propanesulfonate) (PDMAPS) which are two typical 

UCST-type thermo-responsive polymers. The interactions from hydrogen bonds in non-ionic polymers or 

electrostatic bonds occurring in zwitterionic polymers make the UCST-type thermo-responsive polymers 

phase separate in aqueous solution. Upon dissolution of PNAGA in water, the hydrogen bonds between the 

carbonyl and amine groups are broken in an endothermic process and replaced by hydrogen bonds with 

water in an exothermic process. The UCSTs are highly depend on the concentration, molecular weight.16 
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Figure 2.11. Schematic representation of hydrogen bonds of PNAGA (left) and electrostatic bonds of 

PDMAPS (right).15 

 

2.1.2 pH-responsive polymers 

The pH-responsive polymers are defined as polyelectrolytes that include in their structure weak basic 

or acidic groups that can accept or release protons in response to a change in the environmental pH.59 The 

pH-responsive basic polymers contain basic groups like tertiary amine, morpholino, pyrrolidine, imidazole, 

piperazine and pyridine groups, as shown in Figure 2.12.  

These basic groups accept protons at low pH by forming polyelectrolytes and release them at high pH, 

leading to the transition of ionic to non-ionic pH-responsive basic polymers (Figure 2.14, bottom). This 

transition, which usually occurred in pH 7-11, makes polymer chains stretch at low pH and collapse at high 

pH in aqueous solution.60 Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA or PDMA) which has 

applied for the design of gene-delivery system and biomedical surface modification is the most popular 

weak basic polymer (pKa = 7.0-7.5). PDMAEMA exhibits LCST behavior in water and combination of 

LCST and UCST behavior in the presence of small quantities of trivalent counter ions. The LCST of 

PDMAEMA reported in the literatures is range from 20 to 80 ᴼC. It is varied with molecular weight 

(especially in basic solution) and increases with decreasing of pH (increasing degree of charge), mainly due 

to the backbone/carbonyl interactions. The LCST also can be tuned by copolymerizing DMAEMA wuth a 

second hydrophobic/hydrophilic monomors.61-66 

The pH-responsive acidic polymers have acidic groups like carboxylic, sulfonic acid, phosphoric acid 

and boronic acid groups (Figure 2.13). They also accept protons at low pH and release them at high pH, but 

the polyelectrolytes are formed at acidic condition. Therefore, the pH-responsive acidic polymers are 

collapsed in acidic or neutral solution and stretched in basic condition. Among the pH-responsive acidic 
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polymers, poly(acrylic acide) (PAAc) and poly(methacrylic acid) (PMAAc) have been most frequently 

reported, because of the easy polymerization method. 

 

Figure 2.12. Chemical structures of typical pH-responsive basic polymers.59 
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Figure 2.13. Chemical structures of typical pH-responsive acidic polymers.59 
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Figure 2.14. The ionic/non-ionic transition of typical acidic (Poly(acrylic acid), top) and basic (poly(N,N-

dimethylaminoethyl methacrylate), bottom) polyelectrolytes. 8 

 

2.2 Block copolymers  

Block copolymers (BCPs) are macromolecules composed of two or more polymeric chains (blocks) of 

chemically distinct repeat units.67 Various architectures of block copolymer (Figure 2.15) are all possible 

to be synthesized by controllable/living polymerization, in connection with suitable purification method for 

all the employed reagents (monomers, initiators, solvents, additives and so on. Take the synthesis of 

simplest AB-type block copolymers as example, two synthesis strategies were taken: (1) sequential addition 

of monomers; and (2) coupling of two appropriately end-functional chains. Among those two methods, the 

former one is much more common to be used. To successfully achieve well-defined block copolymers, two 

considerations should be taken: (1) the order of monomers addition, the first block must be able to 

efficiently initiate the polymerization of the monomers of second block; (2) the quantitative conversion of 

the first monomers.68  

The common used living polymerization for block copolymer synthesis are anionic polymerization, 

cationic polymerization and reversible deactivation radial polymerization (RDRP).69 The RDRP method 

will be described in detail in Section 2.4.          

 

Figure 2.15. Schematic illustration of several types of block copolymer architectures.70 
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The most remarkable property of block copolymers is their self-assemble ability in the melt into a variety 

of ordered structure with nanoscale periodicities. In the melt, the repulsion of the immiscible components 

of block copolymers drives a phase separation, whilst the existence of the chemical links between the blocks 

prevent the complete separation. The block copolymer chains organize to put the different portions on the 

opposite sides of an interface. To avoid the over-stretching of the blocks, the separation is limited in 

nanoscale 71.  

According to the mean-field theory (MFT), the phase separation behavior of block copolymer is dictated 

by Flory–Huggins theory (Equation 2.2) and governed by three experimental controllable factors: the 

copolymer degree of polymerization (N), the composition of copolymer (φ) and the block-block interaction 

parameter (χ). The first two factors which influence the translational and configurational entropy can be 

regulated by polymerization stoichiometry. χ contains a significant enthalpic contribution and is determined 

by the incompatibility of each block and has the temperature dependence, as given by 

𝜒𝐴𝐵(T) ≅
𝑍

𝑘𝐵𝑇
∙ [𝜀𝐴𝐵 −

(𝜀𝐴𝐴 + 𝜀𝐵𝐵)

2
] (2.6) 

where 𝜀𝐴𝐵  is the interaction energy between monomer units of A and B blocks of a AB-type diblock 

copolymer, 𝜀𝐴𝐴 and 𝜀𝐵𝐵 are interaction energy of A and B monomers themselves, respectively. Z is the 

number of nearest neighbor monomers to a copolymer configuration cell. A positive 𝜒𝐴𝐵  shows repulsion 

of the A and B monomers, and a negative 𝜒𝐴𝐵  indicates the mixing tendency of those two kind of 

monomers.69  

In general, at high temperature, the block chains are mixed homogeneously. On the lowing temperature, 

the energy parameter χ is increased, blocks of copolymer with sufficient large N tend to segregate and 

process microphase separation. The transition from a homogenous melt of chains to a heterogeneous melt 

of ordered microphase-separated domains is called the order-disorder transition (ODT),72 as shown in 

Figure 2.16. 

 

Figure 2.16. Schematic representation of order-disorder transition 73. 
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According to the self-consistent mean field theory (SCFT), the structure of a AB-type diblock 

copolymer is predictable with a given 𝜒𝐴𝐵, N, f and segment length. Figure 2.17 shows the phase diagram 

for a conformational-symmetric copolymer calculated using SCFT and proven experimentally. The ODT 

occurs at a critical value of 𝜒𝐴𝐵𝑁, depending on the composition of the copolymer (φA or fA). Symmetric 

diblock copolymers are predicted to disorder when 𝜒𝐴𝐵𝑁 ˂ (𝜒𝐴𝐵𝑁)ODT, where (𝜒𝐴𝐵𝑁)ODT = 10.5. When 

𝜒𝐴𝐵𝑁 ˃ 10.5, they form a lamellar phase, with alternating layers of the constituent blocks. As composition, 

fA, varies further from 0.5, the following sequence of phases can be obtained: a bicontinuous cubic “gyroid” 

phase, a hexagonal-packed cylinders and a body-centered cubic phase. The size and periodicity of the 

nanodomains are also affected by the N and 𝜒𝐴𝐵 . 74 

 

Figure 2.17. Diblock copolymers are predicted to self-assemble according to a phase diagram predicted by 

self-consistent mean field theory (a) and proven experimentally (b). A variety of constant-radius geometries 

are observed as a function of relative lengths of the two blocks (c). 71 

 

2.3. Stimuli-responsive membranes 

Membrane technology had been dramatically developed after the membrane first commercialized for 

water purification in 1930s and play paramount roles in myriad fields. The membranes are not only provided 

to solve the problems of water scarcity and energy shortage, but also supported medical application like 

hemodialysis, drug delivery, microfluidics, micro-analysis and reactions. However, the traditional 
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membranes have inert physical/chemical structure and pore to fouling, which restrict their efficient 

application and do not satisfy the requirements in real life.12, 75-89 Therefore, stimuli-responsive membranes 

were developed, they can change their chemical, physical and barrier properties by responding to the 

changes in external stimuli, including the direct stimulants such as temperature, pH, and specific ions3, 90-

94, and newly emerged remote triggers such as light and electric and magnetic fields.95-98 They have highly 

potential for various applications. The drug delivery is able to be realized based on the controllable 

molecular release from capsule membranes. The physical/chemical structure change can play an important 

role in water purification and biomolecular separation. Moreover, stimuli-responsive membranes are 

expected to overcome the membrane fouling which is one of the major issues hounding the long-term 

stability performance of membrane. 79, 87, 89, 94, 99, 100 

Membranes can be divided into organic (polymer) and inorganic membranes based on membrane 

materials; and also into non-porous and porous membrane. The porous membranes were further separated 

into reverse osmosis, nanofiltration, ultrafiltration, and microfiltration membranes (Figure 2.18). Among 

them, ultrafiltration membranes play an important role, they have average pore diameter in the 1-100 nm 

range and are used for separation, concentration and removal of macromolecules (e.g. proteins, plasmid 

DNA and endotoxin) particles (e.g. bacterial and viruses). The separation mechanism ultrafiltration 

membranes is based on size exclusion, e.i. solutes larger than the membrane pore size are rejected and those 

smaller than the membrane pore size can pass through the pore structure.101-103 Although in the past decades, 

stimuli-responsive membrane have attracted a large attention and developed dramatically, there are a few 

achievements for the stimuli-responsive membranes in ultrafiltration range. This section briefly reviews the 

polymer made ultrafiltration stimuli-responsive membranes, mainly focusing on the preparation procedures.   

 

Figure 2.18. Classification of the porous membranes with the size range and targets for separation.102 

 

2.3.1. Stimuli-responsive membrane preparation strategies  

The essential strategy of stimuli-responsive membrane preparation is the incorporation of stimuli-

responsive elements with porous membrane structure, allowing the stimuli-responsive elements work as 

functional gates for controlling the selective properties of membranes. The design and production practices 

are placed into two categories: (1) post-modification; introducing stimuli-responsive components into 
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existing membranes through surface modification methods; (2) in-situ modification; adding stimuli-

responsive components during membranes fabrication processes.1  

 

Figure 2.19. Stimuli-responsive membranes in different structures. There are three membrane shape (A1) 

flat sheet, (A2) hollow fiber, and (A3) hollow capsule. The stimuli-responsive functional gates can be (B1) 

linear brushes, (B2) hydrogel mesh, and (B3) micro- or nano-gels. The functional gate can be located in 

(C1) the interior of pores or (C2) membrane surface.87   

 

2.3.1.1. Stimuli-responsive ultrafiltration membrane preparation by post-modification 

The membrane post-modification is almost based on the surface grafting techniques, by which stimuli-

responsive components are grafted on established membranes. People further classified this surface grafting 

techniques into “grafting to” and “grafting form” methods.  
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(1) “Grafting to” approach 

In the “grafting to” approach, end-functionalized polymers react with functional groups on the surface 

of the membranes to form tethered polymer brushes. There are many stimuli-responsive membranes were 

fabricated using this approach with various functional groups either in polymers or membranes. For 

example, Park et al. prepared the thermo-responsive membranes through photo-immobilizing PNIPAM 

chains which were connected with photo-reactive azidophenyl groups into polycarbonate membranes 

(average pore diameter: 0.2 μm).104 Tripathi et al. polymerized dopamine to modify a poly(ethylene 

terephthalate) (PET) microfiltration (MF) membranes (pore size: 0.3-0.4 μm), then utilized the free amine 

groups of polydopamine to “graft to” amino-terminated PNIPAM for achieving a thermo-responsive 

membrane (Figure 2.20).105 Beside polymer brushes, stimuli-responsive microgels were also can be 

“grafted to” membranes.106, 107    

 

Figure 2.20. Schematic illustration of route to “graft to” PNIPAm chains on to PET membrane with 

polydopamine.105 

The advantage of “grafting to” approach is that the used polymer is able to be controllably polymerized 

and characterized. However, with this approach, polymer chains must diffuse through the narrow pore walls 

and existing polymer layer to reach the reactive sites. The barriers effect becomes very big when the base 

membrane pore size is small and get even pronounced as the tethered polymer layer get thicker. The 

modified membranes usually have low grafting density and layer thickness.2, 104-113 The inherent 

disadvantage of “grafting to” method restreet itself apply for the modification of the interior of 

ultrafiltration filtration membranes, there the reported “grafting to” stimuli-responsive ultrafiltration 

membranes were all prepared as pore-covering type , as shown in Figure 2.19C2.114, 115 Because the 

functional polymer chains were immobilized on the membrane surface, the pore size of the original 
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membrane does not affected by the additional grafted chains. However, the very thin functional lay could 

not effectively control the selectivity. 

 

(2) “Grafting from” approach  

To circumvent the problem in “grafting to” method and have higher brush grafting density and layer 

thickness, people turned to use “grafting from” approach which is the best established method for stimuli-

responsive membrane fabrication.  

In “grafting form” approach, initiator precursors are first immobilized onto the membrane surface, 

followed by polymer growth with monomer addition to the immobilized initiator sites. Figure 2.21 shows 

a typical fabrication rout for a pH-responsive membrane via “grafting form” method. The amino groups 

were first introduced into poly(tetrafluoroethylene) (PTFE) membrane (pore size: 10 μm) with density 

determined by the power and time of the glow-discharge treatment. The amino groups worked as initiator 

and started the polymerization of g-benzyl l-glutamate N-carboxyanhydride to produce poly(γ-benzyl L-

glutamate). After the grafted poly(γ-benzyl L-glutamate) chains were hydrolyzed into poly(glutamic acid) 

(PLG), a pH-responsive membrane was prepared.116  

Different from the “grafting to” strategy, the properties of grafted layer, such as graft density, chain 

length, polydispersity, cross-linking or chemical functionality, are independent design parameters in 

“grafting form” method. This attractive advantage provides flexibility in the membrane design.90, 114, 115, 117 

 

Figure 2.21. Schematic illustration of “grafting form” PLG brushes on a PTFE membrane.116 

Although “grafting form” method allows for the precise tailoring of grafted layer by precise control of 

the reaction conditions, the steric hindrance from membrane pores for diffusion of monomers is still exist. 

Alem et al. gave a good example through growing PNIPAM brushes on 0.08 and 0.3 μm poly(ethylene 

terephthalate) (PET) membranes via atom transfer radical polymerization (ATRP). The confinement from 
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small size membrane pores strongly impacted the polymerization processes. The responsive barrier in small 

pores was located on the outer surface of the membrane with a grafted layer thickness larger than the pore 

dimension, while in larger pores, the grafted layer covered the entire membrane surface (Figure 2.22). The 

NIPAM monomers were hard to reach the pore walls of small pore membrane because of the rete-

controlling barrier formed by the already grafted PNIPAM layer at the surface of the membrane. In the 

small pore case, temperature responsivity of prepared membranes were completely controlled by the outer 

surface layer and exhibited the “negative switching effect”, i.e. a higher permeability at temperature below 

LCST.118  

 

Figure 2.22. Schematic illustration of PNIPAM chains location with small and large pores via “grafting 

form” method.118 

Later, a low number of stimuli-responsive ultrafiltration membranes with the “negative switching effect” 

were fabricated utilizing this heterogeneous “grafting form” polymers on membrane surface (Figure 2.23a). 

One example is the thermo-responsive membranes prepared by Hesampour et al. They “grafted form” 

PNIPAM on the anisotropic polysulfone ultrafiltration membranes by a free radical polymerization with 

persulfate-based reactive species as initiators.119 Himstedt et al. prepared pH-responsive membranes 

through grafting form poly(acrylic acid) brushes on the surface of nanofiltration membrane via UV-assisted 

heterogeneous grafting polymerization.120-122  

 

Figure 2.23. Schematic cross-section depiction of (a) membrane surface-functionalized, (b) pore surface-

functionalized, and (c) hydrogel pore-filled membranes. 
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The stimuli-responsive membranes of pore surface-functionalized type (Figure 2.23b) are even harder to 

achieve. Until now, only two cases have been found. Forst et al. prepared temperature sensitive membranes 

by growing PNIPAM chains on Poly(ethylene terephthalate) track-etched ultrafiltration membranes (pore 

diameter: 0.11 μm) via surface initiated Atom Transfer Radical Polymerization(SI-ATRP). They controlled 

the grafting by slowing down the polymerization speed.92 Using the same slow speed ATRP method, the 

same group grafted form diblock copolymers on the interior of ultrafiltration membrane pores and 

developed an ion and temperature responsive membrane.123 

The publications regarded to controlled modification of ultrafiltration membrane (the two membrane 

types shown in Figure 2.23a and b) are rarely found. It is because of the high requirements on the 

polymerization technique on “grafting from” stimuli-responsive polymers on membrane with size smaller 

than 100 nm. An uncontrolled modification easily results in pore plugging and loss of a highly desirable 

barrier switching property.92 

Other strategy to prepare ultrafiltration stimuli-responsive membranes is to fill stimuli-responsive 

hydrogels into commercial membrane pores (Figure 2.23c), in which hydrogels serve as sieving medium; 

the established membrane provides mechanical stability and confines the hydrogel within its pores.91, 124, 125 

Figure 2.24 shows a typical preparation process for a thermo-responsive pore-filling membrane. 

Polyethylene terephthalate (PET) track-etched membranes with pore diameters between 200 and 5000 nm 

were pre-modified by pre-adsorption of photo-initiators to provide anchoring sites. Then the membrane 

pores were filled by PNIPAM hydrogel by in-situ cross-linking polymerization. The selectivity of this 

membrane is defined by the hydrogel mesh size which could be tuned by changing monomer concentration 

and cross-linker proportion. This pore filling functionalization method were also utilized for preparing 

magneto-responsive membrane by trapping magnetic nanoparticles in the hydrogel network.125     

Usually those hydrogel pore-filling membranes are suffering from the relative week mechanical property, 

but recently it has reported that the hydrogel filled membrane has stable separation performance up to 4 

bar.91 The absolute permeabilities of the hydrogel pore-filling membranes are lower than other type 

membrane with comparable pore size, because of the larger barrier thickness and lower porosity.  

 

Figure 2.24. Schematic illustration of pore-filling functionalization by photo-polymerization. (a) shows the 

membrane were filled with reaction mixture and sealed with two glass plates on top and bottom sides. (b–

d) are cross-section view membrane pore exhibiting “grafting form” procedures during equilibration with 
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reaction mixture (b), during UV initiated in situ crosslinking polymerization (c), and after complete reaction 

toward hydrogel pore-filled composite membrane (d).91 

 

2.3.1.2. Stimuli-responsive ultrafiltration membrane preparation by in-situ modification 

The in-situ modification method is to render membrane using stimuli-responsive copolymers or micro-

gels as additives of blend during the membrane formation.  

 

(1) Nonsolvent induced phase separation (NIPS) approach 

Until now, nearly all the stimuli-responsive ultrafiltration membranes are prepared using nonsolvent 

induced phase separation (NIPS) strategy which is one of the most critical breakthrough in membrane 

field.96, 108, 126-140 Those membranes prepared by NIPS characterized by asymmetric structure with a very 

thin, dense nano-/micro-porous top layer as selective layer and a thick macro-voided sublayer as supporting 

layer (Figure 2.25). As shown in Figure 2.26, the NIPS membrane preparation method can be easily handled 

with two steps: first, cast a polymer solution prepared by dissolving polymer with additives in a good 

solvent on a flat substrate; second, quickly move the casted film into nonsolvent bath (usually water) to 

induce pores. In the nonsolvent bath, the polymer solution phase separate from a non-phase region into 

polymer-rich and polymer-poor phases (Figure 2.27). Because the different accessibility of different 

location of polymer solutions of casted film, the asymmetric porous structure like it shown in Figure 2.25 

can be obtained after the precipitation process.  

Using NIPS strategy, many stimuli-responsive ultrafiltration membranes were constructed using pure 

stimuli-responsive block copolymers, like polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP),127, 132, 133 

poly(N-isopropylacrylamide)-b-polycaprolactone-b- poly(N-isopropylacrylamide) (PNIPAM-b-PCL-b-

PNIPAM),128 poly(styrene-co-isoprene)-b-poly(N, N-dimethylaminoethyl methacrylate) (P(S-co-I)-b-

PDMAEMA),141 and polystyrene-poly(N-isopropylacrylamide) (PS-PNIPAM).137 

 

Figure 2.25. SEM images of the cross-sectional view of the membrane prepared by NIPS.130 
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Figure 2.26. Schematic illustration of membrane formation by NIPS.76 

 

Figure 2.27. Composition paths of membrane preparation via NIPS with (a) instantaneous demixing and 

(b) delayed demixing; T represents the top layer and B is the bottom layer of the film.142, 143 

The NIPS-type stimuli-responsive ultrafiltration membranes are more offen developed using blends of 

homo-polymers and stimuli-responsive copolymers as additives. Lou et al. fabricated pH-responsive 

poly(ether sulfone) (PES) composite membranes blended with amphiphilic polystyrene-block-poly(acrylic 

acid) (PS-b-PAA) diblock copolymers via NIPS (Figure 2.28). The membranes with ultrafiltration scale 

pore size, exhibit pH-responsive permeability and size selectivity.134 There are many other homo-

polymer/additive combinations, for instance, Polyethersulfone (PES) with additive poly(vinylpyrrolidone) 

(PVP);131 polyacrylonitrile (PAN) with additive poly(acrylonitrile-graft-isopropylacrylamide) (PAN-g-

PNIPAM);144 and  polysulfone (PSf) with additive polysulfone-graft-(poly(isopropylacrylamide-co-

acrylic acid)-random-poly(methyl acrylate)) (PSf-g-(P(NIPAAm-coAA)-r-PMMA)).139 
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Figure 2.28. Schematic illustration of membrane fabrication processes and pH-responsivity. PS-b-PAA 

block copolymers are blended with PES homopolymers (a) to fabricate membrane (b) with PES as matrix 

and PAA brushes on membrane pore surface (c). The PAA chains on the membrane pore surfaces shrink at 

pH < pKa and thus “open” membrane pores (d), and stretch at pH > pKa and thus closed membrane pores 

(e).134 

The membrane blends with stimuli-responsive micro-/nano-gels as additive are also utilized to fabricate 

stimuli-responsive ultrafiltration membranes.96, 129, 135, 136, 138, 145 One example is a magneto-responsive 

ultrafiltration membrane prepared with blend of PES, PNIPAM nanogels and magnetic nanoparticles 

(Figure 2.29). The membranes were with ultrafiltration scale pores and with changeable molecular weight 

cutoff (MWCO) controlled by alternating magnetic field (AMF).136   

The NIPS is a relative easy method and have widely studied for stimuli-responsive ultrafiltration 

membranes development, but the membranes prepared by NIPS typically have a rather broad pore size 

distribution in the barrier layer, as shown in Figure 2.30. This drawback limits efficiency of their 

applications.   
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Figure 2.29. Schematic illustration of magneto-responsive ultrafiltration membrane prepared with PES, iron 

oxide and hydrogel mixture via NIPS. Heat generated by nearby nano-heaters triggered size transasion of 

PNIPAM nano-gel immobilized in PES macropores by remote-control alternating magnetic field (AMF).136 

 

Figure 2.30. SEM image of the outer surface of a commercial polysulfone-based ultrafiltration membrane 

prepared by NIPS (left), and its separation curve analyzed with a dextran mixture.103 

 

(2) Swelling-induced pore-making approach 

Another in-situ modification strategy is to introduce mesopores into self-assembled block copolymer 

templates by selective swelling method. The swelling-induced pore-making approach which starts from 

block copolymer with the pore-forming mechanism bases on a physical phenomenon without any chemical 

reactions. Exposing the self-assembled BCPs in a solvent which have selective affinity with one block (let 

it be A block) leads to swelling of the domains composed of A blocks. The swelling which leads to 

excluded-volume force exerted on the non-swelling matrix of, for example, B block results in plastic 

deformation of B scaffold to dissipate the stress. Upon evaporation of the solvent, the mesopores form in 

place of the swollen domains because the swollen A blocks undergo entropic relaxation while the B 

domains fixate the reconstructed morphology. Therefore, the pore walls of obtained porous materials are 
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covered by A block chains. Since, by using this method, there is no mass loss in BCP materials, the 

robustness reduction and secondary contamination are successfully avoided.146, 147 Wong and coworkers 

developed pH-responsive ultrafiltration membranes made from polystyrene-b-poly-(2-vinylpyridine) (PS-

b-P2VP) by swelling introduce pore-making method. The reconstruction process of PS-b-P2VP nanorods 

was influenced by swelling temperature, BCP architecture and swelling agent.93  

Based on the same pore-forming mechanism, many more combinations of BCPs and swelling conditions 

have been explored to induce the pore forming morphology reconstruction. Zhang et al. reported that PS-

b-P2VP films of 150nm original thickness can be turned into nanoporous films by tactfully treating them 

in mixtures of methanol and supercritical carbon dioxide (scCO2), where the compressed CO2 was used as 

plasticizer to enhance the methanol swelling of P2VP domains. Because of the gas-like diffusion property 

of scCO2 fluids, the transport of methanol to PS-b-P2VP films was accelerated. The swelling was facilitated 

without increasing the temperature. But, unfortunately, these porous films have not developed into 

membranes.148 This thesis is focus on stimuli-responsive ultrafiltration membranes fabricated using this 

methanol-scCO2 selective swelling method 

 

2.4 Reversible addition-fragmentation chain transfer (RAFT) polymerization for stimuli-

responsive polymers 

Reversible deactivation radial polymerization (RDRP) is a powerful tool for polymer synthesis. It can 

control over the polymerization process and then provide relative an easy access to functional polymers 

with targeted molar mass, narrow polydispersity and versatile molecular architectures, like block 

copolymers, gradient copolymers, grafting and star polymers. The essence of a RDRP process is the 

reversible activation-deactivation equilibrium of propagating polymer radicals. This equilibrium is 

established by reversible termination of propagating chain or degeneration chain transfer (Figure 2.31).149  

There are three most popular RDRPs: nitroxide mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT). For the stimuli-

responsive polymer synthesis, RAFT has advantages over other two, for its tolerance of a wide range of 

functionalities in monomer, RAFT agent and the polymerization medium.150 The RAFT was first developed 

in 1998, and then this technique has been intensively studied. Graeme Moad, Ezio Rizzardo and San H. 

Thang have given an in-depth review on how to conduct RAFT and choose RAFT agents to achieve 

particular structures.151, 152 San H. Thang et al. reviews the design and synthesis of RAFT agent.153 And 

then Keddie, D. J. and Graeme Moad reported guides for block copolymer and stimuli-responsive polymer 

synthesis, respectively.149, 150 This section only briefly provides the mechanism of RAFT and block 

copolymer synthesis within RAFT.     
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Figure 2.31. Schematic illustration of reversible-deactivation radical polymerization by (a) reversible 

termination and (b) degenerative chain transfer.149 

 

2.4.1. Mechanism of RAFT polymerization 

The feature of mechanism of RAFT polymerization is shown in Figure 2.32. As a traditional radical 

polymerization, RAFT polymerization also begins with initiation. An initiator derived radical (I·) 

propagates with monomer (M) giving a propagating radical ( 𝑃𝑛
∙ ). Then the 𝑃𝑛

∙  reacts with the 

thiocarbonylthio compound 1 to form an intermediate radical 3. The intermediate radical 3 quickly 

fragments to a polymeric thiocarbonylthio compound 2 and a new radical (R·) which can react with 

monomer to form a new propagating radical (𝑃𝑚
∙ ). The pre-equilibrium can be finished rapidly in a well-

controlled RAFT polymerization. Then system moves into the main equilibrium between the propagating 

radicals (𝑃𝑛
∙  and 𝑃𝑚

∙ ) and the dormant polymeric thiocarbonylthio compound 4. 𝑃𝑛
∙  and 𝑃𝑚

∙  have equal 

probability to extend with monomers (M) in this equilibrium, therefore the polymer product is able to have 

a narrow polydispersity. The RAFT process does not prevent the formation of dead polymer, but with an 

extreme low concentration. Most of stimuli-responsive polymers would be synthesized by RAFT 

polymerization and their monomers are almost ‘more-activated’ monomers.149, 151-155 

RAFT agent is the most important part in a RAFT reaction and an inappropriate RAFT agent will lead 

the polymerization out of control. There are several rules to choose a suitable RAFT agent for a 

polymerization: (1) the RAFT agents 1 and 2 should have a reactive double bond; (2) the intermediate 

radicals 3 are prone to fragment to products rapidly and do no side reactions; (3) the radial R· can effectively 

re-initiate polymerization.151     

a 

b 
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Figure 2.32. Mechanism of reversible-addition fragmentation chain transfer (RAFT) polymerization.149 

The effectiveness of a RAFT agent is determined by the activating group Z and hemolytic leaving group 

R. Group Z strongly influences the rate of addition and fragmentation of radicals in the main equilibrium 

(Figure 2.32). Figure 2.33 shows guidelines for the Z group selection of RAFT agents. Group R should be 

both a good leaving group with is equal or better than the propagating radicals and a good initiating radical. 

The guidelines for the G group selection of RAFT agents is shown in Figure 2.34. 

 

Figure 2.33. Guidelines for the Z group selection of RAFT agents. RAFT agent addition rates and transfer 

constants decrease and fragmentation rates increase from left to right. A dashed line means limited control 
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(e.g., retardation and/or high polydispersity).150 MMA is methyl methacrylate, HPMAM is N-(2-

hydroxypropyl) methacrylamide, St is styrene, DMAm is N,N-dimethylacrylamide, VAc is vinyl acetate, 

NVP is N-vinylpyrrolidone. 

 

Figure 2.34. Guidelines for the R group selection of RAFT agents. Fragmentation rates decrease from left 

to right. A dashed line means limited control (e.g., retardation and/or high polydispersity).150 MMA is 

methyl methacrylate, HPMAM is N-(2-hydroxypropyl) methacrylamide, St is styrene, DMAm is N,N-

dimethylacrylamide, VAc is vinyl acetate, NVP is N-vinylpyrrolidone. 

 

2.4.2. Block copolymer synthesis 

Most of the polymer chains in the product synthesized with RAFT retain the thiocarbonylthio end group. 

They can work as micro-RAFT agents and used for the preparation of block copolymer.150 The most 

common and easiest block copolymer preparation method using RAFT is through sequential addition of 

monomers with purification before each additional polymerization (Figure 2.35).149, 156 A small amount of 

impurities, including initiator-derived block copolymer, initiator-derived homopolymers, dead copolymer 

and dead homopolymers, produced during the block copolymer RAFT polymerization is unavoidable. But 

with careful control of reaction condition, those impurities can be minimized and do not affect the 

performance of the final products.  

First, the RAFT agent selection should be based on the rules mentioned above and appropriate for all the 

monomer types appeared in the block copolymer. Second, as shown in Figure 2.35, the B monomers are 

polymerized using a macro-RAFT agent with A block macro-R group, the C monomers are polymerized 

using a macro-RAFT agent with A-b-B diblock macro-R group, and so on. Therefore, the former macro-R 

group should be a good hemolytic leaving group for the propagating radical of the later adding monomer. 

Third, although a lower initiator concentration can decrease the amount of impurities, the polymerization 

rate also should be considered. Fourth, stop the polymerization with ~70% monomer conversion can reduce 

the dead chain contaminants in macro-RAFT agents. Fifth, macro-RAFT agents should be stored at low 

temperature and used as soon as possible.149           
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Figure 2.35. Schematic illustration of linear block copolymer synthesis by sequential monomer addition 

using RAFT method.150 

 

2.5 X-ray photoelectron spectroscopy (XPS) 

XPS is a technique heavily used for identifying and quantifying the elemental composition by assessing 

the electronic structure of the atoms and/or ions of a solid’s outer surface within the first 10 nm. Figure 

2.36 shows a schematic example of an XPS instrument and the data formats. The XPS instrument primarily 

consists of 3 items: an X-ray sours which usually are MgKα(hv =1253.6 eV, linewidth 0.70 eV) and AlKα 

(hv =1486.6 eV, linewidth 0.85 eV), an energy filter and a detection system. When X-ray is absorbed by 

atoms, electrons emitted from material surface can be collected then energy analyzed by the hemispherical 

detector. 157, 158 

 

Figure 2.36. Basic component of an XPS instrument with 3 common means of relaying the data(from left 

to right): (1) Energy distribution of electron emissions falling within predefined energy rang; (2) Spatial 

distribution of an electron emission across a surface; (3) Depth distribution of an electron emission to a 

predefined depth (< 10 nm).157  
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2.5.1 Qualitative analysis  

The principle of XPS is based on the element specific binding energy of electrons in the atomic shell and 

interaction between an electromagnetic wave (photon) and a material (atom or ion). The photoelectron 

emission process is going on 3 stages: (1) when X-ray interact with the elements in the atomic shells, the 

photoelectrons (Auger electrons) are generated; (2) part of the electrons move through the solid towards 

the surface and are subjected to various scattering processes (in which, the inelastically scattered electrons 

create the background); (3) after surmounting the work function threshold, the electrons reach the surface 

and emitted to the vacuum.158 The energy diagram of photoelectron emission on carbon atom is shown in 

Figure 2.37. An excitation X-ray transfers its energy hv to core electron with binding energy Eb (energy by 

which an electron is attracted to its nucleus). The kinetic energy (Ek) of emitted photoelectron is  

Ek=hv-Eb-ψ 159  (2.5) 

Where ψ is the work function depending on the instrument, representing the minimum energy necessary to 

remove an electron to depart the solid.  

 

Figure 2.37. Energy diagram of photoelectron emission on carbon atom.160 

XPS spectra are often given by intensity as a function of the binding energy. Figure 2.38 shows a wide 

scan XPS spectrum of an Mg surface. Beside the photoelectron peaks (Mg 1s, 2s and 2p), the KLL auger 

peak also is indicated. The photoelectron spectra of elements can be referenced the handbook provided by 

the instrument manufacturers or the internet database. The Auger electron energies are resulted from the 

filling of the core hole by an electron closer to the Fermi edge. But an Auger electron peak can be easily 
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distinguished in the XPS spectra from a photoelectron peak by changing the adjusting the X-ray source (for 

example, MgKα to AlKα), because the different energy moves the Auger peak along the spectra. Beside the 

photoelectron and Auger electron peaks, the satellite peaks also can be observed in the XPS spectrum, 

because of (1) satellite peaks without mono-chromator, (2) plasmon loss peaks and (3) shake-up, shake-off, 

multiplet splitting.158   

Any change in the bonding state of an atom gives rise to chemical shifts and Full Width at Half Maximum 

(FWHM) of photoelectron peaks and sometime accompany satellite peaks. Chemical bonding in the 

compound generally causes a change of the Eb, leading to the chemical shift which can be qualitatively 

explained by the effective charge potential change on an atom. When an atom bonds with another atom 

with higher electronegativity, its charge transfers and becomes positive, leading to a shift of the 

photoelectron peak into a higher bonding energy. The valence state metal atoms typically show increasing 

shifts, as shown in Figure 2.39. The doublet shifts about 1 eV per valence (the electron transitions from 

levels with total angular momentum higher than s, for p, d, f, show doublet peak structures). The 

overlapping photoelectron peaks (due to multiple valence states of Ta) in the Figure 2.39 is separated by 

curve fitting.  

When the features of photoelectron, Auger electron and satellite peaks are known in advance, the 

qualitative analysis of XPS is often easier.      

 

Figure 2.38. A wide scan XPS spectrum of a sputter-cleaned Mg surface.158  
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Figure 2.39. Decomposition of the Ta 4f5/2,7/2 doublet peak structure measured at a Ta2O5 sample after 

bombardment with 3 keV Ar+.158 

 

2.5.2 Quantitative analysis 

In quantitative analysis, the energy spectra over all accessible energies (wide scan) is usually carried out 

at first and then concentrating on particular photoelectron signals (narrow scan), which ensures all the 

elements are accounted and time-effectivity. 

In a XPS spectrum, the peak intensity of an element (i) in a uniform sample is generally determined by 

3 major parameters: (1) photoionization cross section (σ) which is the probability that a photoelectron will 

be ejected from an atom/ion following photon irradiation; (2) inelastic mean free path (λ) which is defined 

as the average distance traveled by an electron of a specific energy within a particular single-layered 

homogeneous amorphous solid between two successive inelastic scattering events; (3) analyzer 

transmission (T ) which is a parameter dependent on instrument geometry or experimental setup.  

Therefore, the peak intensity (Ii) is giving by following equation: 

𝐼𝑖 = 𝐶𝑖 ∙ 𝜎(𝜎0, 𝛼, 𝛽) ∙ 𝜆(𝑠, 𝐸𝑖) ∙ 𝑇(𝐸𝑖)  (2.6) 

where Ci is the concentration of element i, σ0 is the total photoionization cross section, α is the angle between 

the direction of X-ray and photoelectron emission, β is the asymmetry parameter and Ei is the kinetic energy 

of electrons of element i.160  
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There are 2 major methods for quantitative analysis. One method is to use standard samples. The 

concentration (Ci) of unknown sample can be obtained by following equation: 

𝐶𝑖 =
𝐼𝑖

𝜆(𝑠, 𝐸𝑖)
∙

𝐶𝑖
𝑠𝑡𝑑 ∙ 𝜆(𝑠𝑡𝑑, 𝐸𝑖)

𝐼𝑖
𝑠𝑡𝑑   (2.7) 

where the 𝐶𝑖
𝑠𝑡𝑑 is the concentration of standard sample, the 𝜆(𝑠𝑡𝑑, 𝐸𝑖) and 𝜆(𝑠, 𝐸𝑖) are inelastic mean 

free path of standard and unknown samples respectively, the 𝐼𝑖
𝑠𝑡𝑑 and 𝐼𝑖  are peak intensities of standard 

and unknown samples respectively. This method is with ~10% accuracy.  

The second method is without the need for reference materials and relative ease, but the accuracy is not 

better than 10% and even error up to 30%. The photoionization cross section (σ), inelastic mean free path 

(λ) and analyzer transmission (T ) are encompassed into sensitivity factor (R ), the concentration of element 

i (Ci) can be expressed by the equation: 

𝐶𝑖 =
𝐼𝑖

𝑅𝑖

/ ∑(
𝐼𝑗

𝑅𝑗

)

𝑗

  (2.8) 

where j runs over all elements present.  

To know how the elements present vary as a function of depth, there are 2 often used methods to draw 

the depth profile. One is sputter depth profiling which is done by analyzed the residual surface after a certain 

ion sputtering time. Other one is sample tilting method. The analyze volume is adjustable by varying the 

take-off angle θ (Figure 3.40), therefore changing the effective escape depth of photoelectrons. The peak 

intensity of element i (𝐼𝑖) at take-off angle θ is given by: 

𝐼𝑖 = 𝐶𝑖 ∙ 𝜎 ∙ 𝑇 ∙ 𝜆 ∙ 𝑠𝑖𝑛𝜃  (2.9) 
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Figure 3.40. Principle of sample tilting method.160 
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3. Thermo-responsive mesoporous block copolymer 

membranes 

Reproduced with permission from [Tang, Y. C.; Ito, K.; Hong, L.; Ishizone, T.; Yokoyama, H., Tunable 

Thermoresponsive Mesoporous Block Copolymer Membranes. Macromolecules 2016, 49 (20), 7886-7896] 

Copyright [2016] American Chemical Society.  

DOI: 10.1021/acs.macromol.6b01665 

 

3.1. INTRODUCTION  

Stimuli-responsive membranes are an important class of functional membranes, and interest in these 

materials has increased dramatically in the last two to three decades. The permeabilities, selectivities, 

hydrophilic and hydrophobic behavior, absorption abilities, and optical properties of these membranes can 

be controlled by external stimuli, such as temperature, pH, ionic strength, electric and magnetic fields, and 

the presence of specific ions or molecules.161 Among the stimuli-responsive membranes, thermoresponsive 

membranes have attracted significant attention because temperature is an easily adjustable environmental 

condition in biological and chemical systems. Changing the external temperature changes the pore 

diameters and surface properties of thermoresponsive membranes, which in turn affects the permeabilities, 

selectivities, and absorption abilities of the membranes. If thermoresponsive polymer chains are applied in 

combination with commercially available porous membranes, they can be used as functional gates. At low 

temperature, the swollen polymer chains attached inside the pore walls inhibit permeation through the 

membrane (“pore closing”), while, the deswelling of the polymer layer leads to increased permeability at 

high temperatures (“pore opening”).1, 162 

Up to now, most thermoresponsive membranes comprise poly(N-isopropylacrylamide) (PNIPAM), 

which has a lower critical solution temperature (LCST) at 32 °C. However, the fixed LCST of PNIPAM 

makes it difficult to tune the response temperature of PNIPAM membranes, and there are only a few 

examples of the thermoresponsive membranes with different response temperatures.91, 92, 163-166 Xie and 

coworkers have developed thermoresponsive membranes by grafting NIPAM and acrylamide (AAM)/butyl 

methacrylate (BMA) copolymers onto macroporous membranes. The response temperature of these 

membranes was varied by adjusting the incorporation ratio of the hydrophilic (AAM) or hydrophobic 

(BMA) monomers in the PNIPAM chains. However, the membrane pores were very large, about 0.22 μm 

in diameter166, and preparing thermoresponsive membranes with pore sizes smaller than 100 nm remains 

challenging. Until recently, thermoresponsive membranes were almost always prepared by surface 

modifying commercial template membranes using the “grafting to” and “grafting from” approaches. In the 

“grafting to” approach, diffusion of the thermoresponsive polymer chains into the pores is prevented by 
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grafted polymer brushes already on the membrane surface. In the “grafting from” approach, the monomer 

concentration becomes inhomogeneous in the pores and the control of polymerization is difficult.1, 2 These 

inherent difficulties mean that these approaches are rarely used to prepare the thermoresponsive membranes 

with nanoscale pores. Furthermore, an uncontrolled modification easily results in pore plugging and loss of 

the easy barrier switching (a highly desirable property).92 Alem et al. used atom transfer radical 

polymerization (ATRP) to grow PNIPAM brushes within two poly(ethylene terephthalate) (PET) 

membranes with pores measuring 0.08 μm and 0.3 μm, respectively. For the membrane with 0.3-μm sized 

pores, the PNIPAM grafted layer covered the entire pore surface homogeneously. However, the polymer 

brushes inside the small pores (0.08 μm) were not successfully grafted because of the supply of monomers 

in the narrow pores was low, inhibiting the growth of PNIPAM chains on the inner wall of smaller pores 

and leading to uneven grafting.118  

Block copolymers (BCPs) are promising materials for the fabrication of ultrafiltration membranes 

because the chemically distinct but connected polymers microphase separate into periodic arrays of 

nanoscale domains.71, 73 Extensive research has been carried out to develop BCP-based mesoporous 

membranes. One approach is to etch the minor phase component of the BCP selectively, while the 

remaining blocks maintain the integrity and mechanical stability of the final porous polymer materials. 

However, this etching method is polymer-specific and limited to BCPs containing degradable blocks. 

Moreover, the decomposed fragments may remain in the materials, causing secondary contamination.102, 

167 Swelling-induced pore-making is a new strategy for the preparation of mesoporous membranes with 

several advantages, including simplicity and high pore regularity. This approach starts from a block 

copolymer, and the pore-forming mechanism is based on the physical swelling of certain BCP domains. In 

this process, a self-assembled BCP is placed in a solvent that has a selective affinity for one of the block 

polymers, leading to swelling of the domains composed of this block. For example, a variety of block 

copolymers with CO2-philic blocks can be turned into mesoporous materials by swelling with supercritical 

CO2 at high pressure and de-swelling at atmospheric pressure.168-177 While CO2 is conveniently added to or 

removed from the system by changing the pressure, there are few CO2–philic polymer species and these 

are always hydrophobic. However, supercritical or compressed CO2 can also be mixed with another solvent 

to control the solvent quality; subsequently, CO2 is removed at the end of the process. Poly(styrene-b-2-

vinylpyridine) (PS-PVP) has been turned into a mesoporous material using this method.178 Methanol alone 

has a strong affinity for PVP blocks and potentially swells the PVP domains; however, the glassy PS matrix 

prevents swelling. The addition of CO2 to the methanol solvent reduces the glass transition temperature (Tg) 

of PS, allowing the PVP domains to swell with methanol; then, the CO2 is removed from the mixture upon 

depressurization. We have used this method for pore fabrication in the membranes reported here. After that, 

this swelling-induced strategy has also been used, at room and elevated temperatures, to generate 

nanopores.93, 146  
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In this study, we prepared tunable thermoresponsive mesoporous membranes consisting of thin 

mesoporous selective layers of poly(oligo(ethylene glycol) methyl ether methacrylate)-b-polystyrene-b-

poly(oligo(ethylene glycol) methyl ether methacrylate) (PMEOnMA-b-PS-b-PMEOnMA) on macroporous 

polyvinylidene fluoride (PVDF) support layers. In PMEOnMA-b-PS-b-PMEOnMA, N is the number of 

ethylene glycol units in the oligo(ethylene glycol) side chains, and the number of ethylene glycol units 

affects the LCST. The mesopores were introduced into the PMEOnMA-b-PS-b-PMEOnMA films by 

controlled, selective swelling of the PMEOnMA domains with methanol assisted by compressed CO2.178 

The compressed CO2 plasticizes the continuous PS matrix to allow methanol to swell the dispersed 

PMEOnMA domains. Then, the compressed CO2 was removed, followed by methanol, introducing 

mesopores into the PMEOnMA domains. Using this method, the hydrophilic component of the BCP, 

PMEOnMA, covers the interior of the pores, thus polymers with tailored thermoresponsive barrier 

properties can be produced. The LCST of PMEOnMA can be conveniently selected by varying N;50 

therefore, by using PMEOnMA-b-PS-b-PMEOnMA with different values of N, we obtained a series of 

thermoresponsive membranes with different response temperatures. Moreover, the response temperature 

can be fine-tuned by randomly copolymerizing MENMAs with various numbers of ethylene glycol units. 

We investigated the water permeability the permeations of gold nanoparticles and dextran molecules 

through the thermoresponsive mesoporous membranes. Furthermore, we confirmed the thermos-

responsivity and excellent size selectivity, which was found to be on the order of nanometers. 

 

3.2. EXPERIMENTAL SECTION  

3.2.1. Materials.  

PMEOnMA-b-PS-b-PMEOnMA polymers were synthesized by sequential anionic polymerization. The 

synthesis of the monomers and their polymerization and characterization have been reported elsewhere.49 

Table 3.1 summarizes the molecular characteristics of the PMEOnMA-b-PS-b-PMEOnMA polymers used 

in this study. The PMEO2.2MA blocks were prepared by copolymerization of di(ethylene glycol) methyl 

ether methacrylate (MEO2MA) (80 mol%) and tri(ethylene glycol) methyl ether methacrylate (MEO3MA) 

(20 mol%).  
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Table 3.1. Properties of PMEOnMA-b-PS-b-PMEOnMA. 

 Mn (kg/mol) 
Weight percent of 

PMEOnMA 
Mw/Mn 

PMEO2MA-b-PS-b-PMEO2MA 23.5-102-23.5 31.5% 1.08 

PMEO2.2MA-b-PS-b-PMEO2.2MA 18.5-87-18.5 29.8% 1.07 

PMEO3MA-b-PS-b-PMEO3MA 20.5-80-20.5 33.9% 1.10 

Commercial polyvinylidene fluoride (PVDF) macroporous membrane discs (Φ = 2.5 cm) were purchased 

from Millipore, USA. The membranes had an average pore diameter of 220 nm. Deionized water was used 

in all experiments and was obtained from a water purification system (Millipore Ltd.). 

 

3.2.2 Membrane preparation 

Figure 3.1 shows the fabrication processes of the PMEOnMA-b-PS-b-PMEOnMA composite membranes 

schematically. The PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and PMEO3MA-

b-PS-b-PMEO3MA BCPs were dissolved in chloroform (Wako, Japan) at a concentration of 4 wt%. PVDF 

membrane discs, used as support layers, were submerged in deionized water for several hours, allowing the 

water to penetrate into the pores, preventing the BCP solutions from flowing into the pores (Figure 3.1a). 

The BCP solutions were spin-coated onto the surface of water-prefilled PVDF membranes discs at 3000 

rpm for 10 s, followed by vacuum drying at room temperature overnight to remove any residual solvent. 

Then the membranes were the heated to 130 °C for 10 min to enhance the adhesion between the 

PMEOnMA-b-PS-b-PMEOnMA layer and the PVDF surface (Figure 3.1b). After forming the BCP-coated 

films into 13 mm diameter discs, mesopores were introduced into BCP layers by using the methanol-scCO2 

swelling method (Figure 3.1c).178 

 

Figure 3.1. Schematic depiction for the fabrication processes of the composite membrane with mesoporous 

BCP as the selective layer and PVDF macroporous membrane as the supporting layer. 
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A stainless steel high-pressure vessel was used for the swelling processes. The vessel was connected to 

a high-pressure liquid chromatography pump (JASCO PU-2086 plus) with a cooling head and a back-

pressure regulator (JASCO SCF-Bpg). The BCP-coated membranes and methanol were loaded into the 

high-pressure vessel which was immersed in a 45 °C water bath and then filled with CO2 at 15 MPa. All 

samples were swelled for 30 min, followed by pressure release at a rate of 0.5 MPa/min. After the 

membranes had been removed from the vessel, methanol was removed from the specimens under vacuum 

for 1 h.178 The produced composite membranes were stored in deionized water before the filtration 

measurements. 

 

3.2.3. Scanning electron microscopy investigation 

The morphological features of composite membranes were analyzed with a scanning electron 

microscope (SEM) (Hitachi S-4800). Samples were prepared for cross-sectional viewing by freezing for 2 

to 3 minutes in liquid nitrogen, followed by fracturing. To improve the conductivity of the samples, the 

membranes were sputtered with a thin layer of platinum using an ion sputter coater (Hitachi E-1300). 

 

3.2.4. Water permeability measurements.  

The permeability of the PVDF base membrane and the PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-

b-PS-b-PMEO2.2MA, and PMEO3MA-b-PS-b-PMEO3MA composite membranes were measured using a 

custom dead-end filtration device (Figure 3.2) at several different temperatures and a transmembrane 

pressure of 0.2 bar. The BCP-coated side was faced the feed solution. A constant temperature circulator 

(Julabo F25-MC) was used to adjust the operating temperature during filtration. The dead-end filtration cell 

containing deionized water was kept in the temperature controlled water bath for at least 30 min before the 

filtration test. The filtrates were collected and weighed every 1 min for 15 min. Water permeabilities (P) at 

different temperatures were determined as follow:179 

𝑃 (g/min ∙ bar ∙ cm2) =  
𝑚𝑓

∆𝑝 × 𝐴 × ∆𝑡
  (3.1) 

where mf represents the weight of the filtrate, Δp is the transmembrane pressure, A is the effective membrane 

surface area (A = 0.8 cm2), and Δt is the filtration time.  
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Figure 3.2. The homemade device used for investigate the water permeability.   

 

3.2.5. Gold nanoparticles filtrations.  

Two aqueous solutions containing different sizes of monodisperse colloidal gold nanoparticles (5 nm 

and 15 nm) (Sigma-Aldrich) were used as feed solutions to test the sieving characteristic of the membrane 

at different temperatures. The filtration experiments were performed with the filtration setup used to 

determine the water permeability. Filtration under the same conditions was repeated three times. The gold 

concentrations of the feed solution and filtrates were measured using a UV-visible spectrometer (Shimadzu 

UV-3150).   

 

3.2.6. Dextran sieving tests  

The sieving characteristic of PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and 

PMEO3MA-b-PS-b-PMEO3MA composite membranes were investigated by dextran sieving measurements 

using polydisperse dextran with molecular weights of 15002800 kDa (Sigma-Aldrich D5376). The feed 

solution and standard solutions were composed of 0.20 wt% dextran, 0.02 wt% sodium azide (NaN3), 

0.30 wt% sodium chloride (NaCl), and deionized distilled water.180 All the dextran solutions were pre-

filtrated through 0.22 μm PTFE filter (Millipore Ltd.) to remove any undissolved dextran and salts prior to 

use.  
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Size exclusion chromatography (SEC) (JASCO) coupled with OHpak SB-804 HQ (Shodex) and 

G6000PWxl (TOSHO) tandem columns and a refractive index detector (JASCO RI-2031plus) was used to 

analyze the feed solution and filtrates. The analyses were carried out at 25 °C using deionized water 

containing 0.3wt% NaCl and 0.02wt% NaN3 as the eluent. NaCl was used to stabilize the sample and NaN3 

inhibited the decomposition of dextran. The columns were calibrated using narrow molecular weight 

dextran standards (Sigma-Aldrich) ranging from 1 to 1100 kDa. A calibration curve was constructed using 

the following equation:181 

log (𝑀𝑝) = 𝛼 ∙ 𝑉𝑅 + 𝛽               (3.2) 

where Mp represents peak average molecular weight, VR is retention volume, and α and β are constants. 

Because the molecular weights of dextran used in feed solution (15002800 kDa) were greater than the size 

of the largest dextran standard (1100 kDa). The SEC retention times were converted to molecular weight 

by dextran calibration.  

The rejection coefficient (R) is defined by Equation (3.3), 

𝑅 = 1 −
𝐶𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒

𝐶𝑓𝑒𝑒𝑑

 
 (3.3) 

where Cfiltrate and Cfeed are the concentrations of the feed solution and the filtrate, respectively, determined 

by the peak height of the elution curves.182 

 

3.3. RESULTS  

3.3.1. Morphology of the composite membranes  

To form a bicontinuous structure after the swelling induced pore-making process, the initial volume 

fraction of the minority block copolymer component must be below the threshold that separates lamellar 

and cylindrical morphologies.183 Therefore, the block copolymer chosen for the thermoresponsive 

membranes was PMEOnMA-b-PS-b-PMEOnMA with volume fractions of the PS and PMEOnMA blocks 

of around 70/30. Based on the volume fraction of the asymmetric PMEOnMA-b-PS-b-PMEOnMA used, 

the resultant films were expected to have a cylindrical morphology at equilibrium.  

Figures 3.3a, 3.3c, and 3.3e show cross-sections of the PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-

b-PS-b-PMEO2.2MA, and PMEO3MA-b-PS-b-PMEO3MA composite membranes. All the membranes have 

double-layered composite structures with thin top layers supported by thick, macroporous PVDF bottom 
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layers. The top layers are composed of swelling-induced mesoporous PMEOnMA-b-PS-b-PMEOnMA 

layers with a thickness of about 1 μm. The PMEOnMA-b-PS-b-PMEOnMA layers tightly adhere to PVDF 

surface. There is no interfacial gap along the interface between these PMEOnMA-b-PS-b-PMEOnMA and 

PVDF layers. Pores on the PVDF layers immediately below the interface are filled with PMEOnMA-b-PS-

b-PMEOnMA, attributed to the slight penetration of the PMEOnMA-b-PS-b-PMEOnMA melt into PVDF 

membrane during annealing at 130 °C. This slight penetration strongly increased the adhesion between the 

PMEOnMA-b-PS-b-PMEOnMA and PVDF layers because the PMEOnMA-b-PS-b-PMEOnMA in the pores 

of the PVDF membrane anchored the layers together. We found that, if the 130 °C thermo-annealing step 

was removed, the PMEOnMA-b-PS-b-PMEOnMA layers could be easily peeled away from the PVDF 

support membranes after the swelling process. As shown in Figure 3.3b, 3.3d, and 3.3e, after swelling at 

45 °C for 30 min with scCO2 at 15 MPa, a bicontinuous porous structure was obtained over the entire top 

layer composed of PMEOnMA-b-PS-b-PMEOnMA. 

  

  

a b

  a 
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Figure 3.3. SEM images of cross-sectional view of composite membrane with PMEO2MA-b-PS-b-

PMEO2M in (a) and (b), PMEO2.2MA-b-PS-b-PMEO2.2MA in (c) and (d), and PMEO3MA-b-PS-b-

PMEO3MA in (e) and (f) porous layer supported on the macroporous PVDF membrane. The scale bars in 

(a, c, e) correspond to 2 μm, and the scale bar in (b, d, f) corresponds to 500 nm. 

The SEM images of the PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and 

PMEO3MA-b-PS-b-PMEO3MA composite membrane surfaces are shown in Figure 3.4. The top views of 

the PMEO2MA-b-PS-b-PMEO2M and PMEO2.2MA-b-PS-b-PMEO2.2MA membrane surfaces show the 

formation of a tortuous nano-channel structure (Figure 3.4a and 3.4b), while the PMEO3MA-b-PS-b-

PMEO3MA membrane surface contains mesopores with partial connections (Figure 3.4c). However, 

bicontinuous porous networks were formed in all three membranes (as shown in Figure 3.3). Furthermore, 

water flowed well through all three membranes. The pores in each membrane have a narrow pore size 

distribution, and the average diameter of the mesopores of the PMEO2MA-b-PS-b-PMEO2MA, 

PMEO2.2MA-b-PS-b-PMEO2.2MA, and PMEO3MA-b-PS-b-PMEO3MA composite membranes were 

approximately 50 nm, 30 nm, and 30 nm, respectively. Notably, all the samples were dry membranes with 

shrunken thermoresponsive brush layers; therefore, the morphological characteristics observed in the SEM 

images do not reflect the morphologies of the wet state, i.e., the pore sizes seen in the SEM images must 

be larger than the pore sizes in aqueous solution.  

e

  a 

f

  a 



 

50 

 

    

 

Figure 3.4. SEM images of top view of composite membrane with (a) PMEO2MA-b-PS-b-PMEO2M, (b) 

PMEO2.2MA-b-PS-b-PMEO2.2MA and (c) PMEO3MA-b-PS-b-PMEO3MA porous layers supported on the 

macroporous PVDF membranes. 

The formation mechanism for the bicontinuous porous structures using methanol-scCO2 swelling 

treatment is outlined in Figure 3.5. The main requisites to introduce nanostructures into the block 

copolymers are 1) to effectively plasticize the surrounding matrix, 2) selectively swell the minority 

compositions, and 3) freeze the morphology. Methanol can dissolve a large amount of CO2, and the 

methanol-scCO2 system can form a homogeneous phase above the vapor-liquid equilibrium line including 

the supercritical fluid phase. When the self-assembled PMEOnMA-b-PS-b-PMEOnMA coated membrane 

(Figure 3.5a) is submerged into CO2-expanded methanol (CEM), the PMEOnMA-b-PS-b-PMEOnMA layer 

encounters the CEM both at the free top surface and the bottom surface, which adheres to the macroporous 

PVDF substrate, because the CEM can easily penetrate the microporous PVDF membrane and reach the 

PMEOnMA-b-PS-b-PMEOnMA layer. Methanol alone has a strong affinity for PMEOnMA domains, but 

the scCO2 effectively plasticizes the PS matrix, allowing methanol to diffuse easily into the PMEOnMA 

domains.184 Due to the swelling induced volume expansion, the PMEOnMA domains fuse with neighboring 

domains, forming a continuous phase (Figure 3.5b). Upon depressurization, the methanol-scCO2 system 

a

  a 

b

 

 a

  a 

 a

  a 

 a 
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phase separates, and the CO2 is lost from the PS matrix. The PS domains become glassy, maintaining the 

polymer structure, while the PMEOnMA domains remain swollen with methanol. In the subsequent drying 

process, the swollen PMEOnMA blocks fixed on the solid PS walls release methanol and shrink. 

Consequently, bicontinuous mesopores are introduced into the swollen PMEOnMA domains and the pore 

walls are covered with PMEOnMA block chains (Figure 3.5c).  

 

Figure 3.5. Schematic depiction for the Methnol-scCO2 swelling method. 

The porosity and pore size of the PMEOnMA-b-PS-b-PMEOnMA layers can be manipulated by adjusting 

the pore fabrication parameters, such as swelling temperature, time, and the CO2 pressure. In this study, 

these experimental parameters for the methanol-scCO2 swelling process were fixed at 15 MPa, 45 °C, and 

30 min, and the resulting porosities of the PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-b-PS-b-

PMEO2.2MA, and PMEO3MA-b-PS-b-PMEO3MA layers were about 17%, 36%, and 22%, respectively. 

These porosities were calculated by comparing the thickness of the PMEOnMA-b-PS-b-PMEOnMA films 

before and after the swelling processes and assuming one-dimensional expansion.168  

 

3.3.2. Thermoresponsive permeability of composite membranes 

 Figure 3.6 shows the results of water permeability experiment for the 220 nm PVDF base membrane 

and the PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and PMEO3MA-b-PS-b-

PMEO3MA composite membranes. The 220-nm PVDF membrane is highly permeable to water. The water 

permeability increased linearly with increasing temperature (Figure 3.6a) as a result of the lowering of 

water viscosity at higher temperatures. In contrast, the water permeabilities of the composite membranes 

changed nonlinearly as a function of temperature (Figure 3.6b-d). The drastic changes in water permeability 

arose from pore size changes, suggesting that the thermoresponsive PMEOnMA brushes had been formed 

inside the pores. The PMEOnMA brushes in the pores switched the membranes between “ON” and “OFF” 

states by thermally controlled conformational transitions. The conformational transition of PMEOnMA 

brush was related to the formation and breakage of hydrogen bonds between the ethylene oxide groups of 
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the PMEOnMA side chains and water molecules. At temperatures below the LCST, the PMEOnMA chains 

inside the pores are swollen, sealing the membrane pores. In contrast, the hydrogen bonds were broken at 

temperatures above the LCST, interactions between hydrophobic groups became dominant, and the 

PMEOnMA blocks collapse, resulting in the opening of the membrane pores. However, water flows through 

the composite membrane even in the “OFF” state because the swollen brushes in the mesopores function 

as gel-filled porous membranes; that is, the water permeability of the gel membrane is small but noticeable.  
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Figure 3.6. Water permeability versus temperature of (a) 220 nm PVDF membrane, (b) PMEO2MA-b-PS-

b-PMEO2M, (c) PMEO2.2MA-b-PS-b-PMEO2.2MA and (d) PMEO3MA-b-PS-b-PMEO3MA membranes 

with transmembrane pressure at 0.2 bar. 

As shown in Figure 3.6bd, inflection points in the nonlinear plot of water permeability of the different 

composite membranes occurred in the vicinity of 25 °C, 30 °C, and 50 °C for the PMEO2MA-b-PS-b-

PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and PMEO3MA-b-PS-b-PMEO3MA composite 

membranes, respectively. The shift in response temperature (the temperature at which the water 

permeability across the membrane changed dramatically) can be explained by the changes in the 

hydrophilicity of the PMEOnMA blocks with oligo(ethylene glycol) side chains of different lengths. 

PMEOnMA with long oligo(ethylene glycol) side chains, such as PMEO3MA, contain a greater number of 

2.5

2.0

1.5

1.0

0.5

0.0

 P
er

m
e
ab

ili
ty

 (
g/

m
in

･b
ar

･c
m

2
)

4540353025201510
 Temperature (ﾟC)

(c)

2.5

2.0

1.5

1.0

0.5

0.0

 P
er

m
e
ab

ili
ty

 (
g/

m
in

･b
ar

･c
m

2
)

605652484440363228
 Temperature (ﾟC)

(d)



 

54 

 

hydrophilic ethylene oxide groups; consequently, more hydrogen bonds were formed at low temperature. 

The breakage of the hydrogen bonds requires high temperatures. Therefore, the PMEO3MA-b-PS-b-

PMEO3MA composite membrane shows highest response temperature among these the three composite 

membranes, and the response temperature of PMEO2.2MA-b-PS-b-PMEO2.2MA was greater than that of 

PMEO2MA-b-PS-b-PMEO2M. Note that the copolymerization of PMEOnMA s with different numbers of 

ethylene glycol units is an effective method to tune the response temperature; thus, the response temperature 

can be fine-tuned through controlled copolymerization of PMEOnMA. This unique control over the design, 

preparation, and pore-closing temperature of thermoresponsive membranes allows the preparation of 

thermoresponsive polymers for specific applications.  

The PMEO2MA-b-PS-b-PMEO2M composite membrane showed relative higher overall water flow rate 

than those of the PMEO2.2MA-b-PS-b-PMEO2.2MA and PMEO3MA-b-PS-b-PMEO3MA composite 

membranes. This greater flow rate was attributed to the larger pore size of the PMEO2MA-b-PS-b-

PMEO2M composite membrane compared with that of other two membranes, as shown earlier by SEM in 

Figure 3.4.  

By using the Hagen-Poiseuille law, which takes the dependence of solvent viscosity on temperature into 

account, the thermoresponsive performance can be more quantitatively expressed. The permeability of the 

porous membranes is expressed as: 

𝑃 =
𝑛𝜋𝑟4𝐴

8𝜂

∆𝑝

∆𝑥
  (3.4) 

where P is the water permeability (g/min·bar·cm2), n is the number of pores per cm2, r is the pore radius, 

A is the membrane surface area, Δp is the applied pressure, η is the viscosity of the flowing liquid, and Δx 

is the membrane thickness.185 Let r0 represent the effective pore radius of membranes at standard 

temperature, T0 (°C). T0 was 10 °C for the PVDF, PMEO2MA-b-PS-b-PMEO2M, PMEO2.2MA-b-PS-b-

PMEO2.2MA membranes and 30 °C for PMEO3MA-b-PS-b-PMEO3MA membrane. rT is the pore radius at 

a T (°C), a temperature higher than T0 (°C). The relative pore radius rT/r0 of the membrane is expressed as: 

4

1

000

)(




J

J

r

r TTT    (3.5) 

where JT and J0 are the water flow rates at T (◦C) and T0 (°C), and ηT and η0 are the viscosities of the flowing 

liquid at T (◦C) and T0 (°C).179  
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Figure 3.7 shows the relationship between the rT/r0 of the membranes and the temperature. The relative 

pore radius of the PVDF base membrane remained almost constant as a function of temperature, suggesting 

that, as expected. pore size is independent of temperature and that the temperature dependence of the water 

viscosity is effectively eliminated. The relative pore sizes increased gradually until the temperature reached 

25 °C, 35 °C, and 55 °C for the PMEO2MA-b-PS-b-PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and 

PMEO3MA-b-PS-b-PMEO3MA composite membranes, respectively. The thermoresponsive performances 

of these composite membranes were quite different from those of typical PNIPAM membranes with pore 

sizes of the order of microns that alter their pore size abruptly around 32 °C.102, 166, 186, 187  

 

Figure 3.7. Relative pore radius (rT/r0) for 220 nm PVDF membrane (black), PMEO2MA-b-PS-b-PMEO2M 

(orange), PMEO2.2MA-b-PS-b-PMEO2.2MA (green) and PMEO3MA-b-PS-b-PMEO3MA (blue) 

membranes. 

The reversibility of the temperature response was verified by varying the temperature between 10 °C 

and 40 °C over several cycles (Figure 3.8). The water permeability recovery values are close to 100%, 

indicating that the switching was reversible, and confirming the stability of the porous structure of the 

composite membranes. There was no evidence of any damage to the mesoporous BCP layers under the 

applied pressure because 1) the triblock architecture of high molecular weight PMEOnMA-b-PS-b-

PMEOnMA is mechanically robust and 2) the rigid macroporous PVDF membrane support the thin 

PMEOnMA-b-PS-b-PMEOnMA layer, preventing deformation of the porous structure of the thin 

PMEOnMA-b-PS-b-PMEOnMA layer. 
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Figure 3.8. Water permeability of PMEO2MA-b-PS-b-PMEO2M membrane at temperature cycling between 

10 and 40 °C. 

 

3.3.3. Thermoresponsive separation of gold nanoparticles 

The transport of gold nanoparticles through the PMEO2MA-b-PS-b-PMEO2M composite membranes 

was studied under ultrafiltration conditions to identify the thermo-dependent size selectivity of the 

membranes. Two kinds of gold nanoparticles with diameters of 5 nm and 15 nm in aqueous solution were 

chosen as the feed solutions. Both these gold nanoparticle solutions are red in color, and their UV-visible 

spectra contain peaks centered at approximately 520 nm, corresponding to the surface plasmon polariton 

generated within the gold nanoparticles.188 Because the integrated intensity of the plasmon absorption of a 

gold nanoparticle solution is proportion to the concentration of nanoparticles, a UV-vis scanning 

spectrophotometer was chosen to measure the concentration of gold nanoparticle in the feed solutions and 

filtrates. Concerned about membrane fouling, we carried out each filtration experiment with a new 

PMEO2MA-b-PS-b-PMEO2M composite membrane sample with the same pore size (50 nm, dry state). 

Figure 3.9a shows the selectivity of the 5-nm gold nanoparticles through the PMEO2MA-b-PS-b-

PMEO2M composite membranes at different temperatures. When the temperature was 40 °C, the 5-nm gold 

nanoparticles passed through the membrane with a very little rejection. Consequently, the composite 

membrane covered by shrunken PMEO2MA chains must have a pore sizes larger than 5 nm at 40°C. A 

decrease in temperature to 30 °C led to an increase in the 5-nm gold nanoparticles rejection, indicating that 

the membrane pore size shrank at 30 °C as a consequence of the swelling of the PMEO2MA chains. When 

the temperature was lowered to below the LCST of PMEO2MA, the filtrates were colorless, and there was 
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no absorption at 520 nm in the UV-vis spectra, suggesting that the 5-nm gold nanoparticles were completely 

blocked and the membrane pores have diameters smaller than 5 nm. Even when the plasmon peak 

disappeared in the spectrum of the filtered solution, a weak absorption in the low wavelength region was 

observed. The absorption does not arise from the gold nanoparticles but from the compound used to stabilize 

the 5-nm colloidal gold particles. Therefore, we subtracted this background from the spectrum (Figure 3.9b) 

and estimated the number of gold particles that have passed through the membrane from the peak intensity 

at 520 nm (Figure 3.10). The decrease in rejection rate with increasing temperature indicates the thermo-

controllable size selectivity of the membranes.  

 

 

Figure 3.9. (a) UV-vis spectra of feed solution and filtrate obtained in the filtration of 5-nm gold colloidal 

particles solution at different temperature (PMEO2MA-b-PS-b-PMEO2M membrane) with the inset of the 
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photograph of feed solution and filtrates, and (b) the corrected spectra by subtracting the background using 

the spectrum at 10 °C. 

 

 

Figure 3.10. 5-nm gold nanoparticles rejection rates through the PMEO2MA-b-PS-b-PMEO2M membrane 

at different temperature. (The rejections were calculated by comparing the absorbance at 520 nm between 

feed solution and filtrates). 

Figure 3.11 shows the UV-vis spectra of feed solution and filtrate produced after filtration of the 15-nm 

gold nanoparticle solution at 40 °C. In sharp contrast to the permeation results for colloidal 5-nm gold 

nanoparticles at 40°C, all the 15-nm gold nanoparticles were filtered out from the feed solution. The 

effective separation of particles three times size larger indicates that the PMEO2MA-b-PS-b-PMEO2M 

composite membrane has a strong size selectivity, which is attributed to the uniform distribution and almost 

identical length of the PMEO2MA chains on the pore walls and the relatively narrow size distribution of 

the membrane pores.  
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Figure 3.11. UV-vis spectra of feed solution and filtrate obtained in the filtration of 15-nm gold particles 

solution at 40°C (PMEO2MA-b-PS-b-PMEO2M membrane). The inset is the photograph of feed solution 

and filtrate.   

 

3.3.4. Thermoresponsive separation of dextran molecules 

A polymeric dextran solution was also used as a feed solution to test the size-discriminating properties 

of the PMEOnMA-b-PS-b-PMEOnMA composite membranes. Dextran was chosen because its polymers 

are neutral and do not interact with the studied membranes, are well characterized, and have a broad size 

(molecular weight) distribution over the whole size range of the pores found in our membranes.189 

Figure 3.12 displays the dextran rejection coefficients obtained using the PMEO2MA-b-PS-b-

PMEO2MA, PMEO2.2MA-b-PS-b-PMEO2.2MA, and PMEO3MA-b-PS-b-PMEO3MA composite 

membranes at different temperatures. The selectivity of the dextran was temperature dependent for all 

composite membranes, being 5 °C for PMEO2MA-b-PS-b-PMEO2M, 10 °C for PMEO2.2MA-b-PS-b-

PMEO2.2MA, and 30 °C for PMEO3MA-b-PS-b-PMEO3MA. In addition, very large overall rejection 

coefficients were observed due to the swollen PMEOnMA chains that switched the membranes into the 

“OFF” state. As temperature increased, the rejection coefficient of each composite membrane decreased, 

and the downward shifts in rejection were sharper around their LCSTs. The results again exhibit that the 

swelling/deswelling transition of the PMEOnMA chains on the composite membranes occurred slowly and 

continuously around the LCSTs (Figure 3.13). 
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Figure 3.12. Rejection coefficients as a function of dextran molecular weight obtained during filtration of 

a 0.2wt% 1500-2800kDa dextran solution through (a) PMEO2MA-b-PS-b-PMEO2M, (b) PMEO2.2MA-b-

PS-b-PMEO2.2MA and (c) PMEO3MA-b-PS-b-PMEO3MA composite membranes. 

 

Figure 3.13. Schematic depiction for the switchable barrier properties of the PMEOnMA-b-PS-b-

PMEOnMA thermo-responsive membrane. 

The hydrodynamic radii of the polymeric dextrans were calculated using the Stokes-Einstein equation:181 

𝑟𝑠 =
𝑘𝑇

6𝜋𝜇𝐷20

  (3.6) 

where k is the Boltzmann constant (k = 1.38 × 10-23 J/K), T is the absolute temperature, μ is the solution 

viscosity, and D20 is the diffusion coefficient at 20 °C.  

The diffusion coefficients (m2/s) have been experimentally related to the molecular weight, Mw (Da), by 

Equation (3.7). 190  

𝐷20 = 7.667 × 10−9 × 𝑀𝑤
−0.47752  (3.7) 

The rejection coefficients of PMEO2MA-b-PS-b-PMEO2M composite membrane at 20 °C are shown as 

a function of dextran Stokes radius in Figure 3.14. The smallest dextran that produced a rejection of around 

70 % had a radius of 51 nm. However, the filtration results obtained using a feed solution containing 5-nm 

gold particles suggest that the pore size of the PMEO2MA-b-PS-b-PMEO2M composite membrane at 20 °C 

was less than 5 nm (diameter).  
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Figure 3.14. Rejection coefficients as a function of dextran stokes radius obtained during filtration of a 

0.2wt% 1500-2800kDa dextran solution PMEO2MA-b-PS-b-PMEO2M composite membranes at 20°C. 

To understand these contradictory results from gold colloidal nanoparticles and dextran sieving 

experiments, which were carried out under the same operating conditions, ultrafiltration with both dextran 

and 5-nm gold nanoparticles feed solutions was investigated as a function of transmembrane pressure at 

10°C. In Figure 3.15, the curves show a deviation from 100% fractionation for certain molecular weights 

of dextran with increasing transmembrane pressure. All the dextran molecules were blocked by the 

composite membrane at 0.03 bar, but only dextrans with small molecular weights permeated the membrane 

at 0.2 bar. When the pressure was increased to 3 bar, the membrane showed no sieving of dextran particles 

with molecular weights ranging from 1000 to 10000 kDa. For all the experiments, there was no evidence 

of any bypass or leakage. Figure 3.16 shows the UV-vis spectra of 5-nm gold nanoparticles feed solution 

and that of the filtrate obtained at 0.2 bar and 3 bar. Although the transmembrane pressure was increased 

from 0.2 bar to 3 bar, the 5-nm gold particles were still filtered out of the feed solution, suggesting that the 

pore size of the membrane did not change significantly at these two transmembrane pressures. 
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Figure 3.15. Rejection coefficients as a function of dextran molecular weight obtained during filtration of 

a 0.2wt% 1500-2800kDa dextran solution at different transmembrane pressure. 

 

Figure 3.16. UV-vis spectra of feed solution and filtrate obtained in the filtration of 5-nm gold colloidal 

particles solution with different transmembrane pressure.  

Combining the pressure-dependent ultrafiltration results, the contradictory evidence from the sieving 

experiments can be explained by the deformation and reptation motion of dextran molecules (Figure 3.17). 

The gold nanoparticles are hard spheres, whereas dextrans are flexible molecules, which are anticipated to 

be much more sensitive to shearing forces. At high transmembrane pressures, the convective water 

permeability through the PMEOnMA A brush-covered membrane pores imposed a stronger drag force onto 

the solute dextran molecules. Thus, the dextran molecules were extended through the pores and 

convectively drawn through the PMEOnMA brush covered pores with increasing transmembrane pressure. 

The extended dextran chains may also diffuse faster by reptation. The PMEOnMA brushes on the pore walls 
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should also be affected by elastic deformation; however, the deformation of soft particles (dextran 

molecules) is the main reason for the difference in ultrafiltration results between soft and hard particles, i.e., 

dextran and 5-nm gold particles, respectively. No effect of transmembrane pressure was observed on the 

filtration of 5-nm gold nanoparticles by the membrane.  

 

Figure 3.17. Schematic depiction for deformation and reptation motion of dextran molecules during the 

filtration.  

 

3.4. CONCLUSION 

In this study, we successfully prepared thermoresponsive block copolymer membranes with controllable 

response temperatures. These two-layer membranes consist of thermoresponsive mesoporous PMEOnMA-

b-PS-b-PMEOnMA films as size-selective layers on macroporous, supporting PVDF films. SEM images of 

the samples show that a bicontinuous mesoporous network was formed in the BCP films. Water 

permeability results shown that the pores increased gradually in size until the temperature reached the 

response temperature of each membrane, ranging from 25°C to 55°C. The PMEOnMA chains covering the 

interior of the mesopores provide the composite membranes with their temperature-dependent, tailored 

barrier properties. Furthermore, due to the ability to alter the LCST of PMEOnMA by changing the number 

of ethylene oxide side chains, the response temperature is tunable. The temperature dependent size 

selectivity of the composite membranes was confirmed by conducting gold nanoparticles and dextran 

sieving experiments. The results indicate that the size selectivity of the membranes is strongly 

discriminating for hard particles such as gold and that an “ON”/”OFF” transition, related to the opening 
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and closing of pores, occurs around the BCP LSCTs. In addition, we observed that, at 20°C, the 

PMEO2MA-b-PS-b-PMEO2M composite membrane permits the transport of the dextran with Stokes radii 

smaller than 51 nm, while 5 nm diameter gold nanoparticles passed through. Unlike the gold nanoparticles, 

which are hard spheres, dextran molecules are flexible chains that can be easily extended in the nanopores 

under shear forces, resulting in their transport through the membranes under convective flow. 

 

3.5 SUPPORTING INFORMATION (Stability of composite membrane) 

The pressure dependence of water permeability for PMEO2MA-b-PS-b-PMEO2M composite 

membranes were measured using a dead-end filtration device at 15 °C (Figure S3.1). The pressure was 

stepwise increased from 0.2 bar to 4.0 bar with 10 min at each stage (black dots). Then, the water 

permeability was re-measured at 0.2 bar (red square point) with a value which is close to the previous one. 

The very good recovery indicates the wonderful stability of composite membranes. 

 

Figure S3.1. Water permeability versus transmembrane pressure of PMEO2MA-b-PS-b-PMEO2M 

membrane at 15 °C. 
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4. Magneto-responsive mesoporous block copolymer 

membranes 

Reproduced with permission from [Tang, Y.; Lin, X.; Ito, K.; Hong, L.; Ishizone, T.; Yokoyama, H.; 

Ulbricht, M., Tunable magneto-responsive mesoporous block copolymer membranes. Journal of 

Membrane Science 2017, 544 (Supplement C), 406-415.] Copyright [2017] Elsevier.  

DOI: 10.1021/ie401853k. 

 

4.1. INTRODUCTION  

Stimuli-responsive membranes are an important class of functional materials that can change their 

chemical, physical and barrier properties by responding to the environmental conditions.94 Different types 

of stimuli were applied to induce responses, including the direct stimulants such as temperature, pH, and 

specific ions3, 90-94, and newly emerged remote triggers such as light and electric and magnetic fields.95-98 

Magneto-responsive membranes have recently attracted particular attention, because of their remote 

controllability, rapid response and special potential for integration into microfluidic devices for analytical 

and drug delivery systems.11, 95, 97, 136, 191, 192  

Some magneto-responsive membranes were realized by manipulating integrated magnetic nanoparticles 

with static or low-frequency magnetic fields in order to induce subtle changes of effective pore size, or to 

trigger cleaning and mixing effects.192-194 Other types of magneto-responsive membranes addressing the 

switching of (selective) transport through barrier pores were prepared by combining a thermo-responsive 

polymer membrane and magnetic nanoparticles (MNPs) which release heat by high-frequency alternating 

magnetic field (AMF). The thermo-responsive part of the membrane works as an actuator and, potentially, 

as selective sieving medium and the MNPs act as localized heaters. Thus, Gajda and Ulbricht prepared 

magneto-responsive membranes by immobilizing the iron oxide MNPs on the pore walls of track-etched 

(TE) polyethylene terephthalate (PET) membranes with 700 nm diameter pore. The walls of TE PET 

membranes were functionalized with poly(N-isopropylacrylamide) (PNIPAm) via photo-initiated “grafting 

from” brush formation.195 The membranes showed large and reversible changes of water permeability by 

switching the AMF on and off. Additional analyses had revealed that upon stimulation with the AMF (“on” 

state), the balance between the generated heat by the MNPs within the membrane pores and convective heat 

loss by the cold feed water lead to a local temperature above the lower critical solution temperature (LCST) 

of PNIPAm (32 °C), causing deswelling of the temperature-responsive polymer. However, because of the 

large membrane pore size, the membrane did not perform an interesting size selectivity.195 Later, Qian et 

al. utilized surface-initiated atom transfer radical polymerization (ATRP) to graft PNIPAm from the pore 

walls of TE PET membranes (pore size also 700 nm), followed by conjugating iron oxide MNPs to the ends 
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of the grafted polymer chains. Although those membranes exhibited a size selectivity in polystyrene latex 

particles filtration which is adjustable by external AMF, successful selective separation was only limited to 

relatively large particles.196 

Until now, as far as we know, only two types of magneto-responsive membranes with switchable nano-

scale barrier pore size have been developed. One type is a magneto-hydrogel pore-filled membrane which 

is fabricated by post modification of TE PET membranes. The PNIPAm hydrogel network with entrapped 

iron oxide MNPs inside the PET membrane pores was prepared via in situ reactive pore-filling 

functionalization. The membranes were proven to have a good magneto-responsive molecular sieving 

performance during ultrafiltration; the rejection of 2000 kDa dextran was decreased from 94% to 30% when 

the AMF was turned on.125 However, the membranes were obtained by a complicated preparation processes 

and the permeability was very low. The other type is a polyethersulfon-based mixed matrix membrane 

blended with prefabricated PNIPAm nanogel particles and iron oxide MNPs, fabricated by facile non-

solvent induced phase separation (NIPS) process. The molecular weight cutoff (MWCO) of the obtained 

ultrafiltration membrane with quite high intrinsic permeability shifted from ~70 to 1750 kDa by switching 

on the AMF and returned to the initial value upon switching off the remote stimulation. However, because 

the PNIPAm shows an abrupt conformation change at the LCST (32 °C), the barrier pores of such PNIPAm-

based magneto-responsive membranes can only be switched between two states, the off and on states of the 

AMF. Moreover, NIPAm monomer is suspected to be carcinogenic, which may hinder the transfer of 

PNIPAm-based membrane systems toward a technology breakthrough for controlled drug delivery devices 

in the human body.41  

Poly(oligo(ethylene glycol) methyl ether methacrylate) (PMEOnMA) is a newly emerged thermo-

responsive polymer. The LCST of PMEOnMA can easily be tuned into the physiological temperature range 

(in particular by the average number of ethylene glycol repeating units in the side group, n) and it has very 

good biocompatibility.43 In previous work, we prepared a novel thermo-responsive mesoporous membrane 

using poly(oligo(ethylene glycol) methyl ether methacrylate)-block-polystyrene-block-poly(oligo(ethylene 

glycol) methyl ether methacrylate) (PMEOnMA-b-PS-b-PMEOnMA). Formation of the mesoporous barrier 

layer with PS being the mechanically stable part of the matrix was driven by selective swelling of the 

PMEOnMA domains. PMEOnMA brushes on the pore walls underwent a gradual and reversible 

conformational change upon gradual variation of temperature, and thus tuned the barrier pore size of the 

resulting ultrafiltration membranes in a broad range of temperature around the LCSTs of the PMEOnMA.3  

The PMEOnMA containing triblock copolymers seemed to be perfect materials for preparation of 

magneto-responsive membranes which have finely controlled barrier pore sizes tuned by the external AMF. 

Therefore, in this study, we developed a new kind of magneto-responsive membranes, in which the pore 

size can be finely tuned through controlling the magnetic field amplitude of the external AMF. The 
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magneto-responsive thin-film mixed matrix nanocomposite membranes consist of a macroporous 

polyvinylidene fluoride support membrane and a thin mesoporous PMEOnMA-b-PS-b-PMEOnMA film 

with embedded 30 nm iron oxide nanoparticles (IONPs). The loaded IONPs can generate heat upon 

stimulation with AMF so that the temperature of the membranes will increase when the AMF is applied, 

and the membrane will be cooled down by the convective flow of cold feed when the AMF is switched off. 

The heat generated by the IONPs is due to relaxation and hysteresis losses which are strongly related to the 

frequency and field amplitude of the AMF; therefore the temperature of membrane can be manipulated by 

applying AMF with different input energy. Because the PMEOnMA blocks on the pore walls can change 

their conformation gradually in a broad range of temperatures around their LCSTs, the pore size of 

membrane can be finely controllable within AMF. 

 

4.2. EXPERIMENTAL SECTION  

4.2.1. Materials  

PMEO2.2MA-b-PS-b-PMEO2.2MA (18,500-87,000-18,500 g/mol; Mw/Mn = 1.07) was synthesized by 

sequential anionic polymerization.49 The PMEO2.2MA block is a random copolymer of di(ethylene glycol) 

methyl ether methacrylate (MEO2MA) (80 mol%) and tri(ethylene glycol) methyl ether methacrylate 

(MEO3MA) (20 mol%). Oleic acid coated iron oxide nanoparticles (IONPs, 30 nm diameter) in chloroform 

dispersion (Fe concentration 25 mg/mL) were purchased from Ocean NanoTech (USA). Commercial 

polyvinylidene fluoride (PVDF) macroporous membrane discs (diameter 2.5 cm) with a nominal pore 

diameter of 220 nm (Millipore, USA) were used as the support membrane.  

 

4.2.2 Membrane preparation  

The membrane preparation method was described in detail in our previous work.3 PVDF membrane 

discs, used as support layers, were submerged in deionized water for several hours. Then, the solutions 

consisting of PMEO2.2MA-b-PS-b-PMEO2.2MA (BCP) and different fractions of IONPs were spin-coated 

onto the surface of water-prefilled PVDF membrane discs at 3000 rpm for 10 s, followed by vacuum drying 

at room temperature overnight. The membranes were heated to 130 °C for 10 min for enhancing the 

adhesion between the BCP-IONPs layer and the PVDF surface. Then the mesopores were introduced into 

BCP-IONPs layer by using the methanol-scCO2 swelling method, which had been described in our previous 

articles.168, 170-173, 178 In this work, the BCP-IONP coated PVDF membranes and methanol were loaded into 

the high-pressure vessel which was kept at 45 °C, and then filled with 200 bar CO2 for selectively swelling 

the PMEOnMA domains of BCP. In the supercritical state, the mole fraction of CO2 in the thus obtained 
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methanol-CO2 mixture was estimated as 0.89, and therefore methanol and CO2 were able to form a 

homogeneous phase.184 After 30 min swelling, the pressure was released at a rate of 5 bar/min. All the 

prepared membranes were cut into 13 mm diameter discs and stored in deionized water. 

Five different BCP-IONPs membranes were prepared by spin-casting the PMEO2.2MA-b-PS-b-

PMEO2.2MA and IONPs chloroform mixture at different mass ratio. The purchased 25 mg/ml IONPs 

dispersion was diluted into 1 mg/mL, 5 mg/mL and 10 mg/mL with chloroform. Then, PMEO2.2MA-b-PS-

b-PMEO2.2MA was dissolved in the diluted IONPs dispersion at a concentration of 60 mg/ml. Figure 4.1 

shows the visual inspection of membranes with 0 mg/mL (BM), 1 mg/mL (1CS), 5 mg/mL (5CS), 5 mg/mL 

(5CL) and 10 mg/mL (10CL) IONP loading. The spin-cast solutions of 1CS and 5CS stood for 5 min after 

adding PMEO2.2MA-b-PS-b-PMEO2.2MA in the diluted IONPs dispersions before spin-casting. The 

solutions for 5CL and 10CL stood much longer, about 20 min. Although 5CS and 5CL were prepared with 

the same amount of IONPs in the solutions, the colors of the membranes were different. The 5CS membrane 

was brown but 5CL was grayish. It can be explained by the stronger aggregation of IONPs in 5CL spin-

cast solution caused by prolonged standing time (for more detailed discussion see Section 4.3.2).   

  

 

Figure 4.1. Digital photographs of the BCP thin-film composite membranes without (BM) and with 

immobilized IONPs (CS or CL; number stands for IONP concentration; S and L stand for short and long 

time, respectively, between solution preparation and casting). The image of 1CS is the residual of the bigger 

membrane sample obtained directly after preparation; the other samples had been used for ultrafiltration 

tests. 

 

4.2.3. Evaluation of the IONPs heating effect by calorimetric method 

A Truheat HF series 5010 generator (Trumpf Hüttinger, Germany) with sandwich copper tube coils was 

employed in this study to generate AMF at a frequency of 745 kHz. The 10 ⁰C cooling water within external 

circuit constantly flowed through the lumen of the copper tube during the operation. The AMF conditions 

had been thoroughly investigated by Lin et al.125 Between the inductor coils, the magnetic field distribution 
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was uneven. The field amplitude in the center of sandwich coils was in good linear relationship with input 

current but not dependent of the field frequency. The relationship of field amplitude (H, kA/m) and current 

(I, A) was H = 1.861 * I. That had been investigated by measuring the field strength in the center of the 

sandwich coils for varied input frequency and current; the details are shown in Supporting Information 

(S4.1).197 

The heating effect of IONPs in chloroform dispersion was evaluated by using calorimetric method.125 A 

volume of 1 mL of 0.5 mg/mL IONPs chloroform dispersion was loaded in a homemade closed glass vial 

with vacuum walls, and then the vial was mounted between the inductor coils. The solution temperature 

was measured before and after 1 min AMF exposure. To exclude the influence of AMF generated non-

specific heat, analogous experiments were performed with 1 mL chloroform treated as background solvent. 

The specific loss power (SLP) of IONPs was calculated as follows:198  

𝑆𝐿𝑃 (W ∙ 𝑔−1) = 𝑐 
𝑚𝑠

𝑚𝐹𝑒

(
∆𝑇𝑠 − ∆𝑇𝑐

∆𝑡
)  (4.1) 

where c is the heat capacity of water, ms is the mass of the sample, mFe is the mass of IONPs in the sample, 

∆Ts is the temperature increase of the IONPs dispersion, ∆Tc is the temperature increase of chloroform, and 

∆t is time duration with AMF.  

 

4.2.4. Scanning electron microscopy (SEM) investigation 

 To observe the morphological features of membranes and to visualize the loading with IONPs, the 

instrument ESEM Quanta 400 FEG (FEI Co., Hillsboro, USA) with backscattered electron detector was 

used. Samples were frozen in liquid nitrogen for 2 to 3 minutes, followed by fracturing. Both outer surface 

and cross-section of samples were sputtered with 5 nm thin palladium layer using K550 sputter coater from 

Emitech Ltd. (Ashford, U.K). 

 

4.2.5. Thermo- and magneto-responsive water permeability 

The thermo-responsive water permeabilities of the BCP-IONPs membranes were measured using 

Millipore Swinnex filter holder (diameter 13 mm, USA) at 10-45 °C (5°C interval for each measurement). 

The coated side faced the feed solution and effective membrane area was 0.7 cm2. A thermostat (Julabo, 

Germany) with external circuit was used to adjust the operating temperature and the transmembrane 
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pressure was controlled by Argon gas pressure. Filtrate samples were collected every 5 minutes and 

weighed. Water flux (J) and permeability (P) were determined accordingly:179 

𝐽 (𝑘𝑔 ∙ ℎ−1 ∙ 𝑚−2) =  
𝑚𝑓

𝐴 × ∆𝑡
  (4.2) 

𝑃 (𝑘𝑔 ∙ ℎ−1 ∙ 𝑚−2 ∙ 𝑏𝑎𝑟−1) =  
𝐽

∆𝑝
  (4.3) 

where mf represents the weight of the filtrate, A is the effective membrane area, Δt is the filtration time, and 

Δp is the transmembrane pressure. 

The magneto-responsive water permeabilities of the BCP-IONPs membranes were studied using a 

homemade filtration setup as shown in Figure 4.2. The filtration cell was always placed in the middle of 

the inductor coils because of the uneven magnetic field distribution (cf. Section 4.2.3). To keep the 

operating temperature at ~15 ⁰C which is lower than the LCST of PMEO2.2MA (32 ⁰C), the feed solution 

reservoir was immersed in 15 ⁰C water bath, and the filtration cell and AMF coils were placed in the 

chamber of hood with 15 ⁰C circulating water in the lumen. Moreover, insulating foam covered the tube to 

prevent heat transfer during the feed solution transfer from the reservoir to the filtration cell. Note that the 

actual temperature of the filtration cell might be little higher or lower than 15 °C, because the filtration 

system would not completely isolated from the environment. During filtration runs, the AMF was kept at 

off state for 15 minutes; then it was switched on for 30 minutes and thereafter turned off for 20 minutes. 

The water flux was monitored by weighting filtrate samples every 5 minutes and calculating according to 

equation (4.2).  
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Figure 4.2. The home-made AMF filtration setup for investigating the magneto-responsivity of the 

membranes.  

4.2.6. Thermo- and magneto-responsive molecular sieving performance  

The thermo-responsive sieving characteristics of the membranes were investigated by dextran 

ultrafiltration at 10 ⁰C, 30 ⁰C and 50 ⁰C with same type of filter holder used in water permeability 

measurements (cf. Section 4.2.5). The aqueous feed solution contained 0.5 g/L of 35 kDa dextran (Serva, 

Germany) and 0.5 g/L of 2000 kDa dextran (Sigma-Aldrich). High-performance gel permeation 

chromatography (HP-GPC) with two SUPREMA columns (linear, 10 µm, 8 x 300 mm, calibrated from 100 

to 100,000,000 g/mol with dextran), water with 0.01 M NaN3 at a flow rate of 1 mL/min at 45 ⁰C as eluent, 

the RI-101 differential refractive index detector (Shodex Showa Denko K.K., Tokyo, Japan) and the 

software Win GPC Unity from PSS (Polymer Standards Service GmbH, Germany) was used to analyze the 

compositions and concentrations of feed and filtrates. The rejection coefficient (R) for each dextran 

molecular weight was calculated as follows:182 

𝑅 = 1 −
𝐶filtrate

𝐶feed

  (4.4) 

where Cfiltrate and Cfeed are the dextran concentrations of the filtrate and feed, respectively, determined by 

the peak height of the elution curves. 

The magneto-responsive dextran ultrafiltration was studied using the setup shown in Figure 4.2. The 

filtrate samples were first taken when the AMF was off, then when the AMF was on. The compositions and 

concentrations of feed and filtrates were also analyzed by HP-GPC and the rejections were calculated using 

equation (4.4). To minimize the fouling effects in subsequent tests, the used membranes were washed with 

50 ⁰C water for 1 hour and for more than 5 hours at room temperature water. The room temperature water 

was changed for 3 times during the washing. Water flux tests to assess fouling were carried out before and 

after dextran ultrafiltration including washing as described above.  

 

4.3. RESULTS AND DISCUSSION  

4.3.1. Heating efficiency of IONPs dispersion  

The heat generation of the IONPs with AMF was investigated by the calorimetric method and the 

obtained data are shown in Table 4.1. With a fixed input frequency and different currents (I), the magnetic 

field amplitude (H) in the center of sandwich coils was different and was calculated using the relationship  
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H = 1.861 * I (cf. Section 4.2.3). The temperature of chloroform without any IONPs only slightly increased 

as the input current increased because of the higher non-specific heat generation with larger input energy. 

At the same field amplitude, the temperature changes of IONPs dispersions in chloroform were much larger 

than those for pure chloroform due to the specific heat generated by the IONPs. The SLP of IONPs 

increased with higher H; this correlates well with other reports that the magnetic heating is an increasing 

function of frequency and field amplitude.199 The SLP of the IONPs used in this study was quite high which 

was in accordance to the other data for the same kind of materials (for instance, SLP = 670 W/g had been 

measured for 40 nm large IONP from the same manufacturer at the same field strength of 20 kA/m, with 

the twofold higher absolute value than in this work caused by the larger particle diameter). Therefore, it 

was expected that the IONPs embedded in the block copolymer porous top layer of composite membrane 

may provide enough heat at relatively small loading amount, thus significantly and rapidly increasing the 

temperature of the very thin BCP film without disturbing the membrane’s pore structure. Because the 

applied AMF frequency was too high to allow the IONPs to follow the external field, the Brownian 

relaxation (physical rotation of the whole particle within the dispersing medium) would not contribute to 

the heat release.194, 199 Hysteresis loss (the magnitude represented by the area inside the hysteresis loop) and 

Neel relaxation (rotation of the magnetic moment within the particle) were therefore the main sources of 

the heating of IONPs.136 Of course, the same behavior was expected for the IONPs immobilized in the BCP 

film of the composite membrane.  

Table 4.1. Specific loss power (SLP) of chloroform and IONPs (30 nm diameter) dispersions in chloroform 

upon AMF excitation at fixed frequency (745 kHz). 

I (A) H (kA/m) 

Chloroform 

∆Tc (⁰C) 

IONP in chloroform 

∆Ts (⁰C) 

SLP (W/g) 

8.0 14.9 0.8 4.1 157 

10.7 20.0 1.2 8.8 363 

13.4 24.9 1.8 15.4 649 

15.6 29.0 2.3 19.1 801 
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4.3.2. Morphology of the BCP-IONPs thin-film composite membranes  

To clarify the morphological features of the membranes with and without the IONPs, the SEM images 

for the cross-section of composite membranes (Figure 4.3, a1-5) and the top surface of BCP-IONPs films 

(Figure 4.3, b1-5) were taken. All the membranes have two-layered composite structure with mesoporous 

top layers and macroporous PVDF supporting layers. The BM membrane which was prepared without 

IONPs showed the same morphology as observed in our previous work.3 For the 1CS, 5CS, 5CL and 10CL 

membranes, the bright spots or clusters which originated from the loaded IONPs could be clearly observed 

in the cross-section images a2-5 and top-view images b2-5 (Figure 4.3). Based on the analysis of the cross-

section images, the thickness of the barrier layer of the different composite membranes was almost same, 

i.e. 1.8 µm (BM), 1.6 µm (1CS), 1.5 µm (5CS), 2.3 µm (5CL) and 2.0 µm (10CL). This suggests that the 

nanoparticle loading does not affect the thickness of the block copolymer top layers much. In the SEM 

images, the change of porosity in the top layer of the membrane was hardly observed after adding IONPs, 

indicating that the embedded IONPs did not have any influence on the barrier pore size. The small and 

relatively even barrier pore size (about 50 nm) ensured that the BCP-IONPs membranes could be used for 

the ultrafiltration separation based on differences in nano-scale molecular size (cf. Section 4.3.4). Note that 

there was no defect or pinhole observed in the BCP top layers in all the composite membranes, and this 

was also proved by the relatively low and reproducible water permeability data for all the membranes (cf. 

Section 4.3.3).  

The bright spots in the 1CS and 5CS membranes had a round shape and were about 100~500 nm large. 

This size was much bigger than the diameter of a single IONP (30 nm), suggesting that aggregation of 

IONPs occurred during the membrane preparation processes. Comparing the top-view images of the 1CS 

and 5CS membranes, the density of bright spots in the membrane was very much increased with 5 fold 

higher loading of IONPs, but the size of the spots still stayed at the same level (Figure 4.3, b2-3). Unlike 

the relatively small round IONPs clusters in the 1CS and 5CS membranes, the IONPs clusters in the 5CL 

and 10CL membranes had random shape and were overall of much bigger size (0.6-1 µm). This might be 

because of the longer standing time of the casting solutions for the 5CL and 10CL membranes which lead 

to a stronger IONPs aggregation. The different color of the 5CS and 5CL membranes which had the same 

overall loading of IONPs (Figure 4.1) could also be explained by the same reason. The commercial 

25mg/mL IONPs in chloroform solution were stabilized by oleic acid loaded on the surface of IONPs. 

When the commercial 25 mg/mL IOPN dispersion was diluted (down to 10 or 1 mg/mL), a fraction of oleic 

acid might be removed from the IONPs surface. Exposed hydroxyl groups on the IONPs surface might then 

interact with one another or with PMEO2.2MA blocks in the BCP leading to IONPs aggregation in particular 

for longer standing time. In Figure 4.3b5, the areal fraction of bright parts in the 10CL membrane top-view 

image was higher compared to the 5CL membrane, because of the increased concentration of IONPs of 

10CL spin-casting solution. One could speculate that the strongly aggregated IONPs might cause large 
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local heat and therefore higher temperature around the IONPs clusters than in other remote parts; therefore 

the pore open states of 5CL and 10CL membranes upon AMF excitation might be locally different.  

      

      

      

a1 b1 

a2 b2 

a3 b3 
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Figure 4.3. SEM images of cross-sectional view of (a1) BM, (a2) 1CS, (a3) 5CS, (a4) 5CL, (a5) 10CL 

membranes and SEM images of top view of (b1) BM, (b2) 1CS, (b3) 5CS, (b4) 5CL, (b5) 10CL membranes. 

Note that “S” indicates short and “L” longer time before solution/dispersion had been used for spin-casting. 

The scale bars in (a1-4) correspond to 1 μm, and the scale bars in (a5, b1-5) correspond to 2 μm. 

 

4.3.3. Thermo- and magneto-responsive water permeability of the BCP-IONPs 

membranes  

Figure 4.4 shows the water permeability of the membranes BM, 5CS and 5CL at different temperature 

from 10 ⁰C to 45 ⁰C. For each membrane, water permeability increased with increasing temperature, 

suggesting that the barrier pore size of the membranes was tuned by temperature, i.e. all the membranes 

had a good thermo-responsivity. The increase of the water permeability of the BCP-IONPs containing 

membranes (5CS and 5CL) with increasing temperature was lower than that for the BM membrane. Among 

the three membranes, the water permeabilities as well as the slope of water permeability as a function of 

a4 b4 

a5 b5 
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temperature of the 5CL membrane were the lowest. The permeability ratios at 45 °C and 15 °C for the BM, 

5CS and 5CL membranes were 6.7, 5.0, and 3.6, respectively (Table 4.2). Based on the SEM images (Figure 

4.3), the differences between the membranes with and without IONPs could possibly be explained by 

blockage of membrane pores by the IONPs clusters. However, because of the stronger aggregation of 

IONPs in the 5CL membrane, the diameter of IONPs clusters in those membranes was as big as the 

thickness of the block copolymer top layer. Hence, only pores in the parts without IONPs clusters showed 

the thermal response. In contrast, for the 5CS membrane, the IONPs clusters were much smaller and 

uniformly distributed so that the water flow through the channels was more effective.   

  

Figure 4.4. Water permeability versus temperature of the BM, 5CS and 5CL membranes. The 

transmembrane pressures for measuring the fluxes were 0.2 bar for BM membrane, 1.0 bar for 5CS 

membrane and 1.8 bar for 5CL membrane. 

To investigate the magneto-responsive behavior, the water fluxes of the BM, 1CS, 5CS, 5CL and 10CL 

membranes were measured without and with the magnetic field with a frequency of 745 kHz and a current 

of 15.6 A (resulting field amplitude at center of coils was about 29 kA/m; cf. Figure 4.2). Figure 4.5 shows 

the water flux changes of the BM, 1CS and 5CS membranes when the external AMF was switched on and 

then off. It should be noted that the non-specific heating had its impact predominately on the feed liquid 

and the membrane within the membrane module which had been surrounded by the inductor coils, while 

the temperature in the feed reservoir was kept constant by a thermostat and insulating material around the 

tube to the module (cf. Fig. 4.2); that this is the case is confirmed by the clear impact of flux (convective 

cooling by feed liquid) on the effects of heating. Three levels of transmembrane pressures were chosen, so 

that the flux measurements for the three membranes were performed with 3 initial water fluxes, i.e. at ~15 

kg▪m-2▪h-1 (“low”), ~40 kg▪m-2▪h-1 (“middle”) and ~190 kg▪m-2▪h-1 (“high”). This corresponds to different 
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magnitudes of convective cooling (low, middle, high).195 During the first 15 minutes, the AMF was off. 

After the AMF was turned on, the water fluxes of both, reference membrane (BM) and BCP-IONPs 

membranes (1CS and 5CS), were increased and reached a plateau within 10 minutes. The flux plateau 

indicates the stationary state balanced by the heats generated by AMF and removed by convective flow of 

the feed (about 15 °C) through the pores. After switching off the AMF, the water flux returned to the same 

values as at the beginning of the experiments. This performance indicates that phase transition of the 

thermo-responsive polymer brushes in all the membranes (with or without IONPs) occurred. One might 

distinguish between the rate of response, i.e. the response time and rate of flux change, and the magnitude 

of response, i.e. the stationary flux achieved after switching on or off the AMF. One may expect some 

difference in response time between specific and non-specific heating, but with the used systems, this is 

complicated to analyze and no such attempt had been made here. However, the magnitude of the response 

is much more relevant when aiming at membranes with barrier properties which are tunable by alternating 

magnetic field stimulation. Indeed, the 5CS membrane showed higher water flux than the BM membrane 

with the AMF on, i.e. (∆J5CS-∆JBM) values were positive (cf. Table 4.2). This suggests that the temperature 

of the 5CS membrane was higher than that of the BM membrane and the thermo-responsive brushes on the 

pore walls of 5CS membrane were de-swollen to a higher degree. 

Moreover, with the higher initial flux, the (∆J5CS-∆JBM) values became even larger. The increase in water 

flux of BM membrane during the AMF operation time was caused by the non-specific heat from the 

magnetic field inductor. Because at higher initial flux convective cooling was more efficient, the relative 

increase in flux upon switching on AMF decreased (J/Joff was ~1.9 for low, ~1.3 for medium and ~0.6 for 

high fluxes). However, for the 5CS membrane, both non-specific heat from outside the filtration cell and 

heat generated inside the membrane by the IONPs, lead to the water flux increase upon switching on the 

AMF (J/Joff was ~2.0 for low, ~1.7 for medium and ~0.9 for high fluxes). The additional increase 

compared to membrane BM can be attributed to the effect of the embedded IONPs. In contrast, 1CS 

membrane did not show the magneto-responsivity, i.e. the (∆J1CS-∆JBM) data were negative at very low 

absolute values (cf. Figure 4.5 and Supporting Information Table S4.1). This was probably because the 

amount of loaded IONPs in 1CS membrane was too low to generate enough specific heat. The morphology 

differences between the 1CS and BM membranes could also contribute to the observed effects, especially 

the negative values (apparently less response to AMF for the membrane containing IONPs). 
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Figure 4.5. Water fluxes through the BM, 1CS and 5CS membranes without and with AMF observed at 

low (L), middle (M) and high (H) initial fluxes; feed temperature fixed at ~15°C. 

Figure 4.6 shows the water flux of the BM, 5CL and 10CL membranes with and without the AMF. The 

flux measurements were also performed with different initial water fluxes (at ~15 kg▪m-2▪h-1 and ~40 kg▪m-

2▪h-1). The 5CL membrane exhibited much higher water flux than the BM membrane upon switching on 

AMF at low initial flux. By increasing the initial flux to ~40 kg▪m-2▪h-1 (middle), the flux difference between 

5CL and BM membranes became even bigger. The 5CS and 5CL membranes had been prepared with a 

same loading of IONPs. However, the magneto-responsive properties indicated by water flux were much 

different, i.e. (∆J5CL-∆JBM) data reached a relatively high value even with low initial water flux, while 

(∆J5CS-∆JBM) was small unless the initial flux had been increased to ~190 kg▪m-2▪h-1 (cf. Table 4.2). Unlike 

the small size IONPs clusters which were finely dispersed in the 5CS membrane, the strongly aggregated 

IONPs in the 5CL membrane generated larger heat in smaller volume. Hence, the thermo-responsive 

polymer brushes on the pore walls which are located around the big IONPs clusters might be exposed to 

much higher local temperature; therefore pores were open more widely than pores in other parts which were 

mainly influenced by non-specific heat. The fraction of more widely opened pores in membrane 5CL will 

lead to an over-proportional increase of flux, at the same pressure according to Hagen-Poiseuille model 

proportional to pore radius to the power of 4, compared to membrane 5CS where the changes of pore size 

are more evenly distributed and smaller. The magneto-responsive performance of the 10CL membrane is 

shown in Figure 4.6 and Supporting Information, Table S4.2. With the AMF, the water flux of the 10CL 

membranes was almost the same as that for BM membrane when the initial flux was low. When the initial 

flux was set to middle level, the (∆J10CL-∆JBM) value became higher but still much smaller than the (∆J5CL-

∆JBM) value. This may be because the too large amount of loaded IONPs occupied too much of the 

membrane barrier layer so that the effective porous area became too small to show the water flux increase, 
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even when all the through-pores were open upon stimulation by the AMF. In summary, for too low loading 

with IONPs, the specific local heating in the membrane is too small compared to nonspecific heating of the 

system, and for low initial flux the convective cooling of the membrane by the feed flow is low so that 

effects of non-specific heating (compared to membranes without IONPs) can only be observed at higher 

flux through the membrane. At the same nominal loading, more clustered IONPs show larger effect toward 

switching pore size, too high loading reduced switching efficiency. 

 

Figure 4.6. Water flux change of the BM, 5CL and 10CL membranes without and with the AMF performed 

at low (L) and middle (M) initial flux; feed temperature fixed at ~15°C. 

 

Table 4.2. Water flux (kg▪m-2▪h-1), permeability (kg▪m-2▪h-1▪bar-1) and rejection coefficients for 500 kDa 

dextrane of the membranes BM vs. 5CS and BM’ vs. 5CL. BM and BM’ were reference membranes without 

IONPs and had been prepared with the same method under identical conditions as their IONPs containing 

counterparts 5C and 5CL, respectively. 

Membrane BM 5CS  BM’ 5CL 

Water 

permeability at 

P15 °C 63.4 56.5  - 17.8 

P45 °C 423.4 281.6  - 64.5 
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15 °C and 

45 °C 
P45 °C / 

P15 °C 
6.7 5.0  - 3.6 

Water fluxes 

with/without 

AMFa 

Initial flux 

(pressure) 
M H M H  L M L M 

Joff 43.7 187.7 40.8 195.3  13.5 39.9 16.1 40.1 

Jon 
100.

3 
308.7 110.6 377.0  52.6 86.2 89.3 199.0 

∆J=Jon- Joff 56.6 121.0 69.8 181.7  39.1 46.3 73.2 158.9 

∆J / Joff 1.3 0.6 1.7 0.9  2.9 1.2 4.6 4.0 

∆J5CX-∆JBM 

b 
- - 13.2 60.7  - - 34.1 112.6 

Rejections for 

500 kDa 

dextran 

with/without 

AMF or at 

different 

temperaturesa 

Initial flux 

(pressure) 
H  M 

R0kA/m 0.40 0.62  0.70 0.63 

R29kA/m 0.32 0.27  0.52 0.42 

R10°C - 0.64  - 0.93 

R50°C - 0.27  - 0.31 

a L represents the low level for initial flux (~15 kg▪m-2▪h-1); M represents the middle level for initial flux 

(~40 kg▪m-2▪h-1); H represents the high level for initial flux (~190 kg▪m-2▪h-1).  

b ∆J5CX or ∆JBM represent the changes of flux upon switching on the AMF (∆J) for a particular membrane 

(either 5CS or 5CL, or BM). 
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As it was observed in our previous work, the thermo-responsive performance of PMEO2.2MA-b-PS-b-

PMEO2.2MA-based membrane was quite different from those of typical PNIPAm-based membranes that 

alter their pore size abruptly around 32 °C (LCST of PNIPAm). The swelling/deswelling transition of the 

PMEO2.2MA chains on the membrane occurred almost continuously with temperature in the vicinity of its 

LCST (cf. Figure 4.4).3 Therefore, we expected that by adjusting the input energy of external AMF, the 

BCP-IONPs membranes could reach different distinct temperatures and therefore the pore size could be 

tuned into any diameter between complete open and closed states. We performed the water flux 

measurements with BM, 5CS and 5CL membranes with magnetic field amplitudes of 15 kA/m, 20 kA/m, 

25 kA/m and 29 kA/m. Because the 5CS membrane only could show its pronounced magneto-responsive 

performance with high transmembrane pressure (cf. Figure 4.5), but middle level transmembrane pressure 

was enough for the 5CL membrane to exhibit its magneto-responsivity (cf. Figure 4.6), we chose the initial 

fluxes ~190 kg▪m-2▪h-1 for the 5CS membrane and ~40 kg▪m-2▪h-1 for the 5CL membrane. Table 4.3 shows 

water flux values for the BM membrane (JBM and J’BM), 5CS membrane (J5CS) and 5CL membrane (J5CL) 

when the AMF was on. The water flux curves of the BM, 5CS and 5CL membranes as a function of time 

can be found in the Supporting Information (Figure S4.2). The J5CS and J5CL values increased with 

increasing magnetic field amplitude (H), because higher amplitude causes larger heat generated by the 

IONPs (cf. Table 4.1), leading to a higher temperature of the 5CS and 5CL membranes, thus switching the 

pores to more open states. This observed performance indicated that the pore size of the BCP-IONPs 

membrane could be tuned by the external AMF. The water flux of the membrane without IONPs (JBM and 

J’BM) also increased with an increasing H due to the increased non-specific heat from the coils with more 

input energy; however, the water fluxes of the membranes with IONPs were much higher than that without 

IONPs at the same condition. The difference between the water fluxes for membranes with and without 

IONPs was more pronounced with higher field amplitude. All data suggest that the immobilized IONPs 

provided more additional heat when the field strength is step-wise increased and that this leads to step-wise 

higher local temperatures in the membrane and consequently step-wise larger effective pore sizes. 

  

Table 4.3. Water fluxes for the BM, 5CS and 5CL membranes with different magnetic field amplitudes (the 

frequency was kept at 745 kHz; the current was set to values of 8.0 A, 10.7 A, 13.4 A, and 15.6 A; the unit 

of all the water fluxes is kg▪m-2▪h-1). 

H 

(kA/m) 

Initial flux ~190 kg▪m-2▪h-1  Initial flux ~40 kg▪m-2▪h-1 

JBM  J5CS  (J5CS - JBM)a  J’BM  J5CL (J5CL – J’BM)a 
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15 245.5 253.7 8.2  55.7 77.7 21.9 

20 268.1 285.1 17.0  67.0 113.0 45.9 

25 300.5 331.0 30.5  79.5 157.7 78.2 

29 308.7 377.0 68.2  92.1 199.0 107.0 

a Difference between flux values for BCP-IONPs membrane (5CS or 5CL) and BCP membrane (BM) at 

same initial flux. 

 

4.3.4. Thermo- and magneto-responsive molecular sieving performance of the BCP-

IONPs membranes 

The magneto-responsive molecular sieving performances of the BM, 5CS and 5CL membranes were 

investigated by ultrafiltration of a dextran solution without and with the AMF at different magnetic field 

amplitudes. Because of the small deviation between individual membrane samples, performances of the 

two reference membranes (BM vs. BM’) had a small difference. The dextran has a rather broad molecular 

weight distribution well covering the hydrodynamic diameter range corresponding to the pore diameters of 

the membranes used in this study. Figure 4.7a and 4.7b show the dextran rejection curves without and with 

the AMF at different amplitude. The rejection coefficients for 500 kDa dextran are shown in the Table 4.2. 

Based on the results of water permeability, transmembrane pressures of 0.75 bar and 1.9 bar were chosen 

for BM membrane and 5CS membrane, respectively, so that the initial water flux of these two membranes 

was adjusted to the same level (193 kg▪m-2▪h-1). The flux results for water and dextran solutions as feed are 

shown in the Supporting Information (Figure S4.2a). In Figure 4.7a, molecular sieving behavior of BM and 

5CS membranes was different without AMF because of the small difference in pore structures of those two 

membranes resulting in the different membrane permeability (cf. Table 4.2). The BM membrane with 

higher water permeability had also a somewhat higher molecular weight cut-off. When the AMF was turned 

on, the rejection coefficients for both membranes decreased, but the downward shift for the 5CS membrane 

was much larger than for the BM membrane. Without AMF, i.e. at low temperature, the thermo-responsive 

polymer chains on the pore walls of both membranes were swollen and the membranes were at the closed 

state. With the AMF on, the non-specific heat that came from the coils increased the temperature of the BM 

membrane, so that the pores in this membrane were opened to a certain degree. But for the 5CS membrane, 

in addition to the non-specific heat from outside, the heat was also generated by the embedded IONPs (cf. 
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Section 4.3.3). The additional heat yielded a higher temperature for 5CS membrane, therefore the effective 

barrier pore size increased to a larger extend, as clearly indicated by the much lower dextran rejection 

compared to the state without remote stimulation. 

For the BM’ and 5CL membranes, the AMF with magnetic field amplitude at 0 kA/m, 20 kA/m and 29 

kA/m were applied (Figure 4.7b). The initial water flux was about 43 kg▪m-2▪h-1. The flux results with water 

and dextran solution as feed for the BM’ and 5CL membranes are shown in the Supporting Information 

(Figure S4.2b).  Analogous to behavior of BM and 5CS membranes, the rejection of BM’ and 5CL 

membranes also dropped as the AMF was switched on but the 5CS membrane had a larger decrease. The 

(R29kA/m - R0kA/m) was 0.36 for the 5CS membrane and 0.21 for the 5CL membrane (cf. Table 4.2). With an 

increased magnetic field amplitude (from 20 kA/m to 29 kA/m), the rejection curves of the BM’ membrane 

did not change much further, indicating that the non-specific heat only could increase the local temperature 

in the membrane to a limited extent (cf. Section 4.3.3). However, the 5CL - 29 kA/m rejection curve was 

shifted further to higher molecular weight values compared to the 5CL - 20 kA/m rejection curve, 

suggesting that the sieving barrier pore size of membranes with immobilized IONPs could indeed be 

adjusted by changing the input magnetic field amplitude (cf. Section 4.3.3).   
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Figure 4.7. Rejection coefficients as a function of dextran molecular weight of (a) the BM and 5CS 

membranes with the magnetic field amplitude at 0 and 29 kA/m (initial fluxes ~193 Lm-2h-1; feed 

temperature fixed at ~15°C), and (b) the BM’ and 5CL membranes with the magnetic field amplitude at 0, 

20 and 29 kA/m (initial flux ~43 Lm-2h-1; feed temperature fixed at ~15°C). The aqueous feed solution 

contained 0.5 g/L of 35 kDa dextran and 0.5 g/L of 2000 kDa dextran. 

The thermo-responsive molecular sieving performances of the 5CS and 5CL membranes were also 

studied by ultrafiltration of the same dextran mixtures at 10 °C, 30 °C and 50 °C (Figure 4.8a and 4.8b). 

The initial water flux of the 5CS membrane was set to about 193 kg▪m-2▪h-1 and the one for 5CL membrane 

to about 43 kg▪m-2▪h-1; i.e., identical conditions as for the experiments shown in Figure 4.7 had been chosen. 

As seen in Figure 4.8a, the rejection curves of for 5CS - 0 kA/m and 5CS - 10 °C, for 5CS - 20 kA/m and 

5CS - 30 °C, and for 5CS - 29 kA/m and 5CS - 50 °C were overlapping, indicating that when the AMF was 

applied to the 5CS membrane at 0, 20 and 29 kA/m, the effective barrier pore sizes were approximately as 

large as the pores in the same membrane at 10 °C, 30 °C and 50 °C. Moreover, because the slope of the 

rejection curves was identical when using the external AMF, the open pores had still the same relatively 

small size distribution. This could be related to the rather finely distributed IONPs in the 5CS membranes. 

Note that the filtration system for the magneto-responsivity measurements might be not perfectly isolated, 

so that the real temperature of membrane for the magneto-responsive filtration measurements might be 

slightly higher or lower than 15 °C depending on the environment temperature. However, the 5CS - 0 kA/m, 

5CS - 20 kA/m and 5CS - 29 kA/m curves were all obtained within short time interval, so that they are still 

comparable because of same environment conditions. It is reasonable that 5CS membrane has 

approximately the same effective barrier pore sizes at 0 kA/m (setting temperature: 15 °C) with AMF 

filtration setup and at 10 °C in thermo-responsive filtration measurement (cf. also rejection for dextran 500 
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kDa in Table 4.2), because of uncertainties due to the temperature effect from environment. Because the 

water flux for 5CS membrane is significantly higher than what would be based on the change of water 

viscosity at 15 °C compared to 10 °C (cf. Figure 4.4), a larger difference in rejection might have been 

expected as well. In Figure 4.8b, the differences between the thermo-responsive and the magneto-

responsive rejection curves of the 5CL membrane are larger than for 5CS membrane. Because the IONPs 

in 5CL membranes were not homogeneously distributed while 5CS showed more homogeneously 

distributed IONPs as discussed in Sections 4.3.2, 4.3.3 and 4.3.4, the temperature and also pore size 

distribution in the 5CL membrane with the AMF are not ideally behaving. The especially large discrepancy 

between the magneto-responsive data for 5CL - 0 kA/m (15 °C) and the thermo-responsive data (obtained 

in another set-up) at 10 °C may also be caused by this larger heterogeneity. The observed differences in 

rejection (e.g.: 0.93 and 0.63 for dextran 500 kDa at 10 °C and 15 °C, respectively; cf. Table 4.2) could 

qualitatively be related to the different temperatures leading to different effective pore sizes (cf. above), but 

the uncertainties due to imperfect isolation evoked for the previous set of experiments are relevant in this 

case as well.         

Overall, the AMF power-induced local heating can be approximated by setting the temperature via 

conventional heating of the feed when the IONPs are well dispersed and both AMF power and temperature 

lead to responses in terms of step-wise tunable changes of sieving barrier pore size distribution. The effect 

of magnetic field through IONPs is not only equivalent with that of direct heat as shown in Figure 4.8a but 

also shows potential for fast and external control of the size-selective membrane separation performance in 

nanometer scale.    
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Figure 4.8. Rejection coefficients as a function of dextran molecular weight of (a) the 5CS membranes and 

(b) the 5CL membrane with AMF at different magnetic field amplitude (0, 20 and 29 kA/m, feed 

temperature fixed at ~15°C) and at different temperature (10 °C, 30 °C and 50 °C). The aqueous feed 

solution contained 0.5 g/L of 35 kDa dextran and 0.5 g/L of 2000 kDa dextran. 

 

4.4. CONCLUSIONS 

In this study, a novel magneto-responsive mesoporous membrane with remote-controllable, step-wise 

tunable changes of sieving barrier pore sizes was prepared in a very straightforward way. The membrane 

polymer PMEO2.2MA-b-PS-b-PMEO2.2MA and the nano-heaters, 30 nm oleic acid covered iron oxide 

nanoparticles, were dissolved/dispersed in solution, and were spun-cast as thin barrier layer on a 

macroporous PVDF support membrane, followed by introducing the mesopores with the methanol-scCO2 

swelling method. With increasing standing times of the solution/dispersion before spin-casting, the size of 

the IONPs clusters became larger. The embedded IONPs did not change very much the membrane barrier 

pore size, as demonstrated by the SEM images and the separation curves measured by dextran ultrafiltration. 

In the presence of  AMF, the heat generated by the IONPs increased the temperature within membrane 

and thus induced the conformational transition of the thermo-responsive PMEO2.2MA blocks on the 

membrane pore walls, leading to the change of effective membrane pore size, thus altering the water flux 

and dextran selectivity. The membranes with too low (1 mg/ml in spin-casting solution) or too high (10 

mg/ml in spin-casting solution) loading of IONPs did not show a good magneto-responsivity. This is 

because insufficient specific heat could be provided for local temperature increase in the membranes with 

low amount of loaded IONPs, and too much loaded IONPs changed the morphology of the pores in the 
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membrane. The membranes with proper fraction of IONPs (5 mg/ml in spin-casting solution) all exhibited 

very pronounced magneto-responsive behaviors in water and dextran filtration experiments. However, the 

membranes with different size of dispersed IONPs clusters (5CS vs. 5CL, made using short or long standing 

time before film casting) showed different thermo-responsive and magneto-responsive behaviors. The 

water permeability P and its temperature response, P45 °C / P15 °C, for the membrane with the larger IONPs 

clusters, 5CL, were the lowest among the three membrane types. Hence, aggregated IONPs strongly affect 

the membrane permeability and the thermo-responsive properties. However, since larger IONPs clusters 

could generate much greater local heat around the aggregates in the membrane, the 5CL membrane 

exhibited higher water flux increase when switching on AMF. Based on the water flux results with different 

magnetic field amplitudes, both IONPs-containing membranes showed step-wise larger effective pore sizes 

with step-wise increasing magnetic field strength. The detailed investigation of molecular sieving properties 

of 5CS and 5CL membranes suggested that the effects of AMF power on local heating can be approximated 

by temperature adjustment via conventional heating of the feed when the IONPs are well dispersed. The 

effect of magnetic field through IONPs is not only equivalent with that of direct heating but also shows 

great potential for fast and external control of the size-selective membrane separation performance in 

nanometer scale. In conclusion, the established novel remote controllable ultrafiltration membrane with 

dynamic, finely tunable barrier pore size will expand the possibilities for design and fabrication of “smart” 

systems for separation, analytical, therapeutic or other applications. 

 

4.5 SUPPORTING INFORMATION  

4.5.1. Alternating magnetic field (AMF) amplitude 

The relation between the input current and field amplitude was investigated by fixing the measuring site 

in the centre of the sandwich coils. The pickup probe was fixed in the centre of the sandwich coils with 

varying input current (I), at certain field frequency (395 kHz, 614 kHz, 656 kHz and 745 kHz). The induced 

peak voltage within the probe was detected by oscilloscope. Magnetic field amplitude (H) at the site was 

calculated according to following equations, derived from Faraday’s law of electromagnetic induction: 

𝑈𝑚𝑎𝑥 =
𝑈𝑝𝑝

2
 

𝐻 = 𝑈𝑚𝑎𝑥 ∙
1

𝑁
∙

1

𝑓
(

2

𝜋2 ∙ 𝜇0 ∙ 𝐷2
) 

Where Umax is the peak value of induced voltage, Upp is peak-to-peak voltage given by oscilloscope, N is 

the number of loops of the probe, D is the diameter of the loop, µo is permeability constant of copper, f is 

the frequency of AMF. 
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Figure S4.1a shows that magnetic field amplitude was in good linear relationship with input current 

(higher input current resulted in higher field amplitude), while the field frequency had no influence. The 

relationship between input current and resulting field amplitude was H = 1.861 * I according to the trend 

line in Figure S4.1b. 

 

Figure S4.1. (a) Magnetic field amplitude (H) in the centre of sandwich coils with different current (I) and 

frequency (f); (b) linear relation between field amplitude (H) and input current (I). 

a 

b 



 

90 

 

4.5.2. Water flux with and without AMF at different initial fluxes 

Table S4.1. The water flux measurements for the BM, 1CS and 5CS membranes without and with the AMF 

performed at low (L), middle (M) and high (H) initial flux (the unit of all the water fluxes is kg▪m-2▪h-1). 

Flux level Low Middle High 

Membranes 
BM-

L 
1CS-L 5CS-L BM-M 

1CS-

M 
5CS-M BM-H 1CS-H 5CS-H 

Joff 15.6 15.6 16.6 43.7 44.1 40.8 187.7 190.6 195.3 

Jon 45.4 35.7 50.1 100.3 97.9 110.6 308.7 301.2 377.0 

∆J=Jon- Joff 29.8 20.6 33.4 56.6 53.8 69.8 121.0 110.6 181.7 

∆J/ Joff 1.9 1.3 2.0 1.3 1.2 1.7 0.6 0.6 0.9 

∆JXCS-∆JBM * - -9.8 3.6 - -2.7 13.2 - -10.4 60.7 

*∆JXCS represents ∆J1CS or ∆J5CS 

 

Table S4.2. The water flux measurements for the BM, 5CL and 10CL membranes without and with the 

AMF performed at low (L) and middle (M) initial flux (the unit of all the water fluxes is kg▪m-2▪h-1). 

Flux level Low Middle 

Membranes BM-L 5CL-L 10CL-L BM-M 5CL-M 10CL-M 

Joff 13.5 16.1 13.5 39.9 40.1 44.6 

Jon 52.6 89.3 58.1 86.2 199.0 144.5 

∆J=Jon- Joff 39.1 73.2 44.6 46.3 158.9 99.9 
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∆J/ Joff 2.9 4.6 3.3 1.2 4.0 2.2 

∆JXCL-∆JBM
* - 34.1 5.5 - 112.6 53.7 

*∆JXCL represents ∆J5CL or ∆J10CL 

 

4.5.3. Magneto-responsive performances of 5CS and 5CL membranes with different 

magnetic field amplitude (H)  

During the filtration, the AMF was kept at OFF state for 15 minutes, then it was switched ON for 30 

minutes, and thereafter is war turned OFF. The water fluxes were monitored by weighting filtrates every 5 

minutes. The water flux measurement was started at ~190 L▪m-2▪h-1 for the BM and 5CS membranes. The 

initial water flux of the BM and 5CL membrane was ~40 L▪m-2▪h-1. Four different magnetic field amplitudes 

was chose, they were 15 kA/m, 20 kA/m, 25 kA/m and 29 kA/m. The water flux changes of the BM vs. 

5CS membranes and the BM vs. 5CL membranes are shown in Figure S4.2a and S4.2b, respectively. 

 

 

150

200

250

300

350

400

5 15 25 35 45 55

F
lu

x
 (

k
g
▪m

-2
▪h

-1
)

Time (min)

BM_15 kA/m

BM_20 kA/m

BM_25 kA/m

BM_29 kA/m

5CS_15 kA/m

5CS_20 kA/m

5CS_25 kA/m

5CS_29 kA/m

a 



 

92 

 

 

Figure S4.2. Water flux changes in the presence and absence of the AFM for (a) the BM and 5CS 

membranes with the initial flux at ~190 L▪m-2▪h-1 (high) and (b) the BM and 5CL membrane with the initial 

flux at ~40 L▪m-2▪h-1 (middle). 

 

4.5.4. Fluxes measured during dextran sieving experiments  

The pure water flux was measured before and after the dextran filtrations (Figure S4.3a,b). The 

temperature was fixed at ~15 °C all the time. Certain transmembrane pressure for each membrane was 

decided to ensure the initial flux of the 5CS and 5CL membranes and their reference membranes (the BM 

and BM’ membranes) at same level, and the decided transmembrane pressures were kept during whole 

experiments. Without AMF, the filtration flux decreased dramatically when the feed changed from water 

to dextran solution, due to the concentration polarization. The dextran filtration flux of all the membranes 

increased as the AMF was turned on, but the flux values of membranes with IONPs always kept higher 

than their reference membranes.  

In Figure S4.3b, the 5CL membrane exhibited larger dextran filtration flux with higher magnetic field 

amplitude. After the dextran filtration experiments, the water flux of all the membranes were measured 

again. The decreased water flux indicates irremovable fouling of the membranes. Comparing to the BM 

and 5CS membranes, the BM’ and 5CL membranes only had a low extent of fouling effect. The reason 

might be the lower transmembrane pressures applied on the BM’ and 5CL membranes. 
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Figure S4.3. Water and dextran filtration flux monitored during the filtration tests. (a) is for the BM and 

5CS membranes, and (b) is for the BM’ and 5CL membranes. 
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5. Mesoporous block copolymer membranes with thermo- and 

pH-responsivities 

（この部分は、Journal of Membrane Science に掲載等の形で刊行される予定であるため、

学位授与日から 5 年間インターネットでの公表をすることができません。） 
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6. Summary  

In this study, by using amphiphilic block copolymers (BCPs) as templates, three kinds of stimuli-

responsive mesoporous membranes with narrow size dispersity have been developed.  

The first type is thermo-responsive mesoporous block copolymer membrane prepared by introducing 

nanopores into poly(oligoethylene glycol methyl ether methacrylate)-b-polystyrene-b-poly(oligoethylene 

glycol methyl ether methacrylate) (PMEOnMA-b-PS-b-PMEOnMA) templates via selective swelling the 

PMEOnMA domains. The membrane with PS being the mechanical stable part of the matrix and thermo-

responsive PMEOnMA covered the mesopores interiors. The changeable LCST property of PMEOnMA 

provided the membranes a tunable responsive temperature, ranging from 25 to 55 °C. These membranes 

are with narrow pore size distribution, promising for separating nanoparticles with only three times 

difference. The temperature dependent changes of water permeability and particles permeation all 

demonstrate the thermos-responsivity of the membranes; however, the open-close transition of the pores 

was not sudden at the LCSTs but instead occurred gradually over a broad temperature range. 

The second type is magneto-responsive mesoporous block copolymer membrane constructed by 

embedding iron oxide nanoparticles (IONPs) as local heaters into the PS matrix of the foresaid porous block 

copolymer membrane. IONPs and PMEO2.2MA-b-PS-b-PMEO2.2MA mixture solutions were spun-cast on 

PVDF membranes, and then mesopores were introduced into the hydrophilic PMEO2.2MA domains by 

controlled selective swelling with a mixture of methanol and scCO2. The loaded IONPs aggregated into 

small clusters (0.1-1 µm) and were finely dispersed in the PMEO2.2MA-b-PS-b-PMEO2.2MA mesoporous 

top layer. No defect was found in the membranes with IONPs based on water and dextran ultrafiltration 

performances, and scanning electron microscopy (SEM) images showed that their barrier pore sizes were 

almost identical to those of no IONPs containing membranes. Upon stimulation with alternating magnetic 

field with different input energy, the water permeability as well as the dextran rejection were tuned into 

different levels, indicating that the sieving barrier pore size distribution of these thin-film mixed matrix 

nanocomposite membranes was step-wise adjustable. 

 The third type is thermo- and pH-responsive mesoporous block copolymer membrane fabricated 

with PDMAEMA-b-PMEO2MA-b-PS and PMEO2MA-b- PDMAEMA-b-PS by selective swelling 

hydrophilic domains. With permeability measurements with different feed and temperature, we found both 

tri-block copolymer prepared membranes were with two-step thermo-responsivity. An expanded or 

collapsed state for each of the individual hydrophilic blocks at different temperature had been known by 

observing PDMAEMA-b-PMEO2MA diblock copolymer brushes with neutron reflectometry. However, 

among those two membranes, only the PDMAEMA-b-PMEO2MA-b-PS membrane had reversibly 
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changing ultrafiltration properties with independent response to temperature and pH. The reason for it still 

have not yet been defined, but will be answer with further investigation.   
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7. Outlook  

Stimuli-responsive membranes have many established and potential applications in separation processes, 

artificial sensors and drug delivery systems, etc., but they are still a new and fast developing field and have 

many improvement need to be done. 

1. The three membranes developed in this thesis are all fabricated by introducing pore into block 

copolymer templates via methanol-scCO2 selective swelling method, therefore, the membrane pores exist 

in bicontinuous structure. The high tortuosity of membrane pores doubtlessly increase the resistance to feed 

solution during filtration, leading to a lower permeability and further raise the energy consumption. To 

compensate this drawback, in the study, we decreased the effective barrier layers (BCP layers) thickness 

into very thin, about 1-2 um, by constructing BCP and macroporous PVDF composite membrane structure. 

Therefore, the absolute permeabilities of these membranes are in the same level compared to the established 

ultrafiltration membranes. To increase the membrane porosity is a target of further development.  

2. The pore size and porosity of membranes are highly depend on the block copolymer structure and 

pore making condition. To optimize the membrane properties, like further decrease the pore size dispersity, 

the detail information on pore making mechanism with methanol-scCO2 selective swelling method should 

be thoroughly investigated. 

3. For the magneto-responsive membrane, the heat generated by the embedded IONPs can only increase 

the temperature of membrane instead of the feed solution. Therefore, the temperature difference near the 

membrane surface may can lead to a thermal convection, and then result in a lower concentration 

polarization. This IONPs induced concentration polarization reducing may also can be applied in traditional 

membranes for increasing permeability and decreasing fouling. 

4. The multi-responsive membrane (having independent responsivity to each stimuli) is a quite new topic 

and a lot of challenges need to face. First, the fundamental information for the responsive properties of 

multi-responsive block copolymers is still missing. Therefore, the investigations on the physicochemical 

characterization of multi-responsive polymers brushes or hydrogels are need to be done. Second, the multi-

responsivity of established multi-responsive membranes are almost realized by using block copolymers 

consisting two or more types of stimuli-responsive polymer blocks. The drawbacks of this kind of system 

are (1) exist of interactions of those polymer blocks and (2) uneven responsivity of the block copolymer to 

different stimuli. Therefore, the preparation strategy should be explored. For example, I am planning to 

fabricate a thermo- and pH-responsive membrane, with tunable molecular sieving ultrafiltration 

performance, by blending rotaxane cross-linked (RC) nanogels with common membrane polymer 

polyethersulfone (PES) and processing the dope solution by NIPS. RC nanogels were recently successfully 

synthesized using precipitation polymerization and they exhibited a decoupled thermo- and pH-responsive 
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volume transition (Figure 6.1). The membranes are expected to have anisotropic cross-section morphology 

with a micrometer-thin dense top layer and a thick macroporous support layer. The RC nanogels will be 

embedded in the top layer and work as functional gates, as shown in Figure 6.2. 

 

Figure 6.1. Schematic illustration of thermo- and pH-responsivity of the RC nanogels.220 

 

Figure 6.2. Schematic illustration of reversible change of molecular sieving by temperature and pH.  
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