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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. 

Different types of stimuli were applied to induce responses, including temperature, pH, specific 

ions, light and electric and magnetic fields.[1-7] Although the interest in the stimuli-responsive 

membranes has increased dramatically in the last two to three decades, the researches almost 

focused on the membranes with single responsivity. Only a few studies have been done for 

developing dual- or multi-responsive membranes. 

Friebe et al. first developed pH- and thermo-responsive microfiltration membranes by grafting of 

diblock copolymer with a pH-responsive poly(N-isopropylacrylamide) (PAA) block and a 

thermo-responsive poly(N-isopropylacrylamide) (PNIPAm) block in polyethylene terephthalate 

(PET) track-etched (TE) membranes (0.79 and 1.9 µm diameters) via atom transfer radical 

polymerization (ATRP).[8] Then, other two types of pH- and thermo-responsive membranes were 

prepared by grafting-from method with poly(N,N-dimethylaminoethyl methacrylate) 

(PDMAEMA) and PNIPAm diblock copolymer brushes in 5 µm nylon membranes and PAA-b-

PNIPAm brushes in 0.45 µm cellulose membranes using ATRP. The grafted brushes consisted 

with a PH-responsive block (PAA or PDMAEMA) and a thermo-responsive block (PNIPAm) 

provided those membranes dual-responsivity, which was evidenced by the changes in water flux 

with varying pH or temperature. However, because of the large membrane pore size, those 

membranes did not perform an interesting size selectivity.[9, 10] Furthermore, Gajda et al. 

fabricated double (ion and temperature) responsive membranes with capillary pores for the first 

time. The thermo-responsive PNIPAm and ion-responsive poly-N,N-dimethyl-N-

methacryloyloxyethyl-N-(3-sulfopropyl) ammonium betaine (PSPE) block copolymers were 

grafted on the track-etched polyethylene terephthalate membranes with a pore diameter about 80 

nm via ATRP with a very slow polymerization rate. The membranes exhibited reversible changes 

of molecular sieving performance and tunable barrier pore size from a more open to a more closed 

state in dependency of temperature and ions.[11] However, the preparation of such post-

modification membranes are complicated and difficult to be scaled up. Moreover, accompanying 

with the confinement of narrow pores, the existing of polymer brushes as the first block prevented 

further grafting resulting a low density of the second block, and uncontrollable modification can 

lead to uneven polymer distribution and even pore plugging.[3, 12] Very recently, a thermo-

responsive ultrafiltration membrane with two transition temperatures was developed. 

PDMAEMA-b-PNIPAM was blended as additive to polyethersulfone during membrane 

formation by non-solvent-induced phase separation (NIPS). Although this is an easy method for 



 

 

membrane preparation, the membranes have a rather broad pore size distribution and relatively 

low pore size ratio between the “ON” and “OFF” satates.[13]  

The membranes with a logistical gate-like permeable property have high application potential for 

the advanced control of drug release; therefore, in this study, we prepared ultrafiltration 

membranes with a decoupled responses of filtration property to temperature and pH. The 

membrane preparation method was developed based on our previous work.[4] We utilized 

methanol-supercritical carbon dioxide (methnal-scCO2) selective swelling method to introduce 

nanopores to block copolymers containing poly(diethylene glycol) methyl ether methacrylate 

(PMEO2MA), PDMAEMA and polystyrene (PS) blocks. Formation of the mesoporous barrier 

layer with PS being the mechanically stable part of the matrix was driven by selective swelling 

of the PMEO2MA-b-PDMAEMA domains. Due to the selective swelling of PMEO2MA or 

PDMAEMA domains to introduce pores, the interior of the pores are covered with PMEO2MA 

or PDMAEMA blocks after pore formation.  The PMEO2MA-b-PDMAEMA polymer brushes 

are naturally attached on the pore walls and worked as functional gates. PMEO2MA is a non-toxic, 

neutral thermo-responsive polymer with LCST at 26 ᴼC.[14-16] 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.[17, 18] Therefore, these membranes were expected to have multi 

dimensions as function of the combination of temperature and pH. Moreover, to understand the 

detail of the temperature and pH depended conformation transitions of PMEO2MA-b-

PDMAEMA brushes, those diblock copolymers were end-tethered on flat substrates and analyzed 

via neutron reflectivity (NR).     

 

2. EXPERIMENTAL SECTION  

2.1. Materials  

Styrene (St) (TCI, > 99.0%), diethylene glycol monomethyl ether methacrylate (MEO2MA, TCI, 

> 97.0%) and 2-(dimethylamino)ethyl methacrylate (DMAEMA, TCI, > 98.5%) were purified by 

stirring in the present of inhibitor removers (Sigma-Aldrich). 2,2-Azobis (2-methylpropionitrile) 

(AIBN) (Sigma-Aldrich, 98%) and 2-Cyano-2-propyl benzodithioate (CPBT) (Sigma-Aldrich, > 

97%) RAFT agent were used as received. Trimethoxy(2-phenylethyl)silane (Sigma-Aldrich, 

98%) was used for hydrophobic treatment. Polystyrene (Mw ~ 280,000 Da) for polymer brush 

preparation were purchased from Sigma-Aldrich. All analytical grade solvents were purchased 

from WAKO. 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.  



 

 

Acetate buffer (pH=4.6) was made by dissolving sodium acetate and acetic acid (WAKO, 1:1 mol 

ratio) in solvents. Carbonate buffer (pH=10.1) was made by dissolving potassium dihydrogen 

phosphate and disodium phosphate (WAKO, 1:1 mol ratio) in solvents. The solvent was D2O 

(WAKO) for neutron reflectometry measurements. For other experiments, the solvent was 

deionized water. The total buffer concentration was all in 25 mM. 

 

2.2 Synthesis of Block Copolymers   

The block copolymers (Table 1) were synthesized using the macro-RAFT agent approach, with 

precipitation steps in between, to obtain pure block segments. The synthesis routs of the 

PMEO2MA-b-PDMAEMA-b-PS and PDMAEMA-b-PMEO2MA-b-PS are shown in Scheme 1. 

First, PMEO2MA (or PDMAEMA) macro-RAFT agent was synthesized: (1) dissolved the 

MEO2MA (or DMAEMA) monomors, CPBT and AIBN in 1,4-dioxane by stirring at room 

temperature; (2) transferred the prepared solutions into Schlenk type reactors and degassed using 

three freeze-pump-thaw cycles; (3) heated the reaction solutions into 70 ᴼC and reacted for a 

certain hours. After the polymerizations, the PMEO2MA (or PDMAEMA) macro-RAFT agents 

were precipitated in n-hexane for three time and dried in vacuum at room temperature. Afterward, 

the macro-RAFT agents were extended with second and third blocks, as shown in Scheme 1, 

using similar condition as described above. The ratio of RAFT-agent and initiator in all reactions 

was kept at 1/0.25. The utilized reaction conditions were summarized in Supporting Information 

(Table S5.1). 

 

Scheme 1. Synthesis routs of the PMEO2MA-b-PDMAEMA-b-PS and PDMAEMA-b-

PMEO2MA-b-PS. 

 



 

 

2.3 Characterization of Block Copolymers   

The molecular weights of all the polymer products were determined by gel permeation 

chromatography (GPC) equipped with a Viscotek TDA 302 system, a refractive index detector 

and a TSKgel α-M column (Tosoh Corporation). The eluent was N,N-dimethylformamide (DMF) 

containing 0.05 M lithium bromide (LiBr). Narrow polystyrene standards were used to generate 

the calibration curve.  

1H NMR spectra were recorded at 400 MHz on a JEOL JNM-AL400 spectrometer, under 

temperatures of 353 K in Acetone-d6 (2.05 ppm) solvent. 

Dynamic light scattering (DLS) measurements were carried out on DLS/SLS-5000 (ALV, 

Germany) for investigation of the LCST behaviors of PD_f, PM_f, PDM_f, PMD_f free 

polymers in pure water, acetate buffer (pH=4.6) and carbonate buffer (pH=10.1). The 

concentration of all the polymers was kept at 2.5 mg/ml. Each sample was heated from 15 to 50 

ᴼC with 5 ᴼC heating step. The measurements were performed with 3 runs of 30 s after 30 min 

equilibration time for each temperature. The counts were detected at an angle of 90 ᴼ (λ= 632.8 

nm).  

 

2.4 Preparation of Membranes  

The membrane preparation method was described in detail in our previous work.[4] PVDF 

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

Then, the solutions consisting of the PDS_m, PMS_m, PDMS_m, and PMDS_m 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 to enhance the adhesion between the BCP layer and the PVDF surface. The mesopores were 

introduced into BCP layer by using the methanol-scCO2 swelling method, which had been 

described in our previous articles.[19-24] In this work, the BCP coated PVDF membranes and 

methanol were loaded into the high-pressure vessel which was kept at 45 °C, and then filled with 

15 MPa CO2 for selectively swelling the PMEO2MA or/and PDMAEMA domains of BCPs. After 

30 min swelling, the pressure was released at a rate of 0.5 Mpa/min. All the prepared membranes 

were cut into 13 mm diameter discs and stored in deionized water.  

The prepared the membranes were expected to have PS matrix with hydrophilic brushes attached 

to the pore walls. PDMS_m and PMDS_m membranes would have different brushes structures, 

in which the block next to the PS block, i.e. the PMEO2MA in PDMS_m and PDMAEMA in 

PMDS_m, would be located near the pore wall, and the other block in outer side (Scheme 2).   



 

 

                                                

                            PDMS_m                    PMDS_m 

Scheme 2. Schematic illustration of brushes on the PDMS_m, and PMDS_m membrane pore 

walls at stretch state. For the PDMS_m membrane, PMEO2MA blocks are in the “inner” layer 

and PDMAEMA blocks in the “outer” layer. For the PMDS_m membrane, PDMAEMA blocks 

are in the “inner” layer and PMEO2MA blocks in the “outer” layer. 

 

2.5 Characterization of Membranes   

Scanning electron microscope (SEM) (JEOL) was used to observe the morphological features of 

membranes. Samples for both outer surface and cross-section images were sputtered with a thin 

layer of platinum using an ion sputter coater (JEOL). 

The thermo- and pH-depended hydraulic permeabilities of PDS_m, PMS_m, PDMS_m, and 

PMDS_m membranes were investigated by filtrating water, acetate buffer (pH=4.6) and 

carbonate buffer (pH=10.1) at 15, 35 and 65 O C with a home-made dead-end filtration setup which 

have used in our previous work.[4] The transmembrane pressure was set at 0.02 MPa. Permeate 

was collected in a beaker for 15 min and the amount was determined gravimetrically 

every 1 min. Water permeability (P) were determined accordingly:[25] 

𝑃 (𝑘𝑔 ∙ ℎ−1 ∙ 𝑚−2 ∙ 𝑏𝑎𝑟−1) =  
𝑚𝑓

𝐴 × ∆𝑡 × ∆𝑝
  (1) 

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. 

 

2.6 Preparation of Block Copolymer brushes   

Chloroform solutions (3 wt%) of polystyrene (280 kDa) and block copolymer (PDS_b, PMS_b, 

PDMS_b, or PMDS_b) mixtures were spun-coat on silicon wafers or quartz substrates. The 

BCP/homo-PS ratio was at 20/80. To enhance the inherent of film and substrate, before spin-

casting the dope soluitons, the quartz substrates were treated with 5 wt% toluene solution of 

trimethoxy(2-phenylethyl)silane at 60 ᴼC for 1h. The spun-coat films were annealed at 130 ᴼC in 



 

 

vacuum for 20h. It has been revealed that the hydrophilic part of amphiphilic PS-b-PMEOnMA 

could self-segregate into film surface in hydrophobic environment due to the presence of methyl 

termini of the side chains of PMEOnMA blocks.[26-28] Therefore, we expected that the PDS_b, 

PMS_b, PDMS_b, or PMDS_b chains could also automatically segregate to the surface of homo-

PS, resulting in the formation of PDMAEMA (PDS_b), PMEO2MA (PMS_b), PDMAEMA-b-

PMEO2MA (PDMS_b, or PMDS_b) brushes upon contacting the films with aqueous solutions. 

Very high molecular weight homo-PS with relative high glass transition temperature was used 

here for keeping the BCPs tightly anchor on the film surface during the measurements. The big 

molecular weight difference of the homo-PS (~280 kDa) and PS blocks of BCPs (20-30 kDa) can 

inhibit their entanglement which may lead to a low polymer brush density.   

   

2.7 Characterization of Block Copolymer brushes   

To make sure if the surface segregation of BCPs occurred, X-ray photoelectron spectroscopy 

(XPS, JEOL JPS-9000) with a monochromatic Al Kα (8 kV, 10 mA) was used for quantifying 

the elemental composition of the surfaces of PDS_b, PMS_b, PDMS_b, and PMDS_b films. 

High-resolution scans of C 1s, N 1s and O 1s regions were acquired with a pass energy of 50 eV 

at take-off angle, θ, at 10, 15, 20, 30, 40, 55, 65, and 85ᴼ. An analyzer aperture limited the range 

of takeoff angle within ±4ᴼ.  

The conformation transition of the brushes in different temperature and pH solvents were 

characterized using neutron reflectometry (BL16, SOFIA, Materials and Life Science Facility 

(MLF), Japan Proton Accelerator Research Complex (J-PARC), Tokai, Japan).[29] The 

wavelength of neutrons, λ, from 0.2 to 0.88 nm was used with the incident angle, θ, at 0.30ᴼ, 0.75ᴼ 

and 1.80ᴼ to give rise to the specular neutron momentum transfer (q = (4π sinθ)/λ) from 0.075 

to 2 nm-1. The samples were measured in D2O and D2O buffer solutions at 15, 35, 55 and 65 ᴼC. 

The MOTOFIT program was applied to fit the reflectivity profiles with multilayer model 

consisting of quartz, PS matrix layer, swollen brush layer.[30] The scattering length density 

(SLD) of quartz, PS, PDMAEMA, PMEO2MA and D2O were 4.18, 1.42, 0.91, 0.76 and 6.36 x10-

6 Å2, respectively.[31]  

  

3. RESULTS AND DISCUSSION  

3.1. Characterization of synthesized block polymers  



 

 

The homopolymers and block copolymers in this study were all synthesized by RAFT method 

and summarized in Table 1. The number of molecular weight (Mn) and polydispersity indices 

(PDI) were measured by GPC with DMF (containing 0.05 M LiBr). This DMF eluent can prevent 

the absorption of PDMAEMA in the packing material of GPC columns. The PDI values of 

polymer NO. 1-4 and NO. 9-12 were lower than or equal to 1.50, demonstrating a relative good 

control of polymerizations. The polymer NO. 5-8 had relative high PDI (but the values are smaller 

than 2.00). It might cause by the too high concentration of St-monomers. The traces of block 

copolymer elugrams were significantly shifted comparing to their micro-RAFT agents 

(Supporting Information, Figure S5.1), suggesting the successful chain extension of the micro-

RAFT agents. The ratios of block segments in BCPs were determinated by 1H NMR spectra using 

the integrated area of typical signals of the methylene protons of DMAEMA (2H, δ(CH2N-) = 

2.55 ppm), methoxy protons of MEO2MA (3H, δ(CH3O-) = 3.35ppm) and aromatic protons of St 

(5H, δ = 7.4-7.9 ppm) (Supporting Information, Figure S5.2-5.4).[32] PDMAEMA (PD_f), 

PMEO2MA (PM_f), PDMAEMA-b-PMEO2MA (PDM_f) and PMEO2MA-b-PDMAEMA 

(PMD_f) were micro-RAFT agents for PDMAEMA-b-PS (PDS_m and PDS_b), PMEO2MA-b-

PS (PMS_m and PMS_b), PDMAEMA-b-PMEO2MA-b-PS (PDMS_m and PDMS_b) and 

PMEO2MA-b-PDMAEMA-b-PS (PMDS_m and PMDS_b), respectively. Although the micro-

RAFT agents of PDS_m, PMS_m, PDMS_m, and PMDS_m group and the PDS_b, PMS_b, 

PDMS_b, and PMDS_b group were same, the later group all had much longer PS blocks than 

the former one.  

 

Table 1. Composition of the block copolymers from GPC and 1H-NMR spectroscopy.  

NO. Entrya  Sample  Mn 

(Da) 

PDI DMAEMA/MEO2MA 

/St 

1 PD_f PDMAEMA 14145 1.17 100/0/0 

2 PM_f PMEO2MA 18115 1.26 0/100/0 

3 PDM_f PDMAEMA-b-

PMEO2MA 

15703 1.25 51/49/0 



 

 

4 PMD_f PMEO2MA-b-

PDMAEMA 

14460 1.17 48/52/0 

5 PDS_m PDMAEMA-b-

PS 

56690 1.96 16/0/84 

6 PMS_m PMEO2MA-b-PS 58434 1.68 0/19/81 

7 PDMS_m PDMAEMA-b-

PMEO2MA-b-PS 

55988 1.93 12/10/78 

8 PMDS_m PMEO2MA-b-

PDMAEMA-b-PS 

52234 1.87 12/12/76 

9 PDS_b PDMAEMA-b-

PS 

21761 1.50 36/0/64 

10 PMS_b PMEO2MA-b-PS 22222 1.50 47/0/53 

11 PDMS_b PDMAEMA-b-

PMEO2MA-b-PS 

26966 1.49 20/19/61 

12 PMDS_b PMEO2MA-b-

PDMAEMA-b-PS 

21851 1.46 18/18/64 

a P = poly-, D = DMAEMA, M = MEO2MA, S = St, f = free polymer, m = membrane, b = brush  

 

3.2. LCST behavior of the hydrophilic free polymers in aqueous solutions 

The LCST behaviors of PD_f, PM_f, PDM_f, PMD_f hydrophilic free polymers in aqueous 

solutions were investigated with DLS. The hydrodynamic size and count rate transitions were 

shown in Supporting Information. Although the cloud points (Tcp) just could be roughly 

determined (Table 2) due to the large heating steps (5 ᴼC), we still could obtain the useful 

information of the polymer structure. The Tcp of PMEO2MA (PM_f) was 25 ᴼC in water as well 

as in buffers, indicating a very few impact on the Tcp from buffers.[14, 15] The Tcp of PDMAEMA 



 

 

(PD_f) decreased from 40 ᴼC in water to 35 ᴼC in pH =10.1 buffer. In pH 4.6 buffer, PDMAEMA 

(PD_f) completely dissolved. It is because the pKa of DMAEMA is around 7.3-7.5 in water, the 

accept/release protons of DMAEMA at low/high pH made polymer chain stretch /collapse.[33] 

The Tcp of the PDMAEMA-b-PMEO2MA (PDM_f, PMD_f) was higher than PMEO2MA but 

lower than PDMAEMA homopolymers in the same analyze condition. It can be explained by 

incorporation of PDMAEMA into PMEO2MA increased the hydrophilicity of PMEO2MA. But 

for each diblock copolymer sample, only single Tcp was observed either in water or buffers.           

 

Table 2. Cloud point (Tcp) of PD_f, PM_f, PDM_f, PMD_f in H2O, acetate buffer (pH=4.6) and 

carbonate buffer (pH=10.1).  

Entry Samples 

Polymer composition 

DMAEMA/MEO2MA 

Tcp / ᴼC 

H2O pH=4.6 pH=10.1 

PD_f PDMAEMA 100/0 40  35 

PM_f PMEO2MA 0/100 25 25 25 

PDM_f 
PDMAEMA-b-

PMEO2MA 
51/49 35 35 30 

PMD_f 
PMEO2MA-b-

PDMAEMA 
52/48 35 35 30 

 

3.3. Morphology of the thermo- and pH-responsive membranes  

In our previous work, nano-scale pores were successfully introduced in to ABA-type block 

copolymer templates (ratio of A and B was 30/70) via methnal-scCO2 selective swelling pore-

making method.[4, 34] A blocks were PMEOnMA selectively swelled by methanol and B was PS 

worked as stable matrix to keep the porous structure. In this study, the block copolymers were in 

AB type, in which B was PS, A represented hydrophilic segments (PMEO2MA or/and 

PDMAEMA) which could be selective swelled. Because the ABA-type block copolymers usually 

have better mechanical properties than the AB type, to ensure the robustness of produced 



 

 

membranes, the block copolymers, PDS_m, PMS_m, PDMS_m, and PMDS_m, were with 

higher volume fraction of PS blocks around 80%. This PS fraction value would not go to too high, 

because the hydrophilic and hydrophobic segment ratio still should locate in a certain window for 

the formation of bicontinuous porous structure.[35]    

To clarify the structure of the PDS_m, PMS_m, PDMS_m, and PMDS_m membranes, SEM 

images of top and cross-section view were shown in Figure 1. The first column of images (A1, 

A2, A3 and A4) exhibited the cross-section of membranes. Each membrane has a double-layered 

composite structure with a sponge-like BCP top layer and a macroporous PVDF bottom layer. 

The BCP layers were quite thin, 1-2 μm, and the porous structure was obtained over the entire top 

BCP layer. The second column (B1, B2, B3 and B4) provided the top-view images of porous BCP 

layers which were the barrier layer of membranes. The pores in each membrane have a narrow 

pore size distribution, and the average diameter of the mesopores of the four membranes was 

approximately 50 nm in dry state.         

  

  

A1 B1 

A2 B2 



 

 

  

  

Figure 1. SEM images of cross-sectional view of (A1) PDS_m, (A2) PMS_m, (A3) PDMS_m, 

(A4) PMDS_m membranes and SEM images of top view of (B1) PDS_m, (B2) PMS_m, (B3) 

PDMS_m, (B4) PMDS_m membranes. The scale bars in all images corresponded to 1 μm. 

 

3.4. Temperature and pH controlled membrane pore size  

The responsivity of the PDS_m, PMS_m, PDMS_m, and PMDS_m membranes to temperature 

and pH had been analyzed by measuring the permeability at different temperature and in different 

solutions. To remove the effect from the dependence of solvent viscosity on temperature, the 

variation of membrane pore size in different filtration condition (changes in feed solution or 

temperature) was quantitatively depicted by relative pore radius (𝑟𝑥/𝑟𝑤
15 ℃):  

𝑟𝑥

𝑟𝑤
15 ℃

= (
𝐽𝑥𝜂𝑥

𝐽𝑤
15℃𝜂𝑤

15℃)

1/4

 (2) 

A3 B3 

A4 B4 



 

 

where 𝑟𝑤
15 ℃, 𝜂𝑤

15℃ and 𝐽𝑤
15℃

 represented the effective pore radius, viscosities and flow rates at 

standard filtration condition (15 ᴼC, water), respectively. rx, ηx and Jx were the pore radius, 

viscosities and flow rate in other conditions.[25] Because the salt concentration was very low, 

here, we assumed that the viscosity of buffers was same to water at same temperature.  

Figure 2 shows relative pore radius of PDS_m, PMS_m, PDMS_m, and PMDS_m membranes, 

calculated from water permeability data measured in three different temperatures (15, 35 and 65 

ᴼC). The 𝑟𝑥/𝑟𝑤
15 ℃

 value of all the membrane at 15 ᴼC was 1.0, because “15 ᴼC, water” was a 

standard condition. For the PDS_m and PMS_m membranes which respectively had PDMAEMA 

and PMEO2MA homo-polymer brushes on the pore walls, only single temperature dependent pore 

size transition can be observed. The pore size of PDS_m at 15 and 35 O C were almost same, while, 

at 65 O C, it was obviously larger than other two. The pore size of PMS_m was suddenly increased 

when the temperature increased from 15 to 35 ᴼC, but did not become bigger with further higher 

temperature (65 ᴼC). It is because either PDMAEMA or PMEO2MA has single Tcp in water, at 25 

and 40 ᴼC (see section 5.3.2), respectively. On the other hand, the 𝑟𝑥/𝑟𝑤
15 ℃ value of either 

PDMS_m or PMDS_m membranes increased twice with increasing temperature, indicating the 

membranes had three distinctly different pore size at 15, 35 and 65 ᴼC. No matter of the blocks 

in which range, the PMEO2MA-b-PDMAEMA brushes on the membrane pore walls exhibited 

double LSCT behaviors which combined the thermo-responsive properties of both PMEO2MA 

and PDMAEMA. It has been reported that such double LCST behavior of PMEO2MA-b-

PDMAEMA free polymers in water was also observed, but, only by zeta potential measurements, 

proton nuclear magnetic resonance (1H NMR) and turbidimetery, rather than dynamic light 

scattering (DLS) and differential scanning calorimetry (DSC).[36, 37] 

 

Figure 2. The relative pore radius (𝑟𝑥/𝑟𝑤
15 ℃) for PDS_m, PMS_m, PDMS_m, and PMDS_m 

membranes, calculated from permeability data measured with water at 15, 35 and 65 ᴼC. 
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Figure 3 shows the relative pore radius ( 𝑟𝑥/𝑟𝑤
15 ℃ ) of PDS_m, PMS_m, PDMS_m, and 

PMDS_m membranes, calculated from permeability data measured with water, acetate buffer 

(pH=4.6) and carbonate buffer (pH=10.1) at 15 and 35 ᴼC. The PDS_m membrane exhibited a 

large responsivity towards pH, but did not have obvious response to the change of temperature 

from 15 to 35 ᴼC either in water or buffers. PMEO2MA is a thermos-responsive polymer which 

has responsivity to temperature but pH. But in Figure 3, we found PMS_m membrane with 

PMEO2MA brushes on pore walls has a little smaller 𝑟𝑥/𝑟𝑤
15 ℃value in buffers than in pure water 

at same temperature, and this behavior became even obvious at higher temperature (35 ᴼC). It 

may can be explained by the more swollen PMEO2MA brushes in buffers than pure water.  

The PDMS_m membrane had a combination of the properties of PDS_m and PMS_m 

membranes. For either pure water or buffers, as the temperature increased from 15 ᴼC to 35 ᴼC, 

the 𝑟𝑥/𝑟𝑤
15 ℃ of PDMS_m membrane raised a value which was commensurate with the one of 

PMS_m membrane. It was caused by the collapse of PMEO2MA blocks. The pH had a 

dominating effect on the 𝑟𝑥/𝑟𝑤
15 ℃ of PDMS_m membrane comparing to temperature, as the 

𝑟𝑥/𝑟𝑤
15 ℃ value increased and decreased dramatically by changing the feed pH into 10 and 4.6, 

respectively For the PMDS_m membrane, there was a large responsivity to pH, but no pore size 

change was observed with temperature variation.  

The functional chains of PDMS_m, and PMDS_m membranes with same segments, similar 

length and PMEO2MA/PDMAEMA ratio. The only difference between them was the range of 

PMEO2MA and PDMAEMA polymer layers. Water permeability results suggested that both 

PDMS_m, and PMDS_m membranes have two-step thermo-responsivity, while, only PDMS_m 

membrane have double- (temperature and pH) responsivity. What are the reason for the difference 

occurred in the response behaviors of PDMS_m, and PMDS_m membranes? And how did the 

block range affect the property of double-responsive diblock copolymers? To answer those 

questions, we tried to use the NR to investigate the detail of the conformation transitions of the 

PMEO2MA-b-PDMAEMA brushes with different layer range. 



 

 

 

Figure 3. The relative pore radius (𝑟𝑥/𝑟𝑤
15 ℃) for PDS_m, PMS_m, PDMS_m, and PMDS_m 

membranes, calculated from permeability data measured with water, carbonate buffer (pH=10.1) 

and acetate buffer (pH=4.6) at 15 and 35 ᴼC. 

 

3.5. Surface segregation of Block Copolymers and brush formation  

The surface XPS analyses were carried out to clarify the surface composition of the PDS_b, 

PMS_b, PDMS_b, and PMDS_b films which were prepared by spin-casting BCP/homo-PS 

(20/80) mixtures on silicon wafers, followed by 130 ᴼC annealing for 20h. Because oxygen atoms 

only exist in PMEO2MA and PDMAEMA segments, the segregation of the PDS_b, PMS_b, 

PDMS_b, and PMDS_b block copolymers to the film surfaces can be confirmed by the surface 

enrichment of oxygen atoms.  

The profiles of oxygen atomic fraction (ΦO) as function of depth (z) were obtained by tilting 

method with different take-off angles (θ). An electron escape depth of element i (λi) is given by: 

where 𝜆𝑖
𝑜 is an inelastic mean free path (IMFP) of element i. 𝜆𝐶 1𝑠

𝑜 1s and 𝜆𝑂 1𝑠
𝑜  are 3.5 and 2.9 

nm, respectively. Based on the Laplace transform of the atomic fraction of element i, Φi (z), the 

XPS intensities are:  

𝐼𝑖(𝜆𝑖) = 𝑇
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where T is an unknown transmission efficiency depending on the specimen geometry, X-ray beam 

and analyzer. Then, the equation 4 was simplified by taking the intensity ratio of O 1s and C 1s 

measured at the same angle simultaneously, as shown in below: 

𝐼𝑂1𝑠

𝐼𝐶1𝑠
=

𝐼𝑂1𝑠
° /𝐼𝐶1𝑠

°
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° /𝜆𝐶1𝑠

°

∫ 𝛷𝑂12(𝑧)
∞

0
𝑒−𝑧/𝜆𝑂1𝑠𝑑𝑧

∫ 𝛷𝐶12(𝑧)
∞

0
𝑒−𝑧/𝜆𝐶1𝑠𝑑𝑧

 (5) 

The atomic sensitivity factors of C 1s (𝐼𝐶 1𝑠
𝑜 ) and O 1s (𝐼𝑂 1𝑠

𝑜 ) given by the manufacturer were 

0.314 and 0.733, respectively.[26, 38, 39] The depth profiles in Figure 4 were extracted by fitting 

the XPS data with Equations 3 and 5. The high percentage of oxygen atomic fraction (ΦO) at the 

surfaces of PDS_b, PMS_b, PDMS_b, and PMDS_b films, indicating the hydrophilic blocks 

(PMEO2MA and PDMAEMA) covered the homo-PS surfaces. When the films moved into 

aqueous solutions, PDMAEMA (for PDS_b), PMEO2MA (for PMS_b), PDMAEMA-b-

PMEO2MA (for PDMS_b, or PMDS_b) brushes would form. Because the blocks in PDMS_b, 

and PMDS_b have a different order, the brushes therefore have different structures, as shown in 

Scheme 3.  

 

Figure 4. Model depth profiles of atomic fractions, ΦO (z), used to fit the angular dependences of 

the intensity ratios of O 1s and C 1s. The presence of hydrogen was neglected for the definition 

of ΦO (z). 
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Scheme 3. Different brush formations formed on PDMS_b, and PMDS_b films. The 

PMEO2MAB-b-PDMAEMAT brushes on PDMS_b film had PMEO2MA bottom layer and 

PDMAEMA top layer; the PMEO2MAT-b-PDMAEMAB brushes on PMDS_b film had 

PDMAEMA bottom layer and PMEO2MA top layer. The superscript “B” and “T” represent 

bottom and top.          

 

3.6. Thermo-responsive behavior of brushes in D2O  

The detail insights for the hydration conformation of PDMAEMA, PMEO2MA, PMEO2MAB-b-

PDMAEMAT and PDMAEMAB-b-PMEO2MAT brushes were provided by NR. Figure 5, A1-4 

show NR corves of the four brushes in pure D2O at different temperature. Open symbols are 

experimental data points. The solid curves are calculated reflectivity curves fitted with a 3-layer 

model consisting of quartz, PS matrix layer, and swollen brush layer. The scattering length density 

(SLD) profiles (Figure S5.9, Supporting information) were converted into polymer volume 

fraction, Φ(z), profiles based on: 

𝜌𝑁(𝑧) = ∅(𝑧)𝜌𝑁,𝑃𝑂𝐿𝑌 + [1 − ∅(𝑧)]𝜌𝑁,𝑆 (6) 

where 𝜌𝑁(𝑧) is the SLD at a position, z, 𝜌𝑁,𝑃𝑂𝐿𝑌 and 𝜌𝑁,𝑆 are SLD of the polymer brush and 

solvent (D2O or D2O buffer), respectively.[40]  

Figure 5, B1-4 show the polymer volume fraction profiles as a function of the perpendicular 

distance from the edge of the PS matrix layer. For the PDMAEMA brushes (for PDS_b, Figure 

5, B1), the polymer volume fraction curves for 15 and 35 ᴼC were overlapping and with relative 

higher brush thickness than the one of 55 ᴼC, indicating the collapse of the brushes at 55 ᴼC. We 



 

 

assume that the polymer layer thickness was approximated at the distance where the polymer 

fraction decreased to 10%. Although the orange curve stretched until reached 58 Å, the thickness 

of PDMAEMA brush layer was assumed as only 17 Å. In all temperature, a thin layer close to the 

PS substrate (with thickness as 12 Å) was with ΦPOLY at 1, suggesting that 12 Å thickness of 

PDMAEMA brushes take up no water even at a temperature lower than the LCST of PDMAEMA. 

However, this is inconsistent with other NR data for PDMAEMA brush investigation. [41] The 

reason will be make sure in future study (measurements are planned to take in June 25).  

As shown in Figure 5, B2, PMEO2MA brushes were well extended to water at 15 ᴼC with a 

relative dense bottom layer near the PS matrix followed by a dilute layer. This special brush 

formation which was so called vertical phase separation had also been observed in the “grafting 

to” PNIPAM brushes by NR previously.[42-44] As the temperature increase into 35 ᴼC, the brush 

thickness dramatically decreased, i.e. the PMEO2MA brushes collapsed, and the brush 

conformation did not change further with an even higher temperature (65 ᴼC). The dilute layer 

always existed, at 35 and 65 ᴼC, suggesting that water still remained in the outmost region of 

PMEO2MA brush layer even at the temperature above its LCST. 

At 15 ᴼC, PMEO2MAB-b-PDMAEMAT brushes (Figure 5, A3 and B3) were swelled into 100 Å 

with a high ΦPOLY inner layer and a low ΦPOLY outer layer. When the temperature was increased 

to 35 ᴼC which was higher than the LCST of PMEO2MA, the brush inner layer became a little bit 

thicker without ΦPOLY change; while the thickness of outer layer decreased a lot and the polymer 

fraction became higher. Remember the brushes of homo-PMEO2MA have uneven polymer 

density double layers, the conformation transition of PMEO2MAB-b-PDMAEMAT block 

copolymer brushes inner layer would mainly attribute to the dehydration of the PMEO2MA blocks. 

The increased ΦPOLY can be explained by the partially collapse of outer PDMAEMA blocks. 

Finally, as temperature reaches 65 ᴼC, the ΦPOLY further raised, thickness dropped and the “dilute 

outer layer” was substituted by a short, very dilute tail, the dehydration of the entire brush was 

achieved. 

PMEO2MAT-b-PDMAEMAB has same composition as foresaid PMEO2MAB-b-PDMAEMAT 

brushes. However, the different block range made the temperature dependent conformation 

different (Figure 5, A4 and B4). The PMEO2MAT-b-PDMAEMAB brushes were extend into water 

with vertical phase separation at 15 ᴼC, which was same to the corresponding brushes 

(PMEO2MAB-b-PDMAEMAT). However, as the temperature reached 35 ᴼC, the brushes 

decreased their thicknesses, and separated into 3 layers with different density --- high ΦPOLY first 

layer (the layer near the substrate), low ΦPOLY second layer, and middle ΦPOLY third layer. The 

inner second layer had relative higher water content compared to the outer third layer, suggesting 

the dehydration of top PMEO2MA blocks and remained hydrophilic bottom PDMAEMA blocks. 



 

 

The PMEO2MAT-b-PDMAEMAB brushes turned back to 2 layers of different polymer densities 

and with a further smaller total thickness. The ΦPOLY of the two layers were very high, 0.83 for 

inner layer and 0.58 for outer layer. It indicates that both the bottom-PDMAEMA blocks and top-

PMEO2MA blocks were all dehydrated. Exist of the outer layer (ΦPOLY = 0.58) can be explained 

by the difference of swelling degree of PMEO2MA and PDMAEMA. 

At different temperature, the coordinate structure of PMEO2MAB-b-PDMAEMAT and 

PMEO2MAT-b-PDMAEMAB brushes were different, but, no matter in which temperature, the 

entire thickness of the two brushes were almost at same level, leading to the similar performances 

of the membranes made by PDMS_m, and PMDS_m tri-block copolymers. The NR investigation 

for the brush conformation change based on pH will be done in the near future to answer the 

questions raised in section 5.3.4.    
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Figure 5. Neutron reflectivity profiles of (A1) PDMAEMA, (A2) PMEO2MA, (A3) PMEO2MAB-

b-PDMAEMAT and (A4) PMEO2MAT-b-PDMAEMAB brushes in D2O at different temperatures, 

and polymer volume fraction profiles of (B1) PDMAEMA, (B2) PMEO2MA, (B3) PMEO2MAT-

b-PDMAEMAB and (B4) PDMAEMAB-b-PMEO2MAT brushes in D2O at different temperatures.  

 

4. CONCLUSIONS AND FUTURE WORK 

In this study, we successfully developed thermo- and pH- responsive mesoporous membranes 

using methanol-scCO2 selective swelling method with PDMAEMA-b-PMEO2MA-b-PS and 

PMEO2MA-b-PDMAEMA-b-PS synthesized by RAFT. Those membranes consisted of a 

mesoporous block copolymer barrier layer and a macroporous PVDF supporting layer. The 

diblock copolymer PDMAEMA-b-PMEO2MA chains end-on immobilized on the pore walls of 

barrier layers worked as functional gates, providing the membranes uncoupled thermo- and pH-
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responsive properties as PMEO2MA with dominating LCST effect and PDMAEMA with thermo- 

and pH-responsivity. Water permeability experiments clear shown that both PDMAEMA-b-

PMEO2MA-b-PS and PMEO2MA-b-PDMAEMA-b-PS made membranes had two-step thermo-

responsivity. It was attributed to the different LCSTs of PDMAEMA and PMEO2MA. Among 

those two membranes, only the PDMAEMA-b-PMEO2MA-b-PS made one has changeable 

ultrafiltration property with independent response to temperature and pH, although the difference 

between those two was only on block range. To further investigate the diblock brush conformation 

transition, PMEO2MAB-b-PDMAEMAT and PMEO2MAT-b-PDMAEMAB brushes were 

fabricated and investigated with NR at different temperature. We found that, at same temperature, 

those two brushes had quite different coordinate structures but almost same total thickness. The 

brush conformations in different pH solutions have not yet measured but this work will be taken 

in the near future. 
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S1. Reaction condition used for the polymerization of block copolymers  

Table S1. The reaction condition used for the polymerization of block copolymers. 

Entry Samples [1st monomer] 

/[CPBT]a 

[2ed monomer] 

/[macro-

RAFT]a 

[3rd 

monomer] 

/[macro-

RAFT]a 

Reaction 

time (h) 

PD_f PDMAEMA (DMAEMA) 

500/1 

  2 

PDS_b PDMAEMA-b-

PS 

 (St)  850/1  20 

PDS_m PDMAEMA-b-

PS 

 (St)  2500/1  20 

PM_f PMEO2MA (MEO2MA) 

500/1 

  3.5 

PMS_b PMEO2MA-b-

PS 

 (St)  850/1  20 

PMS_m PMEO2MA-b-

PS 

 (St)  2500/1  20 

PD PDMAEMA (DMAEMA) 

200/1 

  5 

PDM_f PDMAEMA-b-

PMEO2MA 

 (MEO2MA) 

200/1 

 1.5 



 

 

PDMS_b PDMAEMA-b-

PMEO2MA-b-

PS 

  (St)   

850/1 

20 

PDMS_m PDMAEMA-b-

PMEO2MA-b-

PS 

  (St)   

2500/1 

20 

PM PMEO2MA (MEO2MA) 

200/1 

  2.5 

PMD_f PMEO2MA-b-

PDMAEMA 

 (DMAEMA) 

200/1 

 1 

PMDS_b PMEO2MA-b-

PDMAEMA-b-

PS 

  (St)   

850/1 

20 

PMDS_m PMEO2MA-b-

PDMAEMA-b-

PS 

  (St)   

2500/1 

20 

a Molar ratios of the reaction solution. 

 

S2. GPC traces of the block copolymer products  
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Figure S1. GPC traces of the library of block copolymers.  

 

S3. 1H NMR spectra for block copolymer products   
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Figure S5.2. 1H NMR spectra (400 MHz, Acetone-d6) of (A) PDM_f and (B) PMD_f with the 

corresponding schematic representation of the polymer structures. 
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Figure S3. 1H NMR spectra (400 MHz, Acetone-d6) of (A) PDS_m, (B) PMS_m, (C) PDMS_m 

and (D) PMDS_m with the corresponding schematic representation of the polymer structures. 
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Figure S4. 1H NMR spectra (400 MHz, Acetone-d6) of (A) PDS_b, (B) PMS_b, (C) PDMS_b 

and (D) PMDS_b with the corresponding schematic representation of the polymer structures. 

 

S4. DLS measurements for free polymers in aqueous solutions  

The hydrodynamic radii (Rh) was calculated by the Stokes-Einstein equation: 

𝑅ℎ =
𝑘𝐵𝑇

6𝜋𝜂
× 𝜏𝑞2 

where kB is Boltzmann’s constant, T the absolute temperature, η the temperature-dependent 

viscosity of water, and τ the relaxation time of the decay in the correlation curve. q is the modulus 

of the scattering vector given by 

q =
4πn × sin(𝜃 2⁄ )

𝜆
 

where n is the measured refractive index of the sample.[1] 
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Figure S5. Hydrodynamic size distribution at different temperatures for PD_f at (A) H2O, (B) 

acetate buffer (pH=4.6) and (C) carbonate buffer (pH=10.1). (D) is the count rate of PD_f at 

varying temperature and pH value. 
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Figure S6. Hydrodynamic size distribution at different temperatures for PM_f at (A) H2O, (B) 

acetate buffer (pH=4.6) and (C) carbonate buffer (pH=10.1). (D) is the count rate of PM_f at 

varying temperature and pH value. 

 

 

Figure S7. Hydrodynamic size distribution at different temperatures for PDM_f at (A) H2O, (B) 

acetate buffer (pH=4.6) and (C) carbonate buffer (pH=10.1). (D) is the count rate of PDM_f at 

varying temperature and pH value. 
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Figure S8. Hydrodynamic size distribution at different temperatures for PMD_f at (A) H2O, (B) 

acetate buffer (pH=4.6) and (C) carbonate buffer (pH=10.1). (D) is the count rate of PMD_f at 

varying temperature and pH value. 

 

S5. Scattering length density (SLD) profiles of NR measurements 
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Figure S9. Scattering length density (SLD) profiles of (A1/B1) PDMAEMA, (A2/B2) PMEO2MA, 

(A3/B3) PMEO2MAB-b-PDMAEMAT and (A4/B4) PDMAEMAB-b-PMEO2MAT brushes in D2O 
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at different temperatures. The x-axis of A1-4 start from the edge of the quartz layer, B1-4 start 

from the edge of PS matrix layer. 
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