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ABSTRACT 

Nanostructured polymers synthesized by lyotropic liquid crystal (LLC) templates with normal 

hexagonal (H1) structure exhibit a 3D-continuous transport path, which makes them ideal for 

membrane separation application. Incorporating additional functionality, especially stimuli-

responsiveness, in such ordered structure provides even more application opportunities. In this 

work, we present the first successful synthesis of H1-structured thermoresponsive ultrafiltration 

(UF) membranes via LLC templating. The membrane contains thermoresponsive Pluronic P84 

diacrylate (P84DA) which not only acts as the monomer and structure-directing amphiphile, but 

also enables the pore size change with temperature. Experimental studies reveal that the swelling 

capacity of H1-templated polymer as well as permeability and selectivity of the obtained membrane 

can be altered via changing the temperature. Increasing the temperature from 25 to 45 °C increases 

the normalized flux from 28 to 68 liters m−2 hour−1 µm and molecular weight cut-off (MWCO) 

from 2200 to 3900 Da. Furthermore, the membrane shows an outstanding fouling resistance 

against different solutes.              
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1. INTRODUCTION  

Membrane separation, which can be considered as an energy-efficient and adoptable technique, is 

currently employed in a variety applications; e.g., treatment of different water resources [1], 

protein purification [2], vaccine filtration [3], food processing [4], and organic solvent filtration 

[5]. Despite all the offered advantages, there are still challenges involved in membrane technology. 

For instance, most of the membranes are only able to separate solutes with specific range of 

molecular sizes (i.e., fixed selectivity), resulting in their limited application [6]. Another 

significant challenge in membrane technology is membrane fouling, which is particularly 

prevalent in ultrafiltration (UF) membranes. These membranes are utilized for  protein 

purification, food processing and removal of bacteria and viruses, which are prone to causing 

fouling issues [7]. Employing environmentally-questionable methods like non-solvent induced 

phase separation (NIPS), which consume large quantities of organic solvents to fabricate 

membranes in large scales, is the next notable problem in the field [8]. Creating stimuli-responsive 

membranes via an environmentally-friendly process can address these challenges. Such 

membranes can change their pore size in response to an external stimulus (e.g., temperature [6] 

and pH [9]), meaning that they exhibit a dynamic permeability and selectivity [10–14]. 

Additionally, such changes in the porosity can improve cleaning efficiency of a fouled membrane 

[6,15].  
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Synthesizing nanostructured polymers in lyotropic liquid crystal (LLC) templates (also known as 

LLC templating) is an environmentally-friendly approach that can be used to create such functional 

membranes [16–18]. As a brief background, LLCs are mesoscopic phases with a long range 

periodic order in the order of 2–50 nm, which form through self-assembly of amphiphiles in 

selective solvents [16]. Normal hexagonal (H1) [5,17,19], normal bicontinuous cubic (Q1) [20–

23], lamellar (Lα) [15,24], and reverse hexagonal (H2) [24] structures are the common LLC 

structures employed for synthesis of nanofiltration (NF) and UF membranes. Q1 and H1 phases are 

preferred over H2 and L𝛼 as they offer 3D-continuous transport path and do not require any 

structural alignment. In contrast to Q1, H1 forms more frequently and in a wider range of 

compositions, which makes it ideal for membrane synthesis [17]. In a recent work, Osuji and 

coworkers have shown the possibility of fabricating H1-strucutred NF membranes with effective 

pore sizes of about 1 nm, MWCO of ~300 Da, and permeability of ~20 liters m−2 hour−1 bar−1, 

which outperform the commercially available NF membranes like Dow FILMTEC NF90-400 with 

a typical permeability of 10 to 15 liters m−2 hour−1 bar−1 [19].   

Despite the advantages of LLC templating, there are only a few reports available in the literature 

on synthesizing stimuli-responsive membranes via this technique. In one work [15], we were able 

to create a two-step thermoresponsive UF membrane with ~30 nm pore size from polymerization 

of L𝛼-structured LLCs directed by Pluronic F127 (F127) self-assembly, which exhibited selectivity 

and permeability changes at 35 and 50 °C due to the lower critical solution temperature (LCST) 

of F127 and melting of the crystalline structure of poly(ethylene oxide), PEO, block, respectively. 

Li et al. [25] reported the synthesis of a pH- and light-responsive nanoporous polymer having Q1 

structure with a pore size of around 1 nm. According to the small angle X-ray scattering (SAXS) 

data, the pore size changes with altering pH. While these reports on responsive membranes show 
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promising results, extending the pore size of LLC-templated membranes is essential to broaden 

their applications. In addition, there is no report on synthesizing H1-strucutred stimuli-responsive 

membranes. 

In this work, we report the first successful H1-structued responsive membrane. H1 LLC is obtained 

by mixing thermoresponsive Pluronic P84 diacrylate (P84DA) with 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM][BF4]) and 1,6-hexanediol diacrylate (HDDA). Polymerized LLC 

(polyLLC) is acquired though UV polymerization of the mesophase. After removal of the ionic 

liquid with water, water transport pores are created with a pore size of 2.5 nm at 25 °C, which can 

be increased to 3.2 nm upon heating the polyLLC to 45 °C. Such temperature-dependent change 

in the porosity can increase the thickness-normalized flux of the membrane from 28 to 68 liters 

m−2 hour−1 µm. In addition, the membrane exhibits an outstanding fouling resistance. The achieved 

characteristics (e.g., range of pore size, tunable selectivity, and antifouling behavior) make this 

membrane an ideal candidate for a variety of applications (e.g., protein purification and removal 

of viruses and bacteria) without having to tune the structure or change the membrane entirely.  

 

2. EXPERIMENTAL  

2.1. Materials 

All of the chemicals used in this work were purchased from Sigma-Aldrich and used as received 

unless stated otherwise. Pluronic P84 (P84) copolymer (PEO19−PPO43−PEO19) with an average 

molecular weight of 4200 g/mol, anhydrous dichloromethane (DCM) with a purity of ≥99.8%, 

99.8% pure anhydrous toluene, triethylamine having a purity of 99.5% and acryloyl chloride with 

a purity of 97% were used to synthesize P84DA as the polymerizable surfactant (as described in 

the next section). [BMIM][BF4] with a purity of ≥98%, HDDA (obtained from Thermo Scientific 
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Chemicals having a purity of 99%), and 99% pure 1-hydroxycyclohexyl phenyl ketone (HCPK) 

were used to create the desired LLC through mixing them with P84DA. Deionized (DI) water with 

a conductivity of 0.055 μS/cm, which was acquired from EMD Millipore Direct-Q3, was used in 

all experiments.  

Membranes performance (e.g., MWCO, protein and dye rejection, and fouling resistance) was 

evaluated through filtration of different solutes including polyethylene glycol (PEG) with different 

molecular weights (1, 2, 3, 4, 6, 8, and 10 kDa), lyophilized powder of bovine serum albumin 

(BSA) with a purity of ≥96%, direct red 23 (DR23) having a dye content of 30%, and direct red 

80 (DR80) with 25% dye content. CraneMat® CU463 nonwoven polyester sheet with 2 μm 

porosity (supplied by Neenah Filtration) was employed as a support layer for membrane 

fabrication. Commercially available Ultracel® regenerated cellulose membrane with a nominal 

MWCO of 3 kDa (which is not thermoresponsive) was purchased from MilliporeSigma and used 

for comparisons with thermoresponsiveness membranes synthesized in this study.   

 

2.2. Synthesis of P84DA 

P84DA was synthesized through functionalization of P84 based on a well-established procedure 

available in the literature [26,27]. Briefly, 40 g of P84 was dissolved in a 150 mL mixture of DCM 

and toluene (DCM/toluene volume ratio of 80/20) under vacuum. Then, the mixture having a total 

volume of 190 mL was placed in an ice water bath followed by addition of triethylamine (2.5 mL). 

Subsequently, 1.2 mL acryloyl chloride was dissolved in 40 mL DCM and the obtained solution 

was added to the reaction mixture drop-wise in around 30 min to control the heat of reaction. The 

reaction medium was stirred for about 24 h under a static vacuum at room temperature. The 

precipitated triethylammonium chloride, which is the by-product of the reaction, was separated 
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from the polymer solution using Büchner funnel vacuum filtration. At the next step, the 

functionalized polymer was precipitated in excess n-hexane having a temperature of about −18 °C. 

Subsequently, the obtained polymer was washed three times with n-hexane through addition of 

excess amount of the n-hexane (about twice of the volume of the polymer) and stirring at 400 rpm 

with magnetic stirrer for 10 min and dried under vacuum for 3 days. Attenuated total reflectance-

Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet™ iS50 FTIR Spectrometer) and 

nuclear magnetic resonance (1H NMR, Varian VNMRS-400 with Probe AutoX-DB-PFG) were 

used to evaluate the extent of the functionalization reaction (see section S1 in supplementary 

information, SI). 

 

2.3. Mesophase preparation 

The H1-structured mesophase was prepared via mixing P84DA, [BMIM][BF4] (containing 1 wt% 

HCPK as UV initiator), and HDDA (containing 10 wt% HCPK) with a weight ratio of 

P84DA/[BMIM][BF4] /HDDA 48.6/48.6/2.8. Hand mixing and centrifugation at 11,000 rpm for 

5 min in a 50 mL centrifugal tube were carried out repeatedly until a transparent gel was obtained. 

Fig. 1 represents the chemical structure of the components used for mesophase preparation. 

Additionally, schematic of the created H1 structure is presented in Fig. 1e.     

 

2.4. Characterization of LLC and polyLLC 

2.4.1. Cross-polarized light microscopy (CPLM) 

A cross-polarized Nikon microscope (model LABOPHOT2-POL) equipped with a digital camera 

was used to evaluate the birefringence of the H1-structured sample before and after polymerization. 

Around 0.2 g of the mesophase gel was sandwiched between a glass slide and a glass cover slip 
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for CPLM analysis. To polymerize LLC, the sandwiched sample was cured via UV radiation 

(using Uvitron Sunray 600 SM curing system equipped with a 600 W UV flood lamp) for 40 s. 

Structure of the polymerized LLC is schematically shown in Fig. 1e.  

 

2.4.2. Small angle X-ray scattering (SAXS) 

SAXS was employed to further evaluate the mesophases of different samples. LLC gel was loaded 

into quartz capillary tubes with a nominal diameter of 1.5 mm (Charles Supper Company, Natick, 

MA) and sealed with epoxy glue. The loaded mesophase was cured under UV for 40 s to obtain 

the polyLLC for SAXS analysis. To analyze the water-swollen sample, the polyLLC was taken 

out of the capillary tube via breaking it and immersed in water for at least 72 h for the solvent 

exchange (exchange of water with the ionic liquid) and swelling. Then, the water-swollen sample 

was pushed into a capillary tube followed by sealing with epoxy glue. One dimensional (1D) 

scattering profiles were obtained from a Bruker Nanostar X-ray scattering system equipped with a 

monochromatic Cu Kα radiation source (X-ray wavelength of 1.541 Å) through azimuthal 

integration of two-dimensional (2D) scattering patterns. SAXS analysis was also performed at 

different temperatures for LLC gels and water-swollen polyLLCs to assess any structural changes 

due to temperature alteration.  

 

2.4.3. Differential scanning calorimetry (DSC) 

Different species including pure P84DA, water-swollen polyLLC, and dried polyLLC (water-

swollen polyLLC sample was dried under vacuum for at least 72 h) were analyzed by differential 

scanning calorimetry (DSC, Q2500, TA Instruments, New Castle, DE). About 10 mg of the desired 

sample was placed into an aluminum pan (PerkinElmer, Inc.) and sealed with a hermetic lid. The 
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thermal analysis was carried out from 0 to 60 °C (and vice versa) with 1 °C/min ramp. The cycle 

was repeated twice and the second cycle was used for analysis (after erasing the thermal history of 

the samples).   

 

2.4.4. Swelling behavior of the polyLLC 

A film of polyLLC having a thickness of 500 µm was created between two glass plates followed 

by photopolymerization at room temperature. The obtained film was washed several times with 

water and dried under vacuum, from which ca. 2 cm × 2 cm samples were cut for water uptake 

studies. Each sample was immersed in excess DI water maintained at the desired temperature (±0.1 

°C) until reaching equilibrium swollen state. Then, the swollen samples were taken out of water 

followed by removing the excess water on the surface using paper towel. The swelling capacity 

(water uptake) was calculated using following equation by using the weight of the dry (W0) and 

swollen (Wt) states: 

0

0

100
−

= tW W
Swelling Capacity

W
         (1) 

The kinetics of thermoresponsiveness was analyzed by transferring the swollen sample from a 

water bath at 25 °C to one maintained at 45 °C followed by measuring the water uptake in the new 

environment at different times. To demonstrate the reversibility of the response, the sequential 

change of the environment (e.g., transferring back and forth between 25 and 45 °C water baths) 

was performed for several cycles and the swelling capacity was measured upon each 

environmental change.   

At least three samples were analyzed for water uptake measurements and the average value along 

with standard deviation is reported.   
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2.4.5.  Rheo-mechanical studies  

A strain-controlled rheometer ARES-G2 (TA Instruments, New Castle, DE) was employed to 

study the rheological behavior of the LLC and the mechanical properties of the polyLLCs at 

different states. The mesophase gel was placed in between of 25 mm sandblasted parallel plate 

geometry (to minimize the wall slip, although our previous work showed that the wall slip is 

negligible in LLCs [28]) with 1 mm gap. The viscosity was measured by sweeping temperature 

from 15 to 50 °C in rotational mode under constant shear rate of 0.1 s−1. To make the polymerized 

LLC and water-swollen polyLLC samples for rheological studies, the LLC was casted in between 

of two glass plates separated by 1 mm spacer plates. Then the cast gel was UV-polymerized for 40 

s to obtain polyLLC sheet with 1 mm thickness. The polyLLC was then cut in circles having 25 

mm diameter. The water-swollen samples were obtained through solvent exchange and swelling 

of the circular cut polyLLCs followed by trimming the swollen samples to fit the rheometer 

geometry. To analyze the acquired samples, dynamic frequency sweep test was carried out in the 

frequency range of 0.1 to 100 rad/s using 25 mm crosshatched geometry with 1 mm gap. The 

water-swollen samples were tested at 10, 25 and 45 °C. It should be mentioned that the dynamic 

frequency sweep test was performed in the linear viscoelastic regime (0.1% strain, confirmed from 

amplitude sweep tests).   
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Fig. 1. Molecular structure of (a) P84DA, (b) HDDA, (c) [BMIM][BF4] and (d) HCPK. Schematic 

representation of P84DA and HDDA have also been presented in panel a and b, respectively. (e) 

Schematic illustration of H1-structured mesophase which is obtained through mixing the components. The 

micelles are surrounded by [BMIM][BF4]. The apolar domain is made of PPO block and HDDA. 

Chemically-bonded polymer network is created through the reaction of acrylate groups of P84DA and 

HDDA. The presence of intermicellar bridges, which form via the reaction of acrylate groups of extended 

PEO blocks, seems necessary to have an integrated H1-structured membrane [17]. (f) Schematic 

procedure for preparation of polyLLC membrane.      
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2.5. Preparation of the polyLLC membrane 

To fabricate membranes, first the mesophase was heated to 45 °C to lower its viscosity due to a 

reversible structural transitions (as confirmed by rheological studies, see section S2). Then, about 

1.5 g of the mesophase was placed on a glass sheet followed by covering it with the polyester 

support layer. A doctor blade was subsequently used to coat the mesophase on the support sheet. 

The coated mesophase was let to equilibrate to room temperature for 20 min to recover its original 

H1 structure. Finally, the LLC layer was cured via UV radiation for 40 s, resulting in the formation 

of the supported polyLLC membrane (Fig. 1f shows the membrane preparation procedure 

schematically). Scanning electron microscope (SEM, ThermoFisher Quattro S field emission 

environmental SEM) was used to measure the thickness of the polyLLC coated layer.  

To exchange the ionic liquid with water, all of the fabricated membranes were immersed in water 

for at least a week before use.   

 

2.6. Characterization of the polyLLC membrane 

2.6.1. Water flux and permeability 

The performance of the membranes was evaluated using Sterlitech HP4750 high pressure stirred 

cell (dead-end filtration system) with the effective area of 14.6 cm2 operated under stirring at 750 

rpm with a magnetic stirrer and at a pressure of 30 psi (2.07×105 Pa). Thickness-normalized flux 

(reported as liters m−2 hour−1 µm) of the membranes was measured at 25 and 45 °C. To measure 

the flux at elevated temperature, the filtration cell containing the membrane was placed in a water 

bath maintained at 45 ± 1 °C. The permeate collection was started after ensuring the isothermal 

conditions in membrane level and having a stable flux. All of the measurements were repeated for 

three membranes.         
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Darcy's law [24] was used to calculate the membrane permeability:  

Q

l A P

 
=


            (2) 

Where Q, µ, A, ΔP, l, and κ are the flow rate, viscosity, membrane area, pressure difference across 

the membrane, membrane thickness, and Darcy's constant (intrinsic permeability), respectively. 

Thickness-normalized intrinsic permeability was calculated to cancel out the effect of thickness 

variation in our comparisons. Viscosity of water at 25 and 45 °C was obtained from literature 

[15,29]. 

 

2.6.2. MWCO, protein and dyes rejection measurements 

MWCO measurements were carried out through filtration of 1 mg/mL aqueous solutions of PEG 

with different molecular weights (1–10 kDa). At least 5 mL of permeate was collected for each 

analysis. 3 mL of a reagent [30] made of potassium iodide (2 g), iodine (1.27 g), and water (100 

mL) was added to 0.3 mL of the collected permeate. Then, UV-Vis spectroscopy (Thermo 

Scientific™ GENESYS™ UV-Vis Spectrophotometer) was used within 15 min of sample 

preparation to determine the concentration of the PEG in the permeate. The following equation 

was used to calculate PEG rejection:   

(1 ) 100
p

f

C
r

C
= −             (3) 

In this equation, r, Cp, and Cf are rejection, solute (e.g., PEG) concentrations in the permeate, and 

solute concentrations in the feed, respectively. The molecular weight of the PEG that exhibits at 

least 90% rejection is considered as MWCO [31].  

The rejection capability of the membranes for protein and dyes were studied from filtration of 

BSA, DR23, and DR80 dispersions in water with 1, 0.5, and 0.5 mg/mL concentration, 



13 

 

respectively. The concentration of the filtrated solutes in permeate was detected via UV-Vis 

spectroscopy. Equation 3 was used to calculate the rejection.  

To assess the thermoresponsiveness of the membranes, all of the experiments were performed at 

25 and 45 °C. Additionally, the experiments were repeated for three membranes and the average 

value along with the calculated standard deviation is reported.  

 

2.6.3. Contact angle and fouling resistance 

Contact angle of the membranes was measured by using an optical tensiometer (Biolin Scientific). 

Fouling resistance of the membranes was tested through filtration of aqueous dispersions of PEG 

with molecular weight of 10 kDa, BSA, and DR80 at 1 mg/mL concentrations. The filtration cell 

was filled with about 250 mL of solution at the beginning of the experiment and 5–8 mL permeate 

was collected every 12 h. The test was continued for 60 h and the membrane flux and rejection 

were recorded in 12 h time intervals.      

   

3. RESULTS AND DISCUSSIONS 

3.1. Characterization of LLC and polyLLC 

Combination of CPLM and SAXS was used to confirm the structure of the LLC as well as the 

synthesized polyLLC at different states. As shown in Fig. 2a, CPLM confirms that the LLC is 

birefringent. The observed CPLM texture is the characteristic of hexagonal mesophases [32]. The 

birefringence remains intact after polymerization, implying that the polyLLC retains the parental 

structure. Furthermore, analysis of the water-swollen polyLLC at 25 °C indicates that the structure 

is preserved after the solvent exchange. SAXS analysis quantitatively confirms the CPLM results. 

As can be seen in Fig. 2d, Bragg peaks with ratios (q/q*) of 1:√3:2:√7 are detected for the 
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mesophase, where q is the scattering vector and q* is the position of the principal peak in each 

curve. Therefore, a highly ordered H1 structure is present in the samples. The peaks corresponding 

to H1 structure (ratio of 1:√3) is also seen for the polyLLC containing ionic liquid and water-

swollen polyLLC. While higher peak ratios are not observed, having the characteristic 

birefringence of H1 structure and the first two peaks confirm that the structure is mostly retained 

after polymerization and solvent exchange. Similar observation has also been reported by Forney 

et al. [33] and Sievens-Figueroa et al. [34] for hexagonal structures, in which some of the SAXS 

peaks become weak after polymerization while the synthesized polymer still exhibits some other 

desired characteristic peaks. This behavior has been attributed to minor changes in the structure 

(e.g., adhering micelles to each other [17]) after polymerization [33,34].  

A variety of structural parameters including domain sizes of the synthesized polyLLC can be 

estimated from the SAXS data (see Fig. 3 for schematic representation of the structural 

parameters). The lattice parameter (a) for hexagonal structure can be calculated as [35]: 

4

3




=a
q

               (4) 
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Fig. 2. (a-c) CPLM images of samples: (a) before reaction, (b) after reaction, and (c) after swelling with 

water. (d) 1D SAXS scattering profile for samples (the plots are vertically shifted for clarity). 

 

To simplify the calculations, we assume that the solvent ([BMIM][BF4] or water), PEO, PPO and 

HDDA are fully segregated and each domain is characterized by its bulk density [36]. It should be 

noted that in the case of water-swollen samples, the polymer and water are not completely 

segregated since the polymer network can hold large amounts of water. Another important point 

is partitioning the PEO and PPO blocks in the solvent and HDDA phases which makes the 

calculations not to be rigorously accurate [37]. The size of ionic liquid or water domain can be 

assumed as the pore size of polyLLC membrane. We are aware that this assumption may not be 

valid in all cases and that is why we have also estimated the pore size of membranes from MWCO 

measurements which is closer to the real application. We also assume that HDDA and PPO block 
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form the apolar domain with volume fraction f, whereas the solvent and PEO block form the polar 

domain that fills the rest of the volume (1−f). Therefore, the apolar domain size 𝛼 is calculated as 

[35,38]: 

3

2



= a f             (5) 

For deriving Eq. 5, it should be noted that a hexagonal lattice with a lattice parameter of a has 

three fully occupied cylinders with a radius of α. By dividing the volume of these cylinders by the 

volume of a single hexagon, we can obtain the volume fraction of the cylinders (apolar domain 

volume fraction, f) as: 

  
2

2

3

3
3

2


=

L
f

a L

                                                      (6) 

In this equation, the variable L represents the length of the lattice, which is equal to the length of 

the cylinders. By solving Eq. 6 for α, Eq. 5 is obtained.  

By employing a similar approach utilized to derive the apolar domain size (α), we can define the 

micelle size, MH as follows [37]: 

3
( )

2
 


= +H Pluronic HDDAM a          (7) 

In this equation, 𝜑𝑃𝑙𝑢𝑟𝑜𝑛𝑖𝑐 and 𝜑𝐻𝐷𝐷𝐴 are the volume fraction of the block copolymer and HDDA 

phase, respectively. In H1 structure after polymerization, the shortest distance between micelles is 

the exclusion size of solutes, which is equal to the intermicellar distance DH [37]: 

2= −H HD a M            (8) 
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Fig. 3. Schematic representation of structural parameters for H1 structure. 

 

Table 1 shows the calculated structural parameters. As can be seen, the estimated intermicellar 

distance (pore size) is about 2.6 nm for the LLC and polyLLC. However, this estimated value 

significantly increases to ~5.4 nm for the water-swollen sample at 25 °C. The more accurate pore 

size can be determined via the MWCO experiment, which will be discussed in section 3.2.2. In the 

upcoming sections, we will present the experimental results of the polyLLC membrane under 

testing conditions of 25 and 45 °C. To enhance the comparison of the calculated data obtained 

from SAXS, we have also included the data for water-swollen polyLLC at 45 °C in  Table 1. The 

corresponding SAXS data for this particular sample can be seen in Fig. 6. Section 3.2.2 will 

provide a detailed discussion on the calculated data.     
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Table 1. Calculated structural parameters for different species based on SAXS data. 

Sample 
q* 

(nm-1) 
𝜑𝑃𝑃𝑂

a 𝜑𝐻𝐷𝐷𝐴 𝜑𝑃𝑙𝑢𝑟𝑜𝑛𝑖𝑐 f 
a 

(nm) 
𝛼 

(nm) 

MH 

(nm) 
DH 

(nm) 

LLC 0.59 0.66 0.031 0.53 0.38 12.3 4.0 4.8 2.7 

PolyLLC 0.60 0.66 0.031 0.53 0.38 12.1 3.9 4.7 2.6 

Water-swollen 

polyLLC at 25 °C 
0.59 0.66 0.016 0.27 0.20b 12.4 2.9 3.5 5.4 

Water-swollen c 

polyLLC at 45 °C 
0.59 0.66 0.026 0.446 0.32b 12.4 3.7 4.4 3.4 

a 𝜑𝑃𝑃𝑂 is the volume fraction of PPO block in the Pluronic block copolymer.  
b Volume fraction of the apolar domain for water-swollen polyLLC was calculated based on 220% and 

120% swelling capacity of the polymer at 25 and 45 °C, respectively (see Fig. 5c).  
c SAXS data for water-swollen polyLLC at 45 °C is shown in Fig. 6.  

Thermoresponsiveness of the nanostructured polymer was evaluated with DSC, as shown in Fig. 

4. Control experiments were also carried out on pure P84DA and dried polyLLC to define 

responsible phenomena for thermal transition. The water-swollen polyLLC exhibits a thermal 

transition in 5–32 °C range, which is attributed to the lower critical solution temperature (LCST) 

of Pluronic [39,40]. Hydrophilicity of the PPO block significantly decreases at LCST, reducing 

water solubility of the block copolymer [41]. Pure P84DA also shows a thermal transition in 20–

47 °C range, which is due to the melting of crystalline regions made by PEO block [42]. In other 

words, since dried polyLLC has no thermal transition, we conclude that the formation of polyLLC 

suppresses the crystallization of PEO block and the observed thermal response of the water-

swollen polyLLC is due to the LCST of the surfactant.  
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Fig. 4. DSC results for pure P84DA, water-swollen polyLLC, and dried polyLLC. 

 

To further evaluate the thermoresponsive behavior, the swelling capacity was performed on 

polyLLC pieces having ca. 2 cm × 2 cm dimensions and a thickness of 500 µm (Fig. 5a–b). Fig. 

5c shows that the swelling capacity of the polymer declines from ~600% to ~120% when the 

temperature increases from 5 to 45 °C. This change in the swelling capacity is in agreement with 

the DSC results, confirming that the polymer experiences an LCST transition in this range of 

temperature. Fig. 5d reveals that this response is rapid and takes place within 5 min. Additionally, 

Fig. 5e confirms the reversibility of the thermal response throughout several heating-cooling 

cycles.  
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Fig. 5. (a-b) PolyLLC sample (a) before and (b) after swelling with water. (c-f) Results of different 

experiments: (c) swelling capacity changes with temperature; (d) kinetics of thermal response when the 

temperature changes from 25 to 45 °C; (e) reversibility of the thermoresponsiveness; and (f) viscoelastic 

behavior of polyLLC film under different conditions. 

 

We also performed rheo-mechanical experiments on the polyLLC at different states. The results 

in Fig. 5f show that the polyLLC containing ionic liquid exhibits the highest mechanical strength. 

The storage modulus, G', of water swollen polyLLC decreases with an increase in the swelling 

capacity of water-swollen samples as the temperature decreases from 45 to 10 °C. These results 
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reveal that the mechanical properties of the obtained polyLLC is mainly affected by the solvent 

nature and content. In our previous study, we have shown that the elasticity of LLCs is controlled 

by intermicellar interactions, which change by the solvent type and intermicellar distance [43]. 

The solvent content at 25°C increases from 48.6 wt% in the case of polyLLC containing ionic 

liquid (intermicellar distance of 2.6 nm) to ~70% (intermicellar distance of 5.4 nm) after exchange 

of ionic liquid with water. Therefore, the higher G' for polyLLC containing ionic liquid could be 

attributed to the higher contents of the solvent and/or stronger intermicellar interactions. When 

comparing water-swollen samples, G' decreases as the solvent content (and so the intermicellar 

distance) increases from ~52% to ~70% and ~85 wt% by decreasing temperature from 45 °C to 25 

°C and 10 °C, respectively. Similar changes in mechanical properties with variation of solvent 

content have been reported in the literature for solvent-swollen polyLLCs [44]. 

Fig. 6 shows the structural change of the water-swollen polymer with temperature, which was 

examined using CPLM and SAXS. The results suggest that the structure exhibits weak ordering at 

a temperature of 5 °C, as evidenced by the absence of texture in the CPLM image and the presence 

of weak peaks in the SAXS profile. As mentioned before, PPO becomes hydrophilic at 

temperatures below LCST of the Pluronic [15,41], which will increase the miscibility of PEO and 

PPO blocks with water, leading to a substantial increase in the swelling of micelles with water. 

This is supported by the observation of an approximately threefold increase in the swelling 

capacity when the polyLLC is cooled to 5 °C (see Fig. 5). Under these conditions, the segregation 

between the polymer chains and the water domain is disrupted. In other words, both PEO and PPO 

blocks will be swollen with no discernible structure. However, the structure can be restored by 

deswelling of the polymer through heating, due to the segregation of PEO and PPO blocks and 

LCST transition of PPO/water, and thanks to the presence of the chemically cross-linked polymer 
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network preventing complete disruption of the structure. As such, as the temperature is increased 

from 5 to 65 °C, the texture and strong H1 Bragg peaks appear in CPLM and SAXS profile, 

respectively. The change in the structure is reversible as the scattering profiles at 25 °C before and 

after carrying out the heating-cooling cycle are similar. When the temperature is increased from 

25 to 45 °C, the H1 structure remains intact with lattice parameter of 12.4 nm, whereas the swelling 

capacity decreases from ~230% to 120%. It should be noted that the intermicellar distance of 3.4 

nm can be calculated for the deswollen sample at 45 °C (see Table 1) which is in good agreement 

with 3.2 nm pore size obtained from MWCO measurement at 45 °C (see section 3.2.2). These 

results suggest that upon swelling-deswelling of the polymer network, the intermicellar distance 

changes due to change in the micelle size (MH) while the overall structure remains intact (Fig. 9 

schematically shows the mechanism and section 3.3 provides further discussion). 

 

Fig. 6. (a-f) CPLM images of water-swollen polyLLC at (a) 5, (b) 25, (c) 35, (d) 45, (e) 55, and (f) 65 °C. 

(g) 1D SAXS scattering profile of the water-swollen polyLLC upon heating and cooling experiment. The 

experiment starts by heating the sample from 5 to 65 °C and ends by cooling it to 25 °C. The plots are 

vertically shifted for clarity. 
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3.2. Characterization of membranes 

LLCs have gel-like behavior [28,43], which can make their casting as thin film challenging. As 

explained in section S2 of supplementary information, the obtained LLC exhibits H1 structure at 

room temperature, which undergo a reversible structural transition upon heating. We used this 

behavior to lower the viscosity of the Pluronic and ionic liquid mixture for coating on a polyester 

sheet with doctor blade. Then, the sample was let cool down to room temperature for about 20 

min, followed by UV curing for 40 s. Fig. 7a and b show a circular cut and a typical cross-sectional 

SEM image of the supported membrane, respectively. Image analysis revealed that the thickness 

of the membrane ranges 20–60 µm with an average of 40 µm. Therefore, all the membrane flux 

data was normalized by this average thickness to liters m−2 hour−1 µm unit. We also tested a non-

thermoresponsive, commercially available UF membrane as control to confirm that the observed 

thermoresponsive behavior is originated by the membrane (see section S3). The following sections 

discuss the results for polyLLC membrane performance. 

 

3.2.1. Water flux and permeability 

Water flux and permeability of the membranes were measured at 25 and 45 °C in several heating-

cooling cycles. As can be seen in Fig. 7c and d, both flux and permeability increase when polyLLC 

membrane is heated up to 45 °C. The membrane performance returns to its original state as the 

temperature is decreased to 25 °C. In comparison, the commercial UF membrane does not show 

any changes in its permeability upon heating (Fig. S5a). These results confirm that the pore size 

of the polyLLC membrane can be reversibly altered by changing temperature.  
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3.2.2. Rejection characteristics 

The MWCO experiment was first carried out at 25 °C and then at 45 °C with the same membrane. 

To evaluate the reversibility of the thermal response, the membrane was cooled back to 25 °C and 

MWCO measurement was repeated. Boltzmann sigmoidal equation was also used to fit MWCO 

data. The reason for employing this fitting equation is that MWCO results typically exhibit a 

sigmoidal trend [5].  
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where A1, A2, x0, and m are initial value, final value, center value, and slope at midpoint, 

respectively. The obtained results are shown in Fig. 7e. The MWCO is defined as the molecular 

weight that is 90% rejected by a membrane. The MWCO of the polyLLC membrane increases 

from 2200 to 3900 Da with an increase in temperature from 25 to 45 °C. The MWCO returns to 

2200 Da after cooling the membrane back to 25 °C.  

The membrane pore size can be estimated from MWCO by using the following equation [45]. This 

equation has been derived from the regression of molecular weight against the PEG hydrodynamic 

radius experimental data, as described by Hernández et al. [46]. 

0.39310.12254= Pore size MWCO          (10) 

From this equation, the pore size changes from 2.5 to 3.2 nm upon heating the membrane from 25 

to 45 °C. It should be noted that the estimated pore size at room temperature is in agreement with 

intermicellar distance from SAXS results for the as-synthesized polyLLC containing the ionic 

liquid. However, pore size from MWCO measurements is smaller than the intermicellar size from 

SAXS analysis of the water-swollen polyLLC at 25 °C. This discrepancy can be ascribed to the 

assumptions in our calculations based on SAXS data. In other words, the 5.4 nm pore size is 
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calculated from SAXS data by assuming that water and the polymer are completely segregated 

(water only exists within the pores). However, a large portion of water is actually trapped between 

the polymer chains, which is partially released upon increase in temperature from 25 to 45 °C due 

to change in interaction parameters of PEO and PPO blocks with water. Nevertheless, the 

prediction from complete segregation assumption improves at higher temperatures, as evidenced 

by the close correspondence between the calculated intermicellar distance of 3.4 nm from SAXS 

data for the deswollen sample at 45 °C (see Table 1) and the results obtained from MWCO analysis 

at the same temperature. This agreement suggests that at 45 °C, water primarily presents within 

the pores. Therefore, these results reveal that a considerable portion of water is trapped inside the 

polymer network (i.e., water and polymer are not segregated), which is released upon heating, 

resulting in the shrinkage of the polymer network and thus a larger pore size. The thermal response 

is perfectly reversible since the micelles are chemically cross-linked and do not disintegrate upon 

LCST transition.       
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Fig. 7. (a) Circular cut supported polyLLC membrane and (b) typical cross-sectional SEM image of the 

membrane. (c-d) Variation of (c) thickness-normalized flux and (d) permeability with cyclic change of 

temperature. (e) MWCO and (f) BSA protein and red dyes rejection at 25 °C, after increasing temperature 

to 45 °C, and after cooling down back to 25 °C. (g-h) Photos of feed and collected permeates at different 

temperatures (at 25 °C, after increasing temperature to 45 °C, and after cooling down back to 25 °C) for 

(g) DR23 and (h) DR80.   

Based on the MWCO analysis, it is observed that the pore size increases from 2.5 nm to 3.2 nm as 

the temperature is increased from 25 to 45 °C. Utilizing basic pore flow models such as the Hagen-
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Poiseuille equation [24], this alteration in pore size can result in 2.7 times increase in membrane 

flux (since the flow rate is proportional to the fourth power of the pore size). Notably, this value 

closely corresponds to the observed 2.3 times increase in flux of our membrane when subjected to 

heating (see Fig. 7). The minor difference observed between the experimental data and the 

predicted value can be attributed to the inherent complexities, such as non-tubular pore shape and 

possible change of pore tortuosity after expansion of the pores upon heating.    

It is worthy to mention that the commercial UF membrane having a similar pore size shows 

negligible changes in MWCO by increasing temperature (Fig. S5b). Furthermore, the 

hydrodynamic radius of PEG in the studied range of molecular weights (i.e., 1–10 KDa) exhibits 

negligible changes upon heating from 25 to 45 °C [47,48]. Accordingly, it can be concluded that 

the temperature-dependent MWCO of the polyLLC membrane is due to its thermoresponsiveness.  

The rejection experiment was also carried out for BSA, DR23, and DR80 at 25 and 45 °C to further 

study the thermoresponsiveness of the polyLLC membrane. As shown in Fig. 7f, the membrane 

can reject more than 90% of BSA protein. However, the rejection does not change at 45 °C. This 

observation is simply because of the fact that the average size of BSA molecules is ~7 nm [49], 

which is much larger than the membrane pore size at 45 °C. 

While the membrane rejects around 90% of DR23 and DR80 at room temperature, the rejection of 

DR23 and DR80 significantly declines to <35% and <55%, respectively. In comparison, the 

commercial UF membrane does not show any changes in its rejection towards these two dyes upon 

heating (Fig. S5c). As it has been described in the literature [50], these dyes have a molecular size 

of ~1 nm, but can form clusters larger than 1 nm in water. That is why both the polyLLC and 

commercial membranes can efficiently reject them at 25 °C. Additionally, unlike the commercial 

membrane, the thermoresponsive polyLLC membrane can enlarge its pore size at 45 °C, resulting 
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in passage of dye clusters and thus the lower rejection rates. Fig. 7g and h show that the change in 

dye rejection is reversible.       

We also studied the adsorption of PEG and dyes by water-swollen polyLLC to make sure that the 

rejection is not affected by the adsorption phenomenon. To do so, the polyLLC was added to the 

solutions of PEG (10 kDa molecular weight), BSA, DR23, and DR80 in such a way that the 

polyLLC content is 0.3 g/L (amount of polyLLC on the supported membrane in contact with the 

feed solution during filtration experiments). The concentration of PEG, BSA, and DR80 solutions 

was adjusted to 1, 1, and 0.5 mg/mL, respectively. After 48 h contact time at 25 and 45 °C, UV-

Vis spectroscopy was utilized to evaluate the change in concentration of solutes. As shown in Fig 

S6, none of the solutes show a considerable change in concertation, meaning that the adsorption 

has negligible effect on the rejection performance of the membrane.   

It is worth considering that we chose 45 °C temperature to test the thermal response of our 

membrane based on several observations. Firstly, the swelling capacity of the polyLLC changes 

negligibly after reaching 45 °C, as depicted in Fig. 5. Secondly, as shown in Fig. 6, there is a 

similar preliminary peak position in the SAXS data of the water-swollen sample at both 25 and 45 

°C. Additionally, our preliminary rejection experiments with PEG molecules of 2 and 3 kDa 

demonstrated slight differences in the rejection rates at temperatures below 40 °C when compared 

to the values obtained at 25 °C. In contrast, the differences depicted in Fig. 7 were significant at 

45 °C.     

Lastly, it is also important to address the kinetics of the membrane thermal response, which 

explains the observed changes in its transport properties. Our observations indicate that the 

membrane performance undergoes changes at a rate comparable to the alteration in the swelling 

capacity of the polyLLC (see Fig. 5d) when the system reaches the isothermal conditions at 45 °C.      
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3.2.3. Contact angle and fouling resistance 

Fouling is one of the important challenges involved in membrane separation as it can reduce the 

performance and thus life-time of the membrane. Fouling is more pronounced for UF membranes 

as they are used in pretreatment and filtration of large species (e.g., proteins, bacteria, and viruses) 

that cause severe fouling [1]. Increasing the surface hydrophilicity can be counted as the most 

important approach to limit membrane fouling [51]. Measurement of water contact angle is a 

simple way to examine the surface hydrophilicity of membranes [51]. Therefore, we performed 

this measurement on the water-swollen polyLLC membrane, and the obtained results are shown 

in Fig. 8a. The results present an average contact angle of 36° and 39° for the polyLLC swollen at 

25 and 45 °C, respectively. This test confirms that the polyLLC membrane has highly hydrophilic 

surface, which can significantly enhance its fouling resistance. 

To evaluate the fouling resistance, we passed the solution of three different species through the 

membrane maintained at 25 °C over the course of 60 h. The rejection rate was monitored in 

addition to the membrane flux to ensure that the reported rejection results are for steady-state 

conditions rather than transient state which might occur because of dead spots (fluid stagnation 

points) in the filtration cell, adsorption of the solute, membrane compaction, or probable leaching 

of materials from the system. The results presented in Fig. 8b reveal that a ≤6% membrane flux 

decline is seen after 60 h during filtration of different species. This super-fouling resistance 

behavior was expected as the polyLLC membrane has highly hydrophilic surface. It should also 

be noted that this performance is observed under dead-end filtration operation, which can induce 

severe fouling. Therefore, an even better performance (less than 6% flux decline) is expected under 

a cross-flow filtration condition. The results for the rejection of different solutes confirm that the 

membrane rejection performance remains almost unchanged throughout the 60 h filtration period.  
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It is worth noting that despite the increased hydrophobicity of the PPO block at 45 °C, the measured 

contact angle at this temperature only shows a negligible change compared to the value observed 

at 25 °C (39° versus 36°). Therefore, the alteration in the hydrophobicity of the PPO block does 

not significantly affect the surface hydrophilicity of the membrane, possibly due to the shielding 

of the PEO component. Moreover, our previous research has demonstrated that similar 

thermoresponsive membranes exhibit better performance against fouling at higher temperatures 

because  pores will expand and result in a higher surface porosity when the membrane is heated 

up [15]. Therefore, it is not unexpected that this membrane demonstrates a similar antifouling 

performance at 25 and 45 °C.  

 

 

 

Fig. 8. (a) Contact angle of the polyLLC membrane swelled with water at 25 and 45 °C. (b) Ratio of 

membrane flux at a given time (J) to preliminary flux with DI water (J0) (filled symbols) and rejection 

rate of different solutes (open symbols) for the polyLLC membrane.  

 

3.3. Mechanism of thermal response 

Based on the obtained experimental results, thermoresponsiveness mechanism of the polyLLC 

membrane can be defined as follow: a chemically cross-linked polymer network is swelled with 
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water, resulting in the formation of an average pores of 2.5 nm. It should be noted that due to the 

partial hydrophilicity of PPO block at room temperature, it is partially present in the polar domain 

(PEO, PPO, and water do not form fully segregated domains [52]). The PPO block in the polymer 

network undergoes a major dehydration upon heating to 45 °C due to the LCST of the Pluronic 

copolymer, resulting in the shrinkage of polymer chains. The consequent conformational change 

increases the intermicellar distance and result in a larger pore size (Fig. 9). This porosity alteration 

is perfectly reversible with rehydration of the PPO block when the system is cooled back to 25 °C. 

This hypothesis is in agreement with what we recently reported for the membranes synthesized via 

LLC templating using thermoresponsive F127 surfactant [15]. Fig. 9 represents the explained 

thermoresponsiveness mechanism schematically. 

 

Fig. 9. Schematic representation of thermoresponsiveness mechanism of the polyLLC membrane.  
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4. CONCLUSION 

In this paper, we reported the preparation of a mesophase-templated UF membrane with 

thermoresponsive and super-fouling resistant features. H1-strucutred LLC directed by 

thermoresponsive P84DA block copolymer was used to synthesize the membrane. By increasing 

the temperature from 25 to 45 °C, the thickness-normalized flux changes from 28 to 68 liters m−2 

hour−1 µm and MWCO changes from 2200 to 3900 Da, respectively. Additionally, highly 

hydrophilic surface (contact angle of 36–39°) makes these membranes antifouling as their 

permeability remains almost intact after 60 h of filtration of different charged and uncharged 

solutes. The remarkable characteristics of this membrane render it highly suitable for a diverse 

range of applications. For instance, the dynamic pore size of the membrane offers the ability to 

finely adjust the selectivity between two components, eliminating the necessity for structural 

alterations or complete membrane replacement. Potential applications lie in protein purification 

and removal of viruses and bacteria. For protein purification or biopharmaceutical processing, 

however, the testing temperatures might not be raised to adjust the MWCO for separation. 

Nevertheless, we have shown in our previous publication that the thermoresponsive behavior can 

be used for cleaning membranes after fouling. The developed membrane addresses the significant 

fouling challenges associated with such components, irrespective of being ionic or nonionic.  
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Section S1. ATR-FTIR and 1H NMR results for P84 and P84DA 

Fig. S1(a) shows the chemical reaction based on which the diacrylation process is performed and 

(b) shows the ATR-FTIR spectrum of pure P84 and P84DA. The peak at 1725 cm−1, which is not 

detected for pure P84, is a proof of diacrylation and shows the existence of C=O bond [1]. We can 

also see a peak at 1635 cm−1 which corresponds to C=C bonds that belong to acrylate groups. Other 

peaks present in both samples are attributed to other bonds like CH2 (rocking at around 910 cm−1, 

twisting at around 1281 cm−1 and scissor at around 1480 cm−1), CO (stretch at around 924, 1064 

and 1140 cm−1) [2]. 

 

 
 

Fig. S1. (a) Diacrylation reaction of P84DA with acryloyl chloride in the presence of triethylamine. (b) 

the ATR-FTIR spectrum of pure P84 and P84DA. 
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To further characterize the synthesized product, 1H NMR analysis was performed on P84DA in 

deuterated chloroform as a solvent. Fig. S2 shows the acquired result. Degree of diacrylation can 

be obtained by calculating the number of hydrogens corresponding to acrylate groups [3]. The 

theoretical number of those hydrogens assuming complete diacrylation should be 6. As can be seen 

in Fig. S2, the total number of hydrogens of acrylate groups normalized to the number of methyl 

hydrogens of PPO blocks (which should be 129 for P84) is 2.94. This number shows around 50% 

diacrylation with respect to complete diacrylation with 6 acrylic hydrogens. 

 
Fig. S2. 1H NMR spectrum of P84DA. 
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Section S2. Reversible order-disorder structural transition of LLC upon heating and 

membrane preparation process 

As shows in Fig. S3, the obtained mesophase, which own H1 structure (Bragg peaks with ratios of 

1:√3:2:√7), undergoes structural changes upon heating. The structural transition happens as the 

temperature increases from 25 to 45 °C. Further increment of the temperature to 65 °C results in 

the formation of L𝛼 structure having Bragg peaks with a ratio of 1:2. These structural changes are 

perfectly eversible upon cooling the heated mesophase.       

Fig. S4 shows how the viscosity of the mesophase changes due to this transition. As can be seen, 

the viscosity drops significantly as the mesophase is heated to 45 °C. By using such viscosity drop, 

we were able to use knife coating technique to coat the LLC on a polyester sheet to fabricate the 

supported polyLLC membrane (see Fig. 1).   
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Fig. S3. SAXS scattering profiles of the LLC (before polymerization) upon heating and cooling. The 

topmost data for 25 °C is the start point of the experiment (the plots are vertically shifted for clarity).  
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Fig. S4. Complex viscosity vs. temperature for the obtained mesophase.  
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Section S3. Commercial non-thermorespnsive UF membrane performance 

 

 

Fig. S5. Temperature dependence of (a) permeability, (b) MWCO, and (c) red dyes rejection of a 

commercial non-thermoresponsive UF membrane.  
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Section S4. Adsorption studies of different solutes by water-swollen PolyLLC 

 

 

Fig. S6. UV-Vis data for aqueous solutions of (a) PEG with 10 kDa molecular weight (containing the 

potassium iodide/iodine reagent), (b) BSA, (c) DR23, and (d) DR80 before and after contact with 

polyLLC for 48 hrs at two different temperatures.  
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