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Abstract 

Porous liquids (PLs), integrating porous hosts into flowing liquids through intermolecular 

interactions, attract significant attention, while their controlled synthesis remains challenging. 

Here we report a controllable in-situ transformation strategy to fabricate distinct types of PLs from 

the same supramolecular framework (SMF). Two isomorphic polyethylene-glycol-based ionic 

liquids, IL-Br and IL-NTf2, differing only in anions, exhibit contrasting electrostatic interactions 

with the SMF. Strong attraction between IL-Br and the SMF disrupts the ionic bonds within the 

framework, yielding a type II PL, PL2(SMF–Br), while electrostatic repulsion in IL-NTf2 

preserves the framework, producing a type III PL, PL3(SMF–NTf2). These tailored host–solvent 

interactions endow PL2(SMF–Br) with over twice the CO2 uptake and photoresponsivity of its 

counterpart, as well as record-high CO2 capacity among reported type II PLs. In this work, we 

establish a general strategy for tunable PL construction through electrostatically guided host–

solvent design.  
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Introduction 

Porous liquids (PLs), which ingeniously combine fluidity and porosity, have inspired researchers 

to develop diverse design strategies for their fabrication.1-4 These materials consist of two primary 

components: porous hosts that provide porosity and sterically hindered solvents that ensure 

fluidity.5-9 According to the interactions between these components, PLs are classified into three 

types.10,11 Type I PLs are single-component fluids where the solvents are chemically bonded to the 

porous hosts.12-16 Type II PLs are homogeneous solutions formed by dissolving porous hosts in 

sterically hindered solvents.17,18 Type III PLs consist of porous materials uniformly dispersed in 

such solvents.19-26 Due to the complexity of forming stable chemical bonds in type I PLs, more 

attention has been paid to type II and type III PLs. 

The design and synthesis of type II and type III PLs require careful selection of different 

porous hosts based on their interaction with sterically hindered solvents.27-29 For type II PLs, the 

porous hosts must dissolve in the solvents, which favors smaller, discrete structures such as porous 

organic cages (POCs)30-32 and metal-organic cages (MOCs).33-36 In contrast, type III PLs rely on 

the uniform dispersion of porous materials within the solvents, typically using three-dimensional 

frameworks such as metal-organic frameworks (MOFs),37-41 covalent organic frameworks 

(COFs),42 zeolites,43,44 and porous carbon materials.45,46 Hence, the synthesis of type II and type 

III PL primarily relies on porous hosts with significant structural differences. This approach 

complicates the elucidation of the underlying synthetic mechanisms and hinders direct 

comparisons of the properties of PLs with different types. Albeit interesting and highly expected, 

the controlled fabrication of different types of PLs using the same porous host has never been 

reported. 

In this work, we present an in-situ transformation strategy to achieve controllable synthesis 

of different types of PLs from the same porous host, supramolecular framework (SMF) (Fig. 1). 

SMFs constructed from the hierarchical self-assembly of MOCs via ionic bonds represent an 

emerging frontier in materials research. Given the relatively low energy of ionic bonds, it becomes 

possible to regulate the properties of sterically hindered solvents, thereby preserving or disrupting 
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these ionic bonds to achieve controllable preparation of type III or type II PLs. Based on the 

characteristic of SMFs, two isomorphic polyethylene glycol-based ionic liquids with Br⁻ and 

trifluoromethanesulfonyl (NTf2
−
) as counteranions are designed and synthesized as sterically 

hindered solvents, denoted as IL-Br and IL-NTf2, respectively. In the solvent IL-NTf2, the primary 

structure of SMF is preserved and the porous host can be dispersed, enabling the successful 

synthesis of type III PL denoted as PL3(SMF-NTf2). Interestingly, ionic bonds within the SMF are 

disrupted in IL-Br, leading to the in situ transformation of SMFs into discrete MOCs that dissolve 

completely, yielding type II PL denoted as PL2(SMF-Br) with a high solubility (150 g L-1) among 

type II PLs. Further studies reveal that the SMF surface carries positive charge, while IL-Br is 

negatively charged, facilitating dissolution; meanwhile, IL-NTf2 is positively charged, allowing 

the SMF to remain uniformly dispersed. It is noteworthy that PL2(SMF-Br) exhibits CO2 

adsorption capacity of 21.6 cm3 g-1 at 0 °C and 1 bar, which is more than twice of its type III 

counterpart PL3(SMF-NTf2) (10.1 cm3 g-1) and is the highest among all reported type II PLs. Due 

to the presence of photoresponsive motifs, PL2(SMF-Br) shows 43.0% of CO2 uptake change 

under light irradiation, which is obviously larger than that of PL3(SMF-NTf2) (21.7%). We also 

demonstrate that the present in-situ transformation strategy can be extended to synthesize other 

PLs with different types from the same porous hosts. 

Results 

Controllable synthesis of different types of PLs from the same porous host. The SMF was 

synthesized through self-assembly of zirconium dichlorocene (Cp2ZrCl2) with carboxylic acid 

ligands, 2-(2-phenyldiazenyl)-1,4-benzenedicarboxylic acid (H2BDC-Azo), via MOC as 

intermediate (Fig. 1a and Supplementary Fig. 1). A comprehensive array of characterization 

techniques, including electrospray ionization mass spectrometry (ESI-MS), powder X-ray 

diffraction (PXRD), and scanning electron microscopy (SEM), were employed to validate the 

successful synthesis of SMF (Supplementary Figs. 2-4). The resulting SMF features a three-

dimensional structure composed of orthotetrahedral MOCs interconnected by Cl
−
. Each MOC 

within SMF is distinguished by four equilateral triangular windows, with side lengths of 11.2 Å, 
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and an internal cavity measuring 8.5 Å in diameter. The interaction inside SMF inspired us to 

design sterically hindered solvents, aiming to preserve or disrupt the ionic bonds to achieve 

controlled preparation of type III or type II PLs. 

A bimidazolium ionic liquid, IL-Br, based on the low-viscosity polymer polyethylene glycol 

is designed and synthesized with a size of 3.75 × 1.86 × 1.12 nm3 (Supplementary Fig. 5). Ion 

exchange is then employed to replace the counteranion Br− with NTf2−, yielding IL-NTf2 with a 

size of 3.75 × 1.86 × 1.41 nm3 (Fig. 1b and Supplementary Figs. 6-7). These ionic liquids exceed 

the window size of the cage, making them sterically hindered solvents for the synthesis of PLs. 

Although ionic liquids are overall electrically neutral, their intrinsic ionicity leads to charge 

localization, thereby promoting electrostatic interactions between the ionic liquid and the porous 

host.47,48 Interestingly, SMF dissolved effectively in IL-Br, forming a red transparent solution, 

which is categorized as a type II PL. In contrast, mixing SMF with IL-NTf2 results in an opaque 

yellow suspension, characteristic of a type III PL (Fig. 1b and Supplementary Fig. 8). The 

structural integrity of SMF within PLs is assessed using PXRD. A distinct diffraction peak 

characteristic of SMF is observed in the PL3(SMF-NTf2), confirming that SMF remains 

structurally intact in this PL. Macroscopically, PL2(SMF-Br) appears optically transparent, 

indicating that the crystalline SMF framework has disassembled. This is further confirmed by the 

amorphous pattern observed in the PXRD (Fig. 2a). Meanwhile, characteristic peaks 

corresponding to the MOC species are still detected in the ESI-MS spectra, confirming that the 

discrete MOC units remain intact, thereby suggesting the successful transformation of SMF into 

soluble MOCs (Supplementary Figs. 9-11). 

The mechanisms underlying the interactions between SMF and sterically hindered solvents 

are investigated. Zeta potential is a key indicator of surface charge, providing insight into the 

interactions between different components.49,50 Analysis shows that IL-Br has a zeta potential of -

5.6 mV, while IL-NTf2 exhibits a potential of +1.6 mV, indicating opposite surface charges. 

Meanwhile, SMF exhibits a potential of +8.7 mV (Fig. 2b). The electrostatic attraction between 

negatively charged IL-Br and positively charged SMF promotes the in-situ transformation of SMF 
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to MOCs and subsequent dissolution, leading to the formation of type II PL. In addition, the 

isolated MOC exhibits a much higher zeta potential of +44.3 mV, attributed to its more exposed 

active sites. This stronger electrostatic interaction with IL-Br further drives the transformation 

process (Supplementary Fig. 12). Notably, the solubility reaches 150 g L-1 in IL-Br, which is higher 

than most reported MOC-based type II PLs (2–62 g L-1; Fig. 2c and Supplementary Table 1). In 

contrast, the similar positive surface charges of SMF and IL-NTf2 create repulsive interactions, 

leading to the formation of a stable dispersed type III PL. 1H NMR spectroscopy provides further 

insights into the interactions between components. The characteristic peaks of the sterically 

hindered solvents in PL2(SMF-Br) and PL3(SMF-NTf2) remain prominent due to their high 

proportion. After introducing SMF, the peaks of the ionic liquids shift to varying extents, with the 

most significant shifts observed in the imidazole region (Supplementary Figs. 13-14). This 

suggests that the porous host interacts most strongly with the imidazole moiety of the ionic liquids. 

Notably, the imidazole peak in PL2(SMF-Br) shifts by 0.15 ppm, compared to a 0.08 ppm shift in 

PL3(SMF-NTf2), indicating a stronger interaction between IL-Br and the porous host than with 

IL-NTf2 (Fig. 2d). Interestingly, the shift in PL2(SMF-Br) is upfield, suggesting that SMF donates 

electrons to the imidazole moiety of IL-Br, increasing its electron cloud density. In contrast, the 

downfield shift in PL3(SMF-NTf2) indicates that SMF exerts an electron-withdrawing effect on 

the imidazole group of IL-NTf2, reducing its electron cloud density. 

Simulations results further clarify the difference in interaction strength by quantifying the 

interaction energies (ΔE). The calculated ΔE between MOC and Cl⁻ is -52.9 kcal mol-1 (Fig. 2e 

and Supplementary Table 2), significantly weaker than the -90.7 kcal mol-1 observed between IL-

Br and MOC (Fig. 2f). This stronger affinity facilitates the disruption of intermolecular forces 

within SMF, promoting the formation of a type II PL. In contrast, the interaction energy between 

IL-NTf2 and MOC is only -40.1 kcal mol-1, substantially weaker than the ΔE between MOC and 

Cl− (Fig. 2g). This weaker interaction energy suggests that IL-NTf2 lacks the ability to effectively 

disrupt the SMF structure, leading to the formation of a type III PL. 
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Characterization of the obtained type II and III PLs. The presence of permanent cavities is a 

critical factor in the successful synthesis of PLs. To verify the existence of such intrinsic porosity, 

positron annihilation lifetime spectroscopy (PALS) measurements were performed to determine 

the τ3 lifetime. The results reveal that, compared with pure IL-Br, τ3 increases from 2.185 ns in 

IL-Br to 2.489 ns in PL2(SMF-Br). Similarly, τ3 rises from 2.995 ns in IL-NTf2 to 3.105 ns in 

PL3(SMF-NTf2). These increases in τ3 provide direct evidence that the incorporation of SMF 

introduces permanent cavities into the liquid phase (Supplementary Fig. 15). Meanwhile, 

molecular dynamics (MD) simulations were performed to examine the spatial relationship between 

IL and MOC. Due to the conformational flexibility of azobenzene units, MOCs exist in both trans-

MOC and cis-MOC forms under different conditions.51,52 Simulations reveal that IL-Br remains 

restricted to the exterior of trans-MOC without penetrating its cavity (Supplementary Movie 1). 

This is further supported by radial distribution function (RDF) analysis between the center of trans-

MOC and IL-Br (two imidazolium rings and the center of chain), which shows that IL-Br is 

confined to a range of r = 9.9–14.9 Å, well beyond the cage radius of 4.3 Å (Fig. 3a). This restricted 

motion confirms that IL-Br does not enter the inner cavities, verifying the successful synthesis of 

type II PL. To assess whether this structural transformation impacts the porosity, similar 

simulations were performed for cis-MOC. The results indicate that IL-Br remains excluded from 

the cavity (Supplementary Fig. 16 and Supplementary Movie 2), further confirming the permanent 

porous structure. To simplify the simulation of SMF and IL-NTf2, the same computational 

approach was applied as for MOC and IL-NTf2, given that the porosity of SMF primarily originates 

from the MOC. The objective was to determine whether IL-NTf2 could enter the cavities of MOC. 

The results confirm that IL-NTf2 also remains outside the trans-MOC cavity (Fig. 3b). RDF 

analysis between the center of trans-MOC and IL-NTf2 (two imidazolium rings and the center of 

chain) shows that IL-NTf2 is constrained to a range of r = 10.3–14.3 Å, reinforcing its exclusion 

from the cavity and confirming the successful synthesis of type III PL (Supplementary Movie 3). 

Even after azobenzene isomerization, the cis-MOC cavity remains intact, ensuring that the porous 

structure is maintained (Supplementary Fig. 17 and Movie 4).  
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The physicochemical properties of PLs were thoroughly characterized. Thermal stability 

analysis indicates that PLs exhibit similar stability to their sterically hindered solvent counterparts, 

indicating the introduction of porous host does not compromise the thermal stability (Fig. 3c). 

Viscosity, a measure of internal molecular friction, provides insight into intermolecular 

interactions.53 PL2(SMF-Br) exhibits a viscosity of 93.8 Pa·s at 0 °C, which is 2.4 times higher 

than that of pure IL-Br (39.6 Pa·s). In contrast, PL3(SMF-NTf2) has a viscosity of 4.7 Pa·s, 

comparable to that of IL-NTf2 (4.5 Pa·s). This lower viscosity is attributed to intermolecular 

repulsive forces, which contribute to a lubricating effect within the system50 (Fig. 3d). The 

significantly higher viscosity of PL2(SMF-Br) suggests stronger attractive forces and greater 

intramolecular friction compared to PL3(SMF-NTf2). Despite this, both PLs retain good 

flowability at 0 °C due to the inherently low viscosity of polyethylene glycol-based ionic liquids.54 

Oscillatory rheology experiments confirm their liquid-like behavior, with the loss modulus (G′′) 

exceeding the storage modulus (G′). Notably, PL2(SMF-Br) exhibits a higher G′′ than PL3(SMF-

NTf2), indicating a more stable system consistent with its higher viscosity (Fig. 3e). 

Given that SMF is constructed from azobenzene ligands, the synthesized PLs may inherit 

photoresponsive properties. Upon exposure of PL2(SMF-Br) to UV light (365 nm), the absorbance 

at 322 nm rapidly decreases, while the absorbance at 412 nm increases (Supplementary Fig. 18). 

This behavior results from azobenzene isomerization from trans to cis, altering electronic 

transitions from π-π* to n-π*. The isomerization occurs rapidly, with significant absorbance 

changes within 5 min, corresponding to a photoisomerization proportion of 29.8% (Fig. 3f). 

Similarly, PL3(SMF-NTf2) exhibits a decrease in absorbance at 322 nm and an increase at 412 nm 

under identical UV light, indicating a similar isomerization process. However, its 

photoisomerization proportion is significantly lower (8.9%) in comparison with that of PL2(SMF-

Br) (Supplementary Fig. 19). Normalized absorbance values (Fig. 3f) suggest that differences in 

states influence photoresponsiveness. In PL2(SMF-Br), where individual cages are dispersed, 

isomerization is more efficient due to minimal steric resistance. In contrast, in PL3(SMF-NTf2), 

where SMF forms an extended framework, backbone rigidity and reduced UV transmittance hinder 
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isomerization, resulting in a lower proportion. Switching to visible light (Vis, 420 nm) reverses 

the photoisomerization of PL2(SMF-Br), with absorbance at 322 nm returning to its initial state 

within 1 min (Supplementary Fig. 20), demonstrating rapid and reversible switching (Fig. 3f). 

Similarly, PL3(SMF-NTf2) also exhibits reversible isomerization under Vis light (Supplementary 

Fig. 21). Continuous UV-Vis light cycles confirm that both PLs maintain stable absorbance 

changes, demonstrating fully reversible trans/cis isomerization (Supplementary Figs. 22–23). This 

reversibility highlights the potential of these materials for applications requiring responsive 

molecular switching. 

Gas adsorption behavior of the obtained type II and III PLs. Rising atmospheric CO2 levels 

drive climate change, disrupting ecosystems and human activities.55-57 Much attention has been 

paid to adsorptive carbon capture, and the CO2 adsorption behavior of the obtained PLs were 

evaluated. As the concentration of porous host increased, the CO2 adsorption capacity first 

increased and then decreased on type II PLs. The optimum PL2(SMF-Br) sample with the 

concentration of 7% presents the CO2 uptake of 21.6 cm3 g-1 at 1 bar and 0 °C. However, when the 

concentration above 7%, adsorption capacity declined (Supplementary Figs. 24–28). This decline 

is attributed to molecular-level aggregation of MOCs at higher concentrations,58 which blocks 

adsorption sites.35 Notably, PL2(SMF-Br) exhibits the highest CO2 adsorption capacity among all 

reported type II PLs (0.16–13.5 cm3 g-1) under comparable conditions (Supplementary Table 3 and 

Fig. 4c), also significantly outperforming pure IL-Br (2.6 cm3 g-1) (Supplementary Fig. 29). 

Similarly, PL3(SMF-NTf2) achieves a CO2 adsorption capacity of 10.1 cm3 g-1, higher than IL-

NTf2 (3.6 cm3 g-1) (Fig. 4a and Supplementary Figs. 30-31), suggesting that PL3(SMF-NTf2) 

introduces additional cavities, enhancing permanent porosity. 

Photoresponsive PLs offer a promising solution by adjusting gas adsorption properties in 

response to light, reducing energy consumption during desorption.59,60 An interesting property of 

these PLs is their ability to reversibly modulate CO2 adsorption by light irradiation. Under Vis 

light irradiation, PL2(SMF-Br) gives the CO2 uptake of 21.6 cm3 g-1 at 1 bar and 0 °C. Exposing 

the photoresponsive PLs to UV light reduces CO2 adsorption. The CO2 uptake over PL2(SMF-Br) 
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decreases to 15.1 cm3 g-1 after UV irradiation, corresponding to 43.0% of change compared to its 

uptake under Vis light (Fig. 4b). Meanwhile, the CO2 uptake over PL3(SMF-NTf2) shows 21.7% 

of change under UV irradiation compared to that under Vis irradiation. This significantly lower 

variation confirms that PL2(SMF-Br) exhibits superior photoresponsivity (Fig. 4b and 

Supplementary Fig. 31). Cycling performance tests demonstrate that PL2(SMF-Br) maintains 

stable CO2 adsorption under both Vis and UV light, highlighting its high cycling stability 

(Supplementary Fig. 32).  

In practical applications, CO2 is typically found alongside other gases, such as nitrogen (N2) 

in flue gas or methane (CH4) in natural gas reservoirs.57,61 Effective gas separation requires 

adsorbents possessing CO2 selectivity. To assess this, the adsorption of N2 and CH4 by PL2(SMF-

Br) was evaluated. The results show that under Vis light, PL2(SMF-Br) adsorbs only 0.6 cm3 g-1 

of N2 and 1.2 cm3 g-1 of CH4 at 1 bar and 0 °C, which is apparently lower than the CO2 uptake 

(21.6 cm3 g-1). When exposed to UV light, only slight change in the uptake of N2 and CH4 is 

observed (Supplementary Figs. 33-36). This indicates that PL2(SMF-Br) exhibits good adsorption 

selectivity for CO2 over N2 and CH4. By adjusting light conditions, the adsorption capacity for 

specific gases can be effectively optimized, making PL2(SMF-Br) promising for gas separation 

and purification applications. 

The exceptional CO2 adsorption performance and tunability promotes us to explore the 

mechanism. Based on the adsorption capacity of porous host (Supplementary Fig. 37), solvent, 

and the proportion, the theoretical adsorption capacity of PL2(SMF-Br) is calculated to be 4.2 cm3 

g-1. However, the experimentally measured value reaches 21.6 cm3 g-1, resulting in an excess 

adsorption capacity of 17.4 cm3 g-1. Similarly, for PL3(SMF-NTf2), the theoretical and measured 

adsorption capacities are 5.7 cm3 g-1 and 10.1 cm3 g-1, respectively, with an excess capacity of 4.4 

cm3 g-1. This discrepancy suggests that, in addition to the internal cavities of the porous host, 

additional external cavities are formed through the packing between the porous host and the 

sterically hindered solvent in the PLs, leading to the observed excess adsorption capacity. Notably, 

the SMF exhibits an aggregated distribution in IL-NTf2 but the in-situ formed MOCs remains 
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nearly monodisperse in IL-Br. This results in a higher number of external cavities in PL2(SMF-

Br) than in PL3(SMF-NTf2), explaining the greater increase in actual adsorption capacity relative 

to the theoretical value for PL2(SMF-Br). MD simulations further validate this hypothesis. The 

results show that the distance from the trans-MOC center to IL-Br is 9.9 Å, significantly exceeding 

the trans-MOC radius of 4.3 Å. The difference of 5.6 Å represents the packing distance of the 

external cavities. Similarly, external cavities size of 6.0 Å is observed in the trans-MOC and IL-

NTf2 system. However, since trans-MOC exists in an aggregated state in PL3(SMF-NTf2), its 

contact area with the sterically hindered solvent is significantly reduced compared to PL2(SMF-

Br), leading to a lower number of external cavities in PL3(SMF-NTf2). Upon UV irradiation, 

azobenzene undergoes trans-to-cis isomerization, leading to a decrease in the MOC–IL-Br distance 

from 9.9 Å to 6.3 Å. Visual analysis confirms that the trans conformation exhibits a more 

pronounced external cavity structure (Figs. 4d and 4e). In the PL3(SMF-NTf2) system, external 

cavity regulation is reflected in the reduction of the MOC–IL-NTf2 distance from 10.3 Å to 9.3 Å. 

These findings provide direct evidence of the crucial role of azobenzene isomerization in 

modulating external cavities within PLs system. To quantitatively assess the respective 

contributions of internal and external cavities in PL2(SMF-Br), CO2 was used as the probe 

molecule in the calculations. The pure IL-Br exhibits a free volume of 143.7 Å3, and that of an 

isolated MOC cage is 148.2 Å3. Integration of trans-MOC with IL-Br to form the porous liquid 

markedly increases the CO2-accessible free volume to 872.4 Å3, a value substantially higher than 

the simple sum of the individual contributions. This additional free volume is primarily attributed 

to the formation of external cavities (Supplementary Fig. 38). 

Durability of PL and generality of in-situ transformation strategy. Durability is an important 

issue for practical applications. To evaluate the durability of PL2(SMF-Br), characterizations were 

conducted on the samples stored for one year. The 1H NMR spectrum of the old PL2(SMF-Br) 

shows no additional peaks compared with the fresh sample, and the characteristic MOC peaks in 

the ESI-MS spectra remained, indicating that the microstructure of the PL2(SMF-Br) remains 

stable over time (Supplementary Figs. 39-40). Additionally, CO2 adsorption experiments were 
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performed to assess the impact of prolonged storage on gas adsorption behavior. The CO2 

adsorption isotherms reveal that the sample maintain a stable CO2 adsorption capacity over time 

under Vis light, indicating the retention of their porous structure. Under UV light, a significant 

decrease in gas adsorption is observed in the old sample, demonstrating that its modulating effect 

on gas uptake remains intact (Supplementary Fig. 41). These results provide strong evidence of 

the excellent long-term stability of PL2(SMF-Br), reinforcing its potential for practical 

applications. 

To examine the generality of in-situ transformation strategy for synthesizing different types 

of PLs through the same porous host, various SMFs (i.e. SMF-262 and SMF-363) were employed 

as porous hosts. ESI-MS and PXRD characterizations confirm their successful synthesis 

(Supplementary Figs. 42-45), followed by an investigation of their solubility behavior. SMF-2 

dissolves in IL-Br, forming PL2(SMF-2-Br). Notably, SMF-2 is insoluble in IL-NTf2, instead 

forming a stable suspension, successfully establishing PL3(SMF-2-NTf2). Similarly, the more 

compact SMF-3 also dissolves in IL-Br, forming PL2(SMF-3-Br), while remaining insoluble in 

IL-NTf2, leading to the formation of a stably dispersed type III PL, PL3(SMF-3-NTf2) 

(Supplementary Fig. 46). 1H NMR characterization was conducted on these four PLs. In 

PL2(SMF-2-Br) and PL2(SMF-3-Br), the peaks corresponding to the imidazolium component of 

the ionic liquid shifted upfield to varying degrees (Supplementary Figs. 47-48). In contrast, in 

PL3(SMF-2-NTf2) and PL3(SMF-3-NTf2), the imidazolium peaks shifted downfield 

(Supplementary Figs. 49-50). This trend is consistent with the behavior observed in SMF-1-based 

systems, further confirming the generality of the in-situ transformation strategy for controllable 

synthesizing type II and III PLs using the same porous host. 

Discussion 

In summary, we report an in-situ transformation strategy to achieve controllable synthesis of type 

II and type III PLs from the same SMF. The SMF is constructed via the hierarchical self-assembly 

of MOCs through low-energy ionic bonds, enabling controllable regulation of SMF structural 

integrity by tuning the electrostatic properties of sterically hindered solvents. This modulation is 
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achieved through ion exchange, replacing Br⁻ in polyethylene glycol-based ionic liquids with 

NTf2⁻, generating two distinct sterically hindered solvents, IL-Br and IL-NTf2. Due to the 

electrostatic repulsion between SMF and IL-NTf2, the primary structure of SMF is preserved and 

the porous host can be dispersed, enabling the successful synthesis of type III PL3(SMF-NTf2). In 

contrast, the attractive interactions between IL-Br and SMF disrupt the ionic bonds, facilitates the 

in-situ transformation of SMF into MOCs, forming type II PL2(SMF-Br) with an high solubility 

of 150 g L-1—compared with previously reported MOC-based type II PLs (2–62 g L-1). The 

PL2(SMF-Br) achieves a CO2 adsorption capacity of 21.6 cm3 g-1 at 0 °C and 1 bar, which is the 

highest value reported among type II PLs (0.16–13.5 cm3 g-1). Meanwhile, the CO2 uptake of its 

type III counterpart, PL3(SMF-NTf2), is only 10.1 cm3 g-1, which is less than half that of 

PL2(SMF-Br). Moreover, PL2(SMF-Br) inherits the photoresponsive functionality of SMF, 

exhibiting more than twice higher photoresponsivity than its type III counterpart. The generality 

of this in-situ transformation strategy is validated through its successful application to different 

SMFs. These findings might pave the way for the controllable synthesis of PL systems for various 

applications. 

Methods 

Synthesis of SMF. The material was synthesized as follows.64 Cp2ZrCl2 (40.0 mg, 0.137 mmol) 

and H2BDC-Azo (15.0 mg, 0.055 mmol) were sonicated in a mixture of N,N-dimethylacetamide 

(DMA, 0.5 mL) and tetrahydrofuran (THF, 0.2 mL). Deionized water (0.4 mL) was then added, 

and the solution was left undisturbed at room temperature for 3 days, yielding orange cubic crystals. 

The crystals were washed three times with DMA (3 × 3 mL) to remove any residual ligands and 

metal salts (23.9 mg, yield 65%). The successful formation of SMF was verified using ESI-MS, 

PXRD, and SEM analyses, Supplementary Figs. 2–4. 

Synthesis of IL-Br and IL-NTf2. To synthesize IL-Br, polyethylene glycol-400 (PEG-400, 15.0 

g, 37.5 mmol) was dissolved in THF (35 mL), followed by the addition of sodium hydroxide 
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(NaOH, 3.5 g, 87.5 mmol) in water (35 mL). After cooling in an ice-water bath, 4-toluene 

sulfochloride (TsCl, 16.0 g, 84.0 mmol) was slowly added, and the mixture was stirred at room 

temperature for 12 h. Subsequently, NaOH (3.0 g, 75.0 mmol) and imidazole (10.0 g, 147.0 mmol) 

were introduced, and the reaction was refluxed at 80 °C for 12 h until the solution became clear. 

The product was extracted with dichloromethane, and after solvent removal, a light-yellow PEG-

functionalized bis(imidazole) compound was obtained (8.2 g, 15.3 mmol, 40.8% yield based on 

PEG-400). Next, butyl bromide (11.0 g, 80.3 mmol) and PEG-linked bis(imidazole) (8.2 g, 15.3 

mmol) were refluxed in toluene (20 mL) at 80 °C for 24 h under N2 atmosphere. The resulting 

product was dissolved in methanol, and residual toluene was removed by evaporation, yielding an 

orange viscous IL-Br (9.0 g, 11.1 mol, 72.6%). IL-Br (9.0 g, 11.1 mmol) and 

bistrifluoromethanesulfonimidate (LiNTf2, 16.5 g, 57.5 mmol) were dissolved in a 4:1 (v/v) 

methanol/water solution and stirred at room temperature for 6 h. The product was extracted three 

times with dichloromethane (DCM, 3 × 20 mL), and the solvent was removed via vacuum 

evaporation, yielding IL-NTf2 (11.4 g, 9.4 mmol, 85%). 13C-NMR spectroscopy was applied to 

verify the successful formation of IL-Br and IL-NTf2, Supplementary Figs. 5-6. 

Synthesis of PL2(SMF-Br) and PL3(SMF-NTf2). About 70 mg of SMF was dispersed in 5 mL 

of DCM, followed by adding 1 mL of IL-Br. The mixture was sonicated for 20 min and then dried 

at 60 °C for 2 h to remove DCM, yielding PL2(SMF-Br). For different concentrations, only the 

amount of SMF was adjusted, while all other steps remained the same. Unless otherwise specified, 

the default porous host concentration is 70 g L-1. For the synthesis of PL3(SMF-NTf2), the 

procedure followed the same steps as for PL2(SMF-Br), except that IL-Br was replaced with IL-

NTf2. ESI-MS, PXRD, and digital photographs were applied to verify the successful formation of 

PL2(SMF-Br) and PL3(SMF-NTf2), Supplementary Figs. 8-9, 11 and Fig 2a. 

Gas adsorption measurements. CO2, CH4, and N2 adsorption experiments were conducted using 

an ASAP 2020 analyzer with 99.999% pure gases. Adsorption isotherms at 0 °C were measured 

using a thermostatic bath. A xenon lamp (CEL-HXUV300) equipped with 365 nm and 420 nm 
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filters was used as the UV/Vis light source. Prior to measurements, the PLs were evacuated at 

80 °C for 6 h, cooled to room temperature, and then irradiated using the xenon lamp for 30 min. 

The Handheld Solar Power Meter TM-206 was used to measure the intensity of UV and Vis light. 

The results indicate that the intensity at 365 nm is 0.82 mW cm-2, and at 420 nm it is 4.4 mW cm-

2. 

Data availability 

The data generated in this study are provided in the Supplementary Information/Source Data file. 

All other relevant data supporting the findings of this study are available from the corresponding 

author on request. 
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Fig. 1 | Schematic diagram for the controllable synthesis of different types of PLs based on 

the same SMF. a) Self-assembly of metal salts and ligands to MOCs, followed by hierarchical 

self-assembly of MOCs to SMF, which is used as the porous host. b) Synthesis of type II PL, 

PL2(SMF-Br), through the dissolution of in-situ transformation SMF to MOCs in sterically 

hindered solvent IL-Br and synthesis of type III PL, PL3(SMF-NTf2), through the dispersion of 

SMF in sterically hindered solvent IL-NTf2 as well as their corresponding photographs.  
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Fig. 2 | Interaction between porous host and solvent. a) PXRD patterns for SMF, PL3(SMF-

NTf2), and PL2(SMF-Br). b) Zeta potential measurements for SMF, IL-NTf2 and IL-Br. c) 

Solubility comparison of MOC-based type II PLs. d) Comparison of 1H NMR spectra for IL-Br, 

PL2(SMF-Br), IL-NTf2, and PL3(SMF-NTf2), recorded in DMSO-d6 at 400 MHz and 25 °C. 

Interaction energies between e) MOC and Cl⁻, f) IL-NTf2 and MOC, as well as g) IL-Br and MOC. 

The MOC is represented in a line model.  
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Fig. 3 | Characterization of type II and type III PLs. The final positional relationship between 

a) trans-MOC and IL-Br, b) trans-MOC and IL-NTf2 alongside the analysis of the radial 

distribution (g(r)), where R represents the radius of cage. c) DTG data of IL-Br, PL2(SMF-Br), IL-

NTf2, and PL3(SMF-NTf2). d) Temperature-dependent viscosity values for IL-Br, PL2(SMF-Br), 

IL-NTf2, and PL3(SMF-NTf2). e) Oscillation-dependent modulus plots of PL2(SMF-Br) and 

PL3(SMF-NTf2) (G′′ for loss modulus, G′ for storage modulus). f) Normalized absorbance changes 

of PL2(SMF-Br) and PL3(SMF-NTf2) under UV and Vis light.  
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Fig. 4 | CO2 adsorption behavior and mechanism exploration. a) Adsorption isotherms for CO2 

on IL-Br, PL2(SMF-Br), IL-NTf2, and PL3(SMF-NTf2). b) Changes in CO2 adsorption capacity 

of PL2(SMF-Br), IL-Br, PL3(SMF-NTf2), and IL-NTf2 under different light. c) Comparison of 

CO2 adsorption capacities of PL2(SMF-Br) with previously reported type II PLs. d) Cavity 

structure of trans-PL2(SMF-Br) and e) cis-PL2(SMF-Br) analyzed via MD simulation. EC and IC 

denote external cavities and internal cavities, respectively. The MOC is shown in a line 

representation, while IL-Br is represented in a stick model. 

 

 

 

Editorial Summary 

Porous liquids show potential as material for carbon dioxide capture but their controlled synthesis remains 

challenging. Here the authors report a controlled in-situ transformation strategy to fabricate distinct types 

of porous liquids from one type of supramolecular framework. 
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