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ABSTRACT

The demand for low-cost, low-energy, and highly selective gas capture and separations is an 

ongoing driver of porous material development. Porous liquids have been identified as a promising 

gas separation material by creating permanent porosity in inorganic solvents through inclusion of 

nanoporous materials that sterically exclude solvent from their internal porosity. Among the 

nanoporous materials that can be used to form porous liquids, porous-organic cages (POCs) have 

been one of the most popular due to the inherent tunability of POCs. “Scrambled” POCs with 

varying functionalities on the POC vertices have been developed and incorporated into porous 

liquid compositions, increasing their gas adsorption capacity. Another unexplored avenue to tailor 

the properties of porous liquids is through scrambling the functionality of the core of the POC. 

Therefore, we have synthesized a new POC, a CC3-OH derivative with scrambled hydroxides on 

the core and evaluated the impact on the CO2 uptake capacity in silicon oil-based porous liquids 

using the CC3-OH derivatives as the porous host. Core scrambling of the POC resulted in a twofold 

increase CO2 adsorption capacity in the porous liquid, an emergent property that is a dramatic 

increase beyond a linear combination of the gas adsorption capacity of the neat solvent and the 

POC. Density functional theory modeling of the CC3 POC and its hydroxide-based derivatives 

identified that free rotation of the linker hydroxide allowed for forced interaction between the CO2 

molecule and the hydroxide in the pore window. Solvation of the POC may release scrambled core 
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hydroxides from intramolecular bonding with a neighboring imine, allowing for increased gas 

uptake in the porous liquid over the neat POC.  These results identify a key structural relationship 

of POCs that enables emergent properties in porous liquids and can guide future development of 

liquid phase gas capture and separation materials for environmental and industrial applications.

I. Introduction

Efficient gas capture and separation through targeted material development is critical to 

decreasing energy demand and cost for chemical separations1, 2. This requires tunability of not only 

the gas uptake capacity, but also gas selectivity to achieve fieldable solutions. While extended 

structure and crystalline sorbent materials such as metal–organic frameworks (MOFs)3, 4 and 

covalent organic frameworks (COFs)5, 6 are currently under intense investigation, small molecule 

sorbents offer a parallel route and robust tunability allowing for scaffolds to selectively capture 

target gases. 

Porous organic cages (POCs) are small molecule structures that display the beneficial 

properties of extended porous structures (high surface area, porosity, and tunability) with the added 

benefit of a discrete molecular structure7, 8. Additionally, POCs are highly soluble in common 

solvents, allowing for increased processability and the ability to form crystals with a controlled 

size and shape9, 10. POCs have demonstrated extensive applications in fields of molecular sensing11, 

12, catalysis13, 14, and separations15, 16. 

The robust solubilities of POCs allow them to be readily processed into porous liquids (PLs), 

a liquid-phase functional material composed of a porous host and a solvent that is sterically 

excluded from the interior pore space, creating a material with permanent internal porosity that 

can be tailored for gas capture/separation systems17. Four types of PLs have been identified based 

on the composition and structure of the porous component of the PL. Here we focus on Type II 

PLs, which are composed of a single solvated porous molecule in an excluded solvent and were 

among the first PLs to be created17. 

The synthetic tunability by POCs has been exploited to impact PL guest transport/capture 

by “scrambling” the functionalities on the periphery of the POC, in which a mixture of functional 

groups are incorporated into the POC at the vertices of the cage structure. The resulting scrambled 

POCs have mixtures of vertex functionalities, which alters molecular packing in solid and liquid 

solutions, providing unique pore sizes and geometries which are inaccessible by a single pristine 
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POC18, 19. Greenaway and coworkers have demonstrated that vertex scrambling of the cages can 

be used to readily tune the solubility properties, packing, and guest uptake in PL systems20, 21. In 

addition to functionalization of the POC vertices, in some systems core scrambling can occur, via 

mixed functionalization of the linker molecules along the edges of the POC. For example, 

functionalization of the core benzene moieties to include –OH groups demonstrated a profound 

impact on the structural and spectroscopic properties of POC systems22.

While vertex scrambling has demonstrated influence over the functional properties of POC 

(and PL) systems, scrambling of the core motifs on POCs and their impact on gas capture 

properties of resulting PLs has been underexplored. Herein, we report the synthesis of core 

scrambled hydroxide derivatives of CC3 POCs, a well-known POC structure with cyclohexyl 

moieties on their vertices9, as well as the resultant functional properties as CO2 sorbent PLs. While 

the PLs formulated from unscrambled CC3 and CC3-OH (described previously as CC19)23,22,24 

POCs did display CO2 uptake comparable with previous reports, the scrambled CC3-OH PLs 

demonstrated far superior gas uptake exceeding 110 cm3/g (a twofold increase in uptake capacity). 

Density functional theory (DFT) modeling of CO2 binding with CC3 and CC3-OH POCs was used 

to identify the impact of core functionalization on the CO2 adsorption properties. These results 

demonstrate how core functionalization impact gas capture properties of CC3 and CC3-OH POC 

based liquid-phase sorbent systems and creating a new pathway for discovery of novel gas 

separation materials. 

II. Experimental Methods 

Materials. Invoil 704 was purchased from Inland Vacuum Industries, Inc. Benzene tricarbaldehye, 

2-hydroxybenzene tricarbaldehyde, and R,R-Cyclohexyldiamine were purchased from Ambeed. 

Solvents were purchased from sigma Aldrich. CDCl3 was purchased from Cambridge Isotope 

Laboratories, Inc. All materials were used as received without further purification.

POC Synthesis. Synthesis of CC3 and CC3-OH were performed following known literature 

procedures23,24, and yielded materials with identical spectroscopic characterization. For the CC3-

OH-S the following procedure was used. A 1 L round bottom flask was charged with a stir bar, 

cyclohexyldiamine (178 mg, 1.56 mmol), and dichloromethane (150 mL) and the resulting solution 

cooled to 0C. Benzene tricarbaldehyde (81 mg, 0.50 mmol) and 2-hydroxybenzene 
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tricarbaldehyde (89 mg, 0.50 mmol) were dissolved in dichloromethane (150 mL) and the resulting 

solution was added dropwise to the cooled solution of cyclohexyldiamine over 12 hours. The 

resulting solution was allowed to stir at room temperature for 3 days under ambient atmosphere. 

After the reaction was complete, the solvent was removed via rotary evaporator until 

approximately 20 mL of dichloromethane remained. Hexane (150 mL) was added to the 

concentrated dichloromethane solution, resulting in the precipitation of a fine yellow powder, 

which was isolated by filtration and washed with hexane. The solid was dried under vacuum to 

yield CC3-OH-S (114 mg). 1H NMR (500 MHz, CDCl3) δ 8.63 – 8.55 (m), 8.24 (d), 8.20 – 8.10 

(m), 7.95 – 7.82 (m), 3.30 (d), 1.64 (m).

Porous Liquid Formation. Porous liquids (PLs, Figure 1) were made through modification of our 

previously reported methods25-27. To make a uniform PL sample, the POC was added to the solvent 

followed by vortex stirring and sonication. For example, a 10 weight % (wt%) POC PL in Invoil 

704 was made by adding 0.100 g of POC to 0.900 g of Invoil 704. The solution was then vortexed 

for 30 s followed by sonication for 10 min.

Figure 1: Schematic of CC3-based porous liquid formation.

CO2 Gas Adsorption Analysis of Porous Liquids. Formed POC+Invoil704 PLs were analyzed at 

for CO2 gas adsorption following modifications of previously reported procedures28, 29. Notably, 

stirring functionality was added for analysis of samples using a magnetic stirring plate set to a stir 

rate of 2. Typically, a mass of 0.2 – 0.5 g of PL samples was used for each analysis and samples 
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were analyzed at 0 °C and 25 °C. Temperature control of sample was done using a Micromertics 

chiller dewar connected to a chiller with a with a 50:50 mixture of water and ethylene glycol for 

the liquid bath. Single point adsorption cycling was performed six consecutive times on each 

sample at 25°C and a pressure of 1 bar. Between each adsorption cycle the samples were placed 

under dynamic vacuum (8 µbar) for 30 mins at 25 °C. PL samples were initially activated at 100oC 

for 8 hours and the final desorption step was performed at 25oC and 8 µbar for 1 h while stirring.    

MALDI-MS. Sample preparation for matrix assisted laser desorption ionization (MALDI) mass 

spectrometry (MS) included the preparation of a matrix, cationizing agent, and the sample. The 

matrix used was 2,5-dihydroxybenzoic acid (DHBA) (>98%, Sigma-Aldrich) prepared in 

methanol at a concentration of 10 mg/mL. The cationizing agent used was silver trifluoroacetate 

(AgTFA) (1 mg/mL) and was prepared in acetonitrile at a concentration of 1 mg/mL. The sample 

solution was prepared in a 1:1 mixture of methanol and dichloromethane at a concentration of 1 

mg/mL. All three solutions were mixed in a 1:1:1 ratio by volume and drop-cast three times per 

well on a MALDI plate, then allowed to fully dry for 1 hour. Additionally, several reference wells 

were plated by replacing the sample solution with a 1:1 mixture of methanol and dichloromethane.

Simulation Methods. All the simulations were spin-polarized projected-augmented wave (PAW) 

DFT calculations carried out using the Vienna Ab initio Simulations Package (VASP).30,31 Each 

calculation used a 600 eV cut-off along with the PBEsol exchange-correlation functional.32 Van 

der Waals interactions were included with Grimme’s D3 dispersion correction.33 Structural 

optimizations used an electronic convergence criterion of 10-5 ev and a force convergence of 0.01 

eV/Å. A Gamma-point k-point mesh and real-space algorithm was used for all calculations. Similar 

computational parameters have been successfully used to evaluate gas binding in porous organic 

cages and metal-organic frameworks 34-40. A CC3 POC structure was used as the base composition 

and was simulated inside a 25x25x25 Å simulation box to limit interactions with the periodic 

replicates. Structural optimization of the CC3 POC was performed, prior to the formation of the 

CC3-OH structures. For the CC3-OH POC hydroxides replaced a hydrogen on the benzene ring 

of the core on each of the four linkers. The amount of hydroxide in the system increased from 33% 

(on hydroxide per linker), to 66% (two hydroxides per linker), to 100% (three hydroxides per 

linker). Previous studies have noted that formation of intramolecular hydrogen bonds has a 
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significant impact on not only the structure, but also the optical and gas adsorption properties of 

rare-earth metal-organic frameworks41. Since a similar chemical structure occurs here two series 

of CC3 POCs were evaluated, one with the hydroxide hydrogen-bound to the neighboring imine, 

and the other with the hydroxides oriented away from the imine. Following optimization of the 

series of CC3-nOH POCs a single CO2 molecule was placed into the POC pore and then the entire 

system was optimized. The procedure was repeated until the total number of CO2 molecules in the 

POC was seven. Reaction free energies (ΔG) were calculated through the energy differences 

between the optimized CC3-OH POC + nCO2 systems (EPOC-CO2), the combined energy of the 

CC3-OH POC (EPOC), and the energy of the isolated CO2 molecule (ECO2) as seen in Equation 1. 

∆𝐺 = 𝐸𝑃𝑂𝐶―𝐶𝑂2 ― ∑6
𝑛=0 𝐸𝑃𝑂𝐶 + 𝑛 ∗ 𝐸𝐶𝑂2 (1) 

To evaluate the impact of structural changes in the POC following CO2 adsorption, single point 

calculations with the same parameters were calculated following relaxation of the POC + CO2 

system. This single point energy of the POC was used as EPOC in Eq. 1. 

III. Results 

The impact of the addition of -OH functionalization on the core of the CC3 POCs (Figure 2) 

was evaluated for CO2 uptake in both the solid state and in PL systems, which evaluates their use 

in chemical separations1. CC3 and CC3-OH POCs were synthesized according to literature 

procedure. A slightly modified procedure, described above, was used for synthesis of the CC3-

OH-S structure with cage scrambling (CC3-OH-S). Synthesis of known POCs (CC3, CC3-OH) 

was confirmed via 1H NMR spectroscopy, which showed spectra consistent with previously 

reports23,24. CC3-OH-S 1H NMR spectroscopy (Figure 3, S3) showed broadening and splitting of 

the observed proton resonances, as expected and seen in previously scrambled cages, however the 

presence of five cages in the system resulted in a spectrum that was difficult to deconvolute to 

identify each cage. 
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Figure 2. Molecular structures of the (left) CC3, (middle) CC3-OH, and (right) CC3-OH-S 

(scrambled CC3-OH) POCs that were evaluated. 

Matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS) was employed 

(details in the SI) to further evaluate the presence of scrambled core functionalities. A cationizing 

agent was used to increase ion count as the cages were initially expected to produce positive ions. 

However, MALDI-MS results in negative ion mode identified several groups of five peaks in the 

expected mass-to-charge ratio (m/z) range that are associated with the presence of the cages. The 

first peak was observed at 1009.36 m/z and is followed by four peaks, each separated by 16 m/z, 

corresponding to the addition of a single –OH group. Positive and negative ion mode MALDI 

spectra of these POCs are shown in Figures S1 and S2. To the best of our knowledge, this is the 

first report of scrambled core functionalities on POCs. 
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Figure 3. 1H NMR comparison between CC3, CC3-OH, and CC3-OH-S POC structures, with peak 

broadening and multiplicity is indicative of scrambled structures.

Core scrambling of the CC3 POCs had a significant impact on the gas uptake properties. CO2 

absorption of the bulk POC solids were performed using standard methods at 0 °C and 25 °C 

(Figure 4). At both temperatures, the gas uptake of the POCs followed the trend of CC3-OH-S > 

CC3-OH > CC3. At 25°C the CC3-OH POC exhibited a 20% increase in CO2 adsorption compared 

with the CC3 POC, while the CC3-OH-S was 40% higher than the CC3 POC. The effect of the 

scrambling was even stronger at lower temperatures (0°C), with the introduction of hydroxides 

creating a 9% increase in CO2 adsorption compared with the CC3 POC, compared to a 62% 

increase for the CC3-OH-S POC. The increased CO2 adsorption at lower temperatures suggests 

that changes in binding site strength and accessibility are a primary mechanism, since at elevated 

temperatures kinetic effects, such as gas diffusion may dominate, decreasing the effectiveness of 

these mechanisms. 
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Figure 4: CO2 adsorption (cm3/g) for bulk solid CC3 (yellow circles), CC3-OH (green triangles), 

and CC3-OH-S (blue squares) structure at (a) 0°C and (b) 25°C. 

Following analysis of the bulk solids, the POCs were combined with solvents to form PLs to 

identify how solvation of the POC structures impacted their gas adsorption performance. Each 

POC (CC3, CC3-OH, or CC3-OH-S) was formulated into an approximately 10 wt% PL system 

using Invoil 704 as a size excluded solvent. The silicon oil Invoil 704, consisting of 1,3,3,5-

tetramethyl-1,1,5,5-tetraphenyltrisiloxane, was selected for its ultra-low vapor pressure and large 

molecular size28 since PL formation requires a solvent sterically excluded from the interior of the 

porous material27, 42. The neat solvent as well as the PL formulation were analyzed for CO2 uptake 

capacity (Figure 5). The neat Invoil 704 displayed minimal CO2 capture at both 0°C and 25°C and 

matched well with previous reported uptakes28. In contrast, the PLs had dramatically higher gas 

adsorption, confirming the existence of gas accessible porosity, and thus PL formulation. 



10

Figure 5: Exemplar CO2 adsorption (cm3/g) of neat solvent (Invoil 704, teal circles) and 10 wt% 

CC3-OH + Invoil 704 (yellow triangles) based PL at (a) 0°C and (b) 25°C. 

To account for the incorporation of the sorbent, the CO2 uptake of POC-based PLs was adjusted 

for the mass of the POC in solution (Figure 6), allowing for standardization of the PL by 

concentration of the POC. This analysis allowed us to determine if the POC uptake behavior differs 

in the PLs when compared to the bulk solid. The results identified that the CO2 uptake of the CC3 

and CC3-OH did not substantially change in the PL as compared to their bulk solids. However, 

CC3-OH-S showed a significant deviation from its bulk behavior. PLs formulated with CC3-OH-S 

exhibited an increase in the CO2 uptake when compared to the bulk (Figure 7). At 0°C, CC3-OH-S 

based PLs exhibited a CO2 uptake of 117 cm3/g at 1.25 bar, at 25 °C the same formulations showed 

a CO2 uptake of 85 cm3/g at 1.25 bar, a twofold increase in the uptake capacity of CC3 based PLs 

at 0°C.
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Figure 6: CO2 uptake of bulk CC3-OH POC (green circles) and in the 10 wt% CC3-OH + Invoil 

704 PL (red triangles) per-mass of the POC at (a) 0°C and (b) 25°C. 

Figure 7: CO2 uptake of bulk CC3-OH-S POC (solid blue squares) and in the 8.88 wt% CC3-OH-S 

+ Invoil 704 PL (open orange squares) per-mass of the POC at (a) 0°C and (b) 25°C.  

The increase in CO2 adsorption in the CC3-OH-S scramble-based PL suggests that new or 

stronger binding sites are being developed, in comparison to the CC3 or CC3-OH structures.  DFT 

simulations of CO2 binding with the CC3 and CC3-OH derivatives were used to identify 

mechanisms of increased CO2 uptake in the PLs.

Gas capture in porous materials can be controlled primarily through two mechanisms, the 

first is via diffusion through the pore window, through which molecular sieving occurs. The second 
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is via the pore volume, which controls the number of gas molecules that are thermodynamically 

stable in the pore and alters the gas adsorption capacity. Both features of the POCs were evaluated 

for their impact on CO2 binding. Additionally, two configurations of the POCs were evaluated. In 

the first, the POCs exhibit intramolecular bonding between the hydroxide and the neighboring 

imine bond, termed “imine bound”. In the second, the hydroxides in the POC are rotated 180° and 

oriented toward the hydrogen on the neighboring benzene ring, termed “free OH”. Previous reports 

in crystalline functional materials have noted the strong influence on intramolecular hydrogen 

bonding41 in controlling gas adsorption properties, necessitating that it is considered in this 

analyses. 

First, we evaluated the thermodynamic binding energies of a single CO2 molecule in the 

pore window of the CC3 POC with increase core hydroxide content. Generally, the focus of gas 

binding in PLs has been on binding sites inside the POC, since this has been assumed to be the 

driver for increased CO2 adsorption capacity. Yet, previous DFT studies of gas binding in POCs 

have indicated that binding inside the pore window is the strongest site for both gas molecules and 

coordinating solvents in the CC13 POC34. Additionally, the core scrambling may alter the size and 

geometry of the pore window, relative to vertex scrambling. Therefore, we evaluated the impact 

of hydroxide core scrambling on CO2 binding in CC3 POCs. Figure 8 provides snapshots of the 

pore windows in the CC3 and CC3-OH POC with varying levels of hydroxide content (33%, 66%, 

and 100%). Note that in all these snapshots the hydroxides are oriented toward the neighboring 

imine. 

Figure 8: Snapshots of CC3-OH possible pore window configurations with 0%-100% OH 

substitution of the POC linker. The arrow indicates where hydrogen bond rotation could occur in 

these molecules. Atom colors: carbon (grey), oxygen (red), nitrogen (blue), and hydrogen (white).
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Overall, a favorable binding energy of –20 to –22 kJ/mol was found for CO2 binding in the 

pore window (Table 1). Interestingly, despite the increase core hydroxide content of the POC, 

there is minimal effect on CO2 binding in the pore window. The slightly stronger CO2 binding in 

the 66% hydroxide CC3-OH POCs, with a reduction of the CO2 binding energy by 2 to 4 kJ/mol, 

is within the error of the calculation. The lack of effect of the core hydroxide content on the CO2 

binding in the pore window is driven by the preferred hydroxide binding with either the 

neighboring imine or the neighboring aryl hydrogen, so that the hydroxide is not available for 

stronger binding with the CO2, effectively generating identical binding environments in the pore 

window. A snapshot of this binding geometry is included in Figure 9.   

Table 1: Binding energy (kJ/mol) for a CO2 molecule in pore window of the CC3 and CC3-OH 

POCs with either the hydroxide bound (imine-bound) or not bound (free-OH) to the neighboring 

imine. 

Binding Site Imine-Bound (kJ/mol) Free-OH (kJ/mol)

0% –25 –25

33% –25 –24

66% –28 –30

100% –24 –26
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Figure 9: CO2 binding in the pore window of CC3-OH with 100% OH content. All OH are oriented 

toward the hydrogen on the neighboring benzene ring. Interatomic distances between the oxygen 

in the CO2 molecule and the oxygen in the hydroxide are included. Atom colors: carbon (grey), 

oxygen (red), nitrogen (blue), and hydrogen (white).

Second, we evaluated the thermodynamic binding energy of CO2 in the POC pore. The 

per-molecule binding energies for CO2 in the interior pore of the CC3 POC with 0%, 33%, 66%, 

and 100% hydroxide content is included in Table S1. Overall, the per-molecule binding energies 

for structures was negative, indicating a thermodynamic drive for gas binding. Additionally, per-

molecule binding energies varied between –23 and –34 kJ/mol, all indicative of physisorption 

binding mechanisms38. For both the imine-bound and free-OH POC intramolecular structures, the 

binding energies increase with increasing hydroxide concentration. This behavior is significantly 

stronger in the case when the hydroxide is not intramolecularly bound to the cage (free hydroxide). 

For zero hydroxide content (CC3), the average CO2 binding energy in the pore is -24 kJ/mol and 

then increases to –33 kJ/mol for fully hydroxide POC (CC3-OH 100%), as seen in Figure 10.   
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Figure 10: Per molecule CO2 binding energy (kJ/mol) for CO2 in the POC pore versus increasing 

hydroxide content of the CC3 POCs. Results are averaged between structure with hydroxides that 

are intramolecular bound to the neighboring imine and those that contain free hydroxides and from 

one to seven CO2 molecules in the pore. The standard deviation of the data is also reported, and 

the individual data is included in Table S1.  

The stronger binding in the POC when the hydroxides are not interacting with the 

neighboring amine is driven by the nanoconfinement of the CO2 molecules in the cage. Evaluation 

of CO2 binding structures in the POCs found that as the number of CO2 molecules in the pore 

increases, the gas molecules are pushed out of their preferred binding configuration in the center 

of the pore.  Instead, the CO2 interact directly with the linker hydroxide in the window (see a 

snapshot in Figure 11), leading to the increase in average CO2 binding energy. In contrast when 

the hydroxide is interacting with the neighboring imines the CO2 molecules are forced out of the 

POC and bind with the exterior. The difference in CO2 binding behavior is driven by the strong 
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interaction between the hydroxide and the neighboring imine, which does not rotate to interact 

with the CO2 molecule as it exits the pore. 

Figure 11: CO2 binding with the hydroxide in the CC3-OH POC (100% OH content). Distance 

between the oxygen in the CO2 and the hydrogen in the hydroxide is included. Atom colors: carbon 

(grey), oxygen (red), nitrogen (blue), and hydrogen (white).

To further explore this mechanism, single point calculations of the POC following CO2 

adsorption was performed and compared with the empty POC to isolate effects on the cage 

structure following infiltration. As the POC is filled with CO2 molecules, the trapped gases cause 

pressure on the POC, causing an increase in energy relative to the fully relaxed and empty POC. 

As seen in Figure 12, this strain energy from filling the CC3-OH POCs with CO2 molecules is 

higher for the POCs in the free-OH configuration compared to the imine-bound configuration, due 

to the forced interactions with the hydroxides as the interior pore fills for the free-OH 

configuration. These results showed that configuration of core hydroxides within CC3-OH POCs 

governs the strength of CO2 binding with the POC. Scrambling of the CC3-OH POC during 
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synthesis may release the hydroxide from intramolecular binding with the neighboring imine, 

allowing for stronger direct hydroxid-CO2 interactions. 

Figure 12: Strain energy (kJ/mol) of the POC with increasing number of CO2 molecules in the 

primary pore. Results are separated by POCs that contain imine-bound or free hydroxides and 

averaged over the amount of hydroxide per linker. Individual data is in the SI as Table S2. 

IV. Discussion 

Comparison of these results to previously reported Type II PLs indicate that scrambling the 

core linker results in an outsized impact on the functional properties of the PL. Comparison with 

CO2 uptake in PLs formed from similar POCs by Kai et al.43, including the vertex functionalized 

CC3 POCs, found CO2 uptakes at 25°C and 1 bar of ~4.5 cm3/g, below the 7 cm3/g for the PL-

CC3-OH-S composition identified here. Similarly, variation of the porous host materials, for 

example through use of the zeolitic imidazolate frameworks (ZIF) class of metal–organic 

frameworks with the same solvent (Invoil 704) identified that other common porous host materials 

(ZIF-8, ZIF-7, and Mg-IRMOF-74) did not exhibit the same performance as the CC3-OH-S28 as 
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seen in Figure 13. This observation highlights the delicate balance between the properties of the 

nanoporous materials and the surrounding solvent in enabling high-capacity gas adsorption. 

Figure 13: Comparison of CO2 uptake (cm3/g) for the 10 wt% PL-CC3-OH-S compared with 

previous studies with the same solvent (Invoil 704) or the CC3 family of POCs43. 

A key question in the industrial application of the PLs is their cyclability and the potential 

regeneration cost. Cyclic CO2 adsorption experiments were performed to evaluate how repeated 

gas adsorption cycles performed. Results in Figure 14 indicate that repeated CO2 adsorption 

cycling resulted in decreasing adsorption. CC3 based PLs lost between 1-2% of CO2 capacity per 

adsorption cycle (Figure 14), indicating that more rigorous regeneration conditions may be 

necessary to fully reactivate the samples. While pristine CC3 based PL showed the best cyclability 

of the series, the CC3-OH-S system showed the lowest cyclability. The larger decrease in 

adsorption performance is attributed to a higher binding affinity for CO2, indicating that stronger 

thermodynamic binding sites limit the ability of the CO2 to desorb. 
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Figure 14: Cyclability of CC3-based PLs as a function of relative adsorption. 

V. CONCLUSION

Herein, we have demonstrated how the position and degree of substitution of POC synthetic 

modifications impacts the functional properties of POCs and resulting PLs. While the impact of -

OH substitution on the core of CC3 based POCs has been evaluated, we found that scrambled POC 

structures display a significant increase in the CO2 adsorption capacity, both as bulk powders and 

as PLs. While -OH functionalization at every core in the POC (CC3-OH) results in an increase in 

the overall CO2 uptake of the system, scrambling the core to include -OH and -H functionalities 

result in an emergent property in PL systems. We believe this is due to the accessibility of the pore 

as well as providing a robust binding site for adsorbed gasses. While periphery scrambled systems 

have previously been described, this is the first time to our knowledge that core scrambled POCs 

have been characterized and evaluated as gas sorbents. Density functional theory calculations of 

the CC3 POC and hydroxide derivatives identified that the orientation of the hydroxides on the 
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linker, either oriented towards or away from the neighboring imine, significantly altered the CO2 

binding energy. CC3 POCs with OH oriented away from the imine exhibited stronger CO2 binding 

with higher hydroxide content, while the POCs with the hydroxide oriented toward the imine did 

not exhibit changes in CO2 binding. Therefore, solvation of the CC3 and CC3-OH POC introduced 

stronger binding by reorienting the hydroxides on the linker. These results uncover a key structural 

relationship of CC3-OH POCs that enables emergent gas capture properties in PLs to guide future 

development and discovery of PLs for targeted gas capture and separation applications. 

Supporting Information. 

Supporting information includes the negative ion mode MALDI spectra for three samples of the 

CC3-OH-S POC structures (Figure S1) and the corresponding positive ion mode data (Figure S2), 

the 1H NMR of the CC3-OH-S POC (Figure S3), per molecule CO2 binding energy with the CC3 

POC (0%) and with CC3-OH POCs with increasing hydroxide content (Table S1), strain energy 

for single point calculations of the CC3 POC (0%) and with CC3-OH POCs with increasing 

hydroxide content (33%, 66%, and 100%) filled with 1-7 CO2 molecules (Table S2), and the 

atomic coordinates of the CC3 POC and the hydroxide derivatives.  
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