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Abstract

Type II porous liquids, comprised of intrinsically porous molecules dissolved in a liquid solvent, 
potentially combine the adsorption properties of porous adsorbents with the handling advantages 
of liquids. Previously, discovery of appropriate solvents to make porous liquids has been limited 
to direct experimental tests. We demonstrate an efficient screening approach for this task that uses 
COSMO-RS calculations, predictions of solvent pKa values from a machine-learning model as 
well as several other features and apply this approach to select solvents from a library of more than 
11,000 compounds. This method is shown to give qualitative agreement with experimental 
observations for two molecular cages, CC13 and TG-TFB-CHEDA, identifying solvents with 
higher solubility for these molecules than had previously been known. Ultimately, the algorithm 
streamlines the down selection of suitable solvents for porous organic cages to enable more rapid 
discovery of Type II porous liquids. 

* Corresponding authors.

+ These authors made equal contributions. 

This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-00OR22725 
with the US Department of Energy (DOE). The publisher acknowledges the US government 
license to provide public access under the DOE Public Access Plan 
(http://energy.gov/downloads/doe-public-access-plan). 



2

TOC Graphic



3

Introduction 

Porous liquids combine the ease of handling of liquid materials with the porosity benefits of solid 
materials. Porous liquids have largely arisen from the development of porous organic cages 
(POCs), which are solution-processable macrocycles with tunable pore sizes.1–3 Porous liquids 
were originally proposed in 2007 by James et al., who classified these materials into three different 
types.4,5 Type I porous liquids are microporous molecules that maintain their intrinsic porosity in 
the liquid state. Examples of Type I porous liquids include alkylate organic cages, PEG 
functionalized silica spheres, molten metal organic frameworks (MOFs), and ionic coordination 
cages.6–10 Type II porous liquids solubilize species with intrinsic porosity into solvents that are too 
bulky to enter the porous molecule. The host molecules for type II porous liquids have frequently 
been modified imine POCs or metal organic cages dissolved in bulky organic solvents.11,12 Type 
III porous liquids are dispersions of an insoluble microporous framework in a solvent that is too 
large to enter the pores. Type III porous liquids are typically composed of nanoparticles of MOFs 
or zeolites dispersed throughout bulky and viscous solvents like ionic liquids.13–18 

The first type II porous liquid was developed in 2014 by dissolving POCs decorated with crown 
ether functional groups in a crown ether solvent, generating a highly viscous liquid.11 Amorphous 
scrambled porous organic cages (ASPOCs) were synthesized and dissolved in hexachloropropene 
(PCP), a solvent that is less viscous than crown ethers but highly toxic.12 The pore size of ASPOCs 
has been tuned by varying the linker species that comprise the cage structure. This tuning enables 
the design of porous liquids that are favorable for the capture and separation of gases such as 
methane and Xe.19 Kearsey et al. accelerated the search for type II porous liquid solvents with 
robotic solubility and gas evolution experiments.20 This automated approach increased the rate at 
which new solvents could be tested to make porous liquids; however, deciding which solvents to 
explore relied on trial and error. Recently, computational methods have been used to examine the 
interactions between POCs and adsorbed gases.21,22 Computational methods have not been 
previously used, however, to discover appropriate solvents for type II porous liquids. 

Despite growing interest in type II porous liquids little is known about the solubility trends of 
porous organic cages or other similar host molecules, although solubility trends of a key 
intermediate of many POCs (triformylbenzene) have been identified.23 These solubility trends are 
not straightforward to apply in the design of solvent-cage systems capable of forming type II 
porous liquids. This situation means that despite the potential benefits of using type II porous 
liquids it is currently difficult to find solvent/cage pairs that lead to viable and safe porous liquids 
for practical use. 

Here, we use experimental and modeling methods to explore the solubility of a particular porous 
organic cage, CC13, in a wide range of possible solvents. CC13 is a [4+6] imine based POC that 
is known to have high solubility in chloroform.24 It was hypothesized by Hasell et al. that the 
asymmetric diamine linkers frustrate the crystal packing, which ultimately leads to an increased 
solubility in certain solvents.24 Solubility trends for CC13 are determined experimentally in this 
work.  The results of our solubility experiments are compared to solubility values predicted from 
COSMO-RS calculations.25 After validating the solubility findings from COSMO-RS, a 
systematic screening method was developed that considers thousands of potential solvents to find 
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potential solvent candidates for CC13. This method is then applied to another imine based porous 
organic cage, TG-TFB-CHEDA26 to show the generalizability of our approach. 

Methods

Materials: 1,3,5-tricarbaldehydebenzene was purchased from Manchester Organics. 1,2-diamino-
2-methylpropane was obtained from TCI Chemicals. 2’-hydroxyacetophenone, benzyl benzoate, 
1,2-dichlorobenzene, acetophenone, 2-chlorophenol, 2-fluorophenol, 2-bromophenol, o-
isopropylphenol, 2,4-dimethylphenol, o-tertbutylphenol, 2-isopropyl-5-methylphenol, p-cresol, 
cyclohexanone, cyclopentanone, 1-methylpiperazine, 1,2,3,6-tetrahydropyridine, 1,1,1-trifluoro-
2-propanol, 2,2,3,3,4,4,4-heptafluoro-1-butanol, fumaryl chloride, tetrachloroethane, 2-
hydroxythiophenol, 15-crown-5-ether, 1-bromonaphtalene, 1-thioglycerol, triethylamine, trans-4-
cyclohexene-1,2-diamine dihydrochloride, trifluoroacetic acid, and 2,2-dimethoxy-2-
phenylacetophenone were purchased from Sigma Aldrich. Chloroform, dichoromethane, 
methanol, tetrahydrofuran, 1,4-dioxane, ethyl acetate, N-methylpyrrolidone, toluene, hexane, 
dimethyl formamide, dimethylacetamide, diethyl ether, and dimethyl sulfoxide were purchased 
from VWR chemicals. 2-methyl-6-chloro-phenol and 1-acetylpyrrolidone was purchased from 
Alfa Aesar. All chemicals were used as received.

CC13 synthesis: CC13 was synthesized according to previous methods.24 Briefly 1,2-diamino-2-
methylpropane was dissolved in DCM and chilled with an ice and water bath. A solution of 1,3,5-
tricarbaldehydebenzene and DCM was slowly added to the chilled 1,2-diamino-2-methylpropane 
solution. Once all of the tricarbaldehydebenzene solution was added, the mixture was stirred for 3 
days at room temperature. The resulting mixture was concentrated via rotary evaporation and was 
recrystallized with petroleum ether. 

TFB-CHEDA synthesis: A modified procedure26 was used to synthesize the cyclohexene imine 
cage. Trans-4-cyclohexene-1,2-diamine dihydrochloride was dissolved in methanol along with a 
stoichiometric amount of trimethylamine. This mixture was allowed to stir for 20 minutes. A 
solution of 1,3,5-tricarbaldehyde benzene and DCM was slowly added to the diamine solution and 
after complete addition a catalytic amount of trifluoroacetic acid was added to the reaction mixture. 
The reaction was allowed to stand without stirring for 5 days. After 5 days the solvents were 
removed through rotary evaporation and the resulting brownish white powder was washed with 
methanol, filtered, and dried in a vacuum oven at 80C. 1H and 13C NMR spectra were recorded 
and confirmed the chemical structure of the cage. 

TG-TFB-CHEDA Synthesis: The thioglycerol cage was synthesized according to previous 
methods.26  TFB-CHEDA was dissolved in DCM and thioglycerol was added to the solution. A 
certain amount of 2,2-dimethoxy-2-phenylacetophenone was added as a photoinitiator and the 
reaction mixture was exposed to UV light (365 nm) for 600 seconds. The solvent was removed 
with rotary evaporation and the crude products were washed with a 5:95 mixture of DCM and 
methanol. 1H and 13C NMR confirmed the chemical structure of the modified cage.

Solubility experiments: CC13 was placed in a vacuum oven at 110 oC for 12-18 hours before 
solubility testing. 1 mL of solvent was added to a test tube along with 5-10 mg of CC13. The 
mixture was then sonicated for 10 minutes. If the CC13 dissolved, 5-10 more mg of CC13 were 
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added to the mixture followed by sonication. The CC13 addition was repeated until the CC13 until 
the mixture became cloudy. All solubility experiments were performed at room temperature. For 
TG-TFB-CHEDA cage the mass added was 2 mg with an initial solvent volume of 0.05 mL

Gas evolution experiments: Gas capacity differences between pure solvents and the potential 
porous liquids were measured using methods from previous work.12 In short, CO2 was bubbled 
through the porous liquid or pure solvent for an hour. After saturation a small amount of a small 
solvent (e.g. chloroform) was injected into the porous liquid and the evolved gas was observed.

Computational Methods: COSMO-RS, a quantum-chemistry-based continuum solvation model, 
was used to perform high-throughput estimation of solubilities. Many papers have used COSMO-
RS theory to predict the solubilities of pharmaceuticals and similar compounds27–30 as part of 
solvent screening and have compared calculation results to thermodynamic models such as 
UNIFAC.31,32 We used the BIOVIA COSMOtherm ver. 2020 package for our calculations.33–35 
With this approach, the solubility of a molecule in a solvent is given by:

𝑥𝑖 =  
1
𝛾𝑖

exp
―∆𝐺𝑓𝑢𝑠

𝑅𝑇
(1)

where 𝛾𝑖 is the activity coefficient of solvent 𝑖, and ∆𝐺𝑓𝑢𝑠 is the Gibbs free energy of fusion of the 
solute. This free energy is given by:

∆𝐺𝑓𝑢𝑠(𝑇) =  ∆𝐻𝑓𝑢𝑠 1 ― 𝑇
𝑇𝑚

 ― ∆𝐶𝑝𝑓𝑢𝑠 (𝑇𝑚 ― 𝑇) ―∆𝐶𝑝𝑓𝑢𝑠𝑇𝑙𝑛(
𝑇𝑚

𝑇 )

(2)

where ∆𝐻𝑓𝑢𝑠 and 𝑇𝑚 are enthalpy of fusion and melting temperature of the solute. Unfortunately, 
the enthalpy of fusion and melting temperature are not straightforward to estimate.  If, however, 
we consider the relative solubility of the molecule in two solvents, 𝐾𝑖𝑗 =  

𝑥𝑖

𝑥𝑗 =  
𝛾𝑗

𝛾𝑖
 , the terms 

involving the free energy of fusion cancel and the only factor that determines the relative solubility 
is the activity coefficient. The activity coefficient in solvent j is given by

ln(𝛾𝑗) = (𝜇𝑠
𝑗 ― 𝜇𝑃

𝑗 )/𝑅𝑇 (3)

where 𝜇𝑠
𝑗  is the chemical potential at infinite dilution in the solvent and 𝜇𝑝

𝑗  is the chemical potential 
of the pure solute compound. These chemical potentials are estimated by COSMOS-RS from the 
surface electronic densities of the molecules of interest. The results above can be combined to give

𝑙𝑜𝑔10 𝑥𝑠(1)
𝑗 = 𝜇𝑝

𝑗 ― 𝜇𝑠,∞
𝑗 ― ∆𝐺𝑓𝑢𝑠 /𝑅𝑇𝑙𝑛(10) (4)

We only calculated the zero-order solubility (subscript notation (1)), i.e., the solubility at infinite 
dilution, for computational convenience. To calculate the relative solubility in different solvents, 
Eq (4) can be written as
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𝑙𝑜𝑔10 𝐾𝑠(1)
𝑖𝑗  =  𝑙𝑜𝑔10 𝑥𝑠(1)

𝑖 ― 𝑙𝑜𝑔
10

𝑥𝑠(1)
𝑗 = 𝜇𝑝

𝑖 ― 𝜇𝑠,∞
𝑖 + 𝜇𝑝

𝑗 ― 𝜇𝑠,∞
𝑗 /𝑅𝑇𝑙𝑛(10) (5)

where index 𝑖 is the solvent of interest, and 𝑗 is the reference solvent. All the calculations were 
done at 25 °C.

We used the TZVP database of 11,949 compounds in COSMOtherm as solvent candidates. 
Saturated vapor pressure, psat, was also estimated for each solvent using COSMO-RS. Vapor 
pressures were estimated using

𝑝𝑠𝑎𝑡 = exp ( ― [(𝐺𝑙𝑖𝑞𝑢𝑖𝑑 ― 𝐺𝑔𝑎𝑠)/𝑅𝑇]) (6)

where 𝐺𝑙𝑖𝑞
𝑖 and 𝐺𝑔𝑎𝑠

𝑖  are Gibbs free energy of a specific compound in the liquid and gas phase. The 
Gibbs free energy of the liquid phase is taken to be the sum of quantum chemical COSMO-energy 
and chemical potential of the liquid and the Gibbs free energy of the gas phase is taken to be the 
quantum chemical energy in vacuum.

Generation of COSMO files: Prior to COMSO-RS calculations, COSMO files of the porous cages 
of interest (CC13, TG-TFB-CHEDA-R) that contained a table of molecule surface electron density 
(σ-profiles) were generated. The original isolated CC13 cage structure was obtained from the 
crystalline CC13 structure in a previous paper.24 An initial TG-TFB-CHEDA structure was 
obtained by modifying CC13 using the BIOVIA Discovery Studio software. For each structure we 
then used the Gaussian09 package to optimize the cage structures at the BP86/TZVP/DGA1 level.  
COSMO files were then prepared using the same functional and basis set.

2D structure search of solvent molecules: SMILES strings of the compounds were obtained by 
rdkit, an open-source cheminformatics package (http://www.rdkit.org), using Python 3.6. Motif 
filtering including primary amine group and halogens was also done by utilizing this package.

pKa prediction: To screen the candidate solvents for pKa we first approximated pKa using a 
thermodynamic cycle to obtain 𝛥𝐺𝑜

𝑑𝑒𝑝𝑟𝑜𝑡,𝑎𝑞 from DFT calculations of deprotonation and solvation 
free energy as described in previous work.36–38  DFT calculations were conducted in Jaguar39 with 
B3LYP 6-31G**++ (or LACVP**++ for heavy halogen atoms). In these calculations the pKa 
value was approximated from the free energy change (∆𝐺𝑑𝑒𝑝𝑟𝑜𝑡,𝑎𝑞) of the deprotonation process 
using 

𝑝𝐾𝑎 =
∆𝐺𝑑𝑒𝑝𝑟𝑜𝑡,𝑎𝑞

2.303𝑅𝑇
(7)

for which the deprotonation energy, ∆𝐺𝑑𝑒𝑝𝑟𝑜𝑡,𝑎𝑞, was calculated using

∆𝐺𝑑𝑒𝑝𝑟𝑜𝑡,𝑎𝑞 = ∆𝐺𝑎𝑞 (𝐴―) +  ∆𝐺𝑎𝑞 (𝐻+) ―  ∆𝐺𝑎𝑞 (𝐻𝐴) (8)

where ∆𝐺𝑎𝑞 (𝐴―), ∆𝐺𝑎𝑞 (𝐻+), and ∆𝐺𝑎𝑞 (𝐻𝐴) are the free energies of the deprotonated species, 
proton, and protonated species in aqueous solutions, respectively. Since ∆𝐺𝑎𝑞 (𝑋) =  ∆𝐺𝑔 (𝑋) +
∆𝐺𝑠𝑜𝑙𝑣 (𝑋), that is, the aqueous solution free energy equals the gas phase free energy plus the 

http://www.rdkit.org/
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solvation free energy, geometry optimization of the molecular structure was performed in the gas 
phase prior to the ∆𝐺𝑔 (𝐻𝐴) calculation. The solvation free energy of H+ has varied among 
experimental reports (from –254 to –264 kcal/mol),36,40,41 and thus its value was adjusted to 
minimize prediction error for training acids,42 with its final value being –261.5 kcal/mol. All amine 
pKas were calculated for deprotonation from the +1 state to the neutral state.

To obtain a more accurate estimate of pKa, these DFT predictions of pKa were corrected using the 
machine learning algorithm described by Lawler et al.43  Specifically, the DFT-calculated pKa was 
used as a descriptor in a Kernel Ridge Regression (KRR) algorithm (more details are given in the 
Supporting Information). The algorithm was trained against the experimental pKa data listed in 
Tables S6 and S7. Besides the DFT-predicted pKa (marked as (6) in Tables S6-8), five other 
descriptors (selected through recursive feature elimination) were used in the algorithm: (1) 
electronegativity of the acid’s central atom, (2) number of aromatic rings, (3) number of hydrogen 
atoms in the deprotonated structure, (4) molecular weight, and (5) solvation free energy of the 
protonated structure. We trained two separate KRR models, one for alcohols and amines, which is 
shown in Table S6, another for stronger acids (e.g. carboxylic and sulfur-based), where we used 
training data for sulfur-based and carboxylic acids from previous work,43 modifying to include 
descriptors relevant to this model. These training datapoints are included in Table S7.

Results 

CC13 was used as a model porous organic cage for this study because of its previously reported 
high solubility in several organic solvents.24 The structure of CC13 is shown in Figure 1a and 1b. 
Synthesis of CC13 was confirmed by proton NMR (see Figure S1). Solubility testing revealed 
clear trends that were consistent with previous studies on Type II porous liquids12,20,24. The 
experimentally observed solubility of CC13 in 25 solvents are listed in Table S1. 

The solvents that dissolved CC13 tended to be large, bulky molecules with high dispersion 
parameter values and moderate polarity and hydrogen bonding parameters. The notable exceptions 

CC13

TG-TFB-CHEDA

(a) (b) (c)

N

N N

N

N

N

N

N

N

N

N

N

Figure 1. (a) CC13 and TG-TFB-CHEDA structures. The only difference is on the vertices, which are 
composed of different linkers. (shown in red bold lines, and the dashed lines are C-N) (b) CC13 and 

(c) TG-TFB-CHEDA optimized 3D structures. (Red: O; Blue: N; Brown: C; White: H; Yellow: S)

S

OH
OH
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are small, halogenated molecules like chloroform and dichloromethane. Another apparent trend in 
the well-performing solvents was they had some degree of hydrogen bonding or polarity. The good 
solvents for CC13 had polar functional groups like halogens, hydroxyl groups, ester groups, or 
carbonyl groups. We hypothesize that these polar groups favorably interact with the imine 
functional groups of the POC, leading to higher solubility. 

To test the solubility predictions of COSMOtherm, we first consider the 25 solvents in Table S1. 
Information for 4-sec-Butyl-2,6-di-tert-butylphenol was not available in our COSMO calculations 
and chloroform was chosen as the reference solvent, so COSMO-RS predictions were available 
for 23 solvents. Figure 2 compares our experimental and modeling results. If the solubility of a 
specific solvent was above 30 mg/ml then it was regarded as a good solvent, otherwise it was 
regarded as a poor solvent. The quantitative solubility values are plotted in Figure S5, noting that 
when our experimental assessment designated CC13 as insoluble in a solvent this means that the 
true relative solubility is less (possibly much less) than 0.001. As seen in Figure 2, the COSMO-
RS predictions are qualitatively correct in predicting a good/poor solvent with 58% accuracy. 
Some inaccuracy in these calculations comes from imprecision in correctly representing the 
interactions of secondary and tertiary amines (or imines) with hydrogen bonding solutes or 
solvents.49 In addition, there are inevitable limits in the precision of chemical potential calculations 
in COSMO-RS at the level of at least 0.8 kJ-mol−1.49 Although COSMO-RS is not perfect, it 
appears to be a useful in silico estimator of solubility calculation with significantly reduced 
computational cost compared to ab initio methods like density functional theory based on 
calculating solvation free energy.50–52 It will of course be fruitful to test this finding using 
additional experimental data as it becomes available, but for now it appears that COSMO-RS can 
be used to predict solvents that are plausible candidates as good solvents. 

Cages such as CC13 are structurally flexible. Thus, it is useful to test whether variations in the 
structure lead to sensitivities in predicted solubilities. We generated representative three cage 
structures using isotropic atomic displacements as described in the Supporting Information. Figure 
S6 shows the predicted solubilities for 11 solvents for the optimized molecular structure (denoted 

Figure 2: Confusion matrix of 24 solvents between experimental results and 
COSMO-RS predictions. The solvents are presented in Table S1 and the 

solubility values are plotted in Figure S5.
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“rigid”) and for structures with varying displacement sizes. The data for the latter predictions was 
averaged over three independent CC13 structures. The differences between the flexible structures 
and the rigid structure for the same solvent are considerably smaller than the variation from solvent 
to solvent, indicating that making predictions using only the optimized structure is acceptable for 
solvent screening, even though this structure is likely to be slightly different than the average 
solvated structure. 

Based on the indication that COSMO-RS has some value, albeit imperfect, for predicting solvent 
quality for CC13, we used this approach to consider a far larger set of solvents than can be directly 
explored experimentally. In all, 11,949 candidate solvents from the COSMOtherm database 
(TZVP) were selected. The predicted solubilities of CC13 relative to chloroform for all solvents 
are shown in Figure 3. The shaded green area in Figure 3 indicates the range in which the good 
solvents from our experiments (Figure S5 and Table S1) lie. Figure 3b shows the solvents with 
high predicted solubilities for CC13 in more detail. From experiment, we defined that solubility 
equivalent to 30 mg/ml is the criteria that separates good and poor solvents, which corresponds to 

log 𝑠𝑖

𝑠𝐶𝐻3𝐶𝑙
=  ― 1. There were 609 compounds with log 𝑠𝑖

𝑠𝐶𝐻3𝐶𝑙
>  ― 1 and 283 of these 

compounds have log 𝑠𝑖

𝑠𝐶𝐻3𝐶𝑙
>  0, which are conceptually even better solvents than chloroform, 

suggesting that there are many potential solvents that readily dissolve CC13.  

Although the calculations described above predict a large number of potential solvent candidates, 
there are multiple reasons not captured in our COSMO-RS calculations that a potential solvent 
could fail to make a porous liquid with CC13. To maintain the intrinsic porosity of CC13, the 
solvent should ideally not be able to enter the pores of the POC. Degradation of the imine-based 
POC by acidic or basic species needs to be avoided. To be useful in practical settings the solvent 

(a) (b)

Figure 3. Solubility screening of CC13. The vertical axis shows solubility relative to chloroform. 
The shaded green area brackets show the region with relative solubilities between 0 and -1 on the 
logarithmic scale, a range that includes the experimentally-tested good solvents. (a) contains all 

solvents in the database and (b) only presents good solvents.
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should have a low vapor pressure and not raise obvious safety concerns. We reduced the list of 
potential solvents to incorporate these ideas as described below.

Our filtering workflow for our screening approach is summarized in Table 1. First, we aimed to 
exclude solvents that are solid at room temperature. Molecular weight is a simple descriptor to 
identify these solvents. Austin et al. showed that even for compounds with weak intermolecular 
interactions like olefins, the molecular weight of liquid species typically does not exceed 300 
g/mol.53 We therefore excluded solvent candidates using this molecular weight cutoff. Secondly, 
we identified solvents that would not enter the CC13 cage by rejecting solvents with smaller molar 
volumes than the pore volume of CC13. One estimate of the cage cavity volume comes from the 
crystal structure, giving a volume of ~65 Å3.54 Due in part to the flexibility of CC13 cages it is 
known that SF6, a large gas molecule, can occupy CC13 cages.55 Therefore, instead of the pore 
volume, we used the van der Waals volume of SF6 (101.6 Å3)55 as a threshold when using volumes 
from COSMO-RS database. Although we used molar volume to estimate size, solvent molecules 
with long linear side chains could potentially partially enter cages and lower the porosity of the 
porous liquids. Molecules of this kind were filtered manually by rejecting molecules having side 
chains of two or more C-C, C-O, C-N or C-X (carbon-halogen) bonds. For safety reasons, solvent 
candidates that are non-volatile are preferred. Thus, only solvents with a predicted saturation vapor 
pressure lower than 3.1 kPa were considered,56 meaning the candidates are less volatile than water 
at 25 °C.

In addition to the physical constraints mentioned above, we considered some chemical constraints. 
We ruled out compounds containing nitro groups, which are common in explosive substances. 
Since primary amine groups could react with the organic cages through formamidine amine 
exchange reactions,57 we removed molecules with primary amine groups from further 
consideration. We did not remove solvent compounds with secondary or tertiary amine groups. 
Some of the potential solvents are chlorofluorocarbons (CFCs); these molecules were retained as 
candidates if they met all the other criteria above even though CFCs have significant disadvantages 
in terms of their greenhouse gas intensities.

Table 1. Number of solvents after different screening steps for CC13 and TG-TFB-CHEDA.

Step Considerations Constraints Remaining 
Solvents (CC13)

Remaining 
Solvents (TG-
TFB-CHEDA)

1 COSMO-RS database - 11949 11949

2 Solubility log(Si/Sref) > -1 609 446

3 Physical property MW < 300, Volume > 
101.6 Å3, Pvap < 3.1 kPa

315 276

4 Chemical property Not acid, not containing 
nitro group(s)

241 221
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5 Long side chains No longer than 2 C-C 
C-N or C-O bonds

150 111

6 Other constraints No primary amine 
group  

149 100

7 Acidity check 12.2 > pKa > 1.8 146 97

8 Manual check Solid state @ RT, safety 
issues

45 34

Since POCs are vulnerable in acidic environments,58,59 acidic species were qualitatively filtered 
out by discarding solvents containing “acid” in their name. In previous work another POC, CC3, 
was exposed to varying concentrations of aqueous SO2 solutions and those results provided the 
basis for our pKa filter.59 CC3 is also an imine-bonded POC that is likely to have similar chemical 
stability to CC13, so we assumed that any solvent with a pKa below that of SO2 (1.8) would 
degrade POCs.59 We also discarded solvents that are highly basic, that is, have a pKa above 12.2. 
To estimate pKa, we used the model combining DFT calculations and a machine learning model 
described above. To quantify the accuracy of these predictions we calculated the mean absolute 
error (MAE) for various test alcohols and amines (see Table S6). If DFT data and Eq. (7) are used 
alone, the MAE of these pKa predictions was 3.4 log units. When this data is used in the machine 
learning model described above, this MAE is reduced to 0.85 for the test alcohols and amines. The 
results are sufficiently accurate to remove extremely acidic or basic compounds in our solvent 
screening. Predicted pKas for the solvents in this study are tabulated in Table S7. 

As presented in Table 1, after this solvent screening process there were 148 candidate solvents for 
CC13. We examined each of these 148 candidate solvents for cost, availability, and their melting 
point. Candidates that were difficult to purchase or synthesize or had melting points above 35 °C 
were rejected, with the latter reason being the most common reason for rejection. After these 
considerations there were 45 solvent candidates remaining, as shown in Figure S9 and Table S4. 
The solvents with the highest predicted solubilities from the screening were halogenated aromatics, 
halogenated alkyl alcohols, and polar aromatics (see Table 2). Many of these solvents have 
branched alkyl groups including isopropyl, tert-butyl, and sec-butyl groups that are too large to 
penetrate the pores of CC13. The other solvents that did not fit into the categories of Table 2 were 
highly polar, small molecules or large non-polar compounds.

Table 2: Candidate Solvents for CC13 Porous Liquids (Structures presented in Figure S9)

Polar aromatics Halogenated 
aromatics

Halogenated alkanes or 
halogenated alcohols

Others

14 14 14 3
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Twelve solvent candidates from our screening were chosen for experimental tests with CC13. 
Specifically, 2-chlorophenol, 2-fluorophenol, 2-bromophenol, 2-methyl-6-chlorophenol, o-
isopropylphenol, o-tertbutylphenol, cyclohexanone, cyclopentanone, 4-hydroxytoluene, 2,4-
dimethylphenol, 2-isopropyl-5-methylphenol, and 1-acetylpyrrolidone, all of which were 
predicted by our screening to be good solvents, were chosen due to their availability. The solubility 
tests for these solvents are shown in Figure S15.  Eight of the 12 solvents dissolved CC13 to a 
level higher than 30 mg/mL. The alkylphenols, o-isopropylphenol 2,4-dimethylphenol, 2-
isopropyl-5-methylphenol, and 4-hydroxytoluene dissolved CC13 up to 105, 103, 94, and 143 
mg/mL, respectively. Halogenated phenols also gave high solubilities. 2-fluorophenol and 2-
bromophenol had solubilities for CC13 of 130 and 123 mg/mL, respectively. 2-chlorophenol 
showed higher solubility than the other solvents, dissolving CC13 up to 274 mg/mL higher than 
the chloroform reference. 2-methyl-6-chlorophenol had a CC13 solubility of 90 mg/mL. The poor 
performing solvents in terms of solubility were cyclohexanone, cyclopentanone, 1-
acetylpyrrolidone, and o-tertbutylphenol. CC13 was insoluble in these four solvents, contrary to 
the predictions of our screening calculations. It is unclear why the o-tertbutylphenol did not 
dissolve CC13 well considering similar molecules (o-isopropylphenol and 2,4-dimethylphenol 
specifically) dissolved CC13 readily. For all of the predicted solvents tested, CC13 either dissolved 
very well (>90 mg/mL) or was effectively insoluble. 

Gas evolution tests were conducted on two of the good solvents (2-chlorophenol and 2-
isopropylphenol) to determine if resulting liquids were actually porous (Figure S16). Expanded 
gas capacities were visually observed in both solvents suggesting that CC13 dissolved in these 
solvents resulted in porous liquids and the filtering scheme was effective for the solvents that 
dissolved CC13 well. 

We also performed tests of solvents that were predicted by COSMO-RS to be poor solvents for 
CC13. Of the many solvents that COSMO-RS predicted would not dissolve CC13, water, glycol, 
perfluorodecalin, and glycerol were chosen for this test (Figure 6). CC13 was insoluble in all four 
solvents. In all, we tested sixteen solvents based on predictions from our screening calculations 
that were not used in any way in developing our calculation methods. Twelve (75%) of these 
solvents gave experimental outcomes consistent with the qualitative predictions of our model, a 
level of success that is similar to the solvents listed in Table S1 that were used while developing 
our methods. 

An advantage of our computational solvent screening is that it can readily be applied to other cage 
molecules. To demonstrate this capability, the solvent screening method was applied to TG-TFB-
CHEDA,26 which has the structure presented in Figure 1(a) and (c). Like CC13, TG-TFB-CHEDA 
is an imine bonded [4+6] macrocycle, but the diamine linker is a cyclohex-4-ene-1,2-diamine. TG-
TFB-CHEDA was chosen to test the solubility screening because this linker is likely to lead to 
significantly different solubility trends compared to CC13. It was expected that solvents with more 
hydroxyl or oxygen containing functional groups would be identified as potential solvents for TG-
TFB-CHEDA due to the hydroxyl groups on the linker.
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Because DMSO is likely to dissolve TG-TFB-CHEDA due to its abundant hydroxyl functional 
group60, we used it as a reference solvent and report our screening results in terms of  log 𝑆𝑖

𝑆𝐷𝑀𝑆𝑂
 . 

A threshold of -1 was set as the criteria for a good TG-TFB-CHEDA solvent. The outcome from 
our COSMO-RS calculations for TG-TFB-CHEDA is shown in Figure 4. Of the 11949 
compounds we considered, 446 met the threshold given above and 361 were predicted to have 
better solubility for TG-TFB-CHEDA than DMSO. Only 111 candidates remained after rejecting 
those with long side chains. Unlike the CC13 solvent candidates, which did not contain any 
primary amines, 11 of the predicted solvents have primary amines, which are known to degrade 
imine-based cages through amine exchange reactions.57 Further screening as defined in Table 1 
led to a list of 97 solvents for TG-TFB-CHEDA at Step 7. 65 or these solvents were discarded 
because of safety issues (explosiveness, acidity, and toxicity) or because they are solids at room 
temperature. The 34 remaining solvents were either halogenated alcohols and phenols, or aromatic 
compounds containing nitrogen, as categorized in Table 3. The complete candidate list is shown 
in Table S4 and Figure S10. CC13 has a much larger pool of potential solvents than TG-TFB-
CHEDA. It is noted that TG-TFB-CHEDA which has 12 hydroxyl groups did not have nearly as 
many alcoholic or phenolic compounds as CC13 had. One potential explanation is that the basis 
for defining good solvents was not the same for CC13 (Schloroform) and TG-TFB-CHEDA (SDMSO). 
TG-TFB-CHEDA could have higher solubility in DMSO than CC13 in chloroform.

TG-TFB-CHEDA was synthesized according to previous procedures.26 1H spectra are shown in 
Figure S2. Nine solvents were chosen for testing with TG-TFG-CHEDA to test the validity of our 
screening process for this polar porous organic cage (Figure S11): 2-chlorophenol, 2-fluorophenol, 
2-bromophenol, 15-crown-5-ether, o-tertbutylphenol, 1,2,3,6-tetrahydropyridine, 1-
methylpiperazine, and 1,1,1-trifluoro-2-propanol, and 2,2,3,3,4,4,4-heptafluoro-1-butanol. The 
solubility tests are shown in Figure S18. In some cases solvent isomers were used because the 
specific isomer predicted by our screening was unavailable. Solubility testing for TG-TFB-

Figure 4. Solubility screening of TG-TFB-CHEDA. Y axis is solubility relative to chloroform. Shaded 
green area brackets y=0 and y=-1. (a) contains all solvents in the database and (b) only presents good 

solvents.

(a) (b)
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CHEDA was carried out to a maximum value of 40 mg/mL to conserve material because of the 
low cage yields during synthesis. TG-TFB-CHEDA dissolved well in five of the nine solvents (S 
at least40 mg/ml). Similar to CC13, TG-TFB-CHEDA dissolved well in the halogenated phenols: 
2-bromophenol, 2-fluorophenol, and 2-chlorophenol. The consistent success of halogenated 
phenols dissolving imine-based cages suggests there is good affinity between these solvents and 
the imine groups. o-tertbutylphenol dissolved CC13, which supports the notion that phenolic 
compounds make good solvents for imine-based POCs. The 1-methylpiperazine is the only solvent 
outside of the CC13 solvent candidate list that dissolved TG-TFB-CHEDA well, and it showed 
the polar cage does interact favorably with amine-based solvents. The remaining 4 solvents did 
not perform well in the TG-TFB-CHEDA solubility testing. The polar cage was insoluble in both 
the halogenated alcohols (1,1,1-trifluoro-2-propanol and 2,2,3,3,4,4,4-heptafluoro-1-butanol), 
unlike the halogenated phenols. It is possible that the fluorine groups on the halogenated alcohols 
made these compounds hydrophobic and unable to favorably interact with the polar functional 
groups on the TG-TFB-CHEDA. The TG-TFB-CHEDA cage was also insoluble in 15-crown-5-
ether. The 1,2,3,6-tetrahydropyridine just slightly dissolved the TG-TFB-CHEDA (~10 mg/mL) 
but did not perform as well as expected. The results again suggest that the filtering scheme is 
effective for cages with significantly different functional groups. 

Table 3: Candidate Solvents for TG-TFB-CHEDA Porous Liquids (Structures presented in Figure S10)

Imine or secondary 
amine

Halogenated 
aromatics

Halogenated alkanes or  
halogenated alcohols

Others

6 8 17 3

                                           

Figure S7 and S8 show the 178 and 181 chemical structures of the solvent candidates for CC13 
and TG-TFB-CHEDA, respectively, after Step 4 of our screening process. Many of the solvents 
predicted to be effective for CC13 are organic compounds containing halogen groups and hydroxyl 
groups, while amine groups are common features of the predicted solvents for TG-TFB-CHEDA. 
The CC13 and TG-TFB-CHEDA solvent candidate lists have 23 compounds in common, the 
majority of which are halogenated polar aromatics. This is consistent with the concept that π-π 
stacking and electron rich interactions facilitate dissolving the cages, which are both rich in 
aromatic rings. Water ranks as 11936th in the CC13 solvent list, and 10067th in the TG-TFB-
CHEDA list. In addition to hydroxyl groups, TG-TFB-CHEDA’s linkers possess six-membered 
aliphatic rings that contribute hydrophobicity that appears to mitigates the effect of the hydroxyl 
groups. Alkyl halides are also favorable to CC13 cage because halogen groups are electron-rich. 

Conclusion: 

Type II porous liquids are interesting materials for a range of potential applications, but creating 
these liquids relies on finding solvents that effectively dissolve porous organic cages. We have 
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demonstrated methods to make the search for solvents with desirable properties for Type II porous 
liquids more efficient. We first established solubility trends for CC13 for a range of solvents 
experimentally. These experimental results were then used to validate solubility predictions for 
CC13 in the same solvents using COSMO-RS. Although the agreement between the COSMO-RS 
predictions and experimental observations is not perfect, the reliability of the computational 
predictions is good enough to use this method as the basis for searching for new solvents. A 
screening process to find candidate solvents to create porous liquids with CC13 was used to find 
nearly 70 candidate solvents from a database of over 12,000 compounds. The criteria used to 
screen for solvents included CC13 solubility, safety, vapor pressure, and the requirement that 
solvent molecules cannot penetrate the porous cage molecules. Subsequent experimental tests with 
a variety of these predicted solvents confirmed the existence of effective new porous liquids, 
including 2-chlorophenol, which has the highest solubility for CC13 known to date. 

We also applied our methods to a second imine-based porous organic cage, TG-TFB-CHEDA. 
This molecule had not previously been made into a porous liquid. Motivated by our computational 
predictions, we created porous liquids based on TG-TFB-CHEDA in five different solvents, 
including 1-methylpiperazine, where the porous cages had a solubility of at least 40 mg/ml. 

The methods we have introduced in this paper can be applied to any porous organic cage, so they 
will be widely applicable to the challenge of selecting appropriate solvents for the creation of Type 
II porous liquids. It will be interesting in the future to explore ways to make the predictions of this 
kind of computational screening more precise, since our results showed a number of examples for 
which the computational predictions and experimental results did not agree. It may also be useful 
to include additional physical constraints in the screening approach to address other factors that 
may be important in practical use of Type II porous liquids, such as information about the viscosity 
of potential solvents.
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