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Experimental Procedures

Materials. All chemicals, including benzene (Bz) and cyclohexane (Cy), were purchased from 

commercial sources and used as received.

Synthesis of Thienothiophene Cages. Tren (292.48 mg; 2.0 mmol) was dissolved in MeCN 

(5 mL), then thieno[2,3-b]thiophene-2,5-dicarboxaldehyde (588.75 mg; 3.0 mmol) in MeCN (50 

mL) was added dropwise over 1 h. The reaction mixture was stirred overnight at room 

temperature. A light-yellow precipitate was formed which was filtered and washed further with 

MeCN, then dissolved in dichloromethane and filtered to remove polymers. After the removal 

of dichloromethane, ThT-cage was obtained in 70% yield. 1H NMR (400 MHz, CDCl3): δ 8.28 

(s, 1H), 6.49 (s, 1H), 3.76 (t, J = 4.9 Hz, 2H), 2.78 (s, 2H); 13C NMR (101 MHz, CDCl3) δ 157.73, 

146.05, 144.95, 141.37, 125.47, 56.04, 53.08. HRMS (ESI) calcd for C36H37N8S6 [(M+H)+]: 

773.1465, Found: 773.1391.

Scheme S1. Synthethic scheme of the ThT-cage.

Single Crystal Growth. Single crystals of ThT-cage 1 were obtained by liquid diffusion of 

hexane into a chloroform solution at room temperature; Single crystals of ThT-cage 2 were 

grown by slow cooling of a hot benzene solution to room temperature; Single crystals of ThT-

cage 3 were obtained by liquid diffusion of cyclohexane into a chloroform solution at room 

temperature. All three crystals are colorless.



Adsorption Material Activation. Single crystals of ThT-cage 1 were dried under vacuum at 

80 oC for 24 h to obtain the ThT-cage 1α. While the ThT-cage 1α after adsorption was 

regenerated to release the adsorbed guests upon heating at 100 oC under vacuum overnight.

Adsorption Experiments for Bz or Cy vapor. An open 5 mL vial containing 10 mg of the 

activated ThT-cage 1α adsorbent was placed in a sealed 20 mL vial containing 1 mL of solvents 

(Bz, Cy or an equimolar Bz/Cy mixture).

Single X-ray Crystal Structure Determination

Single crystal X-ray diffraction data were recorded on a Bruker D8 Venture equipped with a 

digital camera diffractometer using graphite-monochromated Cu Kα radiation (λ= 1.54178 Å) 

for the crystal structure. Data reductions were carried out by means of a standard procedure 

using the Bruker software package SaintPlus 6.01.[1] The absorption corrections and the 

correction of other systematic errors were performed using SADABS.[2] The structures were 

solved by direct methods using SHELXS-2008 and refined using SHELXL-2018.[3] X-Seed[4] 

was used as the graphical interface for the SHELX program suite. Data collection, structure 

refinement parameters and crystallographic data for the crystals are given in Table S1. 

Characterization

Powder X-ray diffraction (PXRD) patterns were obtained using a D8 ADVANCE Twin X-ray 

diffractometer (40 Kv, 40 mA) with Cu Kα radiation (λ = 1.54178 Å). Data were measured over 

the range of 3−45° in 1.2°/min steps. NMR spectra were recorded on Bruker-400 (400 MHz for 

1H; 101 MHz for 13C) instruments internally referenced to SiMe4 signal. Low-pressure gas 

adsorption measurement was performed on a  Micrometritics Accelerated Surface Area and 

Porosimetry System (ASAP) 2020 surface area analyzer. Samples were degassed under 

dynamic vacuum for 12 h at 60 °C prior to each measurement. N2 isotherms were measured 

using a liquid nitrogen bath (77 K). Thermogravimetric analysis (TGA) was carried out using a 

TGA Q50 analyzer (TA Instruments) with an automated vertical overhead thermobalance. The 

samples were heated at 10 °C/min from 25 to 800 oC using N2 as the protective gas. Gas 



Chromatographic (GC) Analysis: GC measurements were carried out using a J&W (122-1364) 

instrument configured with an FID detector and a DB-624 column (60 m × 0.25 mm × 1.4 μm). 

The following GC method was used: the oven was programmed from 40 °C ramped in 10 

°C/min increments to 240 °C with 26 min hold; the total run time was 50 min; the injection 

temperature was 250 °C; the detector temperature was 260 °C with hydrogen, air, and make-

up flow rates of 35, 350, and 30 mL/min, respectively; the helium (carrier gas) flow rate was 3.0 

mL/min. The samples were injected in the splitless mode. 



Fig. S1 1H NMR spectrum (400 MHz, 298K, CDCl3) of ThT-cage (HDO peak comes from trace amount of water in 

CDCl3). 

 

Fig. S2 13C NMR spectrum (101 MHz, 298K, CDCl3) of ThT-cage.



Fig. S3 Thermogravimetric analysis of the as synthesized crystals (ThT-cage 1) and the activated ones. 

Fig. S4 The PXRD spectra of the as synthesized crystals (ThT-cage 1) and the corresponding simulated and activated 

ones. 



Fig. S5 Nitrogen adsorption isotherm at 77 K for the ThT-cage 1α.

Fig. S6 1H NMR spectrum (400 MHz, 298K, CDCl3) of the ThT-cage 1α after being exposed to Bz for 24 h. 



Fig. S7 1H NMR spectrum (400 MHz, 298K, CDCl3) of the ThT-cage 1α after being exposed to Cy for 24 h (HDO peak 

comes from trace amount of water in CDCl3).  

Fig. S8 1H NMR spectrum (400 MHz, 298K, CDCl3) of the ThT-cage 1α after being exposed to Bz/Cy equimolar mixture 

for 24 h (HDO peak comes from trace amount of water in CDCl3). 



Fig. S9 Experimental PXRD patterns showing the structure conversion after ThT-cage 1α being exposed to Bz, Cy 

and Bz/Cy mixture under different times, respectively.

Fig. S10 Time-dependent solid−vapor sorption plots of the ThT-cage 1α for single-component Bz and Cy vapor, 

respectively.



Fig. S11 Experimental PXRD patterns of the solid-liquid sorption experiments.

Fig. S12 Single-crystal structure of ThT-cage 2 from different views (a-c).



Fig. S13 The asymmetric unit of crystals (a) ThT-cage 2 and (b) ThT-cage 3. 

Fig. S14 Single-crystal structure of ThT-cage 3 from different views (a-c).



Fig. S15 Thermogravimetric analysis of the as synthesized crystals ThT-cage 2 and ThT-cage 3.

Fig. S16 Differential Scanning Calorimetry (DSC) of the ThT-cage 1α after being exposed to Bz/Cy for 24 h.



Fig. S17 Gas chromatography showing the relative uptake of Bz and Cy adsorbed by the ThT-cage 1α for 12h.

Fig. S18 Experimental PXRD patterns of the ThT-cage 1α: (Ⅰ) Original; (Ⅱ) Activated at 100 oC under vacuum after 

adsorption of Bz/Cy mixture vapor; (Ⅲ) Re-activated after 5 cycles.



Fig. S19 Stability of the ThT-cage 1α in water for a week.

Fig. S20 Experimental PXRD patterns of crystal ThT-cage 1 (with CHCl3) after being soaked in Bz, Cy and Bz/Cy 

mixture solution for 24h.



Table S1. Experimental single crystal X-ray data

a Formula is given based on single-crystal X-ray data.

b R1 = Σ||Fo| - |Fc||/ Σ|Fo|, wR2 = { Σ[w(Fo
2-Fc

2)2]/ Σ[w(Fo
2)2]}½

Table S2. C-H···π intermolecular interactions between the aliphatic C-H moiety of TREN and centroid of the aromatic 

ring of Bz for ThT-cage 2 crystals.

Table S3. C-H···S intermolecular interactions between the host and the guest molecules for ThT-cage 2 crystals.

Table S4. C-H···N intermolecular interactions between cages for ThT-cage 2 crystals.



Table S5. Intermolecular π-π interactions distance between cages for ThT-cage 2 crystals.

Table S6. C–H···S intermolecular interactions between the host and the guest molecules for ThT-cage 3 crystals.

Table S7. C-H···π intermolecular interactions between the aliphatic C-H of the cyclohexane ring and the centroid of 

the 5-membered ring of the cage for ThT-cage 3 crystals.

Table S8. C-H···N hydrogen bonding interactions between the cages for ThT-cage 3 crystals.



Table S9. Optimized Structures and Binding Energies of the THT-cage with Bz or Cy.

THT-cage 3D Structure: THT-cage + Solvent 
Binding Energy at 1 bar and 

298.15 K

Bz

Ggas (kcal·mol-1) = -7.742

Gwater (kcal·mol-1) = -5.159

Cy

Ggas (kcal·mol-1) = -11.50

Gwater (kcal·mol-1) = -8.350

The structure of each studied molecule (i.e., THT-cage alone and with Bz or Cy) was optimized by using the Turbomole 

7.0 program package.[5] Before their visualization using TmoleX (version 4.1.1), the structure of each individual species 

(i.e. THT-cage, Bz and Cy) was optimized in the gas phase, with a convergence criterion of 10-8 Hartree, using the 

hybrid functional UB3LYP and the triplet-ζ basis set 6-311+G*,[6] to collect its more stable 3D conformer. The resulting 

optimized structure was then used as an input in the COSMOconfX program (version 4.0) to generate the lowest energy 

contact between the THT-cage and Bz or Cy to form each cluster (i.e., THT-S with S = Bz or Cy). 

The energy of each cluster (THT-S) was then minimized again using DFT calculations combining the Resolution of 

Identity (RI) approximation,[7-8] within the Turbomole 7.0 program package using the UB3LYP function with the def2-

TZVP basis set.[9-11] All major trends obtained with the UB3LYP functional were replicated with the pure UBP86 function. 

All minimum energy structures were obtained with full optimization, without constraints. Corrections for long range non-

bonding interactions were given using the Grimme D3 dispersion model.[12] An implicit solvent model of water was 

additionally undertaken, using the COSMO Model implemented in Turbomole. Analytical frequencies were conducted 

on each structure at 1 atm and 298.15 K to calculate each binding energy when mixing THT-cage with Bz or Cy.



Table S10. Summary of the selective adsorbents for the separation of Bz and Cy.
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