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16 Detailed Synthetic Procedures of Porous Organic Cages (POCs)

17 Synthesis of CC3-R. Anhydrous Dichloromethane (20 ml) was layered slowly onto 

18 solid 1,3,5-triformylbenzene (TFB, 1 g, 6.17 mmol) without stirring at room temperature. 

19 Trifluoroacetic acid (TFA, 200 μL) was added directly to this solution as an acid-catalyst for 

20 the imine bond formation. Finally, a solution of (1R,2R)-cyclohexane-1,2-diamine (CHDA, 1 

21 g, 8.76 mmol) in anhydrous dichloromethane (20 mL) was added to other solution without 

22 mixing. The reaction was covered and left to stand. Over 7 days, all of the solid TFB was used 

23 up and octahedral crystals of CC3-R grew on the sides of the glass reaction vessel. The 

24 crystalline product was collected by filtration and washed with mixture of EtOH/DCM (95:5, 

25 v/v). 

26

27 Synthesis of FT-RCC3. Paraformaldehyde (52 mg, 20 eq.) dissolved in methanol (10 

28 mL) was stirred at 70 °C. To this clear solution was added RCC3 (100 mg) dissolved in 

29 methanol (10 mL). A white precipitate appeared upon addition of RCC3. The reaction was 

30 stirred for a further 2 h at 70 °C. The reaction was cooled to room temperature and the 

31 precipitate was collected by filtration. FT-RCC3 (52 mg, 70 %) was obtained after being 

32 washed with methanol (3 × 10 mL) and dried under vacuum.

33

34 Adsorption Cyclic Performance 

35 Experimental details. ~ 0.05g of CC3-R and ~ 0.3g of FT-RCC3 were used during 

36 sorption-desorption procedures. The adsorption procedure was performed during 24 hours 

37 under ambient, static conditions (25℃ and 0.3 bar of Br2 vapor pressure) and desorption 

38 procedure was performed during 24 hours at 200℃ under dynamic vacuum condition. The 

39 bromine uptake capacity was meausred using the gravimetric method.

40
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41 Density Functional Theory (DFT) calculations

42 Computational details. Geometry optimizations and frequency calculations were 

43 carried out using Orca 5.0.1 All calculations were performed using the B3LYP2 functional using 

44 Grimme’s DFT-D4 dispersion correction,3 and def2-SVP basis set in the gas phase. A tight 

45 SCF convergence threshold of 1 × 10−8 Eh was used for all calculations. Geometry 

46 optimizations were carried out using BFGS4 in redundant internal coordinates implemented to 

47 the default tolerances of 3 × 10−4 hartree/bohr for the maximum gradient and 5 × 10−6 hartree 

48 for the change in energy between steps. Interaction energies between bromine clusters and 

49 POCs were further decomposed using the second generation energy decomposition analysis 

50 based on absolutely localized molecular orbitals (ALMO-EDA),5 as implemented in Q-Chem 

51 5.3.6 Charge transfer interactions were further analyzed using the Complementary 

52 Occupied/Virtual Pairs (COVP) method.7 Because the DFT-D4 dispersion correction is not 

53 implemented in Q-Chem, the decomposition was performed using B3LYP functional, and the 

54 dispersion interaction between two fragments was separately computed using the dftd4 conda 

55 package.8

56 Raman vibrational frequencies for Bromine molecules and cages are computed at the 

57 same level of theory. Since the chemical bonds are sensitive to the exchange-correlation 

58 functional, we benched marked several DFT functionals to compare with the experimental 

59 vibrational frequency of Br2 and the results are tabulated in Table S5. For B3LYP functional, 

60 the Hartree-Fock exchange fractions of 25 and 30% were used to test the effect of varying 

61 degree of HFX on the vibrational frequency. The M06-2X functional with the def2-SVP basis 

62 set combination provided the best match between the simulation and experimental vibrational 

63 frequency for the Br2 molecule but required 80% more time to run the calculations. In the 

64 interest of computational efficiency, we chose the B3YLP-D4 functional to compute the 

65 vibrational frequency of the cage and Br2 molecules. Vibrational calculations were carried out 
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66 numerically on the optimized geometry to compute the Hessian using the central difference 

67 approach as implemented in Orca 5.0. All vibrational frequency calculations are terminated 

68 until the SCF energy changes becomes less than 1.0 x 10-8 a.u. Each individual Raman line was 

69 modeled as homogeneously broadened Lorentzian function with a full half width of 20 cm-1.

70

71 HBr formation. We calculated the reaction energies to form hydrobromic acid and 

72 bromide clusters with CC3-R and FT-RCC3 POCs, as well as model ligands forming these 

73 cages. These results are summarized in Figure S30 and indicate significant stabilizing effect 

74 of POCs that can promote the formation of hydrobromic acid. While reactions are exergonic 

75 with CC3-R (ΔE = −2.3 and ΔE = −14.7 kcal/mol for the formation of Br3
- and Br5

-, 

76 respectively) and highly exergonic with FT-RCC3 (ΔE = −43.4 and ΔE = −52.0 kcal/mol), 

77 similar transformations using free ligands are highly endergonic.

78

79 Charge transfer analysis of POCs with bromine molecules. To better understand 

80 the difference in interactions between FT-RCC3 and CC3-R cages, we performed COVP 

81 analysis. The results from these calculations are summarized in Figures S31 and S32. These 

82 calculations reveal that CC3-R cage can form highly stabilizing halogen bonding interactions 

83 with bromine, leading to 25.1 kcal/mol stabilization. Additionally, this complex is stabilized 

84 through ᴨ → σ*Br-Br and nBr → ᴨ* interactions (Figure S31). Similarly, FT-RCC3 is also 

85 stabilized through nN → σ*Br-Br interactions, however, because tertiary amine groups are 

86 sterically not accessible, these interactions occur through hyperconjugation of amine lone pair 

87 to σ*C-H. Therefore, due to decreased overlap, overall charge transfer interactions are 

88 diminished between FT-RCC3 and three Br2 molecules, with this primary interaction 

89 accounting only for 17.0 kcal/mol.

90
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91 Grand Canonical Monte Carlo (GCMC) Simulations

92 Computational details. Grand Canonical Monte Carlo (GCMC) simulations were 

93 conducted to compute the maximum saturating loading of FT-RCC3 and CC3-R cages. CIF 

94 files for the structures were obtained from the literature, and the solvents were removed 

95 manually before the simulation. GCMC simulations were run at T = 298 K and P = 10 bar. 

96 Force field parameters for the cage were taken from the DREIDING force fields9, while the 

97 force field for bromine molecules was taken from Ref 10 (Table S8). Bromine is modeled as a 

98 two-center LJ model with zero partial atomic charges. The interatomic potentials to describe 

99 the interaction between the adsorbate and the framework atoms were approximated based on 

100 the Lennard-Jones 12-6 potential:

101 (S1)
𝑈𝑖𝑗= 4𝜀𝑖𝑗[(𝜎𝑖𝑗𝑟𝑖𝑗)12 ‒ (

𝜎𝑖𝑗
𝑟𝑖𝑗)6]

102 where  is the interaction energy between atoms  and , and  is the center of the mass 𝑈𝑖𝑗 𝑖 𝑗 𝑟𝑖𝑗

103 distance between the two atoms;  and  are the LJ parameters that correspond to the LJ 𝜀𝑖𝑗 𝜎𝑖𝑗

104 potential well-depth and the van der Waals diameter, respectively. For the interaction between 

105 dissimilar atoms, the Lorentz-Berthelot mixing rules were used. The van der Waals interactions 

106 between atoms beyond the cutoff distance of 12.0  were not computed. Periodic boundary Å

107 conditions were applied in xyz directions for the simulation.

108 GCMC simulations were carried out for 5,000 initialization cycles, followed by 10,000 

109 production cycles, where 1 cycle is 20 or the number of molecules in the system, whichever 

110 number is greater. For each cycle, translation, reinsertion, and swap Monte Carlo moves were 

111 attempted with equal probabilities. Framework atoms were not allowed to change their 

112 positions during the GCMC simulations.

113 All simulations were carried out using the open-source RASPA software (v2.0.47)11 

114 compiled as a 64-bits application. Simulations were run on MacBookPro18,2 with ARM64 
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115 architecture. Random number seed of 1663849417 were used to generate the random number 

116 necessary for the selection of different Monte Carlo moves. Simulation snapshots were 

117 visualized using the iRASPA software12.

118

119

120

121

122

123

124

125

126

127
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128 Figures S1-S34

129

Figure S1. FT-IR spectra of monomers (TFB, CHDA) and POCs (CC3-R, FT-RCC3).

Figure S2. N1s XPS spectra of (a) CC3-R and (b) FT-RCC3.
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Figure S3. Solid-state 13C CPMAS NMR spectra of (a) CC3-R and (b) FT-RCC3.

Figure S4. Photograph of Br2 capture experiment during (a) adsorption and (b) desorption. 
(c) Schematic illustration of adsorption-desorption-titration procedure.
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Figure S5. Adsorption kinetic curve of (a) CC3-R and (b) FT-RCC3. Graph were fitted 
using pseudo-first-order and pseudo-second-order adsorption model.

Figure S6. EGA profile of Br2@CC3-R after thermal treatment. (a) TGA, DTG and TIC 
curve and (b) mass spectra of evolved gas.
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Figure S7. EGA profile of Br2@FT-RCC3 after thermal treatment. (a) TGA, DTG and TIC 
curve and (b) mass spectra of evolved gas.

Figure S8. PXRD patterns of pristine and Br2 captured (a) CC3-R and (b) FT-RCC3.
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Figure S9. Solid-state 13C CP MAS NMR spectra of pristine (black line) and Br2 captured 
(red line) (a) CC3-R and (b) FT-RCC3.

Figure S10. Raman spectra of pristine CC3-R, Br2@CC3-R and thermally treated 
Br2@CC3-R. (a) Full spectrum range and (b) 2000 cm-1 to 1400 cm-1 range.
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Figure S11. Raman spectra of pristine FT-RCC3, Br2@ FT-RCC3 and thermally treated 
Br2@ FT-RCC3. (a) Full spectrum range and (b) 2000 cm-1 to 1400 cm-1 range. Due to the 
fluorescence effect, Raman spectra of thermally treated Br2@FT-RCC3 had a distinct 
baseline.

Figure S12. Raman spectra of monomers (TFB and CHDA), pristine CC3-R and Br2@CC3-
R. (a) Full spectrum range and (b) 2000 cm-1 to 1400 cm-1 range.
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Figure S14. Time-resolved FT-IR spectra of CC3-R during Br2 adsorption. (a) Full 
spectrum range and (b) 4000 cm-1 to 2000 cm-1 range. 

Figure S13. Adsorption cyclic capacities of (a) CC3-R and (b) FT-RCC3 over 5 consecutive 
cycles. In the case of (a) CC3-R, there were some deviations in the adsorption capacities 
compared to those of large scale CC3-R (~ 15% higher value than those of large scale CC3-
R; 10.96 mmol/g_small scale vs 9.49 mmol/g_large scale)
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Figure S15. Time-resolved FT-IR spectra of FT-RCC3 during Br2 adsorption. (a) Full 
spectrum range and (b) 4000 cm-1 to 2000 cm-1 range. 

Figure S16. Br3p XPS spectra of (a) Br2@CC3-R and (b) Br2@FT-RCC3.
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Figure S17. C1s XPS spectra of (a) Br2@CC3-R and (b) Br2@FT-RCC3.

Figure S18. Raman spectra of pristine and Br2 captured (a) CC3-R and (b) FT-RCC3.
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Figure S19. 1H NMR of CC3-R in CDCl3 at 25 °C.
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Figure S20. 1H NMR of FT-RCC3 in CDCl3 at 25 °C.
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Figure S21. Packing of FT-RCC3 in a unit cell. Part of the unit cell that are used for the 
modeling is rendered in CPK.

Figure S22. Calculated Raman vibrational spectrum of Br2.
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Figure S23. Calculated Raman vibrational spectrum of Br3
-. The optimized geometry of 

Br3
- is shown in the inset.

Figure S24. Calculated Raman vibrational spectrum of Br5
-. Symmetric stretching is at 221 

cm-1 while 194 cm-1 corresponds to the asymmetric stretching.
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Figure S25. Calculated Raman vibrational spectrum of CC3.

Figure S26. Calculated Raman vibrational spectrum of CC3 from 0 – 1000 cm-1.
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Figure S27. Calculated Raman vibrational spectrum of CC3 and adsorbed Br2 molecule. 
The red line is the guide to the eyes.

Figure S28. Calculated Raman vibrational spectrum of CC3 with adsorbed 2 molecules of 
Br2 adsorbed. The red line is the guide to the eyes.
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252

253 Figure S29. Calculated Raman vibrational spectrum of CC3 with adsorbed 3 molecules of Br-
254 2 adsorbed. The red line is the guide to the eyes.
255

256

257 Figure S30. Calculated HBr and carbocation formation reaction energies of POC/Br2 complex 
258 and free ligand analogs. 
259
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261

262

263 Figure S31. Key orbital interactions between CC3-R cage and 3 Br2 molecules obtained from 
264 COVP analysis.
265

266

267 Figure S32. Key orbital interactions between FT-RCC3 cage and 3 Br2 molecules obtained 
268 from COVP analysis.
269

270

271
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272

273

274

275 Figure S33. Key secondary interactions in complexes (A) CC3-R@3Br2 with N−Br distance 
276 (2.38 Å) labeled and (B) FT-RCC3@3Br2 with Br−H (2.08 Å) and C−H (1.16 Å) distance 
277 labeled.

278

279
280 Figure S34. GCMC simulation snapshot of Br2 adsorbed inside CC3-R cages. Cage atoms 
281 were not shown for clarity. Grey colors are the potential energy surface calculated using a 
282 Xenon probe from iRASPA software12.
283

284
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285

286 Tables S1-S9

287 Table S1. Textural properties and Static Br2 uptake capacity of various adsorbents.

SBET (m2⸱g-1) Pore volume (cm3⸱g-1) Static Br2 vapor uptake (mmol⸱g-1)a

CC3-Rb 404.5 0.158 9.49

FT-RCC3b 386.9 0.154 9.71

Co2Cl2(BTDD)13 - - 2.207

TCuI14 - - 0.867

TCuBr14 - - 0.300

TCuCl14 - - 0.138

TCuCN14 - - 0.179

288 a The static Br2 vapor capture experiment was performed at 25 °C during 24 hours.
289 b This work 
290

291 Table S2. Calculated adsorption rate constant and R-square of CC3-R and FT-RCC3.

CC3-R FT-RCC3

R2 0.9953 0.9935
Pseudo-first-order

k1 (min-1) 0.0699 0.0810

R2 0.9920 0.9905
Pseudo-second-order

k2 (g⸱mmol-1⸱min-1) 0.0042 0.0050

292

293

294

295

296
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297

298 Table S3. Elemental composition of Br2@POCs and thermally treated Br2@POCs.

Element (%) Carbon Nitrogen Hydrogen C/N ratio C/H ratio

Physically mixture of 
monomersa 59.76 11.23 7.139 6.209

(6.000)b
0.698

(0.667)b

Physically mixture of 
monomers after thermal 

treatmenta
70.30 10.87 6.508 7.545 0.900

Pristine CC3-R 75.04 14.82 7.540 5.907 0.829

Br2@CC3-R 28.72 6.095 3.557 5.490 0.672

Br2@CC3-R
after thermal treatment 37.73 8.025 4.799 5.485 0.655

Pristine FT-RCC3 75.16 13.84 8.855 6.335 0.707

Br2@FT-RCC3 25.51 4.689 3.423 6.348 0.621

Br2@FT-RCC3
after thermal treatment 49.83 9.178 5.455 6.334 0.761

299 a Molar ratio of TFB : CHDA = 2 : 3
300 b Theoretical value of atomic ratio
301

302 Table S4. Br/C ratio of Br2@POCs and thermally treated Br2@POCs.

Br2@CC3-R Br2@CC3-R
after thermal treatment Br2@FT-RCC3 Br2@FT-RCC3

after thermal treatment
Br/C ratio 0.4607 0.1465 0.2466 0.0457

303

304

305

306

307
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308

309 Table S5. Calculated adsorption energies of Brn species with CC3-R and FT-RCC3. All 

310 reported energies are in kcal/mol. All energies are relative to free CC3-R, FT-RCC3 and Br2.

Br2 2 Br2 Br3+HBr 3 Br2 Br5+HBr
CC3-R −16.9 −31.6 −33.9 −47.9 −62.6

FT-RCC3 −18.3 −30.6 −74.0 −43.6 −95.6
311

312 Table S6. Decomposition analysis of interaction energies between POCs and bromine clusters. 

313 All energies are in kcal/mol.

ΔEelstat ΔEdispersion ΔEpauli ΔEpol ΔEct

Br2 −11.8 −17.8 19.0 −0.4 −6.4

Br3
- −84.2 −25.9 45.7 −13.1 −14.5

Br4 −53.3 −33.0 82.8 −4.0 −28.1

Br5
- −89.2 −40.4 57.6 −9.9 −16.7

CC3

Br6 −86.6 −49.7 139.5 −7.8 −49.0

Br2 −17.6 −18.5 26.7 −8.8 −18.7

Br3
- −86.0 −30.1 51.4 −14.4 −18.7

Br4 −33.2 −31.1 51.5 −1.4 −14.2

Br5
- −95.6 −44.0 75.5 −11.3 −21.8

FT-RCC3

Br6 −57.3 −48.3 103.4 −2.9 −40.7

314

315

316

317

318

319
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320

321 Table S7. Benchmark data of the Bromine vibrational frequencies.15, 16

Fundamental (cm-1)

Exp. Liquid (gas) 318.6 (323.2)

BLYP 281

BLYP-D4* 282

B3LYP 303

B3LYP-D4* 304

M06-2X-TZVP 332

M06-2X-SVP** 325

322 * 58 seconds with 48 cores
323 ** 92 seconds with 48 cores
324

325 Table 

326 S8. LJ 

327 para

328 meter

329 s for all atoms and molecules used in the GCMC simulation.

330

331

332
333
334
335 Table S9. Comparison of the saturation loading of Br2 molecules in FT-RCC3 and CC3-R from 
336 this work and the work by Khanchi and co-workers17.

Framework Type Saturation Loading (mmol/g) Reference

2.65 This workCC3-R 5.00 Khanchi et al.17

FT-RCC3 2.47 This work

Atom Type  (K)𝜖/𝑘𝐵  ( )𝜎 Å

N 38.9492 3.262
C 47.8562 3.472
H 7.6489 2.846

Br_br2 280.39 3.4166
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