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1.0 Computational Methodology

Geometry optimisation Crystal structure prediction was performed using a quasi-random sampling
procedure, implemented in Global Lattice Energy Explorer (GLEE) software (version 2).1 A search for
molecular conformations was carried out using the Schrédinger Maestro package with the OPLS2005
2 force field (no cut off and a dielectric constant of 1.0) using a mixed torsional/low-mode search. A
maximum of 10000 steps were allowed and conformers with an energy less than 35 kJ mol-1 from the
global minimum and with an RMSD in atomic positions of greater than 0.3 A from all previously
generated conformers were retained. Each conformer was subsequently geometry optimized using
dispersion corrected (D3BJ)? density functional theory (DFT), using the B3LYP** functional with a 6-
311G(d,p) basis.®” Molecular DFT calculations were performed with the Gaussian09 software (Revision

D).8

Redundant conformers (again, those with an RMSD < 0.3 A) according to their DFT optimised gas-
phase geometries were then eliminated. These gas-phase molecular geometries were then held rigid

throughout crystal structure generation and lattice energy minimisation.



The relative energies of the final gas-phase conformations are available in Table S1, and their

geometries are available in the supporting information.

Geometry optimisation in a polarisable continuum

Due to the plethora of low energy structures, relatively flat potential energy surface with regard to
torsional changes, and the significant effect that the orientation of the sulfonyl chloride functional
group has on crystal packing, we used a polarisable continuum model (PCM) with a sensible, if large,
dielectric constant of 4.0 to mimic a molecular crystal-like environment. To this end, the previously
described methodology for geometry optimisations was followed with the caveat that the self-
consistent reaction field (SCRF) method was used. Specifically, the Integral equation formalism
polarisable continuum model (IEFPCM), the default PCM method in Gaussian09 was utilised and,
rather than using parameters for a solvent, we used a dielectric constant of Eps=4.0 and Epsinf=1.8.

Atomic radii for the PCM surface were the defaults in Gaussian09, i.e., UFF radii.

Total SCF energies are not directly comparable between gas-phase calculations and SCRF calculations,
so in order to compare the energetic penalty associated with the PCM conformations the lowest
energy conformer from the PCM set was fixed and a single-point energy calculated with the same
procedure as the gas-phase geometries. Using this procedure, the gas-phase conformer was

approximately 3 kJ/mol lower than the lowest PCM conformer.

Likewise, the difference between the conformer from the lowest energy structure matching the
experimental crystal structure, and the lowest energy gas-phase conformer found was only roughly 5

kJ/mol.

The relative energies of the final conformations of the conformers optimised in a crystal-like dielectric
are available in Table S1, and their geometries are available in the supporting information. For the CSP

datasets see DOI: https://doi.org/10.5258/SOTON/D2313



https://doi.org/10.5258/SOTON/D2313

Table S1 Relative energies (kJ/mol) of conformers used in the CSP within this study. The Relative

Energy column is as compared to the minimum energy conformer in each category (PCM vs. Gas-

Phase).

Crystal-like dielectric (g = 4) Gas-Phase
Conformer ID Relative Energy (kJ/mol) Conformer ID Relative Energy (kJ/mol)
90 0.00 22 0.00
89 0.36 26 0.03
77 0.46 24 0.03
75 0.46 25 0.03
71 0.46 29 0.07
72 0.46 38 0.07
67 0.46 28 0.07
78 0.46 35 0.07
68 0.46 34 0.07
81 0.46 27 0.07
70 0.46 36 0.07
69 0.46 32 0.07
87 0.46 33 0.07
80 0.46 30 0.07
73 0.46 37 0.07
76 0.46 31 0.07
82 0.46 19 0.08
30 0.53 18 0.19
41 0.53 16 0.20
40 0.53 20 0.20
11 0.80 1 0.42
5 0.82 9 0.46
6 0.86 7 0.46
10 0.86 6 0.46
17 0.86 4 0.46
15 0.86 8 0.46
24 0.86 3 0.46
26 0.86 10 0.46
28 0.86 12 0.46
21 0.86 2 0.46
14 0.86 11 0.46
7 0.89 5 0.46
52 1.28 21 0.66
1 1.39 39 1.11
34 1.43 13 1.75
15 2.63
14 2.91
17 2.93
23 2.96




Crystal-like dielectric (¢ = 4) optimised conformer ID

Table $2 Root-mean-square deviation (RMSD, in A) of gas-phase vs. crystal-like dielectric optimised

conformers used in the CSP within this study. None of the PCM optimised conformations correspond

to any of the gas-phase conformations.

Gas-phase optimised conformer ID

1 3 4 7 10 11 12 13 14 15 20 24 26 27 31 38 39
11118 094 132 094 132 176 176 187 194 176 179 166 166 169 120 1.20 1.20
3 | 057 141 085 141 085 141 085 124 092 149 102 146 101 152 165 159 176
6 166 159 169 159 161 093 476 0.60 074 076 149 072 147 092 092 123 1.02
7 | 072 155 094 156 095 154 171 473 192 161 162 165 161 162 151 157 131
101070 143 093 156 047 161 159 473 184 154 163 161 149 158 151 152 1.32
111059 156 083 143 083 140 158 158 177 146 146 487 147 143 141 142  1.50
141 064 492 032 151 088 164 088 134 091 161 066 153 1.05 149 147 146 159
151 146 047 476 093 143 094 156 102 1.09 110 162 110 1.60 123 157 166 1.73
17 | 146 047 476 093 143 172 168 171 189 157 163 164 159 169 092 092 1.02
30 | 092 147 075 147 075 160 110 131 097 155 094 165 124 156 154 162 1.71
341178 178 178 166 163 119 100 108 084 132 114 104 081 114 136 136 0.99
401 092 147 075 147 075 162 148 168 1.81 159 151 165 159 162 141 141 119
521712 118 127 139 102 138 102 107 084 130 115 126 113 135 176 179 184
671110 148 097 147 096 155 154 171 183 158 157 161 156 165 143 125 1.00
68 | 110 148 126 162 098 147 096 136 110 157 112 137 076 143 170 165 4.79
69| 152 098 162 126 148 157 164 173 187 159 169 161 165 1.65 095 095 0.59
70| 152 097 148 096 147 156 157 161 178 147 152 156 161 161 094 049 0.59
711110 147 096 148 097 167 158 480 185 166 159 165 167 174 125 143 1.00
73115 096 147 097 148 163 161 170 179 162 150 1.67 165 171 050 094 0.59
821110 162 098 148 126 148 097 114 074 144 079 137 076 125 159 154 479
891128 146 117 146 117 161 161 176 1.83 161 167 159 159 169 122 122 0.69
%0 |158 112 152 112 153 112 152 085 0.8 101 144 096 143 076 1.60 1.65 183




2.0 Materials and Methods

Materials: Tetraphenylmethane was purchased from Manchester Organics. All other chemicals were
purchased from Sigma-Aldrich and used as received, except for chlorosulfonic acid which was distilled

prior to use.

NMR: *H and **C NMR spectra were recorded at 400 MHz on a Bruker Advance 400 NMR spectrometer.
Chemical shifts are reported in ppm with reference to internal residual protonated species of the

deuterated solvents used for *H and *3C analysis.

Fourier-transform infrared spectroscopy (FT-IR): FT-IR spectra were recorded on a Bruker Tensor 27

FT-IR spectrometer using bulk solid sample and an ATR attachment (16 scans).

Thermogravimetric Analysis (TGA). TGA was carried out using a Q5000IR (TA Instruments) with an
automated vertical overhead thermobalance. Samples (3 — 5 mg) were heated in platinum pans at a

rate of 10 °C/min unless stated otherwise.

Powder X-ray Diffraction (PXRD): PXRD data were collected in transition mode on powder samples
held on thin Mylar film in aluminium well plates on a Panalytical Empyrean diffractometer equipped
with a high throughput screening XYZ stage, X-ray focusing mirror, and PIXcel detector, using Cu-Ka (A
=1.541 A) radiation.

Single Crystal X-ray Crystallography: Single crystal X-ray data were measured on a Rigaku MicroMax-
007 HF rotating anode diffractometer (Mo-Ka radiation, A = 0.71073 A, Kappa 4-circle goniometer,
Rigaku Saturn724+ detector). Rigaku frames were converted to Bruker compatible frames using the
programme ECLIPSE.® Absorption corrections, using the multi-scan method, were performed with the
programme SADABS. The structure was solved with SHELXT,'! and refined by full-matrix least-least
square on [F]?> SHELXL,* interfaced through the program OLEX2.!® H atom positions for the C-H groups

were refined using the riding model. For full refinement details, see supporting CIF files.

Gas Sorption Analysis: Nitrogen isotherms were collected at 77K using an ASAP2420 volumetric
adsorption analyser (micrometrics instruments Corporation). Carbon dioxide isotherms were
collected up to a pressure of 1200 mbar on a micrometrics ASAP2020 volumetric adsorption analyser
at 298K and 273K. Carbon dioxide isotherm at 198K and Methane isotherms at 273K were collected

using Micromeritics 3flex volumetric adsorption analyser.



Synthesis of Tetrakis(4-sulfonylchloridephenyl)methane (TSCI)
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Scheme S1 The synthetic route used to form TSCI.

TSCI synthetic procedure: Tetraphenylmethane (1.5 g, 4.68 mmol) was dissolved in anhydrous CHCl,
(40 mL) under an inert N, atmosphere. Freshly distilled chlorosulfonic acid (1.25 mL, 18.72 mmol, 4
eq) was added dropwise over 1 hour with stirring at 0 °C then left for 1 hour before another 4 eq of
freshly distilled chlorosulfonic acid was added in the same manner as previously. In total 16 eq of acid
was added, after all the acid had been added the now thick brown suspension of solid was slowly
warmed up to RT. The mixture was left stirring overnight to give a clear deep red solution with a small
layer of black oil at the bottom of the round bottom flask. The deep red solution was slowly added
dropwise to ice which resulted in the precipitation of a yellow solid, once all the ice had melted the
yellow precipitate was filtered off and left on the filter paper for drying for 30 minutes to give the final
product (1.83 g, 82% yield). *H NMR (400 MHz, DMSO-ds, & (ppm)): 7.54 (d, ) = 8 Hz, 8H), 7.08 (d, J =
8 Hz, 8H). *C NMR (100 MHz, DMSO-dg, 6 (ppm)): 146.85, 145.86, 130.46, 125.52, 64.34. IR: v 1585,
1375, 1173, 1006, 826, 559. Anal. Cald. for C,sH16Cl40sS4: C 42.03, H 2.26, S 17.95; Found C 41.76, H
2.25,517.64
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Figure S1. a) 'H NMR (400 MHz, DMSO-ds), and b) 13C NMR (100 MHz, DMSO-ds) spectra of TSCI.
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Figure S2. FT-IR spectra for TSCI

Crystallisation of TSCI

TSCl was shown by PXRD to form directly from the reaction as a bulk powder see Figure S4. Single
crystals of TSCl suitable for x-ray diffraction were obtained by dissolving TSCI (40 mg) in 1,1,1,3,3,3-
hexafluoropropanol (HFP) (10 mL) the solvent was then left to slowly evaporate off to give colourless
block shaped crystals of TSCl within 3 days. The same method could be used to grow single crystals of
TSClin THF and ethyl acetate. To form bulk solid for gas adsorption and analysis which could be easily
activated, TSCI (225 mg) was dissolved in HFP (60 mL) then Methyl acetate (20 mL) was added and the
solution was swirled by hand to allow mixing of the solvents which resulted in an instant precipitation
of powder. The powder was placed in a gas sorption tube and nitrogen was blown over it before it was

activated by holding under vacuum at room temperature overnight on the gas port.

The crystal refinement data for TSCI (CCDC entry code: 2192388) is shown in Table S3. For a

displacement ellipsoid plot of the asymmetric unit, see Figure S3.



Figure S3. Displacement ellipsoid plot from the single crystal structure of TSCl showing one complete
TSCI molecule, shown without the disorder for clarity. Ellipsoids are displayed at a 50% probability
level. C: grey, S: yellow, O: red, Cl: green, H: white.



Table S3. Single crystal X-ray refinement details for solvated TSCI

Molecule Tscl
L A] 0.71073
Collection Temperature 100 K
Formula C25H16Cl405S4
Mr [g mol-1] 714.42
Crystal Size [mm] 0.127 x 0.107 x 0.07
Crystal System Tetragonal
Space Group 14
a [A] 13.6104(8)
c[A] 9.8000(5)
VA3 1815.4(2)
Z 2
Dealed [g cm™] 1.307
U [mm?] 0.595
F(000) 724
26range [°] 5.122-52.724
Reflections collected 10185
Independent reflections 1842, 0.0382
Rint
Obs. Data [/ > 20(/)] 1647
Data /restraints / 1842/ 209/ 175
parameters
Final R1 values (I > 20(/)) 0.0483
Final Ry values (all data) 0.0541
Final wR(F) values (all 0.1345
data)
Goodness-of-fit on F? 1.095
Largest difference peak 0.333/-0.219
and hole [e.A]
CCDC 2192388
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Figure S4. PXRD pattern for TSCl recorded from the bulk yellow powder obtained straight from the
reaction mixture without further recrystallisation or purification. This is compared to the simulated

PXRD from the single crystals and the predicted PXRD pattern for the structure from the CSP.

Figure S5. Crystal packing of TSCI from single crystal shown down the a and b axis. Surface contact

voids are shown in yellow using probe radius of 1.55 A, the Van der Waals radius of N, and grid spacing

of 0.7 A.
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Figure S6. TGA trace of TSCl after isolating in its porous form straight from the reaction (red line). TGA

trace of TSCI after recrystallising in HIFP/MeOAc before allowing the residual solvent molecules to

evaporate out of the pores (black line).
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Figure S7. A TGA trace of activated TSCl showing a weight loss of ~3 wt.% before 140°C, which is
likely to be physisorbed water in the pores.
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Figure S8. Gas sorption isotherms for TSCI, a) CO; at 195, 273, and 298 K. b) N; at 77 K, c) CH, at 273
K, and H; at 77 K. Closed symbols are for adsorption points, while open symbols are for the desorption

points.
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Figure S9. PXRD pattern for TSCl recorded before and after gas sorption cycles indicating no change

in the structure after the sorption cycles.

Figure S10. Crystal structure of the lowest energy crystal structure predicted by CSP.
Other reported sulfonyl chlorides reported in literature.

Searching the CSD database for crystals with the motif Ph-SO2CI ... O (Figure S9) gave 7 results for

which the molecules can be seen in Figure S10. All these molecules pack densely together with no



channels. Some of the structures are packed using halogen bonding between the sulfonyl chloride
groups, while others are packed through other intermolecular interactions such as hydrogen bonding
and - rt stacking with there being halogen bonding between the two sulfonyl chloride groups within

the same molecule. The packing of these molecules can be seen in Figure S11.
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Figure S11. Structure of motif used to search for crystal structures containing sulfonyl chloride

functional groups attached to a benzene ring. (Ph-SO2Cl ... O)
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Figure $12. Showing the structures of the 7 results'*!¢ found when searching the CSD database for

the mofit Ph-SO2Cl ... O.
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Figure S13. Packing of the 7 molecules seen in Figure $S10. Images show the dense packing of the

structures along with their corresponding CCDC reference number.
Stability tests of activated TSCI

While TSCI was shown in the original submission to be stable to activation, as shown by the

gas isotherms, this does not prove its long-term stability to air / moisture over time.

The stability of solvated samples from the recrystallisations (HFIP/MeOAc) appeared good. PXRD data
taken for samples left in a capped vail after 1 year showed no change. These samples were stored in
the vials and were not under an inert atmosphere, but they were also not exposed to atmospheric air.
To check the stability of an activated sample, it was placed into a well on a PXRD plate and the pattern

was collected each day at roughly the same time to monitor any changes. The PXRD pattern for the



activated TSCI sample showed that after 5 days open to air, the crystallinity began to decrease (see
Fig. S14, below). The now semi-crystalline sample was recrystallised, which gave the TSCI structure
back with high crystallinity. This indicated that the material had begun to become disordered, rather
than being chemically hydrolysed. This is in keeping with the fact that TSCI was isolated from water

where it was shown to be stable to hydrolysis for at least 6 hours.

W Recrystallised
N R, S
M o
MMM =
W -
W -
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Normalised intensity (a.u.)

Figure S14. PXRD patterns of an activated sample of TSCl| exposed to air over a period of 6 days, with
the sample being recrystallised again after this period to achieve the same level of crystallinity (purple

pattern, top).

To further test the stability of TSCI to hydrolysis, samples obtained from the recrystallisation both
activated and unactivated were stirred in water at both room temperature and at 80 °C at a
concentration of 5 mg/ml. The results of the tests can be seen in Table Sl 4. In general, both the
activated and solvated samples show more resilience to hydrolysis at room temperature, with the
samples remaining stable for over 4 days. Both samples were hydrolysed at a faster rate when heated.
Even with heating, there was no noticeable difference in the rate of hydrolysis for both samples and

both were observed to dissolve in 10 -11 hours. To assess whether the material had been hydrolysed,



the sample was visually checked to see when it dissolved (which indicated that it had been converted
to the corresponding sulfonic acid). The resulting solution was then freeze-dried and this powder
analysed by PXRD. A sample of TSCl was first freeze-dried separately to check that it was stable under
these conditions. These results showed that the structure transforms to a known polymorph of
tetrakis(4-sulfophenyl)methane that has been previously reported.'’” Figure SI 15 shows the change in

the PXRD pattern after hydrolysis. Table S4 shows the general trends in stability for TSCI.

After heating @80°C for 10-11 h

TSCI

Normalised intensity (a.u.)
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Figure S15. PXRD pattern for the activated sample of TSCI both before and after heating in water at

80°C for 10-11 hours, whereupon the structure has transformed to tetrakis(4-sulfophenyl)methane.



Table S4. General trend in the hydrolytic stability of TSCI.

Sample Conditions Time Results

Solvated Capped vial 1vyear+ No change
Solvated H,0 @ RT (5mg/ml) 4 days No change
Activated H,0 @ RT (5mg/ml) 4 days No change
Solvated H,0 @ 80 °C (5mg/ml) ~10-11 hours Hydrolysed
Activated H,0 @ 80 °C (5mg/ml) ~10-11 hours Hydrolysed
Activated Open to air 6 days Loss of crystallinity
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