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1. Generalities

Starting materials were purchased from Sigma-Aldrich (St. Louis, MO), AK Scientific (Union
City, CA), Oakwood Chemicals (West Columbia, SC), Fisher Scientific (Hampton, NH), Alfa
Aesar (Ward Hill, MA), TCI America (Portland, OR) and Cambridge Isotope Laboratories
(Andover, MA). Cucurbit[8]uril (CB[8])! was prepared using known procedures.
Characterization by nuclear magnetic resonance spectroscopy (NMR) was carried out using a
Bruker Ascend 500 spectrometer (Billerica, MA). 'H and '3C NMR chemical shifts are reported
in parts per million (ppm) and are referenced to TMS using the residual signal of the solvent
as an internal reference. Coupling constants (J) are reported in hertz (Hz). Standard
abbreviations used to indicate multiplicity are: s = singlet, d = doublet. Solvent used was
deuterated water. Products were also characterized by high-resolution mass spectrometry
(HRMS) performed at the COSMIC facility of the Old Dominion University (Norfolk, VA)
using a Bruker Daltonics 12 Tesla APEX-Qe FTICR mass spectrometer with an Apollo II Ion
Funnel and positive-ion mode electrospray ionization.

2. Preparation and characterization of probe P3 and complex CB[8]-P3:

Auxiliary guest P3: 4-(Trifluoromethyl)pyridine (80 mg, 0.54 mmol) and 4-methylbenzyl
bromide (0.10 g, 0.54 mmol) were mixed with dry acetonitrile (2.0 mL) and kept at room
temperature for 24 h. A white precipitate formed. It was filtered and dried to afford the title
compound (0.11 g, 60%). '"H NMR (500 MHz, D,0): § 9.20 (d, J = 6.2 Hz, 2H, H?), 8.44 (d, J
= 6.2 Hz, 2H, H%), 7.41 (d, J = 8.0 Hz, 2H, H"), 7.37 (d, J = 8.0 Hz, 2H, H¢), 5.91 (s, 2H, HY),
2.38 (s, 3H, HY). 3C NMR (126 MHz, D-0): § 146.21, 146.13, 140.94, 130.20, 129.43, 128.77,
125.29, 125.27, 122.02, 119.83, 65.20, 20.28. 'F NMR (471 MHz, D>0): § -65.49. HRMS
(ESI-FTICR): m/z = 252.099242 [M]*(calcd. 252.099460 for C14H13F3N).

FsC

Assembly CB|[8]-P3;. Guest P3 (3.3 mg, 10 pmol) was mixed with D,O (5.0 mL). CB[8] (10
mg, 5.0 pmol) was added subsequently, and the resulting mixture was sonicated thoroughly.
The stock solution was stored at 4 °C for further use. '"H NMR (500 MHz, D,0): § 9.23 (d, J =
3.9 Hz, 4H, H?), 8.55 (s, 4H, H?), 6.65 (d, J = 5.9 Hz 4H, H?), 5.99 (s, 4H, H°), 5.82 (d, J =
15.3 Hz, 16H, H®BB), 5,57 (s, 4H, HY), 5.54 (s, 16H, HB®)), 4.24 (d, J= 15.3 Hz, 16H, H*B®)),
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1.05 (s, 6H, HY). 3C NMR (126 MHz, D>0): § 156.66, 146.32, 138.90, 128.82, 128.56, 127.51,
125.45, 122.19, 120.01, 72.06, 65.38, 53.65, 20.44. ’F NMR (471 MHz, D,0): § -65.19.
HRMS (ESI): m/z =916.29547 [M]** (calcd. 916.29631 for C76H7aN34016Fs).
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Figure S1. 'H NMR spectrum of guest P3 in D,O.

T OMNONONM

NS NTYRANS® 3 CF:, g

[RR=] O QW N O N 3 N

< T T MANANANNN n o

Rt o B B B e B B B ] (=} ~N

=l N X |
|@/ Br

180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10
B f1 (ppm)
Figure S2. “"C{'H} NMR spectrum of guest P3 in D,O.
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Figure S3. "F{'H} NMR spectrum of guest P3 in D,0.
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Figure S4. MS spectrum of guest P3.
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Figure S5. 'H NMR spectrum of homoternary complex CB[8]-P3; in D,O.
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Figure S6. "C{'H} NMR spectrum of homoternary complex complex CB[8]-P3, in D,O.
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Figure S7. "’F{'H} NMR spectrum of homoternary complex complex CB[8]-P3; in D,O.
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Figure S8. MS spectrum of homoternary complex CB[8]-P3..

4. Hydrocarbon binding assay

A solution of auxiliary guest P3 (10 mg, 30 umol) in deuterium oxide (15 mL) was prepared.
CB[8] (40 mg, 30 umol) was added, and the mixture was sonicated for 10 min at 25 °C to afford
a milky emulsion. Samples (0.40 mL) were withdrawn immediately after sonication and
transferred to NMR tubes equipped with an insert containing a standard for quantification
(2,2,2-trifluoroethylammonium chloride in deuterium oxide; 0.10 mL, 10 mM). A reference
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hydrocarbon (0.10 mL) was added to the NMR tube, aliquots of the second hydrocarbon (2.5,
5.0, 7.5, 10 pL etc.) were added, and the NMR tube was sonicated at 25 °C for 10 min after
each addition. F{'H} NMR spectra were recorded after each hydrocarbon addition (see
Figures S9 to S12). All spectra were recorded on the day of sample preparation. We note that
sonication times and bath temperatures did not significantly affect binding affinities.

_

UOL.

S | S N IS

e e | o o
vlTlo| a3 |=ISS|=

AN
AN

:

==
==

) (o)) b 3 Kbl nal) )

i

A~ S e e

o~~~

e o | — | ~—

A A
a )\ K
-64.0 -64.5 -65.0 -65.5 -66.0 -64.0 -64.5 -65.0 -65.5 -66.0
1 (ppm) 1 (ppm)

(6-0p)/ (84-9)

0 100 200 300 400 500
(1-xp )Xy x SO /SO

Figure S9. Top left — ""F{'H} spectra of (a) complex CB[8]-P3, in deuterium oxide (0.40 mL), (b)
complex CB[8]-P3-cyclopentane after addition of cyclopentane (0.10 mL) and sonication; mixtures of
complexes CB[8]-P3-cyclopentane and CB[8]-P3-cycloheptene after addition of (c) 2.5, (d) 5.0, (e) 10,
() 15, (g) 20, (h) 28, (i) 35, (j) 45, and (k) 65 pL cycloheptene. Top right — °F{'H} spectra of (a)
complex CB[8]-P3; in deuterium oxide (0.40 mL), (b) complex CB[8]-P3-cyclopentene after addition
of cyclopentene (0.10 mL) and sonication; mixtures of complexes CB[8]-P3-cyclopentene and
CBJ8]-P3-cycloheptene after addition of (¢) 2.5, (d) 5.0, (e) 7.5, (f) 13, (g) 20, (h) 30, (i) 45, (j) 65, and
(k) 95 pL cycloheptene. Bottom — plot of (& — 67)/(8y — 8) as a function of (1 — xHr)Sﬁ/(xHrSIg,),
where Oy are the chemical shifts of complexes CB[8]-P3-cyclopentane (blue series) or
CB[8]-P3-cyclopentene (red series), 8y the chemical shifts of complex CB[8]-P3-cycloheptene, and 6
chemical shifts of mixtures; S° and x are hydrocarbon solubilities and molar fractions in the mixture;
see manuscript for details. Chemical shifts measured at the maximum of the Gaussian function used to
fit the spectra. Experimental and fitted spectra in black and blue, respectively.



S8

(m) o N (m) e N
0) NS N (0] e
(k) o~ (k) AN
( 1) — ?r%) N
h et N
(9) N (9) VAN
(f) e Nl () AN
€ A ) A\
o = =
C C
®) A A (b) )
(a) I (@ I
-6::}.5 -BAVLO -64'145 -65.0 -6I5.5 -6(%.0 -Bé.S -64'1.0 -6;15 -650 -655 -GiIS.O
f1 (ppm) 1 (ppm)

(8-044)/ (5,4-0)

0 50 100 150 200 250
(1-x)lxp x SO/S%,

Figure S10. Top left — "F{'H} spectra of (a) complex CB[8]-P3; in deuterium oxide (0.40 mL), (b)
complex CB[8]-P3-cyclohexane after addition of cyclohexane (0.10 mL) and sonication; mixtures of
complexes CB[8]-P3-cyclohexane and CB[8]-P3-cycloheptene after addition of (¢) 2.5, (d) 5.0, (e) 7.5,
() 10, (g) 12.5, (h) 15, (i) 20, (j) 25, (k) 30, (1) 40, (m) 60 uL cycloheptene. Top right — '°F{'H} spectra
of (a) complex CB[8]-P3; in deuterium oxide (0.40 mL), (b) complex CB[8]-P3-cyclohexene after
addition of cyclohexene (0.10 mL) and sonication; mixtures of complexes CB[8]-P3-cyclohexene and
CB[8]-P3-cycloheptene after addition of (c) 2.5, (d) 5.0, (e) 7.5, (f) 13, (g) 18, (h) 25, (i) 35, (j) 45, (k)
55, (1) 70, (m) 90 pL cycloheptene. Bottom — plot of (6 —&y)/(6y —8) as a function of
(1 —xy)S3/ (xHrSf{,), where 8y are the chemical shifts of complexes CB[8]-P3-cyclohexane (blue
series) or CB[8]-‘P3-cyclohexene (red series), Oy’ the chemical shifts of complex
CBJ[8]-P3-cycloheptene, and § chemical shifts of mixtures; S° and x are hydrocarbon solubilities and
molar fractions in the mixture; see manuscript for details. Chemical shifts measured at the maximum of
the Gaussian function used to fit the spectra. Experimental and fitted spectra in black and blue,
respectively.
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Figure S11. Top left — "F{'H} spectra of (a) complex CB[8]-P3; in deuterium oxide (0.40 mL), (b)
complex CB[8]-P3-1,3-cyclohexadiene after addition of 1,3-cyclohexadiene (0.10 mL) and sonication;
mixtures of complexes CB[8]-P3-1,3-cyclohexadiene and CB[8]-P3-cycloheptene after addition of (c)
2.5, (d) 5.0, (e) 10, (f) 20, (g) 40, (h) 50, (i) 60, (j) 75, and (k) 95 pL cycloheptene. Top right — "°F {'H}
spectra of (a) complex CB[8]-P3; in deuterium oxide (0.40 mL), (b) complex CB[8]-P3-benzene after
addition of benzene (0.10 mL) and sonication; mixtures of complexes CB[8]-P3-benzene and
CB[8]-P3-cycloheptene after addition of (¢) 2.5, (d) 5.0, (e) 7.5, (f) 13, (g) 18, (h) 18, (i) 38, (j) 45 uL
cycloheptene. Bottom — plot of (6 — 8y)/(8y — 6) as a function of (1 — xHr)Sﬁ/(xHrSg,), where 6y
are the chemical shifts of complexes CB[8]-P3-1,3-cyclohexadiene (blue series) or CB[8]-P3-benzene
(red series), Oy the chemical shifts of complex CB[8]-P3-cycloheptene, and 6 chemical shifts of
mixtures; S® and x are hydrocarbon solubilities and molar fractions in the mixture; see manuscript for
details. Chemical shifts measured at the maximum of the Gaussian function used to fit the spectra.
Experimental and fitted spectra in black and blue, respectively.
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Figure S12. Top left — "F{'H} spectra of (a) complex CB[8]-P3; in deuterium oxide (0.40 mL), (b)
complex CB[8]-P3-cyclohexene after addition of cyclohexene (0.10 mL) and sonication; mixtures of
complexes CB[8]-P3-cyclohexene and CB[8]-P3-1,4-cyclohexadiene after addition of (c) 7.5, (d) 13,
(e) 23, () 33, (g) 45, (h) 58, (i) 73, and (j) 90 pL 1,4-cyclohexadiene. Top right — "°F{'H} spectra of (a)
complex CB[8]-P3; in deuterium oxide (0.40 mL), (b) complex CB[8]-P3-cyclohexane after addition
of cyclohexane (0.10 mL) and sonication; mixtures of complexes CB[8]-P3-cyclohexane and
CB[8]-P3-cyclooctatetraene after addition of (c) 2.5, (d) 5.0, (e) 7.5, () 13, (g) 18, (h) 28 uL
cyclooctatetraene. Bottom — plot of (6 — 87)/(6y — 8) as a function of (1 — xHr)Sﬁ/(xHISSI,), where
Oy are the chemical shifts of complexes CB[8]-P3-cyclohexene (blue series) or CB[8]-P3-cyclohexane
(red series), 6y the chemical shifts of complex CB[8]-P3-1,4-cyclohexadiene (blue series) or
CBJ[8]-P3-cyclooctatetraene (red series), and § chemical shifts of mixtures; S and x are hydrocarbon
solubilities and molar fractions in the mixture; see manuscript for details. Chemical shifts measured at
the maximum of the Gaussian function used to fit the spectra. Experimental and fitted spectra in black
and blue, respectively.
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Table S1. Relative binding affinities of hydrocarbons to assemblies CB[8]-P3, and their corresponding free
energies of transfer from the gas phase to the cavities of the binary complexes, by forcing (or not) the regression
lines of the '°F NMR competitive experiments through origin.

not through origin through origin

Hydrocarbon Krel,benzene AGrel,benzene Krel,benzene AGrel,benzene
aq—CB gas—CB aq—CB gas—CB

cyclopentane 9.9 (£0.3) +0.66 (£0.02) 9.1 (04 +0.71 (£0.03)
cyclopentene 21 (x0.1) +0.86 (£0.03) 21 (x0.1) +0.86 (£0.02)
cyclohexane 110 (£2) -0.82  (£0.01) 97 (£4) -0.74 (£0.03)
cyclohexene 17.0 (£0.3) -0.58 (£0.01) 16.1 (£0.4) -0.54 (£0.01)
1,3-cyclohexadiene 2.8 (x0.2) -0.20 (£0.05) 29  (£0.2) -0.21 (£0.04)
1,4-cyclohexadiene 5.8 (04 -0.76  (£0.04) 6.5 (£0.6) -0.84 (£0.05)
benzene 1.00  (+£0.05) 0.00 (x£0.03) 1.0 (£0.03) 0.00 (£0.02)
cycloheptene 448 -2.71 449 -2.71
cyclooctatetraene 334 (+£32) —4.40  (£0.06) 391  (£56) —4.49  (£0.09)

5. Demonstration of equivalency between equations 6 and 7

AGL,, = —RTIn (6)
vap,i
i Si - PO
AG¢,y = —RT In -—1.90 kcal/mol (7)
vap,i

Nau reminded the reader? that, in the molar reference framework, 1 M in ideal gas
concentration corresponds to a pressure of 24.5 atm, i.e. p [Pa] = RT. As the 1.90 kcal/mol
correction term is intended to be R7 In 24.5, equation 7 becomes:

. S;-P%-245
AGly, = —RT In——————
Pvap,i
With P° being 101325 Pa and converting atm into Pa, P° - 24.5 is thus equal to R7, thereby
affording back equation 6.

6. Computational details

All calculations were carried out with Gaussian 16 Rev. C.013 (g16), the Turbomole suite of
programs (TM; version 7.2.1)*® or GFN2-XTB?!! on the OSC Owens and Pitzer Clusters of
the Ohio Supercomputer Center in Columbus, OH (23,392-core Dell Intel Xeon E5-2680 v4
and 10,240-core Dell Intel Gold 6148 machines, respectively).

Hydrocarbon volumes, delimited by a 0.002 electron/Bohr? isodensity surface, were calculated
at the semi-empirical PM6 level with g1 6. Volumes of noble gases were calculated at the TPSS-
D3(BJ)/def2-TZVP level.

Complexes CB[8]-P3-hydrocarbon were optimized at the semi-empirical GFN2-xTB level’!!
with the alpb solvation model'? in the molar reference state.
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Methane and putative methane dimers and trimers, as well as the methane/water heterodimer
were optimized with g16* at the TPSS-D3(BJ)/def2-TZVP level.!*!'7 Vibrational analysis was
carried out at the same level of theory, and free energy terms were extracted with the
GoodVibes 3.0 program'® with quasi-harmonic enthalpic and entropic corrections!*2! for
frequencies below 100 cm™.

Free energies of solvation of hydrocarbons and noble gases were calculated using the procedure
described by Klamt and coworkers using TM.?? All hydrocarbons were optimized (a) in the gas
phase, at the BP86/def-TZVP level of theory,!*1323-25 and (b) in solution at the same level of
theory using the COSMO solvation model.?® Energies were then refined in single-point
calculations at the BP86/def2-TZVPD level. The output from these single-point calculations in
the gas phase and in solution was then treated with COSMOtherm X187 and the
BP _TZVPD FINE 18 parametrization model to extract free Gibbs energies of solvation.
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Figure S13. Comparison of calculated free energies of solvation of hydrocarbons in water with
experimental data.>**>* See manuscript for hydrocarbon numbering.
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Figure S14. Comparison of hydrocarbon static polarizabilities calculated at the pbeO/aug-cc-pVTZ
level’** with experimental data.>**? See manuscript for hydrocarbon numbering.
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AGgV,CBFM) and benzene (AGS}LIV,CGHG - AGcHav,CGH(,)’ respectively. See Table 2 for hydrocarbon
numbering. Outliers 1 and 1-H,O are highlighted in red.

Table S2. Physicochemical and thermodynamic properties of noble gases (He — Xe), methane (1) and ethane (2)
as well as their CB[5] complexes.

G ya ' ¢ AGggy, M AGaay ™" ¢ aG !
uest i « H>O CeHs  CoFi1a CeHs CeF14 gas~CB[s]
He 7.5 2.24 022 2.90 2.54 2.51 0.39 1.74 0.30
Ne 11.3 2.57 0.37 2.92 2.33 2.33 -0.31 1.43 0.42
Ar 25.1 3.35 1.63 2.24 0.93 1.20 -3.16 -0.10 -1.26
Kr 31.3 3.61 2.52 1.91 0.53 0.89 —4.15 -0.56 -2.69
Xe 42.6 4.00 401¢# 1.77 -0.19 0.31 -5.86 -1.40 -3.63
methane (1) 33.7 3.70 2.50 1.39 -0.18 0.39 4.89 1.51 -3.01
ethane (2) 53.6 4.32 4.27 1.61 -097 -0.18 6.58 1.93 -0.29

® Guest volume calculated at the TPSS-D3(BJ)/def2-TZVP level and delimited by a 0.002 electron/Bohr’
isodensity surface; in A%, » Effective hard sphere diameter obtained from equation 12 (see narrative); in A. ¢ Static
polarizability calculated at the pbe0/aug—cc—pVTZ level; in A3, ¢ Free energies of solvation in water, benzene and
perfluorohexane, calculated with the COSMO-RS solvation model and the Cosmotherm software; in kcal/mol. ¢
Cavitation energies in benzene and perfluorohexane, obtained from equations 10 — 12 (see narrative); in kcal/mol.
/Free energies of transfer from the gas phase (molar reference state) to the cavity of CB[5] in aqueous solution;

in kcal/mol. ¢ from ref. 37.



7. Coordinates of optimized structures
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CBJ8]-P3-cyclohexane
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Putative methane dimer (side and top views) Putative methane trimer
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-1.17746 2.12509 0.08615
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