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Interaction Topologies of the S···O Chalcogen Bond: The 
Conformational Equilibrium of the Cyclohexanol···SO2 Cluster
Yan Jin,a,b Rizalina T. Saragi,b Marcos Juanes,b Gang Feng,*a Alberto Lesarri*b

The conformational landscape of the cyclohexanol···SO2 cluster was revealed in the gas phase using chirped-pulsed 
broadband rotational spectroscopy and quantum chemical calculations. Four isomers stabilized by a dominant S···O 
chalcogen bond and cooperative C─H···O=S and O─H···O=S secondary  weak hydrogen bonds were observed, with a near-
parallel orientation of the S=O and O─H bonds. Isomers formed by equatorial-gauche cyclohexanol are more stable than the 
isomers containing axial cyclohexanol. The multiple conformations of cyclohexanol and the versatile binding properties of 
SO2, simultaneously operating as nucleophile and electrophile through its π-holes and non-bonding electrons lead to a 
complex conformational behavior when the cluster is formed. The long (2.64 - 2.85 Å) attractive S···O interaction between 
SO2 and cyclohexanol is mainly electrostatic and the contribution of charge transfer is obvious, with a NBO analysis 
suggesting that the strength of the S···O interaction is nearly two orders of magnitude larger than the hydrogen bonds. This 
study provides molecular insights into the structural and energetic characteristics that determine the formation of pre-
nucleation clusters between SO2 and a volatile organic compound like cyclohexanol.

Introduction
Sulfur dioxide (SO2) is a major pollutant originated from coal 

burning and industrial emissions. Once in the atmosphere SO2 
operates as a source of sulfuric acid (H2SO4),1 which serves as 
nucleating precursor for the formation of new larger atmospheric 
particles. Particle formation is explained by binary (H2SO4-H2O2), 
ternary (H2SO4-H2O-NH3

3 and H2SO4-H2O-RNH2
4) or organic-

enhanced5 nucleation. Investigations also confirmed that SO2 and 
SO3 can form stable pre-nucleation clusters and therefore promote 
the formation of second organic aerosols (SOA).6 Acquiring 
fundamental knowledge on the intermolecular interactions and 
binding topologies of sulfur nucleation centers is thus important for 
revealing initial processes in the formation of the critical nuclei. Field 
measurements and laboratory experiments on particle formation 
involving sulfur and organic compounds have mostly used aerosol 
chambers, mass spectrometry or photoelectron spectroscopy, but 
they do not provide a molecular description of the clusters.3,7

Among the gas-phase experiments, the combination of jet 
expansions and rotational spectroscopy8 is a powerful tool for 
determining the preferred structures, binding topologies and 
molecular properties of intermolecular clusters, illustrating the 
structural and energetic features of the initial steps toward to the 

formation of new atmospheric particles. Indeed, some rotational 
investigations of pre-nucleation clusters have been reported.9 
Interestingly, SO2 may adopt multiple binding roles and exhibit a 
wide variety of binding interactions when forming intermolecular 
clusters. The nucleophilic n-pairs on the two terminal O atoms can 
form either hydrogen-bonds (HBs) to proton donors like HCl or HF, 10 
or form halogen-bonds (XBs) to localized electron-deficient regions 
(σ-holes) within an halogen, as in SO2···ClF.11 Alternatively, the 
charge holes12 in the sulfur atom produce electrophilic regions acting 
as additional binding sites for S···O, S···N, S···S and S···π chalcogen 
bonds (ChBs) with H2O,13 CH3OH,14 (CH3)2O,15 HCN,16 N(CH3)3,17 H2S,18 
(CH3)2S19 or the π electrons of C2H4,20 C2H2

21 and benzene.22 ChBs are 
highly directional having strength comparable to HBs and sometimes 
even exceeding that of HBs,23 conferring them a significant role in 
molecular recognition,24 catalysis25 and synthesis.26 Cooperative or 
secondary weak HBs to the ChBs were also observed in several cases, 
further enhancing the stability of the clusters.14-15, 19 However, only a 
single conformation has been observed for all the above SO2 clusters. 
Conformational flexibility provides more possibilities for the 
formation and the subsequent growth of these clusters. The versatile 
conformations of SO2 in forming clusters is still unclear, limiting the 
level of molecular understanding or how its intermolecular binding 
topology determines the conformational preference in 
multiconformational systems. 

Herein cyclohexanol, a common volatile organic compound 
(VOC), is selected as the partner molecule to probe the multiple 
configurations of SO2 in forming pre-nucleation clusters. 
Cyclohexanol has a certain degree of flexibility in its molecular 
structure. The ring inversion interconverts the alcohol group 
position, generating equatorial (E) and axial (A) conformers. In 
addition, the (low-barrier) internal rotation of the OH group 
generates gauche (g) and anti (a) orientations, and further 

a.School of chemistry and chemical engineering, Chongqing University, Daxuecheng 
South Rd. 55, Chongqing, 401331, China. E-mail: fengg@cqu.edu.cn

b.Departamento de Química Física y Química Inorgánica — I.U. CINQUIMA, 
Universidad de Valladolid, Paseo de Belén, 7, 47011 Valladolid, Spain. E-mail: 
alberto.lesarri@uva.es

† Electronic Supplementary Information (ESI) available: molecular sketch of eight 
isomers (Figure S1); spectroscopic parameters of the eight isomers (Table S1); 
interconversion barrier connecting isomers I and II (Figure S2); experimental 
transition frequencies (Tables S2-S6); results of NBO analysis (Table S7) and results 
of the SAPT analysis of the eight isomers (Table S8).  See DOI:
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complicates the conformational potential energy surface, resulting in 
a total of four plausible cyclohexanol conformers, i.e. Eg, Ea, Ag and 
Aa. The two gauche orientations produce transient chirality, which is 
frozen on formation of clusters. Rotational spectroscopic 
investigations detected only the two equatorial conformers Eg and 
Ea in the gas phase, establishing that the Eg conformation is the 
global minimum followed by Ea.27 The multiple conformations of 
cyclohexanol do not lead to a complex conformational behaviour 
when forming a cluster with water, since only one isomer, Eg-H2O, 
has been observed.27 However, multiple conformations showed up 
for the cyclohexanol dimer, in which six isomers have been 
identified.28

In this study, the multiple conformations and binding 
features of the cyclohexanol···SO2 cluster were investigated by 
using chirped-pulsed Fourier transform microwave (CP-FTMW) 
spectroscopy and quantum chemical calculations. 

Methods
Rotational spectroscopy

The rotational spectrum was measured with a broadband 
pulsed-jet direct-digital chirped-pulsed Fourier transform microwave 
(FTMW) spectrometer at the University of Valladolid,29 working in 
the frequency range of 2-8 GHz. In this spectrometer, a (4 s) chirp 
pulse is created by an arbitrary waveform generator, amplified to 20 
W and radiated into the jet. The molecular transient emission 
created from rotational decoherence extends for ca. 40 μs per 
excitation pulse and is recorded by using a (250 MS/s) digital 
oscilloscope. Commercial samples of cyclohexanol and SO2 were 
used without further treatment. Cyclohexanol was put inside a 
reservoir nozzle and vaporized in situ at 50°C. The molecular cluster 
was then generated by co-expanding cyclohexanol with a stream of 
a gaseous mixture of SO2 (0.5%) diluted in neon at backing pressures 
of 0.2 MPa. The final spectrum was obtained by averaging 1 M free-
induction-decays in the time-domain and was Fourier transformed to 
provide the frequency-domain spectrum. The spectral linewidths 
after the Fourier transformation (Kaiser-Bessel window) are ca. 150 
kHz (FWHM). The accuracy of the frequency measurements is 
estimated to be better than 10 kHz.

Computational methods
The possible conformations of the cyclohexanol-SO2 cluster 

were first explored with a conformational search based on molecular 
mechanics and the MMFFs force field30 (implemented in 
Macromodel31). The initial structures were subject to full geometry 
optimizations and harmonic vibrational frequency calculations using 
the B3LYP32 method including two-body Grimme’s D333 dispersion 
corrections with Becke-Johnson (BJ) damping,34 employing the def2-
TZVP and the aug-cc-pVTZ basis sets. The basis-set superposition 
error (BSSE)35 was corrected with the counterpoise (CP) method. A 
Natural Bond Orbital (NBO) analysis36 was performed at the B3LYP-
D3(BJ)/aug-cc-pVTZ level. All the calculations were implemented in 
the Gaussian16 program package.37 

The Multiwfn program38 and VMD software39 were used to 
perform the non-covalent interaction (NCI)40 analysis. Finally, a 
Symmetry-Adapted Perturbation Theory (SAPT)41 analysis was 

implemented at the SAPT2+(3)δMP2/aug-cc-pVDZ level by using the 
PSI4 program42 to produce an energy decomposition. 

Results and discussion

Theoretical Results 
Eight isomers with relative energies within 500 cm−1 were 

initially predicted for the cyclohexanol···SO2 cluster (Figure S1 and 
Table S1, ESI†) using the B3LYP-D3(BJ)/def2-TZVP method. The first 
five most stable isomers displayed in Figure 1 were later reoptimized 
at the B3LYP-D3(BJ)/aug-cc-pVTZ level. The global minimum (isomer 
Eg_SO2_1) is constituted by Eg cyclohexanol, with all atoms of SO2 
simultaneously interacting with the alcohol and the ring hydrogens. 
The Eg cyclohexanol is also the conformation found in isomer 
Eg_SO2_2, while isomer Ea_SO2_1 contains Ea cyclohexanol. The 
cyclohexanol moiety in isomers Ag_SO2_1 and Aa_SO2_1 adopts the 
Ag and Aa conformations, respectively. Table 1 reports the 
calculated rotational constants, electric dipole moment components 
and relative energies of the five most stable isomers. The zero-point 
and counterpoise corrected interaction energies of the five isomers 
are also given in Table 1.

Figure 1. B3LYP-D3(BJ)/aug-cc-pVTZ calculated molecular structures, relative 
electronic energies (zero-point and counterpoise corrected) and atom 
numbering of the five lowest-lying isomers of the cyclohexanol···SO2 cluster. 

Table 1. Rotational parameters of the first five stable isomers of 
cyclohexanol···SO2 calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ level of 
theory. a

Eg_SO2_1 Ea_SO2_1 Eg_SO2_2 Ag_SO2_1 Aa_SO2_1
Ae /MHz 2479.05 2408.89 2124.13 2517.30 2363.22
Be /MHz 527.00 535.48 568.16 538.64 575.52
Ce /MHz 479.39 502.14 561.96 500.22 536.64
|μa|/ D 2.54 2.40 2.22 2.70 2.75
|μb|/ D 0.47 1.16 0.74 0.12 0.47
|μc|/ D 0.87 0.74 1.08 0.42 0.75
ΔE0 / cm−1 0 13 94 288 361
ΔG / kJ mol−1 0.0 0.0 1.1 0.4 0.1
D0,BSSE/ kJ mol−1 −28.2 −28.3 −27.0 −27.8 −28.7

a Equilibrium rotational constants (Ae, Be, Ce), dipole moment components in 
the principal inertial axes system (, = a, b, c), electronic (ΔE0), Gibbs (ΔG) 
and complexation energies (D0,BSSE).
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Rotational spectra
Using the theoretical predictions in Table 1, four different sets 

of rotational spectra were positively assigned to isomers Eg_SO2_1, 
Eg_SO2_2, Ag_SO2_1 and Aa_SO2_1. A section of the spectrum is 
given in Figure 2, showing the R-branch (J + 1)  J = 5  4 a-type 
transitions with Ka = 0, 1, 2 of the four detected isomers together 
with other transitions of isomers Eg_SO2_1 and Eg_SO2_2. For 
isomer Eg_SO2_1, the rotational spectrum of the mono-substituted 
34S species was also measured in natural abundance (~4%). None of 
the observed transitions showed tunnelling splittings associated to 
the internal motion of the SO2 moiety or the torsion of the OH group 
of cyclohexanol, suggesting that the two subunits are rigidly linked 
or that complexation quenches plausible tunnelling motions in the 
dimer.

5000 5250 5500 5750

-0.002

0.000

0.002

4927 4928 4929 4930

In
te

ns
ity

/m
V

J = 5       4

J = 5       4 J = 5       4
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J = 5       4
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SIM

Aa_SO2_1
Ag_SO2_1
Eg_SO2_2
Eg_SO2_1

Figure 2. A section of the measured rotational spectrum in the 4850-5885 
MHz range, showing the assignment of four isomers of cyclohexanol···SO2. 
The positive trace shows the experimental transitions belonging to isomers 
Eg_SO2_1, Eg_SO2_2, Ag_SO2_1 and Aa_SO2_1. The negative trace 
represents the fit results of Table 2, with different colours for each isomer. 
The inset shows a typical rotational transition (504  404) of isomer Eg_SO2_1. 
The spectrum was simulated at a rotational temperature of 1 K and used the 
theoretical values of the dipole moments reported in Table 1. 

The rotational transitions were fitted independently to the 
Watson’s S-reduction semi-rigid rotor Hamiltonian (Ir 
representation),43 implemented in Pickett’s SPCAT/SPFIT 
programs.44 The determined spectroscopic parameters of the four 
isomers and the 34S isotopologue of isomer Eg_SO2_1 are reported 

in Table 2. The details of the spectral measurements and analysis 
along with all the assigned transitions are given in the Supporting 
Information (Tables S2-S6, ESI†).

The isomer identification confirmed that both equatorial (Eg) 
and axial (Ag and Aa) conformers of cyclohexanol are present in the 
clusters with SO2. The global minimum (isomer Eg_SO2_1) is formed 
by the most stable conformer of cyclohexanol (Eg), with the versatile 
SO2 engaging in a dominant S···O chalcogen bond and apparently 
additional secondary C─H···O=S and O─H···O=S hydrogen bonds as 
attractive forces for stabilizing the cluster. All other isomers share 
the S···O bond, but present different SO2 contacts to the ring. The 
second detected isomer (Eg_SO2_2) also contains Eg cyclohexanol, 
but SO2 approaches the opposite side of the ring, linking to a 
different lone pair of the cyclohexanol oxygen. The isomers with 
lower populations formed by the Ag and Aa forms (Ag_SO2_1 and 
Aa_SO2_1) combine also multiple interactions primarily governed by 
a S···O bond.

Conformations and molecular structure
The relative abundance of the four isomers in the supersonic jet 

was estimated by their spectral intensities and the electric dipole 
moment components in Table 1, assuming a linear fast-passage 
excitation regime (intensities proportional to the square dipole 
moments) and uniform instrumental response.45 This estimation 
gives a population ratio of N (Eg_SO2_1): N (Eg_SO2_2) : N 

(Ag_SO2_1): N (Aa_SO2_1) = 16.7 : 7.6 : 4.5 : 1, in qualitative 
agreement with the calculated conformational ordering of 5.8 : 5.4 : 
3.7 : 1. The discrepancy is attributed to kinetic effects in the jet, 
including collisional population transfer46 and enhanced preference 
for the most abundant monomer conformations.47 No isomer 
containing Ea cyclohexanol could be found, especially that of isomer 
Ea_SO2_1, which is predicted to be the second most stable structure. 
A calculation of the conformational interconversion from isomer 
Ea_SO2_1 to Eg_SO2_1 gives a potential energy barrier of ~ 298 cm−1 

(Figure S2), indicating that conformational relaxation46 likely occurs 
in the supersonic jet which therefore prevents the detection of 
isomer Ea_SO2_1. A calculated conformational ordering of 11.5 : 5.4 : 
3.7 : 1 is obtained considering the population transfer of Ea_SO2_1 
to Eg_SO2_1, closer to the experimental estimation. For the only 
isomer with all selection rules active, Ag_SO2_1, the experimental 
ratios µa:µb:µc are estimated as 18:1:2.7, in qualitative agreement 
with the predicted values of the dipole moment components.

Table 2. Experimental rotational parameters of the dimer cyclohexanol···SO2.

Eg_SO2_1 Eg_SO2_1-34S Eg_SO2_2 Ag_SO2_1 Aa_SO2_1
A0/MHza 2430.1591(9)d 2428.2(6) 2137.020(3) 2506.4(2) 2187.2(3)
B0/MHz 508.2381(3) 500.7532(7) 538.1844(6) 521.8200(4) 598.6738(6)
C0/MHz 478.8195(3) 472.1942(6) 528.5905(6) 484.6814(4) 558.5563(6)
DJ/kHz 0.196(3) 0.196(3)e 0.252(7) 0.094(3) 0.465(6)
DJK/kHz −0.81(2) −0.81(2)e −1.04(5) 0.49(3) 2.8(1)

|μa|b +++ +++ +++ +++ +++
|μb| ++ None + None None
|μc| None None ++ None None
Nc 63 17 40 32 22

σ/kHz 7.1 8.9 9.9 4.9 5.2
a Ground-state rotational constants (A0, B0, C0) and Watson’s S-reduction centrifugal distortion constants (DJ and DJK; DK, d1 and d2 were fixed to zero). bA 
positive sign indicates the observation of the corresponding type of transitions. cNumber of transitions in the fit (N) and root-mean-square (RMS) error (). d 

Errors in parenthesis are 1σ uncertainties expressed in units of the last digit. 
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Table 3. Experimental structural parameters (r0) compared with the theoretical (re) values (distances in Å, angles in degrees).

Eg_SO2_1 rO7S8 rO10H11 rO9H12 rO9H13 ∠S8O7C1 ∠S8O7C1C6 ∠H11O7C1C4 ∠O10S8O7H11
re

a 2.578 2.755 2.609 2.926 109.9 86.0 −112.5 −2.7
r0 2.638(5)b - - - 108.4(2) 105.6(3) - -

Eg_SO2_2 rO7S8 rO10H11 rO9H14 rO9H22 ∠S8O7C6 ∠S8O7C1C6 ∠H11O7C1C4/ ∠O10S8O7H11
re 2.620 2.790 2.740 2.685 101.4 57.2 −117.9 4.0
r0 2.70(2) - - - 105.8(6) - - -

Ag_SO2_1 rO7S8 rO10H11 rO9H12 rO9H13 ∠S8O7C1 ∠S8O7C1C2 ∠H11O7C1C4 ∠O10S8O7H11
re 2.572 2.738 2.624 2.988 109.6 −86.2 109.5 2.2
r0 2.6894(8) - - - - −83.0(1) - -

Aa_SO2_1 rO7S8 rO10H11 rO9H12 rO9H21 ∠S8O7C1 ∠S8O7C2C3 ∠H11O7C1C4 ∠O10S8O7H11
re 2.567 2.991 2.664 2.910 111.1 145.1 19.0 17.5
r0 2.848(5) - - - - 101.4(6) - -

a The re structure was calculated at B3LYP-D3(BJ)/aug-cc-pVTZ levels of theory. b Errors in parenthesis are 1σ uncertainties expressed in units of the 
last digit.

The experimental rotational constants reported in Table 2 were used 
to determine effective (r0) structures of the observed isomers 
through a least-squares fit procedure,48 assuming that the ring 
skeleton and SO2 are not perturbed upon complexation. Since only 
limited isotopic data were available (two sets of rotational constants 
for the most stable isomer and one set of rotational constants for 
other three observed isomer), only the structural parameters 
involving the intermolecular internal coordinates were adjusted to fit 
the rotational constants to the experimental ones, while keeping the 
structural parameters of the isomers fixed at the B3LYP-D3(BJ)/aug-
cc-pVTZ predicted values. The derived structural parameters 
concerning the non-covalent interactions for the four observed 
isomers of cyclohexanol···SO2 are reported in Table 3 (the 
equilibrium structures or re are also present for comparison). The 
S···O distances are in the range of 2.64 - 2.85 Å with the shortest 
distance observed in isomer Eg_SO2_1 (2.638(5) Å). These distances 
are significantly shorter than that of S···O ChB determined for the 
2,2,4,4-tetrafluoro-1,3-dithietane (C2S2F4)···water cluster (2.912(5) 
Å).49 The distances of C─H···O=S and O-H···O=S in the four isomers 
are in the range of 2.6 - 3.0 Å and 2.7 - 3.0 Å, respectively, structurally 
suggesting the existence of these secondary interactions. The 
presence of secondary interactions determining the conformational 
preference was also revealed in the chalcogen bonded clusters of 
C2S2F4.49,50 The dihedral angles H11O7C1C4 (Table 3) are slightly 
changed in the cluster compared to that of the cyclohexanol 
monomer (−120.3° for Eg, 116.4° for Ag, 0.0° for Aa) to better 
accommodate the intermolecular interactions.

Non-covalent interactions
The non-covalent interactions between cyclohexanol and SO2 

are visualized through NCI plots in Figure 3, using a reduced gradient 
of the electronic density.51 The results show that the dominant S···O 
ChB interaction contribute to the stabilization of all isomers. The 
C─H···O=S interaction cooperatively stabilizes the observed isomers 
while O-H···O=S interaction is rather weak and is not present in the 
NCI plots. Figure 4 reports the plot of the electronic reduced density 
gradient (RDG) versus the signed density (sign(λ2)ρ) for the four 
observed isomers, further indicating the existence of S···O ChB and 
weak attractive intermolecular interactions.

Figure 3. The NCI plots and the NBO analysis showing stabilization energy 
contributions (≥ 0.2 kJ mol−1) for the four isomers of the cyclohexanol···SO2 
cluster.

The strength of each kind of NCI was quantitatively evaluated 
by a NBO analysis. The results of the NBO analysis are given in Figure 
3 and Table S7 (ESI†). The second-order perturbation stabilization 
energies (E(2)) for the S···O ChB in the four isomers are calculated to 
be 23.1 - 27.4 kJ mol−1, representing the largest contribution to the 
stabilization of the clusters. The C─H···O=S and O─H···O=S 
interactions have very weak interaction energies (larger for 
C─H···O=S) in the range of 0.2 - 1.6 kJ mol−1, but are clearly identified 

Page 4 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
4 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

V
al

la
do

lid
 B

ib
lio

te
ca

 o
n 

4/
14

/2
02

1 
12

:3
6:

27
 P

M
. 

View Article Online
DOI: 10.1039/D1CP00997D

https://doi.org/10.1039/D1CP00997D


PCCP  ARTICLE

This journal is © The Royal Society of Chemistry 2021 Phys. Chem. Chem. Phys., 2021, 00, 1-6 | 5

Please do not adjust margins

Please do not adjust margins

as necessary contributors to the cluster stabilization. Isomer 
Eg_SO2_1 has the highest total interaction energy (27.4 kJ mol−1), 
followed by isomers Ag_SO2_1 and Aa_SO2_1. The NBO analysis thus 
supports the experimentally observed structural preferences of the 
cluster, which simultaneously depend both on the cyclohexanol 
conformational equilibria and the peculiar strength of NCIs formed 
between the subunits, in particular the chalcogen bond. The total 
interaction energies from the NBO analysis are consistent with the 
zero-point and counterpoise-corrected interaction energies 
calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory (Table 1).

Figure 4. The scatter diagram of the electronic density reduced density 
gradient (RDG) vs the signed density (sign(λ2)ρ) for the four isomers of the 
cyclohexanol···SO2 cluster.

Table 4. The SAPT energy decomposition analysis for the four isomers of the 
cyclohexanol···SO2 cluster, the most stable isomer of cyclohexanol dimer, 
cyclohexanol-H2O, SO2-H2O and water dimer (all energy values in kJ mol−1).

Eelec. Edis. Eind. Eexc. CT Total
Eg_SO2_1 −68.5 −25.8 −31.6 82.8 −17.6 −43.1
Eg_SO2_2 −64.2 −25.6 −27.8 74.6 −14.6 −43.0
Ag_SO2_1 −68.5 −25.6 −31.6 83.2 −17.8 −42.5
Aa_SO2_1 −70.4 −26..8 −32.2 84.4 −17.9 −45.0

(Cyclohexanol)2 −47.0 −30.2 −17.2 63.4 −5.7 −30.9
Cyclohexanol···H2O −46.1 −15.6 −14.8 53.1 −5.8 −23.5

SO2···H2O −46.3 −12.5 −16.6 58.9 −10.5 −16.6
(H2O)2 −36.3 −7.6 −9.2 36.2 −4.9 −16.9

The physical nature of the NCIs contributing to the stability of 
the four detected isomers is revealed by energy decomposition with 
a SAPT analysis. This approach provides an estimation of the 
contribution of electrostatic (Eelec.), dispersion (Edis.), induction (Eind.) 
and exchange-repulsion (Eexc.) to the total interaction energy and the 
contribution of charge transfer (CT). The results of the SAPT analysis 
for the four observed isomers are reported in Table 4. The SAPT total 
interaction energies are in the range of − 42.5 to − 45.0 kJ mol−1. The 
main term of the attractive energy of the cyclohexanol···SO2 cluster 
is electrostatic, accounting for 54.4%, 54.9%, 54.5% and 54.4% of the 
attractive interactions for isomers Eg_SO2_1, Eg_SO2_2, Ag_SO2_1 
and Aa_SO2_1, respectively. The induction and dispersion energy 
terms are comparable in magnitude. The contribution of charge 
transfer to the interaction energy is obvious, accounting for 14.0%, 
12.4%, 14.2% and 13.8% of the total attractive energy for isomers 
Eg_SO2_1, Eg_SO2_2, Ag_SO2_1 and Aa_SO2_1, respectively. This 
charge transfer feature is consistent with the observations in the 
SO2···dimethyl sulfide (DMS) cluster, where remarkable charge 

transfer between the sulfur atoms of DMS and SO2 has been 
observed.19 The total SAPT interaction energies of cyclohexanol···SO2 
(-43 to -45 kJ mol-1) are larger than the calculations in Table 1 and 
also about 12 and 27 kJ mol−1 larger than the 
C2S2F4···isopropylamine50b and C2S2F4···water49 clusters, respectively.

The SAPT analyses for the cyclohexanol dimer, H2O dimer, 
cyclohexanol···H2O and SO2···H2O were also carried out for 
comparison (Table 4). The total interaction energy of 
cyclohexanol···SO2 ranks the highest among these clusters. 
Especially, the total interaction energy of cyclohexanol···SO2 is about 
2.5 times of that of SO2···H2O, in which a S···O ChB is the main 
contribution of the stabilization. These results suggest that the 
formation of cyclohexanol···SO2 cluster (or more general 
alcohol···SO2 cluster) is likely preferred in the atmosphere when 
alcohol precursors, SO2 and water are co-present.

Conclusions
In conclusion, the binary intermolecular cluster formed by 

cyclohexanol and SO2 was investigated in the gas phase by chirped-
pulsed microwave spectroscopy and quantum chemical 
computations. Four isomers, in which the cyclohexanol moiety 
adopts Eg, Ag and Aa conformations, were observed in the jet 
expansion. The S···O ChB is the dominant attractive force in forming 
the cluster. Secondary and relatively weaker C─H···O=S hydrogen 
bonds contribute further stabilization to the cluster, with SAPT 
calculations suggesting that electrostatics is the main contributor to 
the attractive energy. No isomer containing Ea cyclohexanol could be 
observed. Since binding energies are relatively similar for all isomers 
(differing less than 1.7 kJ mol-1 in Table 1), the experimental jet-
cooled conformational preferences of the cyclohexanol···SO2 cluster 
are affected by collisional relaxation46 and by the population47 and 
conformational preferences of the cyclohexanol monomer (Ag and 
Aa are calculated to be ~1.8 kJ mol−1and 5.7 kJ mol−1 higher in energy 
than that of Eg27). The multiple conformations of cyclohexanol and 
the versatile binding properties of SO2 thus lead to a complex 
conformational behaviour when the cluster is formed. The present 
work adds accurate information on the evasive S···O chalcogen bond, 
mostly studied in condensed phases or by theoretical methods, 
emphasizing the factual value of gas-phase investigations for the 
analysis of weakly-bound molecular clusters in isolation conditions.
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