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ABSTRACT

The monohydrates of thenyl alcohol and thenyl mercaptan have been probed in a 

supersonic jet expansion using chirped-pulsed and Fabry-Perot Fourier-transform 

microwave spectroscopy. The rotational spectra revealed a single isomer for each of the 

dimers. The thenyl alcohol hydrate is stabilized by an O-H···Ow hydrogen bond between 

the alcohol and water, with water acting as proton acceptor and additionally engaging in 

a Ow-H··· interaction with the thenyl ring. Conversely, water behaves as proton donor 

in the thenyl mercaptan hydrate, linking to the thiol group though a Ow-H···S hydrogen 

bond and secondary Ow-H··· interactions to the ring. In both dimers water retains 

internal mobility, as tunneling doublings in the spectrum confirm an internal rotation 

motion of water inside the cluster. The experimental results have been complemented 

with density-functional-theory molecular orbital calculations, binding energy 

decomposition and a topological analysis of the electronic density, providing a 

comparative description of the effects of hydrogen bonding of water to the alcohol and 

thiol groups in the dimers, relevant to understand hydrogen bonding to sulfur centers.

Keywords:

Non-covalent Interactions, Sulfur Hydrogen Bonding, Rotational Spectroscopy, Jet 
Spectroscopy, Microsolvation, Thenyl mercaptan, Thenyl alcohol
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Introduction

Non-covalent interactions (NCI) involving sulfur centers are still undercharacterized,1,2 

despite recent theoretical and experimental investigations signalling a variety of 

chemical roles as  and  H-bond donor (S-H···O, S-H···S, S-H···, etc) and acceptor 

(O-H···S, N-H···S, etc),3 the participation of / holes of Group 16 atoms as 

electrophilic attractors in chalcogen bonds4,5 and the influence of sulfur contacts in the 

functional properties of proteins and organic crystals.6 In consequence, molecular 

studies are justified to contribute information on the structure, physical nature and 

balance of electrostatic and dispersive forces in NCI involving sulfur centers. In 

particular, the observation of weakly-bound intermolecular clusters in the gas phase 

simultaneously provides empirical data unbiased by crystal or matrix effects and 

validation of theoretical models. Vibrational evidence of sulfur hydrogen bonding 

generally originates from IR,7 and double-resonance (UV–UV or IR–UV) laser 

spectroscopy,1,2,8 but is mostly of low resolution and not always structurally univocal. 

High-resolution rotationally-resolved9,10 studies are still scarce, as illustrated by the 

hydrogen sulphide dimer, reported only in 2018.11 To date, rotational spectroscopy has 

addressed several intra-12,13,14 and intermolecular interactions in hydrogen sulfide 

dimers or sulfur-containing complexes, like O-H···S,15 F-H···S,16 C-H···S,17 S-H···S,11 

S-H···N18 and S-H···.19,20,21 The gas-phase information can thus complement previous 

molecular descriptions relying solely on crystal data3 and theoretical 

calculations.1,22,23,24 

We recently observed in a jet expansion the H-bonds established by furfuryl 

mercaptan (FM) and its alcohol analogous (FA) in the monohydrates FM···H2O and 

FA···H2O (1, 2 in Scheme 1),25 examining the differences between the oxygen and 
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sulfur interactions. Furfuryl alcohol forms a single insertion dimer with water, stabilized 

by two simultaneous H-bonds of dominant electrostatic character. In the primary 

interaction the alcohol acts as proton donor to water (O-H···Ow), while water donates a 

proton to the oxygen ring (Ow-H···Or). Conversely, two isomers are observed when 

furfuryl mercaptan binds to water, the stronger interaction now being the water-to-ring 

(Ow-H···Or) H-bond. In this case the thiol group may act both as H-bond donor (S-

H···Ow) or acceptor (Ow-H···S) to water, forming a secondary H-bond. The mercaptan 

dimer is still dominantly electrostatic, but with a larger dispersion contribution. Would 

the further replacement of the ring oxygen by sulfur enhance the interaction between 

water and the thiol group? Moreover, could water establish two simultaneous hydrogen 

bonds with sulfur atoms as it does with oxygen in furfuryl alcohol? These questions are 

addressed in this comparative study of thenyl mercaptan (TM), thenyl alcohol (TA) and 

their monohydrates (TM···H2O and TA···H2O), which has confirmed a floppy 

interaction and a dynamic torsional behaviour of water in the two dimers (3, 4 in 

Scheme 1), quite different to the furfuryl hydrates.

Experimental and Computational Methods

Thenyl mercaptan (2-thiophenemethanethiol, >95% GC, b.p. 76°C) and thenyl alcohol 

(2-thiophenemethanol, >98% GC, b.p. 207°C) were obtained commercially and used 

without further purification. The vapors of each compound were diluted within a stream 

of pure neon (backing pressures of ca. 0.25 MPa), forming a supersonic jet by 

expansion through a pin-hole nozzle (=0.5-0.8 mm) into a high-vacuum chamber 

(ultimate pressures of 10-7 hPa). The mercaptan sample was volatile enough to be placed 

in an external reservoir inserted in the gas line, but the alcohol required a heating nozzle 

Page 4 of 33Physical 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
2 

M
ay

 2
02

0.
 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 

5/
12

/2
02

0 
11

:5
4:

30
 A

M
. 

View Article Online
DOI: 10.1039/D0CP01706J

https://doi.org/10.1039/d0cp01706j


5

(45°C)  to obtain sufficient vapor pressure. For the water clusters either H2
16O or H2

18O 

were added to the gas line. The jet was probed with a broadband chirped-pulse Fourier 

transform microwave (CP-FTMW) spectrometer, operating in the region 2-8 GHz, and a 

Balle-Flygare cavity FTMW spectrometer, working in 8-18 GHz. The CP-FTMW 

spectrometer is based in a direct-digital design following Pate,26 exciting the jet with a 

sequence of 5 short microwave chirped pulses (4 s, 20 W) per molecular pulse. The 

pulsed jet had typical durations of 800-900 s and propagated vertically, perpendicular 

to the emitting and receiving horn antennas. The detection of the transient emission 

resulting from rotational decoherence used a digital oscilloscope (20 MSamples/s), 

acquiring the time-domain signal for 40 s per excitation pulse. The Fourier 

transformation with a Kaisser-Bessel window resulted in FWHM linewidths smaller 

than 150 kHz. For the present experiment 1 million averages were acquired at a 

repetition rate of 5 Hz. The uncertainty of the frequency measurements was estimated 

below 20 kHz. The cavity FTMW instrument excites the sample at a single frequency, 

using a coaxial arrangement of the jet and the microwave Fabry-Perot resonator.27 The 

resonator reduces the power excitation requirements (1 s, 100 mW), simultaneously 

producing longer interaction times with the radiation.  The time-domain signal is 

acquired over 400 s, resulting in better resolution (FWHM linewidths below 15 kHz). 

However, the cavity operation bandwidth is limited to ca. 1 MHz, requiring a 

mechanical retuning for frequency scanning. Additionally, the coaxial arrangement 

splits the resonance frequency into two Doppler components. Frequency uncertainties 

are estimated below 5 kHz. 

The experimental study was complemented with computational calculations. 

Following an initial conformational screening with molecular mechanics (MMFF28), all 

further calculations used density-functional theory (DFT) molecular orbital calculations. 
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Two density-functional methods were tested here, including the well-known B3LYP29  

hybrid and Truhlar’s meta-GGA MN15-L30 functional, in combination with Ahlrichs’ 

polarized triple-zeta basis def2-TZVP.31 The Minnesota functional was assumed 

parametrized for dispersion. B3LYP was supplemented with D332 dispersion corrections 

and Becke-Johnson damping.33 For the two most stable conformers of the monohydrates 

additional B2PLYP-D3(BJ)34 and B97XD35 were later conducted with the same basis 

set. Electronic energies were supplemented with zero-point energy corrections. 

Frequency calculations were performed at the same level of theory, using the harmonic 

approximation. The calculation of interaction energies considered the basis set 

superposition errors (BSSE) with the counterpoise approximation,36 and refers to the 

monomers in the configuration of the complex. All DFT calculations were conducted 

with Gaussian 16,37 using default convergence criteria and a “ultrafine” grid for 

numerical integration. The physical contributions to the binding potential of the water 

clusters were estimated by energy decomposition analysis using zeroth-order symmetry 

adapted perturbation theory36,38 (SAPT), implemented in PSI4.39 Finally, the presence of 

non-covalent interactions was analyzed with the NCIPlot methodology, based on a 

reduced gradient of the electronic density40,41

Results and Discussion

1. TM and TA monomers

The experimental work initially examined the conformational landscape and rotational 

spectrum of the thenyl monomers TM and TA, previously unreported. Similarly to the 

furfuryl derivatives,25 the bidimensional potential energy surface is defined by two 

dihedrals describing the elevation of the side chain with respect to the thenyl ring 
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((S1-C2-C6-S7/O7) and the orientation of the terminal thiol/alcohol hydrogen atom 

((C2-C6-S7/O7-H). Molecular orbital calculations in Tables S1-S2 (ESI†) predicted 

elevation angles close to +60° ( gauche or G) for the side chain (as in the furfuryl 

derivatives) and staggered orientations for the terminal alcohol/thiol. However, the 

terminal hydrogen atom now preferentially orients to the adjacent carbon-carbon bond 

in the ring  system ( gauche or G) of TM or TA instead of pointing to the ring 

oxygen as in FA or FM, inverting the conformational stability of the furfuryl 

compounds. DFT energetic predictions in Tables S3-S4 and Figures S1-S2 (ESI†) 

suggest that the second GG´ conformation is 1.2-1.9 kJ mol-1 above the global minimum 

GG at B3LYP-D3(BJ) level.

The jet-cooled microwave spectra of water-seeded TM and TA is shown in 

Figures 1 and 2. Following the initial predictions the rotational spectra of the two 

monomers were readily assigned based on their dominant a and b selection rule 

transitions. A smaller set of weaker c transitions were added later. The spectrum was 

analysed using a conventional Watson’s (S-reduced) semirigid-rotor Hamiltonian42 

including up to quartic terms in the centrifugal distortion, implemented with Pickett’s 

SPFIT program.43 In the two molecules the spectral intensity was sufficient to assign 

independently the parent and all monosubstituted 13C and 34S isotopologues in natural 

abundance (1% and 4%, respectively). The resulting rotational parameters for TM and 

TA are collected in Tables S5 and S6, while the present dataset of measured transitions 

are collected in Tables S7-S14 (TM) and S15-S21 (TA), ESI†. A structural analysis 

using effective and substitution methods44 in Tables S22-S27 (ESI†) was consistent with 

the detection of the predicted global minimum GG for the two thenyl monomers. The 

structural calculations used Rudolph’s MOMSTRUC programs.45
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2. TA and TM monohydrates

The investigation of the TM and TA monohydrates started from the computational 

molecular models in Tables 1-2. For TA···H2O five isomers were found with Gibbs 

energy below 8 kJ mol-1. As expected, the microsolvation of the alcohol always 

involves a primary H-bond between the water molecule and the hydroxyl group in the 

side chain, as shown in Figure 3 (isomer notation indicates the GG/GG´/AG´ monomer 

conformation and the water donor/acceptor role). Conversely, attractive contacts with 

the thenyl sulfur atom are avoided, so water forms addition complexes either on top or 

laterally to the ring, which occasionally allows a secondary interaction with the  ring 

system. While water may act both as proton donor or acceptor to the alcohol the 

predictions suggest a marked preference for the alcohol to behave as proton donor to 

water, with other isomers well separated in energy (B3LYP-D3(BJ): 4-5 kJ mol-1, 

MN15-L: 1-8 kJ mol-1). The conformational options for the mercaptan monohydrate 

TM···H2O in Figure 4 are less clearly defined. According to B3LYP-D3(BJ) four 

isomers are very close in energy (< 1.8 kJ mol-1), while the fifth isomer is located at 3.4 

kJ mol-1. Using MN15-L two isomers are practically isoenergetic (0.9 kJ mol-1) and the 

rest have conformational energies of 2.7-5.2 kJ mol-1. In both cases the global minimum 

corresponds to the thiol group acting as proton donor to water, establishing a primary S-

H···Ow hydrogen bond, which is accompanied by water interactions to the ring. In all 

isomers there are no direct interactions between water and the thenyl sulfur atom, except 

in the less stable isomer, where water simultaneously links to this atom and the  

electronic cloud.  

The close conformational energies demanded an experimental verification of the 

computational models. The microwave spectrum of TA···H2O in Figure 1 was first 

analysed, using the predicted rotational constants of Table 1. A single isomer was then 
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assigned, characterized by a set of both R- (J+1J) and Q-branch (JJ) b and 

additional R-branch a rotational transitions, spanning quantum numbers J=0-7 and 

K-1<3. The most relevant spectral feature was a small (0.1-0.6 MHz) tunnelling 

doubling in both  a and b transitions, confirming a large-amplitude internal motion 

connecting two symmetry-equivalent structures. The relative intensities of the two 

tunnelling components was close to 3:1, coincident with the nuclear spin statistical 

weights associated to the exchange of two fermions with spin I=1/2. In consequence, the 

spectral doublings confirm an internal rotation of water around its symmetry axes in the 

cluster, splitting the ground vibrational state in two torsional sublevels  and . The 0 ― 0 +

observed splittings correspond to intra-state  torsional-rotational transitions, 0 ± ↔0 ±

with inter-state transitions  forbidden. The rovibrational analysis used a two-0 ∓ ↔0 ±

state Hamiltonian  comprising rigid ( , ) and semirigid-rotor ( , ) 𝑯𝑅𝑉 𝑯𝑅
0 + 𝑯𝑅

0 ― 𝑯𝐶𝐷
0 + 𝑯𝐶𝐷

0 ―

Watson terms42 for both states, the energy separation ( ) and plausible interaction ∆𝐸0 ±

terms ( ) according to𝑯𝑖𝑛𝑡

𝑯𝑅𝑉 = (𝑯𝑅
0 ― + 𝑯𝐶𝐷

0 ― 𝑯𝑖𝑛𝑡
𝑯𝑖𝑛𝑡 𝑯𝑅

0 + + 𝑯𝐶𝐷
0 + + ∆𝐸0 ± ) (1)

However, neither the interaction terms or the energy separation were determinable from 

our experimental dataset, which effectively behaved like two independent rotors. The 

final spectroscopic results are collected in Table 3. Because of the good intensity of the 

cluster the 34S-thenyl isotopologue was additionally measured in natural abundance. The 

investigation proceeded also to the 18O-water cluster, unequivocally confirming the 

assignment. The rotational parameters of 34S-TA···H2
16O and TA···H2

18O are shown in 

Tables S28-S29 (ESI†), while all the measured transitions are collected in Tables S30-

S32 (ESI†).
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The study of the thenyl mercaptan monohydrate TM···H2O was based in the 

microwave spectrum in Figure 2, which revealed a single isomer with only R-branch a 

transitions and quantum numbers in the range J=1-9 and K-1<5. Small tunnelling 

splittings of 0.2-0.4 MHz with relative intensities close to 3:1 were also apparent, 

similarly leading to the conclusion that water is engaging internally in internal rotation 

around its axis, symmetrically inverting two half spin fermions. A fit of the rotational 

transitions to the two-state Hamiltonian of eqn. (1) did not show noticeable couplings, 

and the two torsional states again behaved as independent rotors. The assignment was 

confirmed by observation of the 18O-water dimer TM···H2
18O. The derived rotational 

parameters are found in Table 4 and Table S33 (ESI†), with the full listing of transitions 

in Tables S34-S35 (ESI†).  

3. Molecular structures of the monohydrates

The structural analysis of the monohydrates of thenyl alcohol and thenyl mercaptan 

used the effective (r0) and substitution methods (rs), described elsewhere.46 In both 

cases the rotational constants, the substitution coordinates of the water oxygen atom and 

the derived effective structures give an unambiguous identification of the thenyl-water 

dimers. In the thenyl alcohol hydrate the conformational assignment immediately 

pointed to the predicted global minimum GG-Wa in Figures 3 and S3 (ESI†), as 

observed by comparison between the experimental and predicted rotational constants in 

Tables 1 and 3. In this dimer the B3LYP-D3(BJ) predictions performed much better 

than MN15-L (relative deviations of 0.4-1.4% compared to 3.6-7.4%, respectively). 

Comparative B2PLYP and B97XD predictions are given in Table S36 (ESI†). This 

assignment is consistent with the substitution coordinates of the thenyl sulfur and water 

oxygen atoms in Table S37 (ESI†). An effective structure for TA···H2O was derived by 
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fitting three molecular parameters: the r(H···Ow) distance between the water oxygen 

and the bridging hydrogen atom, the (O-H···Ow) linearity angle between the alcohol ∠

group and the water oxygen and the (C-O-H···Ow) dihedral angle between the alcohol 

side chain and the water oxygen. The resulting fit in Table S38 (ESI†) reproduces the 

nine rotational constants below 1 MHz, with a root-mean-square (rms) residual of 0.4 

MHz. Non-fitted parameters were constrained to the B3LYP-D3(BJ) structure in Table 

S39 (ESI†). 

The identification of the thenyl mercaptan hydrate was more difficult, as more 

isomers are expected within a small energy range. However, the comparison of the 

rotational constants in Tables 2 and 4 clearly points to the second isomer GG´-Wd of 

Figures 4 and S4 (ESI†), identified as second most stable structure. The predicted global 

minimum, which was actually similar to that of TA···H2O, was not observed, reflecting 

deficiencies of the DFT energetic calculations to identify the lowest-lying geometry for 

the weaker sulfur interaction. B3LYP-D3(BJ) and MN-15L predict the second isomer at  

1.3-2.7 kJ mol-1 above the global minimum, which may be within the calculation 

uncertainty. Additional B2PLYP-D3(BJ) and B97XD in Table S40 (ESI†) suggest 

relative energies of 2.5-2.7 kJ mol-1. No other low-energy isomers were observed. The 

absence of additional isomers for TA···H2O  and TA···H2O cannot be attributed to 

thermodynamic stability alone, as populations in jet experiments are affected by the 

pathways and energy barriers involved in conformational interconversion, making 

collisional relaxation a significant kinetic factor.47 

Structurally, the prediction of rotational constants showed again better accuracy 

for the B3LYP-D3(BJ) method (0.2-1.3% vs 0.2-3.2 for MN15-L). The identification of 

isomer GG´-Wd was confirmed by the water oxygen substitution coordinates of Table 

S41 (ESI†) and the effective structure of Table S42 (ESI†). For TM···H2O the structural 
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fit included the r(Hw···S) distance between the water hydrogen to the thiol sulfur atom, 

the ∠(C-S···Hw) orientation angle of the bridging hydrogen and the (C-C-S···Hw) 

dihedral, all other parameters fixed to the B3LYP-D3(BJ) coordinates of Table S43 

(ESI†). Because only two isotopologues were available for TM···H2O the effective 

structure gives a worse reproduction of the experimental rotational constants (deviations 

<2.2 MHz, rms residual of 1.1 MHz) compared to TA···H2O. 

4. Non-covalent interactions

The non-covalent interactions in TA···H2O and TM···H2O have been analysed 

structurally, energetically and using the electronic density topology.  For comparison 

purposes Figure 5 shows the monohydrates of the two thenyl and the two furfuryl 

compounds of ref. 25. From a structural point of view thenyl alcohol forms a O-H···Ow 

H-bond to water, which behaves as proton acceptor (r0: r(H···Ow)=1.984(4) Å, B3LYP-

D3(BJ): 1.965 Å). This situation is similar to furfuryl alcohol (r0: r(H···Ow)=1.956(3), 

B3LYP-D3(BJ): 1.925 Å). However, while in the furfuryl compounds water may bind 

secondarily to the ring oxygen, the interaction of water with the thenyl compounds 

avoids the ring sulfur atom and gives priority to the interaction with the  electronic 

cloud through Ow-H··· interactions. In thenyl mercaptan there is no leading hydroxyl 

interaction and water is forced to behave as proton donor to the thiol group though a 

long O-H···S H-bond (r0: r(H···Ow)= 2.634(18) Å, B3LYP-D3(BJ): 2.579 Å). The 

situation is reminiscent of the primary interaction in the furfuryl mercaptan - water  

cluster, where O-H···S and S-H···O H-bonds both were detected. Interestingly, the 

conformation of thenyl alcohol in the monohydrate retains the most stable conformation 

of the monomer (GG), while in the thenyl mercaptan hydrate the monomer changes its 

conformation to the higher-energy structure GG´ to accommodate the O-H···S H-bond. 
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This fact is consistent with collisionally affordable barriers for the GG GG´ ⟷

interconversion (Figure S1, ESI†). Conformational changes induced by molecular 

aggregation have been occasionally reported.48,49

From the energetic point of view two aspects are noticeable. The (B3LYP-

D3(BJ)) complexation energies in Tables 1-2 and Ref. 25 (relative to the monomer 

conformations in the complexes) are ca. 9-12 kJ mol-1 weaker in the thenyl compounds 

than in the furfuryl equivalents, following the trend: FA···H2O (-35.0 kJ mol-1) < 

TA···H2O (-33.2 kJ mol-1) < TM···H2O (-24.1 kJ mol-1)  ~ FM···H2O (-23.8 kJ mol-1). 

In consequence, the absence of the alcohol group considerably decreases the magnitude 

of the intermolecular interactions in the dimer, reflecting the weaker H-bonds 

established by sulfur. Experimental binding energies for the O-H···S H-bond have been 

determined only for phenol···H2S and fluorophenol···H2S, using ZEKE photoelectron 

spectroscopy.50,51 The experimental ground-state value of D0 = -13.2(4) kJ mol-1 in 

phenol···H2S is ca. 6% lower than our B3LYP-D3(BJ) calculations for this cluster (D0 = 

-14.1 kJ mol-1, De = -18.8 kJ mol-1), suggesting that the computational complexation 

energies for the mercaptans may be larger by a similar factor.  A second point concerns 

the contribution of dispersive interactions. All four furfuryl and thenyl monohydrates 

are dominantly electrostatic, as observed in Table 5 from a binding energy 

decomposition using SAPT(0)/jun-cc-pVDZ.36,38 However, there is a considerable 

increase in the dispersion contribution when passing from the theny alcohol to the 

thenyl mercaptan hydrates, moving from 55.4% to 83.3% of the total binding energy. 

This increment was less notorious in the hydrates of furfuryl alcohol (43.6%) and 

furfuryl mercaptan (57.3-60.6%),25 which both retain a O-H···O H-bond, absent in 

thenyl mercaptan. This calculation confirms the weaker and more dispersive character 

of the sulfur interactions in these molecules,1,2,8,45 also observed in Table 5 for the 
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dimers of water52 and hydrogen sulphide.11 A calculation on the dominantly dispersive 

pyridine-methane53 dimer is given also for comparison.

Non-covalent interactions have been analyzed also using NCIPlot electronic 

density mapping.40,41 This method evaluates a reduced electronic density gradient  𝑠

 versus a signed electronic density  using the second ( =
1

1(3𝜋2)1/3

|∇𝜌|

𝜌4/3) (sign (𝜆2) 𝜌)

eigenvalue  of the electron density Hessian (Figure S5, ESI†). The NCIPlots in (𝜆2) 

Figure 5 compare the four furfuryl and thenyl hydrates, revealing well-defined O-H···O 

H-bond regions (associated to bond critical points), together with weaker interactions 

associated to the O-H···S H-bond and, finally, broad surfaces of weak interactions 

between the water molecule and the  ring, most notorious in thenyl mercaptan. The 

NCIPlot analysis thus confirms the presence of multiple interactions in the hydrates and 

the gradation of attractive interactions on passing from oxygen to sulfur in these five-

membered ring molecules.

Conclusion

The combination of jet-cooled (chirped-pulsed) broadband rotational spectroscopy,9 

molecular orbital calculations,29,33 binding energy decomposition36,38 and electronic 

density topological analysis40 provided a comprehensive description of the non-covalent 

interactions in the monohydrates of thenyl alcohol and thenyl mercaptan, 

simultaneously emphasizing the role of gas-phase intermolecular clusters as functional 

and size-specific models of molecular aggregation. 

The molecular data on the two thenyl hydrates and the previous analysis of 

furfuryl alcohol and furfuryl mercaptan25 allowed a comparative study in which the 

oxygen atoms were successively replaced by one or two sulfur atoms, offering 

quantitative information on the decrease in binding energy, increment of the role of 
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dispersion interactions and structural rearrangement associated to the loss of the strong 

O-H···O hydroxyl to water H-bond. In addition, the presence of a thenyl group instead 

of the furfuryl ring prevented the interactions of water to the ring heteroatom, resulting 

in a floppy character of the two thenyl hydrates, where water retains the capacity to 

engage in large-amplitude internal motions, as revealed by the torsional tunneling 

splittings in the rotational spectra. The nature of hydrogen bonding to sulfur centers and 

other low-electronegativity atoms,1-3 together with the correlation between weaker 

interactions and increased isomerism and intramolecular large-amplitude motions54 

remains a topic still under-investigated, calling for additional high-resolution molecular 

studies. 

Finally, the importance of accurate DFT dispersion models for the description of 

weakly-bound complexes should be emphasized. As illustration, the worse behavior of 

the MN15-L functional in the present study may suggest the need to introduce explicit 

long-range dispersion corrections in the Minnesota functionals.55 This fact illustrates the 

contribution and complementary role of empirical data from high-resolution rotational 

data for the development of DFT computational models of molecular aggregation.
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Scheme 1. Molecular formulas of the furfuryl alcohol (1) and furfuryl mercaptan (2) 

hydrates of ref. 25, compared with the thenyl mercaptan (3) and thenyl alcohol (4) water 

dimers. 
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Figure 1. The microwave spectrum (2-8 GHz) of water-seeded thenyl alcohol, showing 

transitions from the TA monomer and the monohydrate TA···H2O. The horizontal 

expansion (upper trace, 10 MHz) shows a typical torsional tunneling doubling in the 

rotational transition 20,2←10,1.
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Figure 2. The microwave spectrum (2-8 GHz) of water seeded thenyl mercaptan, 

showing transitions from the TM monomer and the monohydrate TM···H2O.  Torsional 

tunneling doublings in TM···H2O are exemplified here for the transition 21,2←11,1.
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Figure 3. Conformational preferences for the thenyl alcohol monohydrate TA···H2O, 

with the experimentally observed isomer encircled. The Gibbs energies (kJ mol-1) were 

predicted using B3LYP-D3(BJ) (red digits) or MN15-L (green digits) and the def2-

TZVP basis set. The predicted H-bond distances are represented with a dotted line 

(B3LYP-D3(BJ)). The experimental value is represented in blue digits. 
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Figure 4. Conformational preferences for the thenyl mercaptan monohydrate 

TM···H2O, showing the experimentally observed isomer (encircled) and the calculated 

Gibbs energies (kJ mol-1, red digits: B3LYP-D3(BJ); green digits: MN15-L). The 

predicted H-bond distances are represented with a dotted line (B3LYP-D3(BJ)). The 

experimental value is represented in blue digits. 
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Figure 5. NCIPlot for the hydrates of thenyl alcohol and thenyl mercaptan (upper row), 

compared to furfuryl alcohol and furfuryl mercaptan (lower row), mapping noncovalent 

interactions. In this color scale blue shades indicate attractive interactions (associated to 

bond critical points), green colors indicate weak interactions and red represents 

repulsive interactions (like the ring critical points). See Fig. S3 (ESI†) for 

representations of the reduced electronic density in TA···H2O and TM···H2O. Oxygen 

and sulfur atoms are depicted conventionally in red and yellow, respectively.
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Table 1. DFT predictions for the thenyl alcohol monohydrate TA···H2O. 

Isomer 1c Isomer 2 Isomer 3 Isomer 4 Isomer 5
GG-Wa AG´-Wa GG´-Wd GG-Wd GG-Wdo

A / MHza 2227.45/2118.75 2326.07/2288.30 2762.34/2635.40 2737.55/2720.89 2797.43/2721.54
B / MHz 1276.12/1331.33 1177.28/1204.17 1060.18/1092.20 1144.32/1146.75 1121.00/1152.50
C / MHz 1110.86/1191.07 1050.38/1142.67 807.45/822.05 852.00/857.78 843.19/858.43
DJ / kHz 0.593/0.268 0.581/0.681 0.359/0.540 0.489/0.308 0.838/0.369
DJK / kHz 1.875/ 1.112 1.165/0.988 -1.385/-2.570 -1.173/-0.408 -3.099/-0.655
DK / kHz -1.009/-0.160 0.161/0.483 4.856/7.246 4.803/2.277 7.307/2.647
d1 / kHz 0.082/-0.022 0.045/-0.180 -0.102/-0.151 -0.159/-0.101 -0.280/-0.123
d2 / kHz -0.062/0.012 -0.053/-0.017 -0.007/-0.009 -0.015/-0.014 -0.020/-0.013
|μa| / D 2.59/2.74 1.62/1.69 0.64/0.44 3.65/3.17 1.19/0.90
|μb| / D 1.60/0.10 2.22/2.48 1.08/0.79 1.35/0.90 2.23/2.07
|μc| / D 0.19/0.62 0.02/0.29 0.34/0.55 1.43/1.49 0.30/0.45
E /kJ mol-1b 0.00/0.00 4.27/3.79 5.43/10.27 6.53/9.49 6.96/11.20
G /kJ mol-1 0.00/0.00 4.07/1.32 4.33/7.57 5.46/7.73 4.69/8.30
EC / kJ mol-1 -33.22/-34.56 -32.26/-34.39 -31.38/-28.83 -25.69/-24.89 -26.44/-23.77
aRotational constants (A, B, C), Watson’s S-reduction centrifugal distortion constants (DJ, DJK, DK, d1, d2) and electric dipole 
moments (μα, α = a, b, c). bRelative energies corrected with the zero-point energy (ZPE), Gibbs energy (G, 298K, 1 atm) and 
complexation energy (including BSSE corrections). cB3LYP-D3(BJ) and MN15-L values, respectively (basis set def2TZVP)).  
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Table 2. DFT predictions for the thenyl mercaptan monohydrate TM···H2O.

Isomer 1b Isomer 2 Isomer 3 Isomer 4 Isomer 5
GG-Wa GG´-Wd GG´-Wd GG-Wd GG-Wd

A / MHza 1942.58/1919.45 1885.74/1923.67 1991.10/1915.80 2029.86/2013.83 1874.66/1892.87 
B / MHz 977.68/981.78  990.07/980.92 915.11/968.76 957.29/937.22 852.91/895.10  
C / MHz 864.93/865.63  844.35/852.33 677.68/704.67 707.14/721.49 750.21/800.86  
DJ / kHz 0.197/0.103  0.172/0.124 0.187/0.129 0.137/0.242 0.610/0.916  
DJK / kHz 1.735/0.962  1.343/0.855 0.0025/1.769 0.880/0.332 -0.760/15.231 
DK / kHz -0.137/0.0545  0.037/0.250 1.889/-0.505 0.641/1.164 14.894/-14.319
d1 / kHz 0.015/-0.004 0.0052/-0.006 -0.058/-0.033 -0.039/-0.037 -0.256/0.012  
d2 / kHz 0.012/0.005  0.0010/0.004 -0.008/-0.030 -0.016/-0.069 -0.032/-0.048 
|μa| / D 2.53/1.95   1.36/1.80  0.03/0.72   2.81/2.87   0.52/1.32   
|μb| / D 1.09/2.15    3.03/2.31   0.28/0.63   1.12/0.67  2.06/1.24   
|μc| / D 0.60/0.85    1.07/1.22   0.45/0.28   0.85/0.53   0.32/0.15    
E/ kJ mol-1 0.00/0.00 0.06/2.66 1.99/6.93 3.37/5.95 7.14/11.17
G /kJ mol-1 0.00/0.00 1.27/2.65 1.79/5.22 3.38/0.90 1.68/4.33
EC / kJ mol-1 -23.10/-29.37 -24.14/-28.87 -25.44/-26.02 -21.00/-22.89 -15.36/-21.13
aParameter definition as in Table 1. bB3LYP-D3(BJ) and MN15-L values, respectively (basis set def2TZVP)).  

Page 29 of 33 Physical 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
2 

M
ay

 2
02

0.
 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 

5/
12

/2
02

0 
11

:5
4:

30
 A

M
. 

View Article Online
DOI: 10.1039/D0CP01706J

https://doi.org/10.1039/d0cp01706j


30

Table 3. Experimental rotational parameters for the thenyl alcohol monohydrate 

TA···H2O.

Isomer GG-Wa
0- 0+

A / MHza 2194.4049(13)c  2194.4758(14)  
B / MHz 1265.93407(41) 1265.93621(45)
C / MHz 1103.18208(23) 1103.23374(25)
DJ / kHz 0.7557(39)           
DJK / kHz    1.987(37)          
DK / kHz  -0.72(11)            
d1 / kHz     0.0525(33) 
d2 / kHz    -0.0414(36)
|μa| / D + + + + + +
|μb| / D + +
|μc| / D

Nb 72
 / kHz  8.3

aRotational constants (A, B, C), Watson’s S-
reduction centrifugal distortion constants (DJ, DJK, 
DK, d1, d2) and electric dipole moments (μα, α = a, 
b, c). bNumber of transitions (N) and rms deviation 
(σ) of the fit. cStandard errors in units of the last 
digit. 
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Table 4. Experimental rotational parameters for the thenyl mercaptan monohydrate 

TM···H2O.

Isomer GG´-Wd
0- 0+

A / MHza 1861.917(13)   1862.71(10)  
B / MHz  983.1121(10)   983.0283(30)
C / MHz  845.80995(49)  845.9741(24)
DJ / kHz   0.2403(55)   
DJK / kHz   3.122(15)    
DK / kHz [ 0.]          
d1 / kHz   0.0228(39)
d2 / kHz [ 0.]          
|μa| / D + + + + + +
|μb| / D
|μc| / D

N 41
 / kHz 7.2

aParameter definition as in Table 3.
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Table 5. Binding energy decomposition for the hydrates of tenyl alcohol (TA) and 

thenyl mercaptane (TM), and comparison with the hydrates of furfuryl alcohol (FA) and 

furfuryl mercaptan (FM), the dimers of H2O and H2S and the pyridine-methane dimer. 

The interaction energy is decomposed into electrostatic (Eelec), inductive (multipole 

interactions/charge transfer, Eind), exchange repulsion (Eexch) and dispersion (Edisp) 

energy terms, using SAPT(0)/jun-cc-pVDZ (all values in kJ mol-1). See Tables 1-2 for a 

comparison of complexation energies for TA···H2O and TM···H2O using DFT.

Cluster Eelect Edisp Eind Eexch Etotal
FA···H2O (GG´-Wda)a -61.3 [183.0%]f -14.6 [43.6%]f -17.7 60.1 -33.4
TA···H2O (GG-Wa)b -52.0 [179.9%] -16.0 [55.4%] -15.0 54.1 -28.9
(H2O)2

c -37.0 [169.7%] -5.3 [24.3%] -9.0 29.4 -21.8
FM···H2O (GG´-Wda)a -41.8 [196.2%] -12.9 [60.6%] -12.4 45.8 -21.3
FM···H2O (GG-Wdd)a -35.3 [171.4%] -11.8 [57.3%] -7.0 33.5 -20.6
Pyridine-methaned -17.9 [100.6%] -42.0 [236%] -4.1 46.1 -17.8
TM···H2O (GG´-Wd)b -27.1 [154.4%] -14.6 [83.3%] -8.1 32.3 -17.6
(H2S)2

e -12.9 [286.7%] -5.2 [115.6%] -4.4 18.0 -4.5
 aRef. 25. bThis work. cRef. 52. dRef. 53. eRef. 11. fPercentage of the total binding energy. 
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TOC Graphic 

Sulfur Hydrogen Bonding and 
Internal Dynamics in the 
Monohydrates of Thenyl Mercaptan 
and Thenyl Alcohol 

M. Juanes, R. T. Saragi, R. Pinacho, 
J. E. Rubio, A. Lesarri,*

Water forms weak H-bonds with 
thenyl compounds, simultaneously 
retaining internal mobility in the dimer.
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