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1. Introduction

Probing sulfur-centered intra- and intermolecular
interactions in mercaptoethanol from the gas to
liquid phase: a raman spectroscopic and
theoretical study

Siyao Li,® Yuhui Li,° Xinlang Yang,® Yuangin Yu, &2 *® Xiaoguo Zhou, 2 ® Rui Zhang,®

Jinsong Li® and Shilin Liu @ *°

Sulfur-centered hydrogen bonding plays an important yet insufficiently understood role in molecular
structure and intermolecular interactions due to the relatively low electronegativity of sulfur. Mercaptoethanol
(HSCH,CH,OH, ME), containing both S—H and O—H functional groups, serves as an ideal prototype for exam-
ining sulfur-involved hydrogen bonds in different environments. In this work, high-resolution gas-phase
Raman spectra of ME were recorded in the S—H stretching region using stimulated photoacoustic Raman
spectroscopy and analyzed in conjunction with quantum chemical calculations and temperature-dependent
measurements. Comparison between experimental and simulated spectra enables an unambiguous
assignment of individual Raman bands to specific conformers and reveals that gauche conformers stabilized
by O—H---S intramolecular hydrogen bonds dominate in the gas phase, while S—H- - -O intramolecular interac-
tions are present but extremely weak. In contrast, liquid-phase Raman spectra exhibit a red shift of the S—H
stretching band in neat mercaptoethanol relative to that in an aqueous solution. Quantum chemical calcula-
tions on ME-ME and ME—-H,O dimers demonstrate that this red shift originates from a significantly enhanced
S—H---O intermolecular hydrogen bond in the liquid state. These results provide direct spectroscopic evi-
dence for the environment-dependent nature of sulfur-centered hydrogen bonding and offer molecular-level
insights into the interplay between intramolecular and intermolecular interactions involving sulfur.

N-H---O, whether intramolecular or intermolecular interac-
tions, have been extensively studied and characterized in the

Weak intermolecular forces are prevalent in nature and deter-
mine molecular conformations and molecular packing arrange-
ments in crystals. Hydrogen bonds (H-bonds) are the most
common weak interactions in molecules and have been the
center of attention for many experimental and theoretical stu-
dies. Besides their ubiquitous presence, hydrogen bonds play a
dominant role in solute-solvent interactions and the physical
and chemical properties of the solvents, and most importantly,
in regulating the specific structures and functions of biological
macromolecules such as proteins and nucleic acids."” Generally,
hydrogen bonds can be represented as X-H- - -Y, where X is the
hydrogen-bond donor and Y is the hydrogen-bond acceptor, both
of which are atoms with high electronegativity (such as O and N).
Conventional hydrogen bonds, such as O-H---O, O-H: - -N, and
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literature.®>"® In contrast, insufficient attention has been paid to
unconventional H-bonds involving sulfur, which has lower elec-
tronegativity. The electronegativity of sulfur (2.58) is signifi-
cantly lower than that of oxygen (3.44) and nitrogen (3.04), and
the difference in electronegativity between sulfur and hydrogen
is very small, 4 ~ 0.38 on the Pauling scale. This leads to the
general belief that sulfur is not an effective participant in H-
bonds. However, the role of the sulfur-centered H-bond is clear
because of its biological and environmental importance.”*° For
example, sulfur-containing amino acids, such as cysteine and
methionine, are the basic building blocks of proteins. Sulfur
participates in the formation of the spatial structure of proteins
through disulfide bonds (-S-S-); this is crucial for maintaining
the stability of the protein structure, and the biological activity of
many proteins (such as insulin) also depends on the correct
disulfide bond connectivity.""* Therefore, a deeper under-
standing of the nature of sulfur-centered H-bonds is of great
significance for regulating the reactivity of biomolecules, design-
ing sulfur-containing supramolecular assemblies, and developing
drugs.
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In recent years, there has been a growing interest in inves-
tigating sulfur-centered intermolecular H-bonds in binary com-
plexes formed under supersonic jet-cooled conditions,
especially in the case of sulfur acting as a H-bond donor,
e.g., S-H---S, S-H-- -0, S-H- - -1 and S-H---CL">7" It has been
shown that the sulfur-centered intermolecular H-bonds could
be as strong as conventional H-bonds under certain conditions.
For example, using a synergic experimental—computational
approach from microwave spectroscopy, infrared laser spectro-
scopy and quantum chemical calculations, the formation of the
elusive S-H- - -S H-bond and the competition between S-H- - -O,
O-H- - -S and O-H- - -O interactions have been recently explored
in pure and mixed dimer structures of 2-phenylethanethiol
(PET) and 2-phenylethanol (PEAL).>® Very recently, the weak
C-H- - -S interaction has been identified in binary complexes such
as CHCl;-H,S and diethyl disulfide-difluoromethane.>***?”
While rich information has been obtained on the sulfur-
centered intermolecular interactions in the jet-cooled complex,
the exploration of intramolecular interactions in the gas-phase
monomers or intermolecular interactions in the condensed phase
is still limited**** and further molecular-level research is needed.

The gas phase provides an environment for the observation of
specific weak intramolecular interactions, which would other-
wise be blurred in the complexes or in the condensed media.
Recently, gas-phase Raman spectroscopy coupled with quantum
chemistry calculations has been demonstrated very effectively
in characterizing molecular structures and intramolecular
interactions.**” Because of the sharpness of Raman bands in
a gas-phase environment compared to infrared spectroscopyj, it is
easier to identify specific conformations from well-separated
Raman bands and correlate the stability of the conformers with
intramolecular interaction strength. When the isolated mole-
cules are well characterized, the obtained information can then
be used to evaluate the effects of intermolecular interactions on
molecular structures and intramolecular interactions.

In previous studies, intramolecular interactions in the gas
phase have been revealed in several 1,2-disubsituted ethanes,
such as aminoethanol (NH,CH,CH,OH), which exhibits both
O-H---N and N-H---O intramolecular H-bonds.***° Mercap-
toethanol (HSCH,CH,OH, ME) contains both S-H and O-H
functional groups, providing the opportunity for the formation
of O-H.- - S or S-H- - -O intramolecular H-bonds, analogous to the
interactions in aminoethanol. The gas-phase measurements
from overtone spectroscopy and microwave spectroscopy have
shown that the ME molecule prefers a gauche arrangement
stabilized by an O-H---S intramolecular H-bond with a lack of
unambiguous structural information on the S-H---O
interaction.”"**> Incomplete infrared spectral data indicate the
presence of trans and gauche conformations in the liquid state,
with the former being more stable by 600 cal mol~*.** With the
S-H stretching vibration as a probe, this study was conducted to
obtain further evidence of sulfur atoms participating in H-
bonding interactions in gaseous and liquid ME, especially the
possibility of sulfur atoms acting as H-bond donors, using
stimulated photoacoustic Raman spectroscopy and conventional
Raman spectroscopy, as well as quantum chemistry calculations,
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respectively. It was also expected that the results would provide
more basic information on the competition and synergism of
sulfur-centered intramolecular and intermolecular interactions
in different environments.

2. Experimental and theoretical
methods
2.1 Experimental

The gas-phase Raman spectra were acquired using stimulated
photoacoustic Raman spectroscopy (PARS), the details of which
have been fully described elsewhere.”>™” Briefly, a stimulated
Raman scattering (SRS) process occurs when the frequency
difference between two laser beams (pump and Stokes beams)
equals a Raman-active vibrational mode, leading to the transi-
tions of molecules from the ground state to the excited state.
The collisions between molecules cause vibrational excitation
energy to convert into local heating in the sample cell, which
creates a sound wave detected by a sensitive microphone. The
PARS method effectively overcomes the inherent low sensitivity
of spontaneous Raman scattering in the gas phase.

In PARS, the second-harmonic output of 532.1 nm from a
pulsed Nd : YAG laser (line width 1.0 cm ™", pulse width 10 ns) is
split into two laser beams by a quartz wedge; one is the pump
beam and the other is the Stokes beam. About 10% of the laser
energy was used as the pump beam, while the remainder directly
entered a dye laser system (ND6000, line width 0.05 cm™ ") to
generate a tunable Stokes beam (625-637 nm). The two laser
beams were linearly polarized and focused in the center of a
photoacoustic cell with a counterpropagating configuration. The
PARS signal was averaged by a boxcar integrator and then input
into a computer to acquire the Raman spectrum. The pump and
Stokes beams are typically 20 and 10 m] per pulse, respectively.
The intensity of the final spectrum is normalized relative to that
of the Stokes beam. The wavelengths of laser beams were
calibrated by a wavelength meter with an accuracy of 0.005 nm.

The mercaptoethanol (ME) used in this study was purchased
from Aladdin with spectroscopic grade purity (99%). To avoid
interference from water signals, ME was dried using 3 A molecular
sieves before use. The dried sample was then sealed in a glass tube
connected to a vacuum line and degassed through multiple
freeze-pump-thaw cycles. To remove residual water vapor as
thoroughly as possible, the sample cell was heated under vacuum
for approximately two hours. Due to the low saturated vapor
pressure of ME, about 20 Torr of argon was introduced into the
photoacoustic cell as a buffer gas to enhance the photoacoustic
signal intensity. For temperature-dependent spectral measure-
ments, the entire photoacoustic cell was wrapped with a 500 W
heating tape. The temperature was maintained below 65 °C due to
the response limitations of the microphone used.

Liquid Raman spectra were recorded on a conventional
Raman spectrometer as follows.®** A 532 nm laser from
Coherent Verdi (5 W) was used as the excitation source and
the Raman scattering photons were collected by a pair of quartz
lenses of f = 2.5 and 10 cm with a 180° back-scattering
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configuration, which were imaged onto the entrance slit of a
triple monochromator (Acton Research, TriplePro) equipped
with a liquid nitrogen cooled CCD array (Princeton Instru-
ments, Spec-10:100B). The final spectrum was an average of
15 single scans and the typical exposure time was about 2 s. A
600 groove mm™ ' grating was used. To achieve the desired
molar fraction of ME in water, the ME and water were prepared
by measuring their respective volumes.

2.2 Computational details

All gas-phase calculations were done using the Gaussian 16 suite
of programs,*® including geometry optimizations, zero-point
energy (ZPE), and harmonic vibrational frequencies. The initial
conformation was investigated using a semi-empirical method of
PM?7 based on the Molclus code®® in which an energy threshold
of 0.25 kcal mol™' was applied, and then the low-energy con-
formations were further optimized at B3LYP-D3(BJ) functionals
with the aug-cc-pVDZ or 6-311++G(d,p) basis set. In previous
studies, B3LYP-D3(BJ) was demonstrated to perform well in
predicting molecular structures containing intramolecular and
intermolecular interactions.*>*” To get more accurate relative
energies in the gas phase, the single-point energies were calcu-
lated at the CCSD(T)/aug-cc-PVTZ level. To assist the assignment
of experimental spectra, the intensity of the simulated Raman
spectra was obtained by the Raman activities (S;) and depolariza-
tion ratios (p;), as well as the Boltzmann factors of each con-
former according to the following equation:
s (l/() — I/,‘)4S i

= U )1 = exp(—hewnJKT)] ®

where v, is the excitation energy in ecm ™, and I; and v; are the

Raman intensity and vibrational frequency (cm ) of the ith
normal mode, respectively, T is the temperature, 2 and k are
Planck’s and Boltzmann’s constants, and F is the Boltzmann
factor for the population of each conformer. The Boltzmann
factors were determined by the Gibbs free energy (AG) using the
Shermo program (version 2.3.5) at the CCSD(T)/aug-cc-PVTZ level
with zero-point energy (ZPE) correction at the B3LYP-D3(BJ)/
aug-cc-PVDZ level.*® The following expression was used:

exp(—AG;/RT)

' Sewt-ag/&r) .

where AG; is the relative free energy of conformer ‘7’ with
respect to the lowest energy conformer and R = 0.00199 kcal
(mol K)* is the Boltzmann constant.

Intramolecular interactions were characterized using non-
covalent interaction (NCI) theory, a topological method based
on electron density.*® In the NCI approach, the electron density
p(r) was multiplied by the sign of the second Hessian eigenva-
lue (4,) to identify the type of weak interaction. The results were
then visualized by mapping the color-coded area according to
the values of sign(4,) x p(r). Here, the blue, green and red
represent strong attractive, weaker, and repulsive interactions,
respectively. NCI analyses were carried out using the Multiwfn
program and visualized using the VMD software (version
1.9.3).>°
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3. Results and discussion
3.1 Calculated structures and intramolecular interactions

Owing to the three dihedral angles of H-S-C-C, S-C-C-O, and C-
C-0O-H, mercaptoethanol (ME) exhibits a rich conformational
distribution, giving 13 distinct conformers. Fig. 1 presents the
optimized structures of the selected ten lowest-energy conformers
at the B3LYP-D3(BJ)/aug-cc-PVDZ level, together with the NCI
analysis for the first five conformers. The structural parameters
in Fig. 1 are consistent with those from other ab initio calculations,
such as at the MP2/aug-cc-PV(D+T)Z level.*” The following nota-
tion is used for conformational description: capital letters Tand G
denote the backbone dihedral angles of H-S-C-C and S-C-C-0O,
while lowercase letters g and t specify the C-C-O-H dihedral
angle. Here, T and t correspond to a trans conformation (~ 180°),
whereas G and g represent a gauche arrangement of about +60; the
prime symbol (') indicates a negative value of the corresponding
dihedral angle. Table 1 lists the calculated relative energies and
Boltzmann factors of the ten conformers. The most stable con-
former 1 of GGg accounts for almost half of the population at room
temperature.

As shown in Fig. 1(a), all the first four lowest-energy con-
formers adopt a gauche arrangement of the O-C-C-S backbone.
Among them, conformers 1 and 2 (GGg and G'Gg) exhibit an
O-H- - -S interaction with H---S distances of 2.64 A and 2.79 A,
respectively, while conformers 3 and 4 (G'Gt and G'Gg’) display
an S-H- - -O interaction with H-: - -O distances of 2.59 A and 2.57 A,
respectively. The subsequent conformers 5, 6, and 7 have an
O-C-C-S dihedral angle close to 180°, corresponding to a trans
configuration without intramolecular interactions. For a hydro-
gen bond to form, the distance between the proton and the proton
acceptor must be less than the sum of their van der Waals radii.
According to Pauling’s calculations, the commonly accepted sum
of van der Waals radii for H and O atoms is 2.60 A, and that for
H and S atoms is 3.05 A.*>

Table 2 summarizes the calculated O-H---S and S-H---O
distances in conformers 1-4, along with their deviation (4) from
the sums of the corresponding van der Waals radii. It can be
seen that the O-H:--S distances in conformers 1 and 2 are
shorter than 3.05 A by 0.41 A and 0.26 A, respectively. This
indicates that both conformers are stabilized by an O-H:--S
intramolecular hydrogen bond, although the latter is signifi-
cantly weaker than the former due to the deviation of the O-H
bond from the lone-pair direction of the S atom, as shown in
Fig. 1(a). The more diffuse distribution of the lone-pair electrons
on sulfur provides some flexibility in H-bond formation, which
partially compensates for the unfavorable geometry in conformer
2. For conformers 3 and 4, the calculated S-H- - -O distances are
only 0.01 A and 0.03 A shorter than the sum of the van der Waals
radii (2.60 A), implying that these two conformers possess only a
very weak, marginal S-H---O intramolecular interaction. All
these structural features point to intramolecular hydrogen bond-
ing as the important stabilizing factor governing the conforma-
tional arrangement of ME. This is consistent with the calculated
Boltzmann factors (Table 1), which show that conformers 1-4
have significantly higher populations than the trans conformers.

Phys. Chem. Chem. Phys., 2026, 28, 8847-8855 | 8849
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Fig. 1 (a) Optimized geometries of ten conformers of ME at the B3LYP-D3(BJ)/aug-cc-PVDZ levels. (b) NCI analysis for the first five conformers of ME.
The nomenclature of the conformers: the uppercase letters (G and T) refer to the orientation of the backbone dihedral angles of H-S-C-C and S-C-C-
O, the lowercase letters refer to the orientation of C—C-S—H, and the prime (') indicates a negative value of the corresponding dihedral angle.

In Fig. 1(b), the NCI analysis confirms the presence of O-
H---S and S-H: - -O interactions in conformers 1-4, whereas for
conformer 5, there are no intramolecular interactions. The
representation of the reduced electronic density gradient versus
the signed electronic density shows a minimum near —0.01 in
the conformers 1-4, associated with the O-H---S and S-H---O
interactions. The minimum corresponding to conformer 1
exhibits a more negative value (<—0.01), suggesting a larger
strength of O-H- - -S compared to S-H- - -O. This means that the
electronegativity of the donor is far more important than that of
the acceptor for sulfur-centered H-bonds. This is in good

Table 1 Calculated relative energies AE (kcal mol™?) and Boltzmann
factors (F) for ten conformers of ME

Number Conformer AE* F (%)°
1 GGg 0 49.91
2 G'Gg 0.44 23.70
3 G'Gt 1.01 9.01
4 G'Gg’ 1.45 4.32
5 G'Tt 1.46 4.25
6 G'Tg 1.51 3.91
7 G'Tg' 1.53 3.76
8 TTt 2.61 0.61
9 TTg' 2.69 0.53
10 G'G't 2.74 0.49

“ Calculated at the CCSD(T)/aug-cc-PVTZ//B3LYP-D3(BJ)/aug-cc-PVDZ
level. ® Boltzmann populations obtained from Gibbs free energy (AG)
calculated by CCSD(T)/aug-cc-PVTZ electronic energies with ZPE using
B3LYP-D3(BJ)/aug-cc-PVDZ at 298 K.

8850 | Phys. Chem. Chem. Phys., 2026, 28, 8847-8855

agreement with the trend of conventional H-bonds such as
O-H---N and N-H---O, in which the electronegativity of the
donor plays a dominant role, making O-H- - -N stronger than N-
H- - -0, as demonstrated in recent studies of aminoethanol.*°

3.2 Gas-phase raman spectra in the S-H stretching region

Fig. 2 presents the gas-phase Raman spectra of ME in the S-H
stretching region at room temperature (25 °C). Three promi-
nent Raman bands are observed at 2587, 2593, and 2601 cm ™ ?,
with a weak shoulder discernible at 2604 cm ™. To assign the
observed bands to specific conformers, the calculated frequen-
cies and Raman activities of each ME conformer were con-
volved with a Lorentzian function according to eqn (1) to
produce the simulated S-H stretching Raman spectra, as shown
in Fig. 2(b), while the contributions from individual conformers
are labeled in Fig. 2(c). To match the experimental spectra, a
scaling factor of 0.978 was applied to all the calculated harmo-
nic frequencies by comparing with that of the most stable
conformer. It can be seen that the overall profile of the
simulated spectrum agrees well with the experimental spec-
trum, except for a deviation in the highest-frequency band of
conformer 3.

A close comparison between experimental and simulated
spectra allows us to assign the observed S-H stretching spectra,
as summarized in Table 3, and labeled in Fig. 2. The strongest
band at 2587 cm ™" corresponds to the most stable conformer 1
(GGg), the second band at 2595 cm ™' corresponds to the

This journal is © the Owner Societies 2026
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Fig. 2 (a) Gas-phase Raman spectra of ME in the S—H stretching region.
(b) Simulated spectra for ME in the S—H stretching region according to
egn (1). (c) Calculated Raman intensities and frequencies for the individual
conformers of ME.

superposition of conformers 5, 6 and 7 (G'Tg, G'Tt and G'Tg'),
and the third band at 2601 cm ™" corresponds to conformer 2
(G'Gg). Comparing the band at 2601 cm™ ' with the other two
bands, it is obviously broader with a distinguishable shoulder at
2604 cm™ ', suggesting that this band likely arises from multiple
conformers. Hence, we assign the shoulder at 2604 cm™ ' to
conformer 3 (G'Gt). This assignment is reasonable considering
that the calculated Boltzmann factor of conformer 3 is as high as
9.01%, although its predicted position at 2609 cm ' does not
correspond well to the observed one at 2604 cm ™. Conformer 4
(G'Gg’), however, cannot be clearly identified in the experiment
owing to its lower population of 4.32% and the frequency being
very close to that of conformer 2 (G'Gg).

It should be mentioned that the calculated Boltzmann
factors for the ¢trans conformers of 5, 6, and 7 are only 4.25%,
3.91%, and 3.76%, respectively, significantly lower than those
of the gauche conformers. The reason they can still be detected
is that they have close frequencies whose calculated values are
2593, 2595, and 2592 cm ', respectively, and thus their super-
position gives rise to an observable band at 2593 cm™ . Previous
microwave-rotation studies failed to detect the trans conformers
of 2-ME, which may be due to the lower dipole moments of ¢rans
conformers compared to the gauche conformers,*" whereas in
gas-phase infrared measurements, the failure could be attributed
to spectral congestion."

The H-bond formation generally leads to bond elongation
and a red shift in the stretching frequency.’' From the calculated
structures, one would expect conformers 3 and 4 to exhibit a red
shift in the S-H stretching frequency. However, as seen in Fig. 2,
no such red shift is observed for the assigned conformer 3
relative to conformers 1 and 2. The reasons may be as follows.
The S-H stretching frequency in ME conformers is influenced
by two main factors: the spatial orientation of the S-H group
and the strength of intramolecular interactions. Different

This journal is © the Owner Societies 2026
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Table 2 Calculated H-bond distances (A) along with their deviations 4(A)
from the sum of van der Waals radii in the monomer conformers and
dimers

O-H---S S-H---O O-H---0
Conformer R(H---8)* 4° R(H---0)* 4° R(H---0)" 4°
ME 1 2.64 0.41

2 279 0.26

3 2.59 0.01

4 2.57 0.03
ME-ME 2.39 0.66 2.21 0.39 1.83 0.77
ME-H,0 2.39 0.66 1.89 0.71

“ Calculated at B3LYP-D3(BJ)/aug-cc-PVDZ. ? A denotes the deviation of
the H-bond distance from the sum of the corresponding van der Waals
radii. An intramolecular H-bond is expected to form if the H-bond
distance is less than 3.05 A for H- - -S and 2.60 A for H---O.

Table 3 The assignments of the observed vibrational frequencies (cm™)

of ME in the S—H stretching region

Conformers Uobs Ucal Raman activity”
1 GGg 2587 2587 116
2 G'Gg 2601 2603 106
3 G'Gt 2604 2609 98
4 G'Gg’ 2600 99
5 G'Tt 2593 2593 116
6 G'Tg 2593 2595 118
7 G'Tg 2593 2592 115
8 TTt 2612 147
9 TTg' 2613 146
10 G'G't 2599 118

¢ Calculated at B3LYP-D3(BJ)/aug-cc-PVDZ.

orientations of the functional group correspond to different
vibrational frequencies, and on the other hand, the S-H---O
interaction is indeed weak, as indicated by the calculated H: - -O
distance, which is only 0.01 A shorter than the sum of the van der
Waals radii of H and O atoms in conformer 3. Such a weak
interaction is insufficient to induce an observable red shift,
suggesting very weak S-H---O intramolecular interactions in
the gaseous ME molecule. In a recent rotational spectroscopic
investigation on gas-phase 2-phenylethanethiol, it was shown
that the global minimum was the result of intramolecular forces
associated with an S-H- - -n H-bond despite the weak character of
the S serving as the H-bond donor.*?

Molecular conformational equilibrium is strongly
temperature-dependent via the Gibbs free energy. To further
validate spectral assignments, we measured the temperature-
dependent S-H stretching Raman spectra of ME at 25, 35, 45,
55, and 65 °C, as shown in Fig. 3. All spectral intensities were
normalized relative to the strongest peak at 2587 cm™'. In
contrast to the band at 2587 cm™*, the relative intensities of the
2593 and 2601 cm ' bands increased as the temperature
increased, indicating that the 2587 cm ™' peak corresponds to
the most stable conformer of GGg, in good agreement with
theoretical prediction. In addition, the shoulder at 2604 cm™*
becomes less distinct due to band broadening at high tempera-
tures of 55 and 65 °C.
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Fig. 3 Temperature-dependent Raman spectra of the gaseous ME in the
S—H stretching region at 25, 35, 45, 55 and 65 °C.

3.3 Intermolecular hydrogen bonds in the liquid state

Fig. 4(a) shows the Raman spectra of ME in the S-H stretching
region for the pure liquid state and for an aqueous solution
with a mole fraction of ME at 0.2. Unlike the well-separated
bands observed in the gas-phase spectra, the liquid-phase
spectra broadened into a single band due to intermolecular
interactions, which prevents conformational discrimination.
On the other hand, the band center of the S-H stretching
vibration shifts from 2580 cm™' in aqueous solution to
2574 cm™ " in the pure liquid, corresponding to a red-shift of
about 6 cm™ . It is known that molecular clusters serve as a
bridge that connects molecules in the gas phase and in the
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condensed phase, thereby providing molecular-level insight
into intermolecular interactions and microscopic structures
in the liquid state.”® To uncover the origin of the observed
red shift, quantum-chemical calculations were performed on
dimers formed between ME molecules (labeled ME-ME) and
between ME and a water molecule (labeled ME-H,0).

Fig. 4(b) shows the calculated most stable structures of the
ME-ME and ME-H,O dimers at the B3LYP-D3(BJ)/aug-cc-PVDZ
level, and a scaling factor of 0.978 was applied for the calcu-
lated harmonic frequency like the ME monomer. Both dimers
exhibit a cooperative H-bonded network connected by O-H- - -O,
O-H---S, or S-H:--O interactions, and their structural para-
meters are summarized in Table 2. As expected, the H-bond
strength follows the order O-H---O > O-H---S > S-H:---O,
based on the deviation (4) between the H-bond distance and
the sum of the van der Waals radii. However, unlike the
extremely weak intramolecular interaction in the monomers,
the S-H---O intermolecular hydrogen bond is markedly
enhanced in the ME-ME dimer. As shown in Table 2, the S-
H- - -O distance is 0.39 A shorter than the sum of the van der
Waals radii of H and O atoms, representing an increase of
0.38 A compared with the intramolecular value of 0.01 A. In
contrast, the ME-H,0O dimer is linked only by O-H---O and
O-H- - -S interactions. Clearly, the formation of the S-H:--O
intermolecular hydrogen bond in the ME-ME dimer causes a
red-shift of the S-H stretching frequency relative to that in the
ME-H,0 dimer, as illustrated by their calculated frequencies in
Fig. 4(a), where the calculated S-H stretching frequencies are
2564 and 2600 cm ™' for the ME-ME dimer and 2599 cm ™" for
ME-H,O0. Thus, the experimentally observed red-shift provides
evidence for the formation of S-H---O interactions in neat
liquid ME, indicating that sulfur can act as a much more
effective donor in intermolecular H-bonding interactions in

(a) 2574 Pure ME (b)
_ ME-ME
s
<
=y
&
e
g
=
[~
£ N
&~ 3 -
Q S
ME-ME - IS Cal s
. \e.  ME-H0
a N 2.30%
ME-H,0 In Cal. (5)':"“(,
1 1 L 1 L
2520 2540 2560 2580 2600 2620 2640

Wavenumber/cm™

Fig. 4 (a) S—H stretching Raman spectra of pure liquid ME and its solution in water with a molar fraction of ME at 0.2, along with the calculated
frequencies for ME-ME and ME-H,O dimers. (b) Calculated H-bonded structures of the ME-ME and ME—H,O dimers.
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the liquid state. This finding is in agreement with recent
studies on 1:1 complexes of 2-fluorothiophenol (2-FTP) with
methanol (MeOH) and ethanol (EtOH) under jet-cooled condi-
tions employing resonant two-photon ionization, UV-UV hole-
burning, and IR-UV double resonance spectroscopic techni-
ques, showing that all the observed conformers of the two
complexes are primarily S-H- - -O hydrogen bonded.>®

4. Conclusion

Raman spectroscopy combined with high-level quantum
chemical calculations provides a synergistic approach for char-
acterizing molecular structures as well as intramolecular and
intermolecular interactions. In this work, sulfur-centered H-
bonding interactions in gaseous and liquid mercaptoethanol
(ME) have been systematically investigated using temperature-
dependent Raman spectroscopy combined with quantum
chemical calculations. High-resolution gas-phase Raman spec-
tra in the S-H stretching region were successfully recorded,
despite the intrinsically weak Raman cross-section and low
vapor pressure, enabling the identification of individual con-
formers and relating their relative stability to the O-H- - -S and
S-H-:--O intramolecular H-bond strengths. It was shown that
both intramolecular H-bonds played an important role in
stabilizing ME conformers in the gas phase, but the S-H:--O
interaction is extremely weak and insufficient to induce an
observable red shift in the S-H stretching frequency. In con-
trast, Raman measurements in the liquid phase revealed a clear
red shift of the S-H stretching band in neat ME relative to the
aqueous solution. Supported by the calculated structural para-
meters on the ME-ME and ME-H,O dimers, the red shift is
attributed to the formation of a significantly strengthened
S-H- - -0 intermolecular H-bond in the liquid state, facilitated
by favorable spatial arrangements and cooperative hydrogen-
bonding networks. These results provide direct spectroscopic
evidence for the environment-dependent nature of sulfur-
centered hydrogen bonding and contribute to a deeper
understanding of the competition and synergy between
sulfur-centered intra- and intermolecular interactions,
which may be useful across various research fields, including
protein folding, molecular aggregation, and computational
benchmarking.'™*
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