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We present a rotational-computational investigation of the
aromatic mercaptan 2-phenylethanethiol, addressing its poten-
tial energy surface, conformational equilibrium, internal dynam-
ics and intramolecular interactions. The experiment used broad-
band chirped-pulse Fourier transform microwave spectroscopy
in a supersonic jet expansion, recording the rotational spectrum
in the 2–8 GHz frequency region. Two different conformers
were detected in the spectrum. The most intense transitions
correspond to a skew (gauche-gauche) conformation, identified
as the global minimum. The spectra of ten different isotopo-
logues were assigned for this species, leading to accurate

effective and substitution structures. The weaker spectrum
presents small tunnelling doublings caused by the torsional
motion of the thiol group, which are only compatible with an
antiperiplanar skeleton and a gauche thiol. The larger stability of
the global minimum is attributed to an intramolecular S� H···π
weak hydrogen bond. A comparison of the intramolecular
interactions in the title molecule and 2-phenylethanol, similarly
stabilized by a O� H···π hydrogen bond, shows the different
strength of these interactions. Density functional (B3LYP-D3,
B2PLYP-D3) and ab initio (MP2) calculations were conducted for
the molecule.

1. Introduction

2-Phenylethanethiol (phenethyl mercaptan, later PET) is an
aromatic compound with a flexible 2-carbon side chain
connecting the phenyl ring and the thiol group (Ph� (CH2)2� R,
R=SH). Thiols have typically pungent odors and are not
common mammal metabolites. However, they are used bio-
logically as defensive weapons by musteloids and as chemical
signaling molecules by canids.[1] In particular, the phenylethane
group is generated in secretory glands of the anal sacs of
skunks (species Mephitis macroura and Mephitis mephitis) to
produce their foul-smelling defensive spray.[2,3] The title com-
pound can also be used as flavoring agent or adjuvant.[4]

Technological applications of alkylthiols include the construc-
tion of photo-functional self-assembled monolayers,[5,6] which
exploit the chemisorption of sulfur to metals. From a structural
point of view PET may orient its polar thiol group around the
ring, plausibly giving rise to several competing conformations.
In 2-phenylethanol the skew global minimum (Ggπ) benefits
from a O� H···π intramolecular hydrogen bond to the ring, but
five other conformations are also available below 8 kJmol� 1.
The structural preferences of the alcohol have been confirmed
using mass-resolved resonance-enhanced multiphoton ioniza-
tion (R2PI),[7] double-resonance IR/UV ion-dip,[8–10] ionization-loss
stimulated Raman[11] and microwave spectroscopy,[12,13] which
detected the global minimum and a second plane-symmetric
isomer (At). Since the larger size and polarizability of sulfur is
expected to decrease or modulate the hydrogen bonding
capabilities of PET,[14,15] it is interesting to check which changes
are introduced in the conformational landscape by the replace-
ment of the oxygen atom by sulfur and whether a S� H···π weak
hydrogen bond prevails in the bare molecule. A previous
electronic analysis of PET using R2PI[16] detected two different
species, but suggested that the second conformer differs from
the alcohol in the orientation of the thiol group. However, no
high-resolution study of PET is available, preventing the
structural determination and observation of intramolecular
dynamical effects associated to the thiol torsion.[17–19] Here we
present a multi-isotopic rotationally resolved analysis of PET,
leading to an unambiguous discrimination of its conformational
landscape and structure. This investigation complements pre-
vious rotational studies on other aromatic chalcogens like
thiophenol,[18–20] benzyl mercaptan,[21,22] or selenophenol[23] and
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will permit future studies of intermolecular complexes involving
PET.

2. Results and Discussion

2.1. Potential energy surface

Similarly to 2-phenylethanol,[7–13] the potential energy surface of
PET is described with three torsion dihedrals associated to the
terminal side chain. Density functional and ab initio calculations
predicted five stable structures within 8 kJmol� 1, shown in
Figure 1. The predicted rotational, centrifugal and energetic
parameters are collected in Tables S1–S3. For comparison, new
B2PLYP calculations for 2-phenylethanol are shown in Table S4.
All PET conformers share a near-perpendicular arrangement of
Cβ, as in the ethylbenzene prototype,[24] benzyl alcohol[25] or
benzyl mercaptan.[21] However, the predicted conformers differ
in the orientation of the thiol group (dihedrals τ1=SCβ� CαCipso

and τ2=HS� CβCα). The most stable Ggπ conformer maintains
gauche-gauche thiol orientations (τ1=�66°, τ2=�61°), permit-
ting an intramolecular hydrogen bond to the phenyl ring. The
second conformer Ag is predicted with an antiperiplanar sulfur
skeleton and a gauche terminal hydrogen (τ1=�177°, τ2=

�63°), while the fourth and fifth conformers Gg and Gt are also
based on a gauche sulfur atom but adopt alternative staggered
orientations of the thiol hydrogen atom. The third conformer At
is the only plane-symmetric (Cs) structure. All non-symmetric
conformers display two transient enantiomeric species. The
atomic coordinates for the five most stable PET conformers are
collected in Tables S5–S9.

2.2. Rotational Spectrum

The rotational spectrum of Figure 2 unequivocally resolved the
structural properties of PET. Two different sets of rotational
transitions were assigned in the experiment, confirming the
presence of two conformers in the gas phase. The most intense
spectrum was dominated by strong Q (J !J) and R-branch (J+

1 !J) μb transitions, accompanied by a set of R-branch μa
transitions. The measured frequencies, covering quantum
numbers below J=13 and K� 1=4, are collected in Table S10.
The spectrum was reproduced to experimental accuracy with a
semirigid rotor Watson’s Hamiltonian including quartic centrifu-
gal distortion terms,[26] as implemented in Pickett’s CALPGM
programs.[27] The fit results for this conformer are shown in
Table 1. The intensity of the PET spectrum additionally
permitted the observation of all nine 13C and 34S monosub-
stituted isotopologues in natural abundance (ca. 1% and 4%,
respectively), which were fitted similarly, fixing the centrifugal
distortion terms to the parent isotopologue. The derived
rotational parameters for the monoisotopic species are pre-
sented in Table 2, while the measured transition frequencies are
collected in Tables S11–S19. The isotopic information permitted
the determination of the PET structure without recourse to
theoretical predictions, confirming the detection of isomer Ggπ.
Nevertheless, the computational predictions also support the
observation of the global minimum, whose non-symmetric (C1)
structure impedes a double-minimum thiol inversion and the
presence of tunnelling effects in the spectrum, as observed.

Following the identification of conformer Ggπ, a second
weaker spectrum, composed exclusively of R-branch μa tran-
sitions (J<7 and K� 1<4), was assigned separately. The second

Figure 1. The five most stable conformers of 2-phenylethanethiol and 2-phenylethanol, showing the different conformational ordering and their relative
energy values (B2PLYP-D3(BJ)/def2-TZVP, ZPE corrected, kJ mol� 1). See Tables S1–S3 for alternative B3LYP and MP2 calculations. The observed conformers of
the two molecules are encircled. Conventional yellow and red coloring is used for sulfur and oxygen, respectively.
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spectrum is characterized by the presence in some transitions
of small (<1 MHz) tunnelling doublings, illustrated in Figure 3.
The tunnelling effects indicate the presence of an intra-
molecular large-amplitude motion, splitting the ground vibra-
tional state in two torsional sublevels with independent rota-
tional stacks. The initial inspection of the rotational constants
confirmed the detection of the second predicted conformer Ag,
with thiol inverting between the two sides of the plane-
symmetric (Cs) all-antiperiplanar organosulfur sidechain. Simi-
larly to benzyl mercaptan,[21] the non-inverting intra-state (v=

0 !0 or 1 !1) μa rotational transitions show the smaller
splittings, but give no information on the torsional energy

difference, so they could be fitted independently for each
torsional sublevel. Conversely, the tunnelling-dependent split-
tings in the μb inverting transitions (v=1 !0 or 0 !1) were not
observed. Considering that the torsional difference could be
similar to the value in benzyl mercaptan (ΔE01=2180.7 MHz),[21]

we estimate that the splittings in the μb transitions would span
several GHz, so their observation would require a much larger
spectral bandwidth. Because of the small number of split
transitions for conformer Ag only the B and C rotational
constants were determined independently, floating two centri-
fugal distortion constants and freezing others to the predicted

Figure 2. Rotational spectrum of 2-phenylethanethiol in the 2—8 GHz frequency region. The positive trace shows the experimental spectrum; the negative
trace is the simulation of fitted rotational constants for the two isomers of the monomer. Small splittings in conformer Ag are not shown in this scale.

Table 1. Rotational parameters of the two observed conformers of 2-phenylethanethiol (parent species). The experiment corresponds to the ground-state
observations, while theory represents equilibrium values.

Conformer Ggπ Conformer Ag

Experiment Theory Experiment Theory

v=0 v=1

A (MHz)[a] 2700.35422(56)[c] 2712.18 4337.5(30) 4389.13

B (MHz) 826.62097(11) 830.81 582.8030(23) 582.7305(48) 582.04

C (MHz) 752.72166(12) 750.36 539.3944(24) 539.4658(48) 539.27

DJ (kHz) 0.2056(11) 0.169 0.028(17) 0.022

DJK (kHz) � 0.0340(70) 2.194 1.118(66) 1.158

DK (kHz) 1.560(88) � 0.912 [0.639][d] 0.639

d1 (Hz) 3.60(18) � 0.024 [� 0.002] � 0.002

d2 (Hz) � 9.760(72) 0.018 [0.002] 0.002

jμa j (D) + + + 1.0 + + 1.4

jμb j (D) + + + 1.2 – 0.6

jμc j (D) + + 0.2 – 0.1

N[b] 93 84

σ (kHz) 3.8 25.8

[a] Rotational 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).
[b] Number of transitions (N) and rms deviation (σ) of the fit. [c] Standard errors in parentheses in units of the last digit. [d] Values of the centrifugal
distortion in square brackets were fixed to the ab initio values of Table S1 (B3LYP-D3(BJ)/def2-TZVP).
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values of Table S1. The results of the fit are shown in Table 1.
The observed transition frequencies are listed in Table S20.

No additional species from the PET monomer were
observed in the spectrum. We examined computationally some
potential barriers for conformer interconversion using B3LYP-
D3(BJ). Potential barriers around the sulfur dihedral (SCαCβCipso),
like those converting Ag to Ggπ or Gg to Ag in Figure S1 exceed
11 kJmol� 1. This value is consistent with the experimental
observation of the two most stable isomers, as empirical
evidence suggests that for a single torsional degree of freedom
barrier thresholds above ca. 5 kJmol� 1 would impede conforma-
tional relaxation in the supersonic jet.[28,29] At the same time, the
three higher-energy conformers are expected to be simply
depopulated at the conformational temperatures of 135–150 K
previously estimated for similar jet experiments.[30,31] Conversely,
the thiol barriers around HSCβCα are much smaller, with the DFT
calculations in Figure S2 suggesting a barrier of 3.4 kJmol� 1 for
the At to Ag conversion. This value represents a ca. 25%
reduction compared with the calculated barrier of 4.5 kJmol� 1

for 2-phenylethanol (MP2/6-31G(d,p).[12]

2.3. Molecular structure

Effective (r0) and substitution (rs) structures were calculated for
conformer Ggπ of PET. Both methods have been described
elsewhere.[32] The effective method provided a description of
the ground-state structure using a least-squares fit of structural
parameters to the 30 experimental moments of inertia. Fits of
different structural sets were tested using Rudolph’s ru212
program,[33,34] assuming a planar benzene ring and fixing the
positions of the hydrogen atoms to the B3LYP-D3(BJ) structure.
In the fit of Tables 3 and S21–S22 the (C� S) and all eight (C� C)
independent interatomic distances were floated, together with
two bond angles (S� Cβ� Cα, Cβ� Cα� Cipso) and the (S� Cβ� Cα� Cipso)
dihedral of the side chain. This fit reproduces all the
experimental rotational constants below 0.3 MHz with a
satisfactorily global rms residual of 0.13 MHz (rms correlation
coefficient of 0.39). More advanced calculations, in particular
Watson’s mass-dependent rm method,[35] were not successful.
This is attributed to the need of three to six additional isotopic-
dependent parameters, which would require additional isotopic
data.[23] Alternatively, the substitution method approximates the
equilibrium coordinates using the Kraitchman equations,[36]

based on differences between isotopic moments of inertia. The
calculated (unsigned) substitution coordinates are shown in
Table S23. The uncertainties associated to this method were
estimated using the empirical Costain errors, inversely propor-
tional to the coordinate magnitude (dz ¼ K= zj j).[37] However,
this method is known to produce unreliable results for small
atomic coordinates,[32,33,38] as is the case here for atom Cβ. As a
consequence, some substitution structural parameters are ill-
determined, as illustrated by the small (Cβ� S) distance and the
larger differences between the calculated bond distances and
the equilibrium structure compared to the effective structure.
The structural information obtained from the isotopic data is
compared with the computational predictions in Table 3.Ta
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2.4. Intramolecular hydrogen bonding

The most relevant chemical question in PET is the prevalence of
an intramolecular interaction in the global minimum of PET,
despite the weaker character of the S� H···π hydrogen bond
compared to the O� H···π interaction in 2-phenylethanol. Non-
covalent interactions were compared quantitatively in both
molecules using Johnson-Contreras dimensionless reduced

electronic density gradient s ¼ 1
2ð3p2Þ1=3

rj 1j

14=3

� �
[39] In this method

isosurfaces of the reduced gradient in regions of low electronic
density can be used to map non-covalent interactions. A
distinction between attractive and repulsive interactions comes
from the sign of one of the eigenvalues (l2) of the electronic
density Hessian. Spatial maps of the reduced electronic density
gradient for PET and 2-phenylethanol are shown in Figure 4,
revealing broad regions of weak interaction above the ring
associated to the hydrogen bond between the polar groups
and the π clouds. The representation of the reduced electronic
density gradient versus the signed electronic density shows in
both molecules a minimum at negative abcissa, associated to
the S� H···π and O� H···π interactions. Characteristically of this
representation, the minima corresponding to PET appears at
less negative values (> -0.01), confirming not only the presence
of the S� H···π weak hydrogen bond, but also its smaller strength
compared to O� H···π, as expected from the lower electro-
negativity of sulfur.

3. Conclusions

A rotational-computational investigation of 2-phenylethanethiol
has revealed the main features of its potential energy surface,
conformational equilibrium, structural properties, and intra-
molecular non-covalent interactions. The experiment used
broadband high-resolution rotational spectroscopy, leading to
the identification of two different species in the gas phase,
positively identified with the molecular global minimum and
the second most stable species. The good intensity and high
dynamical range of the experiment further permitted the
assignment of the independent rotational spectra of nine
additional isotopologues of the global minimum, corresponding
to all monosubstituted 13C-carbon and 34S-sulfur species in
natural abundance. In all cases the spectrum is reproduced with
a semirigid rotor model with no tunnelling effects. Moreover,

Figure 3. A typical rotational transition (414

!313) of 2-phenylethanethiol, illustrating the tunnelling splittings in the μa-transitions of conformer Ag (left).
Transitions from conformer Ggπ (right) are not split.

Table 3. Molecular structure of 2-phenylethanethiol Ggπ, and comparison
with the theoretical predictions (B3LYP-D3(BJ)/def2-TZVP).

r0
[a] rs

[b] Theory[c]

r(S� H) (Å) [1.3433][d] 1.3433

r(Cβ� S) (Å) 1.824(8)[e] 1.785(4)[f] 1.8262

r(Cα� Cβ) (Å) 1.470(16) 1.611(9) 1.5328

r(Cipso� Cα) (Å) 1.495(18) 1.447(5) 1.5055

r(C2� Cipso) (Å) 1.412(10) 1.430(5) 1.3940

r(C3� C2) (Å) 1.403(18) 1.402(2) 1.3905

r(C4� C3) (Å) 1.390(11) 1.392(4) 1.3890

r(C5� C4) (Å) 1.404(12) 1.391(4) 1.3908

r(C6� C5) (Å) 1.387(19) 1.409(3) 1.3884

ff(Cα� Cβ� S) (deg) 118.2(7) 112.3(3) 114.68

ff(Cipso� Cα� Cβ) (deg) 114.1(7) 109.3(3) 113.01

τ(Cα� Cβ� S� H) (deg) [61.19] 61.19

τ(Cipso� Cα� Cβ� S) (deg) 62.6(7) 69.3(5) 65.85

[a] Effective structure [b] Substitution structure [c] B3LYP-D3(BJ)/def2TZVP
calculation [d] Values in square brackets were fixed to the computational
prediction. [e] Standard deviation in units of the last digit for the r0 fit. The
estimated errors do not include possible uncertainties associated to the
fitting model. [f] Uncertainties of the rs substitution structure according to
the Costain estimates.
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the availability of isotopic satellites for all the heavy atoms
resulted in the experimental determination of effective and
substitution structures for the molecular skeleton. The spectral
and computational evidence indicates that molecular stabiliza-
tion in the global minimum is the result of intramolecular forces
associated to a weak S� H···π hydrogen bond, linking the polar
group to the π cloud and resulting in a skew unsymmetric
structure. In consequence, intramolecular hydrogen bonding is
confirmed as dominant structural factor not only in 2-phenyl-
ethanol, but also in the thiol. The analysis of the reduced
gradient of the electronic density confirms the weaker attractive
character of the thiol interaction. Other S� H···π interactions,
often in combination with S� H···S hydrogen bonds, have been
found on gas-phase thiol dimers,[22,40,41] but the experimental
information is still small compared to alcohols.[14,15]

Unlike the global minimum, the rotational spectrum of the
second conformer shows small tunnelling splittings, confirming
a large-amplitude double-minimum torsional motion consistent
with a symmetric antiperiplanar carbon skeleton and two
gauche� orientations of the thiol group. The presence of
tunnelling effects is the most compelling proof of the intra-
molecular dynamics, which otherwise could not be assessed
using only vibrational information. The second conformer thus
differs from the alcohol, where both the terminal group and the
carbon skeleton adopt an antiperiplanar Cs-symmetric structure.
This difference is associated to the smaller torsional barriers on

descending the chalcogen group, as illustrated in the cases of
phenol (Bexp2 ¼ 1207 cm� 1),[18] thiophenol (Bexp2 ¼ 289 cm� 1)[19]

and selenophenol (Btheory2 ¼ 42 cm� 1).[23] The three higher-energy
conformers were not observed experimentally, either because
of conformational relaxation (in case of thiol torsion paths) or
depopulation.

In summary, the present work offers high-resolution spec-
troscopic and computational data for 2-phenylethanethiol,
complementing the available vibrational information and
expanding our understanding of the conformational properties
of aromatic thiols and the nature of sulfur-centered hydrogen
bonds, less studied in the gas-phase but often reported in
biomolecular crystallographic studies. This investigation shows
also the structural differences with the related alcohol and will
permit future work on intermolecular clusters of PET, in
particular the homodimer and the hydrates.

Experimental and Computational Methods
The sample of 2-phenylethane thiol (>97%, b.p. 491 K) was
obtained commercially and received no further purification. The
compound was vaporized inside the heating reservoir of a pulsed
solenoid-driven gas injector at mild temperatures (318–328 K). The
sample vapors were co-expanded near adiabatically with an inert
carrier gas, using a circular nozzle (0.8 mm diameter). Neon at
stagnation pressures of 0.2 MPa was used as carrier gas, with typical

Figure 4. Non-covalent interaction plot for the global minimum of 2-phenylethanethiol (lower panel) and 2-phenylethanol (upper panel), together with the
representation of the reduced electronic density gradient versus the signed electronic density for both molecules.
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molecular pulses of 800–900 μs. The expanding supersonic jet was
probed in the 2–8 GHzcm-wave region with a direct-digital
chirped-pulse Fourier transform microwave (CP-FTMW)
spectrometer.[42] The spectrometer operating sequence was based
in series of short (4 μs, 20 W) chirped pulses, which were broad-
casted perpendicularly to the jet. The MW radiation produces a
linear fast-passage broadband transient excitation.[43,44] simultane-
ously covering the full spectral bandwidth. Following the micro-
wave excitation, the molecular ensemble emits a free-induction
decay, which is detected in the time-domain (ca. 40 μs) and digitally
recorded using a 20 MSamples/s oscilloscope. A Fourier trans-
formation with a Kaiser-Bessel window results in FWHM linewidths
smaller than 150 kHz. In this experiment ca. 1 M averages were
acquired at a repetition rate of 5 Hz. The uncertainty of the
frequency measurements was estimated below 20 kHz.

Several computational calculations complemented the experiments.
Following an initial conformational screening with molecular
mechanics (MMFFs[45]), all further calculations used density-func-
tional theory (DFT) or second-order Møller-Plesset ab initio
perturbation method.[46] Two density-functionals were selected
here, including the hybrid B3LYP[47] and the double hybrid
B2PLYP[48] methods. DFT calculations were supplemented with D3[49]

dispersion corrections and Becke-Johnson damping.[50] The Ahlrichs’
polarized triple-ζ basis def2-TZVP[51] was used in all cases. Vibra-
tional frequency calculations were performed at the same level of
theory, using the harmonic approximation. DFT and ab initio
calculations used Gaussian 16.[52] The analysis of non-covalent
interactions in the molecule used the reduced electronic density
gradient of Johnson-Contreras.[39]
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