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ABSTRACT
The equilibrium structure of selenophenol has been investigated using rotational spectroscopy and high-level quantum mechanical calcula-
tions, offering electronic and structural insight into the scarcely studied selenium compounds. The jet-cooled broadband microwave spectrum
was measured in the 2–8 GHz cm-wave region using broadband (chirped-pulse) fast-passage techniques. Additional measurements up to
18 GHz used narrow-band impulse excitation. Spectral signatures were obtained for six isotopic species of selenium (80Se, 78Se, 76Se, 82Se,
77Se, and 74Se), together with different monosubstituted 13C species. The (unsplit) rotational transitions associated with the non-inverting
μa-dipole selection rules could be partially reproduced with a semirigid rotor model. However, the internal rotation barrier of the selenol
group splits the vibrational ground state into two subtorsional levels, doubling the dipole-inverting μb transitions. The simulation of the
double-minimum internal rotation gives a very low barrier height (B3PW91: 42 cm−1), much smaller than for thiophenol (277 cm−1). A
monodimensional Hamiltonian then predicts a huge vibrational separation of 72.2 GHz, justifying the non-observation of μb transitions in
our frequency range. The experimental rotational parameters were compared with different MP2 and density functional theory calculations.
The equilibrium structure was determined using several high-level ab initio calculations. A final Born–Oppenheimer (rBO

e ) structure was
obtained at the coupled-cluster CCSD(T)_ae/cc-wCVTZ level of theory, including small corrections for the wCVTZ → wCVQZ basis set
enlargement calculated at the MP2 level. The mass-dependent method with predicates was used to produce an alternative r(2)m structure. The
comparison between the two methods confirms the high accuracy of the rBO

e structure and offers information on other chalcogen-containing
molecules.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156413

I. INTRODUCTION

Spectroscopic and computational studies of selenium com-
pounds are scarce compared to those of the lighter elements of the
chalcogen family. The reasons for its lesser interest traditionally
included its toxicity, offensive odor, instability of some deriva-
tives, and the misconception that its chemistry was similar to
sulfur. However, selenium compounds have lately received more

attention due to their role in organic and organometallic
chemistry,1,2 materials science, and biochemistry,3,4 particularly
selenoproteins and selenoenzymes.5 The more complex electron
configuration of selenium results in different electronic and struc-
tural properties compared to sulfur and more difficult molecu-
lar orbital computations. The diatomic bond energy of the Se–Se
dichalcogen6 (332.6 kJ mol−1) and C–Se carbon-chalcogen7 (590.4
kJ mol−1) bonds is ∼78%–83% weaker than for sulfur,8,9 while the
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Se–H selenol bond10 (314.5 kJ mol−1) has a closer value (91.3%)
to the thiol.11 At the same time, the bond lengths of the dichalco-
gen Se–Se (∼2.32 Å) and carbon-chalcogen C–Se (∼1.96 Å) bonds
are typically 9%–13% longer than in sulfur (∼2.05 Å and 1.80 Å,
respectively, for S–S and C–S).12

Among high-resolution spectroscopic studies of selenium
compounds, most studies concern hydrogen13 and dimethyl14

selenides. Several studies have carried out synthetic and rota-
tional investigations for alkylated selenols (methane,15 ethane,16

ethene,17 2-propene,18 3-butene,19 3-butyne,20 cyclopropylmethyl,21

and propargyl22) and selenocyanates (ethene,23 vinyl,24 and propar-
gyl25), focusing on their structure and intramolecular hydrogen
bonds. Here, we report on the electronic properties and equilib-
rium structure of the aromatic selenophenol (benzeneselenol, Fig. 1),
combining rotational spectroscopy and molecular orbital calcula-
tions. Selenophenol is a selenation, mild reduction, and radical
reagent. The molecule is structurally analogous to phenol and thio-
phenol, which are characterized by the internal dynamics of the
large-amplitude motion of the terminal alcohol or thiol groups. In
oxygen and sulfur compounds, the low-barrier double-minimum
potential of the torsional inversion splits the ground vibrational state
and results in large tunneling doublings (∼1560 MHz in thiophe-
nol) and large Coriolis rovibrational perturbations in the rotational
spectrum.26–29 The determination of the tunneling splittings per-
mits the experimental determination of the inversion barrier, which
in turn can be used to gauge the theoretical methods modeling
inversion. However, the torsional motion is very sensitive to the
barrier height, and small chemical changes can affect the torsional
doubling, as observed in the para-halogenated aromatic rings.30 In
selenophenol, we should expect a large decrease in the torsional bar-
rier compared to thiophenol [277.1(3) cm−1]26 and phenol [1207(18)
cm−1].27–29 This fact and the presence of five isotopic species with
important natural abundances (0.9%–49.6%) considerably compli-
cate the rotational spectrum. The characterization of selenophenol
will permit the establishment of the trend of inversion barriers in the
chalcogens and the obtaining of the experimental data necessary for
the calculation of its equilibrium structure. To date, the equilibrium
structures are known only for a few selenium derivatives (CSe,31

OCSe,32 CSe2,33 and CH2Se34). Rotational spectra have permitted
the derivability of empirical structures for several selenols (either
effective, r0, or substitution, rs), which, therefore, are not expected
to be accurate.

The present work will facilitate the observation of intermolecu-
lar clusters involving selenophenol, where the larger polarizability
of selenium will probably affect its capacity to form hydrogen
bonds and other non-covalent interactions. This will allow addi-
tional comparisons with the dimers of phenol35 and thiophenol36

and other clusters. Finally, our experiments will test the capacity
of high-level quantum mechanical calculations to provide accurate
reference data for the molecule, establishing an adequate calcula-
tion level in the presence of selenium atoms and large-amplitude
torsional motion. The accuracy of an ab initio structure depends
on two issues: the treatment of electron correlation and basis
set convergence. For small molecules containing first-row atoms,
very high accuracy can be achieved.37 For larger molecules with
heavy atoms, the situation is less favorable because extremely large
basis sets are required. Furthermore, relativistic effects have to be
taken into account. In such a case, the simplest solution is to use

FIG. 1. Molecule of selenophenol in its principal inertial axes system.

pseudopotential basis sets38,39 (such as cc-pwCVnZ-PP with n = T
or Q), as illustrated for some mercury and zinc compounds (HgH2

40

and ZnH2
41). Different calculation methods will be explored here

for selenophenol.

II. COMPUTATIONAL AND EXPERIMENTAL METHODS
Selenophenol is a toxic colorless liquid (b.p. 71–72 ○C) with

a foul and characteristic smell, so it was manipulated with ade-
quate precaution. The time-domain Fourier-transform microwave
(FT-MW) spectroscopy experiments were conducted in jet-cooled
expansions using a commercially available sample (97%). No addi-
tional purification was required. The sample is relatively volatile, so
it could be vaporized at room temperature using an external reser-
voir inserted in the gas line. Neon at stagnation pressures of ∼0.2
MPa passed through the sample, creating a pulsed supersonic jet by
expansion into the evacuated (10−4 Pa) gas chamber. The nozzle’s
diameter was 0.8 mm. The FT-MW experiments used either a broad-
band chirped-pulse spectrometer42 (2–8 GHz) or a Fabry–Perot
resonator spectrometer43 (8–18 GHz). The experiments differ in
detection bandwidth and expansion conditions. The broadband
spectrometer is based on fast-passage electric-dipole excitation using
a short (4 μs) digital chirped pulse amplified up to 200 W. The
transient molecular response, or free-induction decay (40 μs), is cap-
tured with a fast (25 GSamples/s) digital scope, recording the full
2–8 GHz band in every single experiment. The Fabry–Perot spec-
trometer uses low power (0.1 W) transform-limited pulses (1 μs)
and has a resonator limited bandwidth of ∼1 MHz, longer decays
(400 μs), and better frequency resolution. Both spectrometers differ
also in the orientation of the gas injection, which is either per-
pendicular (broadband) or coaxial (resonator) with the exciting
radiation. The coaxial arrangement of the resonator experimental
results in sub-Doppler (∼10 kHz) linewidths, while the wider jet
dispersion in the broadband experiment produces a linewidth of
∼100 kHz. The spectrometer frequency signals are referred to as a
rubidium frequency standard, and the uncertainty of the frequency
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measurements is estimated to be below 5 kHz (resonator) or 20 kHz
(broadband).

The computational study used different quantum mechani-
cal methods. Most correlated-level ab initio electronic structure
computations in the present study have been carried out at two lev-
els: second-order Møller–Plesset perturbation theory44 (MP2) and
coupled cluster (CC) theory with single and double excitations45

augmented by a perturbational estimate of the effects of connected
triple excitations [CCSD(T)].46 The Kohn–Sham density functional
theory47 (DFT) was also used with two hybrid Becke function-
als,48 either with Lee–Yang–Parr49,50 (B3LYP) or Perdew–Wang50

(B3PW91) non-local correlation. For a correct treatment of dis-
persion interactions, the D3 model of Grimme51 employing the
Becke–Johnson damping function (D3BJ) was used.52 Several basis
sets were used, including Pople’s 6-11G and 6-311++G(d,p),53

Ahlrich’s def2-TZVP,54 Jensen’s pcs-2 and pcs-3,55 and, for the
structural optimization, the correlation-consistent polarized n-tuple
zeta cc-pVnZ56 for the hydrogen atoms, the correlation-consistent
polarized weighted core-valence n-zeta, cc-pwCVnZ57 for the car-
bon atoms, and the cc-pwCVnZ-PP39 for the selenium atom with
n = T, Q. In the following, these sets will be abbreviated as wCvnZ.
The CCSD(T) calculations were performed with the MOLPRO58,59

electronic structure program packages, while most other calcula-
tions utilized the GAUSSIAN programs.60 Finally, the Atom in
Molecules (AIM) theory61,62 with its implementation in Gaussian by
Cioslowski et al.63–69 was used.

III. RESULTS
A. Torsional potential

As in phenol and thiophenol, the selenol group may rotate with
respect to the phenyl group, and the double minimum barrier will
affect the separation between the first vibrational levels and the mag-
nitude of the torsional tunneling splitting in the spectrum. For this
reason, the first task was to model the torsional potential and pre-
dict the rotational parameters. Since the experimental results are
available for phenol and thiophenol, we conducted calculations on
the three compounds simultaneously. The Se–H bond in the equi-
librium conformation can be out-of-plane or lie in the plane of the
C6H5-group. The latter is more plausible and consistent with a par-
tial double bond character of the C–Se bond (see AIM results in
Table I). Following initial tests with different calculation levels, we
report the results using the B3PW9148,50 density functional and the
6-311++G(d,p) basis set.53 The torsional potentials were obtained
by partial optimization of the molecular geometries at different
torsions with a stepsize of 10○. Due to the symmetry of the poten-
tial for which V( π

2 − ϕ) = V( π
2 + ϕ) in the interval 0 ≤ ϕ ≤ π

2 , and
V(ϕ) = V(ϕ + π) only points between 0○ and 90○ need to be gen-
erated. The equilibrium structures of phenol and thiophenol were
found to be essentially planar, but the rotating H atom in the equilib-
rium structure of selenophenol deviates about 12○ from planarity at
this level of theory. At the saddle point (transition state), this H atom
is in a perpendicular position to the ring for the three molecules.
The effect of the zero-point energy (ZPE) on the torsional motion is
usually neglected. However, here we have included such a contribu-
tion by transforming the force constant matrix of atomic Cartesian
coordinates into a force constant matrix in non-redundant inter-
nal coordinates. To obtain the non-torsional force constant matrix,

TABLE I. Atoms-in-molecules analysis for selenophenol.

Bond ρ (a.u.)a εb Bond order

C1–C2 0.3072 0.206 1.44
C1–C6 0.3077 0.203 1.40
C2–C3 0.3094 0.209 1.40
C3–C4 0.3106 0.200 1.44
C4–C5 0.3105 0.199 1.40
C5–C6 0.3097 0.209 1.44
C2–H2 0.2831 0.023 0.99
C3–H3 0.2835 0.016 0.98
C4–H4 0.2835 0.020 1.00
C5–H5 0.2837 0.016 0.98
C–Se 0.1555 0.199 1.18
Se–H 0.1764 0.114 1.10

Charges (a.u.)

C1 −0.229
C2 0.004
C3 −0.007
C4 −0.013
C5 −0.006
C6 0.001
H2 0.015
H3 0.020
H4 0.018
H5 0.021
H6 0.020
Se 0.284

H (Se) −0.130

aElectronic density in atomic units (e/Å3).
bBond ellipticity (adimensional).

we have dropped the row and column that correspond to the tor-
sional mode and diagonalized the (3N − 7) × (3N − 7) matrix (N
being the number of atoms). This procedure allows for obtaining
the 3N − 7 non-torsional vibrational frequencies.70 The difference
in the non-torsional ZPEs, ΔEZPE, is the difference between the
non-torsional ZPE at the saddle point and the equilibrium struc-
ture and is incorporated into the calculated points as a correction
of the type,

ΔVZPE(ϕ) = ΔeZPE[1 − cos ϕ] (1)

in the interval 0 ≤ ϕ ≤ π
2 . The rest of the potential is replicated by

the symmetry conditions indicated above. The resulting calculated
potentials were fitted to a Fourier series of the type,

V(ϕ) =
N

∑
j=0

a2 j cos (2 jϕ) (2)

where a2j is the fitting parameter (see Table II) and ϕ is the value of
the torsional angle. The energy levels were obtained by diagonalizing
the one-dimensional Schrödinger equation,

− h̵2

2I(ϕ)Φ(ϕ) + V(ϕ)Φ(ϕ) = eΦ(ϕ), (3)

J. Chem. Phys. 159, 024303 (2023); doi: 10.1063/5.0156413 159, 024303-3

Published under an exclusive license by AIP Publishing

 10 July 2023 14:12:32

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

TABLE II. Predicted torsional barrier height without (V‡
2 ) and with non-torsional ZPE (V‡

2 + ΔVZPE), experimental values (Vexp
2 ), fitting parameters for Eq. (2), and reduced

moments of inertia of the equilibrium (Ieq) and saddle-point structures (I‡) for phenol (Ph-OH), tiophenol (Ph-SH), and selenophenol (Ph-SeH).

Molecule V‡
2 (cm−1) V‡

2 + ΔVZPE (cm−1) Vexp
2 (cm−1) V2(ϕ) fitting parameters (cm−1) Ieq, I‡ (uÅ2)

Ph-OH 1302 1276 1207(18)a
a0 = 606.95

0.782 16, 0.790 97a2 = −631.32
a4 = 25.218

Ph-SH 277 289 277.1(3)b
a0 = 129.81

1.7179, 1.7430a2 = −143.01
a4 = 11.999

Ph-SeH 42 42 N.A.c

a0 = 15.166

2.0802, 2.0915
a2 = −19.807
a4 = 6.184 1
a6 = 0.518 52
a8 = 0.763 85

aReferences 27 and 28.
bReference 26.
cNot available.

where I(ϕ) is the moment of inertia, Φ(ϕ) is the trial wavefunction,
and V(ϕ) is the potential given by Eq. (2). Due to the symmetry of
the potential, the general trial wavefunction,

Φ(ϕ) =
k=mmax

∑
k=−mmax

ckeikϕ, (4)

can be separated by symmetry into four independent wavefunctions
(Mmax is the total number of functions). Two of the wavefunctions
are

Φ(ϕ)μ =
k=mmax/2

∑
k=0

c2k+μ cos [(2k + μ)ϕ] (5)

and the other two are

Φ′(ϕ)μ =
k= mmax

2 −1

∑
k=1

c′2k−μ sin [(2k − μ)ϕ]. (6)

The parameter μ can take the values 0, 1, and the two wave-
functions that are symmetric with respect to the internal rotation are
Φ(ϕ)0 and Φ′(ϕ)0, which correspond to the A1 and A2 symmetry
species. The antisymmetric wavefunctions Φ(ϕ)1 and Φ′(ϕ)1 corre-
spond to the B2 and B1 symmetry species, respectively, as illustrated
in Fig. 2. The solution by the variational method of the Schrödinger
equation employing each of four wavefunctions leads to the energy
levels with the symmetry indicated (vide supra). A value of Mmax
= 100 is enough to obtain convergent results.

The reduced moment of inertia, I(ϕ), of the X–H group
(X = O, S, and Se) varies along the torsional motion. We have calcu-
lated the value at the equilibrium position, Ieq, and at the transition
state, I‡ (see Table II) by following the procedure described in Ref. 71
and implementing it as a tool in MsTor.72 We have considered that

the variation of the inverse of the moment of inertia can be described
by the function

1
I(ϕ) = b0 + b2 cos (2ϕ). (7)

Using the above information and considering that the minima
are located at ϕ = 0○, 180○, and the saddle point at ϕ = −90○, 90○, the
coefficients of Eq. (7) are given by

b0 =
1
2
( 1

Ieq
+ 1

I‡
) (8)

and

b2 =
1
2
( 1

Ieq
− 1

I‡
). (9)

The torsional barriers (V2), vibrational energy level separa-
tion (ΔE01), and the predicted rotational spectral splittings (Δν, ∼2
× ΔE01) are listed in Tables II and III. The calculated barrier
height of phenol (V2 = 1276 cm−1) exceeds the experimental value
[1207(18) cm−1] by ∼5% (or +69 cm−1) within our model. As a
result, the calculated splitting of phenol (Δν = 62 MHz) is about
half the experimental value (∼112 MHz).27,28 However, it is possi-
ble to match the experimental splitting with a small adjustment of
the calculated barrier height, i.e., by lowering the predicted barrier
by 127 cm−1 to V2 = 1149 cm−1. In that case, the barrier height
is just 58 cm−1 below the experiment. In the case of thiophenol,
the calculated barrier height (V2 = 289 cm−1) and the energy split-
ting (ΔE01 = 781 MHz) are already very close to the experimental
values (V2 = 277.1 cm−1, ΔE01 ∼ 750 MHz).26 In this case, the ∼four-
fold decrease in the barrier height with respect to phenol produces
large but mensurable splittings (Δν ∼ 1500 MHz) in the spec-
trum of thiophenol. In selenophenol, the estimated torsional barrier
decreases abruptly to V2 = 42 cm−1 and the difference between the
two lowest energy levels grows to ΔE01 ∼ 72.2 GHz (2.4 cm−1),
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FIG. 2. Calculated potential (black points) along the torsional dihedral for
selenophenol at the B3PW91/6-311++G(d,p) level. The black line represents the
fitted potential to Eq. (2) (parameters of Table II), while the red and green traces
represent the first torsional levels (dots) and the corresponding symmetric and
antisymmetric wavefunctions (solid lines).

TABLE III. Energy of the two lowest torsional levels (cm−1), the separation between
these two levels (ΔE01, MHz) and rotational splittings (Δν, MHz) according to the
solutions of Eq. (3) (B3PW91/6-311++G(d,p)). The torsional splitting Δν is approxi-
mately two times the energy separation ΔE01. The experimental values of ΔE01 and
Δν are given in square parentheses after the calculated value.

Molecule Level Energy (cm−1) ΔE01 (MHz) Δν (MHz)

Ph-OH υ0(A1) 149.037 135 6 31.4 (∼56)a 62 (∼112)a
υ1(B2) 149.038 183 8

Ph-SH υ0(A1) 42.182 523 0
781 (∼750)b 1562 [∼1500)b

υ1(B2) 42.208 560 6

Ph-SeH υ0(A1) 10.279 724 7 72 206 (N.A.)c 144 412 (N.A.)υ1(B2) 12.688 289 2
aReferences 27 and 28.
bReference 26.
cNot available.

much larger than the spectral bandwidth of the present experi-
ment. Figure 2 plots the torsional potential and the splitting of the
first two vibrational levels together with the representation of their
wavefunctions, presenting A1 (symmetric) and B2 (antisymmetric)
symmetries.

B. Rotational parameters
Several computational methods were employed in order to

produce reliable predictions for the rotational parameters. The rota-
tional constants and the harmonic force field were calculated at the
MP2/def2-TZVP and B3LYP levels using three different basis sets:
def2-TZVP, pcs-2, and pcs-3. Rather consistent results were found
at the B3LYP level. At the MP2 level, the VTZ-PP, wCVTZ-PP, and
wCVQZ-PP basis sets give a planar structure, whereas the cc-pVTZ-
PP basis set gives an imaginary value for the lowest vibrational
frequency. Furthermore, the value of the torsional frequency (ω)
varies widely with the level of theory, from 34 cm−1 at the MP2/def2-
TZVP level to 76 cm−1 at the B3LYP/pcs-2 level. This is probably
an indication of a very anharmonic vibration, as already observed

TABLE IV. Computed spectroscopic parameters for selenophenol: rotational con-
stants, centrifugal distortion constants, inertial defect, and lowest vibration.

Method MP2 B3LYP

Basis set def2-TZVP def2-TZVP pcs-2 pcs-3

A (MHz)a 5573.62 5610.35 5611.74 5615.23
B (MHz) 960.57 962.93 962.42 963.39
C (MHz) 825.00 821.87 821.53 822.31
DJ (kHz)b 0.0312 0.0281 0.0269 0.0270
DJK (kHz) 0.2769 0.1844 0.3095 0.3039
DK (kHz) 0.8099 0.8971 1.1768 1.1586
d1 (kHz) −0.0045 −0.0048 0.0043 0.0043
d2 (kHz) 0.0015 −0.0007 −0.0008 −0.0008
∆ (uÅ2)c −4.246 −0.363 −0.262 −0.309
ω (cm−1)d 34 64 76 69
aRotational constants (A, B, and C).
bWatson’s S-reduced quartic centrifugal distortion constants (DJ , DJK , DK , d1 , and d2).
cInertial defect (∆ = Ic − Ia − Ib = −2∑mic2

i ).
dTorsion frequency.

in formamide,73 so, in this case, the MP2 method is not always
reliable. The predicted rotational constants, quartic centrifugal dis-
tortion constants, inertial defects, and components of the electric
dipole moment are given in Table IV. The inertial defects calculated
at the B3LYP level are about −0.3 uÅ2, a value similar to the experi-
mental value of thiophenol,26 −0.205 uÅ2. The small negative value
indicates the presence of a low-frequency out-of-plane vibration.74

The anharmonic force field was calculated at the B3LYP/pcs-2 level
of theory. It confirms the problems concerning the lowest torsional
vibration, for which the harmonic value is 76 cm−1, whereas the
anharmonic value has an unphysical value of −695 cm−1. This fact is
mainly due to unreliable quartic force constants. On the other hand,
the rovibrational corrections to the rotational constants seem to have
the correct order of magnitude: ∆A = 43.0 MHz; ∆B = 5.66 MHz;
and ∆C = 4.67 MHz.

C. Analysis of the rotational spectrum
The broadband spectrum of selenophenol is illustrated in Fig. 3.

In the molecular jet, only the ground vibrational state is popu-
lated. As observed for phenol28,29,75 and thiophenol,26 the double-
minimum low-barrier selenol torsion splits the ground state into two
torsional sublevels (∣∣v = 0, σ⟩, σ = 0+, 0−), belonging to the totally
symmetric (A1) and permutation asymmetric (B2) irreducible rep-
resentations of the (G4) molecular symmetry group. The torsional
substates give rise to two separate stacks of rotational states, which,
in a first approximation, are characterized by independent sets of
rotational parameters. However, the Coriolis interaction is expected
to couple the two torsional substates,76 normally requiring a two-
state torsional–rotational Hamiltonian with interaction terms. The
spectrum will consist of intra-state (0+ ← 0+ and 0− ← 0−) or
inter-state (0− ← 0+ and 0+ ← 0−) transitions, depending on the
symmetry of the electric dipole moment operator. The orienta-
tion of the principal inertial axes in Fig. 1 shows that the torsional
motion does not invert the μa component of the electric dipole
moment, which belongs to A1. As a result of the moment of tran-
sition requiring to be totally symmetric, the μa transitions are then
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FIG. 3. Upper panel: Broadband microwave spectrum of selenophenol in the
region 2–8 GHz, showing rotational transitions with J′′ = 1–3. Lower panel: Expan-
sion of 400 MHz illustrating isotopic satellites due to five isotopologues of the
selenium atom.

intra-state. A small frequency splitting may still be expected depend-
ing on the difference between the rotational constants of the two
torsional substates. Conversely, the torsional motion inverts the μb
component, so these transitions are inter-state and are expected to
show a large splitting approximately equal to twice the torsional
doubling.

Three groups of transitions were first observed in the 2–8 GHz
region in Fig. 3. These lines were immediately identified as R-
branch (J + 1← J) μa transitions, with angular momentum quantum
numbers J′′ = 1–3. Later, additional transitions up to J′′ = 9 were
measured individually in the 8–18 GHz region. Depending on the
line intensity, each parent (80Se, 49.6%) transition is accompanied
by up to five isotopic satellites in natural abundance, including
78Se (23.8%), 76Se (9.4%), 82Se (8.7%), 77Se (7.6%), and 74Se (0.9%).
No tunneling splittings were noticeable in the μa transitions. Tran-
sitions with μb selection rules were not assigned. The torsional
splittings of these transitions were initially expected to exceed the
1.5 GHz observed in thiophenol,26 but the results in Table IV sug-
gest that they could reach two more orders of magnitude. Moreover,
a large splitting may produce much weaker intensities for the high-
energy component, making this search presently unfeasible. As a

first approach, each isotopic set was fitted to a conventional semi-
rigid Hamiltonian, including quartic centrifugal distortion terms.77

Different combinations of fitting parameters were then tested. The
use of five quartic distortion parameters renders a fit with a standard
deviation comparable to the experiment but with a large, unre-
alistic DK constant. Fixing the centrifugal distortion constants to
ab initio values produces a bad fit, confirming the presence of cou-
pling terms absorbed by the distortion parameters. The presence
of coupling interactions is also confirmed by the fact that only
transition states with pseudo-quantum numbers K−1 ≤ 2 could be
fitted to experimental uncertainty. Considering the small size of the
present experimental dataset, only three distortion constants were
fitted for the results of Table V, including the 80Se, 78Se, 76Se, 82Se,
77Se, and 74Se species. The experimental transition frequencies and
residuals are collected in Tables S-I to S-VI (the supplementary
material). In all these cases, the lack of μb transitions makes the
largest rotational constant (A) ill-determined and the value of DK
artificially large. Additionally, the proximity of the selenium atom
to the a inertial axis translates into near equal values of the A rota-
tional constant. Monosubstituted 13C isotopic satellites could be
measured in natural abundance for some of the selenium species.
Tables S-VII and S-VIII (the supplementary material) collect the
fitted rotational parameters for the eight 13C species of the 80Se
and 78Se isotopologues. It should be noticed that substitutions in
positions C(2) and C(3) break molecular symmetry, hence remov-
ing the torsional splitting. For this reason, these fittings are not
directly comparable to those of 13C(1) and 13C(4), which corre-
sponds to the low-frequency component of the torsional doubling.
The 13C transitions are collected in Tables S-IX to S-XVI (the
supplementary material).

D. Equilibrium structure
1. Ab initio Born–Oppenheimer structure

The ab initio structure was optimized at the CCSD(T)/wCVTZ
level of theory, with all electrons being correlated (ae). The small
correction due to the basis set enlargement wCVTZ→ wCVQZ was
estimated at the MP2 level using Eq. (1),

rBO
e = re[CCSD(T) _ae/wCVTZ] + re[MP2 _ae/wCVQZ]

− re[MP2 _ae/wCVTZ]. (10)

The accuracy of this additive method is known to be generally
better than 0.001 Å.78 The largest correction is for the C–Se bond,
with a shortening of 0.003 Å. For the other bonds, the shortening is
smaller than 0.002 Å. For the bond angles, the correction is almost
negligible, with the largest value being for the ∠(C1SeH) angle,
which is lengthened by 0.1○. This structure is given in Table VI. The
equilibrium rotational constants calculated with this structure (BBO

e
= 970.3 MHz and CBO

e = 827.0 MHz) are in good agreement with
the semi-experimental rotational constants obtained by correcting
the ground state rotational constants with the rovibrational correc-
tions: BSE

e = 969.9 MHz and CSE
e = 827.3 MHz. However, as explained

above, because of the presence of rovibrational effects that could not
be accounted for with the present experimental data, the agreement
is not good for the A-rotational constant (ABO

e = 5601.8 MHz and
ASE

e = 5643.8 MHz).
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TABLE V. Experimental rotational parameters for the six most abundant isotopologues of selenophenol.

80Se 78Se 76Se 82Se 77Se 74Se

A (MHz)a 5589.1(19)b 5591.6(19) 5586.6(16) 5589.9(17) 5588.9(13) 5575.0(10)
B (MHz) 964.1847(38) 974.1706(35) 984.6200(24) 954.6611(28) 979.3251(22) 995.5793(40)
C (MHz) 822.6092(42) 829.8609(40) 837.4260(27) 815.6471(27) 833.5915(24) 845.3304(42)
DJ (kHz) 0.249(30) 0.347(30) 0.284(32) 0.259(27) 0.244(27) 0.48(17)
DJK (kHz) 23.68(90) 21.92(75) 24.20(56) 23.28(35) 23.90(50) 23.71(86)
DK (kHz) −5728.(578) −5603.(506) −6182.(497) −5563.(589) −5515.(423) −9040.(293)
d1 (kHz) [0.0] [0.0] [0.0] [0.0] [0.0] [0.0]
d2 (kHz) [0.0] [0.0] [0.0] [0.0] [0.0] [0.0]
σ (kHz)c 63.6 54.1 30.0 39.8 30.7 8.9
Nd 40 37 30 35 33 13
aRotational parameters as defined in Table IV.
bStandard deviation in units of the last digit. The calculated errors do not reflect the uncertainties associated with the limitations of the semirigid Hamiltonian for this molecule and
the limited dataset.
cStandard deviation of the fit.
dNumber of fitted transitions.

TABLE VI. Molecular structure of selenophenol (distances in Å, angles in degrees).

rBO
e

a r(2)m
b

r(SeH) 1.4578(40) 1.4579(32)
r(CSe) 1.9067(50) 1.8943(11)
r(C3C4) 1.3933(20) 1.3942(15)
r(C4C5) 1.3913(20) 1.3941(6)
r(C5C6) 1.3910(20) 1.3945(12)
r(C6C7) 1.3913(20) 1.3934(12)
r(C7C8) 1.3905(20) 1.3928(6)
r(C4H) 1.0811(20) 1.0812(16)
r(C5H) 1.0811(20) 1.0809(16)
r(C6H) 1.0804(20) 1.0802(16)
r(C7H) 1.0810(20) 1.0810(16)
r(C8H) 1.0819(20) 1.0820(16)
∠(HSeC) 94.57(30) 94.69(24)
∠(SeC3C4) 122.50(30) 122.27(12)
∠(C3C4C5) 119.80(30) 120.85(10)
∠(C4C5C6) 120.50(30) 120.50(7)
∠(C5C6C7) 119.51(30) 119.52(3)
∠(C6C7C8) 120.37(30) 120.38(7)
∠(C3C4H) 120.32(30) 120.23(24)
∠(C4C5H) 119.37(30) 119.30(24)
∠(C5C6H) 120.24(30) 120.28(24)
∠(C6C7H) 120.16(30) 120.23(24)
∠(C7C8H) 119.88(30) 119.93(24)
aSee Table S-XVII and Eq. (10). The uncertainties in parentheses are used for the
weighting of the predicates; see the text.
bWith Cb = 6.58(40) u1/2Å; Cc = 7.54(82) u1/2Å; db = −3.72(24) u1/2Å2 ; and
dc = −4.56(49) u1/2Å2 .

2. Mass-dependent structure
The most interesting part of the structure is around the ipso

angle. Unfortunately, the Cartesian coordinates of the C1 carbon
atom are small: a = −0.282 Å and b = 0.028 Å. Furthermore, the

b-coordinate of the Se atom is also quite small (−0.019 Å). For
these reasons, it is not possible to determine a reliable substitu-
tion structure.79 Moreover, the anharmonic force field is perhaps
not reliable enough and, therefore, cannot be used to calculate
the small variations of the rovibrational corrections upon isotopic
substitution. To avoid this difficulty, the structure was calculated
using the Watson’s mass-dependent, or rm method,80 where the
moments of inertia along the principal inertial axes (g = a, b, c) are
approximated as

I0
g = Im

g + cg

√
Im

g + dg[∏i mi

m
]

1/(2N−2)
, (11)

where I0
g denotes the ground-state moments of inertia, Im

g are the
moments of inertia calculated from the rm parameters, cg and dg are
the fitting parameters (one for each axis), M is the total molecular
mass, mi is the atomic mass, and N is the number of atoms. When
the last term is neglected, this equation leads to the so-called r(1)m
structure, and when the second correction term is retained (with
the coefficient dg), it gives the r(2)m structure. This second term is
important in the presence of small coordinates, which is the case
here.

The mass-dependent method requires the determination of
three to six additional parameters, which often significantly wors-
ens the fit. This explains why the rm method is rarely successful
for a moderately large molecule. However, it was shown in the case
of diphenyldisulfide,81 diallydisulfide,82 ethynylcyclohexane,83 and
other moderately large molecules such as fructose84 that the predi-
cate or mixed estimation method85,86 gives a structure whose quality
is comparable to that of the traditional semi-experimental method.
For the predicates, the rBO

e structure was used with conservative
uncertainties, which are given in Table VI. As the A-rotational con-
stants seem to be perturbed, they were not used in the fit. The final
r(2)m -structure also is given in Table VI. The comparison with the
computed rBO

e parameters (in the same Table) gives a maximum
absolute deviation (MAD) of 0.0006 Å for the bond lengths, the
largest deviation being 0.013 Å for the C1–Se bond. The rBO

e value of
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TABLE VII. Molecular structure of the selenol group in some selenium derivatives.

Molecule Typea r(C–Se) (Å) r(Se–H) (Å) ∠(CSeH) (deg) References

Phe-SeH re 1.907 1.458 94.57 This work
H2Se re 1.459 90.8 13
CH3CH2SeH trans rs 1.962(2) 1.440(10) 93.5(6) 16
CH3CH2SeH gauche rs 1.957(4) 1.467(4) 93.1(3) 16
CH3SeH rs 1.959(10) 1.473 95.45 15
(CH3)2Se rs 1.945 14
H2C = CHSeH syn MP2 1.895 1.460 94.3 17
H2C = CH(CH2)2SeH MP2 1.953 1.462 94.26 19
aEquilibrium and substitution structures are denoted, respectively, re and rs .

this bond is probably slightly too long because convergence is not yet
achieved with the cc-pwCVQZ-PP basis set. However, as noted pre-
viously, the Cartesian coordinates of the atoms Se and C1 are quite
small, and for this reason, it is difficult to obtain an accurate bond
length. Furthermore, the comparison of the experimental C–Se bond
lengths in other molecules, presented in Table VII, indicates that the
BO value is likely to be more accurate. For the bond angles, the MAD
is only 0.06○, the mean absolute error is 0.16○, and the largest devi-
ation, 1.05○, is for the angle ∠(C3C4C5) opposite to Se. It may be
explained by the fact that the C4 atom has a very small b coordinate:
−0.003 Å. In conclusion, these results are in favor of the accuracy of
the rBO

e structure.

IV. CONCLUSION
The torsionally flexible molecule selenophenol was studied

using computational methods and rotational spectroscopy. The
rotational spectrum revealed a large number of isotopologues in nat-
ural abundance, associated with the six selenium isotopic species
detectable for the parent (12C) and some monosubstituted 13C
species. While rotational parameters were derived for all observed
species, the huge tunneling splitting associated with the selenol
torsion presently prevented the determination of the experimental
torsional barrier and the Coriolis coupling interaction terms. The
torsional barrier was estimated using DFT calculations (B3PW91/6-
311++G(d,p)) including zero-point energy (ZPE) on the torsional
motion, which predict a low barrier of 42 cm−1 and tunneling
splittings of ΔE01 = 72 GHz.

Several molecular structures were calculated for selenophe-
nol, including equilibrium and mass-dependent geometries. These
calculations permit a comparison with other chalcogen-containing
molecules. For aromatic molecules, when the substituent is a π-
electron donor, it is expected that the ipso angle is less than 120○

and that the C1–C2 and the C2–H bonds are larger than the values
found in benzene.87,88 We found this same tendency in selenophe-
nol, despite the small changes: ∠(C6C1C2) = 119.89○, r(C3 = C4)
= 1.394 Å, and r(C2–H) = 1.082 Å, compared to r(C1 =C2) = 1.391 Å
and r(C2–H) = 1.080 Å in benzene.89 The other bond lengths are
closer to the values found for benzene. The opposite behavior is
found for phenol,90 but, contrary to the selenium atom, the oxygen
atom has a negative charge. These results are confirmed by the AIM
analysis of Table I, performed at the B3LYP/6-311++G(d,p) level

of theory with the rBO
e equilibrium structure. Indeed, the electronic

density ρ is slightly smaller for the bonds C1 = C2, C1 = C6, and
C2–H. Furthermore, the charge on the selenium atom at 0.285 a.u.
is positive.

Another interesting result of the AIM analysis is the value of
the bond ellipticity ε for the C1–Se bond. At 0.199, it is close to
the values found for the C=C bonds (around 0.20), and it indi-
cates a non-negligible π-character for the bond. This is confirmed
by the bond order, which is larger than 1. Consequently, the bond
length should be shorter than for a single bond. This is difficult to
check with certainty because there is no known equilibrium value
for the C–Se bond. However, an empirical value for the C–Se bond
length was determined for several molecules (see Table VII), and
it seems to confirm that the C–Se bond in selenophenol is slightly
shorter than in molecules where this bond has more single bond
character.

The sum of the van der Waals radii of the H atom (1.20 Å)
and the aromatic carbon (1.70 Å) is 2.90 Å, whereas the distances
between the H atom of the selenol group and the two closest car-
bon atoms (C3C4) are 2.491 and 2.790 Å (the shortest distance of
the H atom to the CC bond is 2.40 Å). It confirms that the most
stable form of this compound is stabilized by a weak intramolecu-
lar hydrogen bond formed between the H atom of the selenol group
and the π electrons of the CC bond. A similar behavior was pre-
viously found in etheneselenol,17 buteneselenol,19 and several other
selenols.22

The results of the present study will facilitate further
rotational–computational studies for other compounds and molec-
ular complexes containing selenium, enlarging the structural infor-
mation on the chalcogen group.

SUPPLEMENTARY MATERIAL

Tables S-I to S-XVI contain additional computational and
experimental data.
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