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ABSTRACT

Context. A better understanding of sulphur chemistry is needed to solve the interstellar sulphur depletion problem. A way to achieve
this goal is to study new S-bearing molecules in the laboratory, obtaining accurate rest frequencies for an astronomical search. We
focus on dithioformic acid, HCSSH, which is the sulphur analogue of formic acid.

Aims. The aim of this study is to provide an accurate line list of the two HCSSH trans and cis isomers in their electronic ground state
and a comprehensive centrifugal distortion analysis with an extension of measurements in the millimetre and submillimetre range.
Methods. We studied the two isomers in the laboratory using an absorption spectrometer employing the frequency-modulation tech-
nique. The molecules were produced directly within a free-space cell by glow discharge of a gas mixture. We measured lines belonging
to the electronic ground state up to 478 GHz, with a total number of 204 and 139 new rotational transitions, respectively, for trans and
cis isomers. The final dataset also includes lines in the centimetre range available from literature.

Results. The extension of the measurements in the mm and submm range lead to an accurate set of rotational and centrifugal distortion
parameters. This allows us to predict frequencies with estimated uncertainties as low as 5 kHz at 1 mm wavelength. Hence, the new
dataset provided by this study can be used for astronomical search.
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1. Introduction

Sulphur chemistry has attracted interest since the early 70s, when
the first S-bearing molecule, CS, was detected in the interstel-
lar medium (Penzias et al. 1971), followed by observations of
other sulphur species in the same decade, such as OCS, H,S,
and CH3SH (Jefferts et al. 1971, Thaddeus et al. 1972, Linke
et al. 1979 and references therein). In diffuse clouds sulphur is
mainly found in the gas phase in the form of S* and has cosmic
abundances of ~107> with respect to the H nuclei (Jenkins 1987;
Savage & Sembach 1996). However, to reproduce the observed
values of S-bearing molecules in dark clouds (Oppenheimer &
Dalgarno 1974; Tieftrunk et al. 1994), chemical models typically
assume that sulphur is highly depleted, using an initial elemental
abundance of 8 x 1078 (Wakelam & Herbst 2008). A possible
explanation of this problem is given by Ruffle et al. (1999), who
proposed that during collapse of translucent gas, sulphur tends
to freeze-out more than other elements in dark clouds, due to its
predominant ionized form, S*, and thus it is subject to strong
electrostatic attraction to negatively charged grains.

Many studies have discussed the problem and some have
suggested that most of the missing sulphur in dense regions
could be trapped in the solid phase as either polysulphanes, hav-
ing the formula H,S, (Jiménez-Escobar & Mufioz Caro 2011;

* Frequency lists are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/612/A56
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Druard & Wakelam 2012), or refractory sulphur polymers, such
as Sg (Wakelam et al. 2004, 2005). However, the main reser-
voirs of solid sulphur are still unknown. Some laboratory studies,
focussing on dust and ice analogues, propose carbon disulfide,
CS,, as a major sink of sulphur (Ferrante et al. 2008; Garozzo
et al. 2010; Jiménez-Escobar et al. 2014). Recently, CS, has been
found in the comas of some comets through the identification
of its emission spectra in the UV and visible region (Jackson
et al. 2004) or in situ by ROSINA (Calmonte et al. 2016). In
particular, Calmonte et al. (2016) have found that the amount of
CS; in the coma of 67P/Churyumov-Gerasimenko accounted for
the 0.35% of the total sulphur content, resulting more abundant
than thioformaldehyde, H,CS (0.14%), a well-known S-bearing
molecule, detected for the first time in SgrB2 by Sinclair et al.
(1973). Nevertheless, carbon disulfide is still undetected in inter-
stellar ices. Furthermore, in warm and shocked regions, where
this compound could be transferred in the gas phase as a result of
evaporation and sputtering of the grains, its detection by means
of radio telescopes is unfeasible because it has no permanent
dipole moment. Therefore other S-bearing molecules must be
sought.

Recently, many steps have been taken towards improving our
understanding of interstellar sulphur chemistry, as highlighted by
the detection of new S-bearing compounds, such as S3, S4, and
ethyl mercaptan (CH3CH,SH) in the comas of 67P/Churyumov-
Gerasimenko (Calmonte et al. 2016) and a tentative detection
of CH3CH,SH in Orion KL (Kolesnikova et al. 2014). More-
over, chemical models have been significantly improved through
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Fig. 1. Molecular structures of the two planar isomers of HCSSH.
Details concerning the geometries of the two species are given in Sect. 3
and Appendix A. Yellow spheres indicate sulphur atoms, the dark grey
sphere indicates carbon, and hydrogen atoms are shown in light grey.

expansion of the sulphur chemical network by the inclusion
of these compounds and many other reactions and species
(Woods et al. 2015; Vidal et al. 2017). Notwithstanding this
progress, a number of important molecules are still not con-
sidered in the current picture of sulphur chemistry, including
dithioformic acid, HCSSH. This species is chemically related
to CS; and is the S-bearing analogue of formic acid, HCOOH;
the latter was detected for the first time in SgrB2 by Zuckerman
et al. (1971) and in the dark cloud L134N by Irvine et al. (1990).
Because it is isostructural with HCOOH, HCSSH exists in two
different conformations, dubbed cis or trans, depending on the
orientation of the S—H bond with respect to the C—H bond. These
two conformers can be seen in Fig. 1.

The first laboratory study of dithioformic acid was car-
ried out by Bak et al. (1978). They measured transitions in
the centimetre (cm) regime, between 18 and 40 GHz, for the
trans and the cis conformers in the ground and in two low-
lying vibrationally excited states. They also found an abundance
ratio trans/cis = 5.43, corresponding to an energy difference of
350 cm™'. The molecules were produced by gas-phase pyroly-
sis of methanetrithiol, HC(SH)3, and the spectra were recorded
with a Stark-modulated microwave spectrometer. In a subsequent
work, the same authors carried out additional measurements of
the two 3*S and one D isotopologues, leading to the experimen-
tal determination of the trans-HCSSH structure (Bak et al. 1979).
However, the limited frequency range covered in these investiga-
tions prevented a satisfactory spectroscopic characterization of
these species. In particular, the incomplete centrifugal distortion
analysis and the rather high measurement errors caused by the
interfering Stark lobes' led to high estimated uncertainties in the
spectral predictions. The calculated rest frequencies are, in fact,

I Artefacts produced by the Stark modulation close to the centre
frequency.
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affected by errors exceeding 0.7 MHz for the trans isomer and
1.1 MHz for the cis, already in the 3 mm region.

Given the potential astronomical interest of this molecule, an
improved knowledge of its rotational spectrum is desirable. In
this work we present a thorough centrifugal distortion analysis
of both trans and cis isomers of HCSSH. We extended the spec-
troscopic measurements well into the submillimetre (submm)
domain, reaching a frequency as high as 478 GHz for the trans-
HCSSH. High-level theoretical calculations were also carried
out to provide a detailed description of the molecular properties,
such as dipole moment components and equilibrium structures.

2. Experiments

The measurements were performed using the CASAC (Center
for Astrochemical Studies Absorption Cell) spectrometer at the
Max-Planck-Institut fiir extraterrestrische Physik. Full details of
the experimental apparatus can be found in Bizzocchi et al.
(2017). The instrument employs the frequency modulation tech-
nique in the mm and submm range and is equipped with a glow
discharge cell for production of unstable species.

Measurements were carried out at room temperature to avoid
condensation of the precursors. Dithioformic acid was produced
by a 40 mA DC discharge (~0.8 kV) from a 1:1 mixture of CS,
and Hy, diluted in Ar buffer gas. The total pressure in the cell
was 20-30 mTorr (27-40 ubar).

3. Results and data analysis

The HCSSH isomers are near-prolate asymmetric rotors (Kians =
—-0.9901 and k., = —0.9682%) with C, symmetry and pla-
nar structure. The a components of the dipole moment have
been experimentally determined by Bak et al. (1978), where
Ug(trans) = 1.53 D and y,(cis) = 2.10 D, while the b com-
ponents were determined in our study (see Appendix A). We
measured 204 new line frequencies for the trans conformer and
139 for the cis. We also detected seven b-type transitions for the
cis conformer, which has a higher value of y,, equal to 1.67 D
(see Table A.2). These new rotational transitions belong to the
R branch (AJ = +1) and J values range from 14 to 74 and a
maximum K, = 20.

We recovered the line central frequencies with the proFFit
code (Dore 2003), adopting a modulated Voigt profile. The
estimated accuracy ranges between 25-50kHz, depending on
the line width, signal-to-noise ratio, and background continuum
(standing waves produced between the two partially reflecting
windows placed on either side of the cell). Examples of mea-
sured line and fitted profile of trans and cis isomers are shown
in Fig. 2. Both panels include lines corresponding to the blended
K, = 7 asymmetry doublet, located at ca. 360 GHz.

We performed the spectral analysis using the Pickett
SPFIT/SPCAT suit of programs (Pickett 1991), adopting the
Watson S-reduced Hamiltonian for asymmetric-top molecules
(Watson 1977). The transitions measured by Bak et al. (1978) in
the cm range were also included. To take into account the differ-
ent experimental accuracies, we employed four distinct statistical
weights (1/0%) for the two datasets. For the lines taken from lit-
erature, we assigned o values of 75 kHz and 100 kHz to the trans
and the cis isomers, respectively. A few lines showing very large

2 Ray’s asymmetry parameter. It is an indication of the asymmetry of
the molecule and can take values between —1, for a prolate symmetric
top, and +1, for an oblate symmetric top (Gordy & Cook 1984).
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Fig. 2. Left panel: experimental spectra of the 547, — 537, transitions of trans-HCSSH, with total integration time of 146 s and 3 ms of time
constant. Right panel: experimental spectra of the 53;. — 52, transitions of cis-HCSSH with total integration time of 87 s and 3 ms of time
constant. Both panels: The K, = 7 asymmetry doublet is not resolved. The red traces indicate the resulting line profile fitted with the proFFit code

(see text).

deviation were removed from the final fit. Experimental uncer-
tainties for our measurements are set to 25 or 50 kHz; the higher
value is assigned only to lines broadened due to partially over-
lapped K doublets. The final fits lead to the determination of the
complete set of quartic centrifugal distortion constants and four
sextic constants, i.e. H;, H;g, Hx;, and h; (energy contributions
depending on J®, obtained from the rotational Hamiltonian). One
octic constant, i.e. Lggy, was also determined for the trans iso-
mer. The weighted root mean square (RMS) deviations are 0.936
and 0.933 for trans and cis, respectively. The resulting param-
eters are listed in Table 1. The lists of all the experimental
frequencies are available at the CDS as supplementary data. Pla-
narity of the species was confirmed by calculation of the inertial
defect, A = I. — (I, + I,) (Darling & Dennison 1940), obtained
using the moments of inertia /,, derived from the ground-state
rotational constants. The inertial defect values for trans and cis
dithioformic acid are 0.0185 and 0.0173 amu A2, respectively,
close to those of the two formic acid planar isomers, i.e. 0.0126
and 0.0102 amu A2 (Trambarulo et al. 1958, Davis et al. 1980
and references therein, Winnewisser et al. 2002).

The complete line catalogues, computed by using the spec-
troscopic parameters in Table 1, are provided as supplementary
data at the CDS and also include the 1o uncertainties, upper-
state energies, line strengths, and the Einstein A coefficients for
spontaneous emission, all expressed in SI units as follows:

1673 1 2
U= e 27+ 10 )
where v is the line frequency, € is the vacuum permittivity, A
is the Plank’s constant, c is the speed of light, J is the quantum
number of the upper state for the rotational angular momentum,
and S ;;u? is the line strength. The lists consist of transitions with
E,/k < 300 K and predicted uncertainties lower than 50 kHz,
resulting in lines between 0.2 and 300 GHz. All of these rest fre-
quencies have at least a precision of 6 X 108, corresponding to a
radial velocity of 0.018 km s~ or even better. Partition functions
at various temperatures for both isomers are listed in Table 2.

4. Discussion and conclusions

This laboratory study provides a comprehensive spectroscopic
characterization of the two stable conformers of HCSSH in the
ground state. Extension of the measurements up to 478 GHz and
the resulting larger dataset lead to an overall improvement of
the spectroscopic parameters with respect to that of Bak et al.
(1978). In particular, the uncertainties on the A rotational con-
stant and on the D, centrifugal distortion constant were reduced
by more than 3 orders of magnitude. We extended the cen-
trifugal distortion analysis with all the quartic and four sextic
constants. Additionally, the octic Lgg, parameter was included
for the trans conformer. Further improvements in the fit of the
cis conformer were obtained through measurements of b-type
transitions. These new sets of spectroscopic parameters made
it possible to compute accurate rest frequencies. In compari-
son to previous studies, predicted uncertainties were significantly
reduced and have values as low as 2 kHz (0.006 km s~') at 3 mm
wavelength.

An astronomical search of these molecules can be carried
out in the cm, mm, and submm bands, depending on the tem-
perature of the source. As shown in Fig. 3, in cold environments
with Ty, ~ 10 K or lower (such as the S-rich prestellar cores
L183 and Barnard 1), assuming local thermal equilibrium, cal-
culated line intensities and distribution for the trans isomer peak
around 45 GHz. In warm regions with Ty;, ~ 100 K, the peak
shifts at higher frequencies, ca. 200 GHz. Owing to its larger b
component of the dipole moment, the cis isomer shows a differ-
ent intensity distribution. In this case the calculated peak lies at
~280 GHz in cold sources and at ~780 GHz in warm regions.
However, the strongest lines above 300 GHz, i.e. b-type transi-
tions with low E,/k, present uncertainties higher than 1 MHz.
These large errors are a consequence of the restricted number
of measurable b-type transitions, strongly limited by the overall
lower intensity of the cis’ lines with respect to the trans.

Work is also under way in our group to extend astrochemi-
cal modelling of sulphur to a number of new species, including
HCSSH (Laas et al., in prep.). Although this molecule has not
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Table 1. Spectroscopic parameters of the two conformers of HCSSH.

Constants Units trans-HCSSH®  trans-HCSSH? cis-HCSSH¢* cis-HCSSH?
Ay MHz 49206.11(21)¢ 49227.(86) 48572.439(66) 48947.(380)
Bo MHz  3447.53432(37) 3447.5312(39) 3498.74789(67)  3498.719(24)
Co MHz 3219.47256(37)  3219.4954(96) 3261.42278(62) 3261.433(30)
D, KHz 1.063389(64) 1.10(10)¢ 1.27724(14) 1.02(42)
Dk MHz —0.0389438(19) —0.03905(24)d —0.0470807(33) —0.0484(12)d
Dy MHz 1.376(33) 1.412(17)

d, kHz —0.119787(80) —0.14900(20)

d> Hz -3.609(38) —4.343(28)

H, Hz 0.0005714(64) 0.001169(25)

H;x Hz —0.00573(31) —0.03601(50)

Hg, Hz —4.216(15) —4.109(20)

h Hz 0.0001673(96) 0.000288(38)

Lgxs Hz 0.000447(27)

I -, +1,) amuA? 0.0185 0.0173

o 0.936 0.933

No. of lines 204 25 139 19

Notes. The results of this study are compared with those of Bak et al. (1978). ® This work. ¢’ Bak et al. (1978). © Standard error in parentheses
are in units of the last digit. ” Calculated using the Watson A-reduction for asymmetric top molecules.

trans-HCSSH
10K |

cis-HCSSH

0.35

10K |

100K |

Intensity / nm?> MHz

400 600
Frequency / GHz

0.14

400 600 800
Frequency / GHz

Fig. 3. Intensities and line distributions of rotational transitions at 10 and 100 K, for trans- and cis-dithioformic acid isomers. Most of the bandheads

above 250 GHz are produced by b-type transitions.

been previously studied in the context of astrochemical mod-
elling, a number of reactions may be readily tested, based on
standard grain surface rates (Hasegawa et al. 1992) or ion-
neutral gas-phase kinetics (Troe 1985). Analogous to many other
interstellar complex organic molecules, it is likely that a series
of barrierless radical-radical addition reactions might lead to its
formation on grain surfaces, such as

HS + CS — CSSH, 2)
CSSH + H — HCSSH, 3)

in analogy with the efficient formation of the O-bearing coun-
terpart formic acid. In the gas phase, HCOOH may be efficiently
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formed via the ionic route,

.
599% H';O + CO

H,0 + HCO* )
=1% 5 (HCOOH)H*

(HCOOH)H" + ¢~ — HCOOH + H, 5)

and the analogue of this route will also be tested for the gas-
phase formation of HCSSH. If HCSSH is indeed found to be
formed efficiently in a way similar to HCOOH, it is likely that the
most promising sources for detection are S-rich regions, where
formic acid can be routinely observed.
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Table 2. Partition functions of trans-HCSSH and cis-HCSSH at various
temperatures.

T (K) Q (trans-HCSSH) O (cis-HCSSH)
300 37 126.4660 36 887.4922
200 20421.8656 20276.8962
100 7224.8408 7172.3000
50 2554.3700 2535.7348
20 647.0112 642.2926

10 229.3211 227.6550

Acknowledgement. The authors wish to thank L. Dore for providing the proFFit
code.
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Appendix A: Theoretical calculations

Dithioformic acid has been the subject of numerous ab ini-
tio calculations in the past in which structures and confor-
mational behaviour, isomerization, unimolecular rearrangement
and decomposition reaction paths have been studied (Nguyen
et al. 1999 and references therein). Apart from Nguyen et al.
(1999), who made use of QCISD(T) methods (Pople et al.
1987), the older studies had been carried out at the HF-SCF
(Hehre 1986) or MP2 (Mgller & Plesset 1934; Pople et al. 1976;
Krishnan & Pople 1978) levels, also making use of small basis
sets and thus leading to less accurate results. In our work, high
level quantum-chemical calculations were performed, focussing
on an accurate estimation of dipole moments and equilibrium
structures.

Geometry optimization was carried out via the CCSD(T)
method (Purvis III & Bartlett 1982; Raghavachari et al. 1989;
Hampel et al. 1992; Deegan & Knowles 1994). Employing the
frozen-core approximation, we used the correlation consistent
valence basis sets cc-pVnZ (n = T, Q, 5) (Dunning Jr 1989)
for the hydrogen and carbon atoms and the d-augmented basis
sets cc-pV(n+d)Z (Dunning Jr et al. 2001) for the sulphur atoms.
We also provide an estimate of the equilibrium energies based
on a hierarchical sequence of basis sets, using the complete
basis set (CBS) limit extrapolation, as described in Heckert et al.
(2006). The molecules have been considered as planar because
of the assumption based on the inertial defect (see Sect. 3). The
total energies have been obtained as a sum of the Hartree-Fock
self-consistent field (HF-SCF) energy, the electron-correlation
contribution at the CCSD(T) level, and the core-valence (CV)
correlation effect. CBS limit extrapolation has been applied for
the first two values as follows:

Eir = ETFSF L AESSPD 4 AEGy. (A1)

The convergence of the Hartree-Fock CBS limit has been
evaluated with (Feller 1992, 1993)

EHF-SCF () — pHF-SCF 4 g o=Bn (A.2)
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while the function used to extrapolate the value of electron-
correlation energy to the CBS limit is (Helgaker et al. 1997)
written as

AECSPD () = AESPD + Cn™>. (A3)

The core-valence correction has been calculated and added

as follows:
AEcy = E4e — Efa (A4)
where both the all electron (E,) and the frozen-core (Ej.)
energies have been calculated using the cc-pwCVQZ basis set
(Peterson & Dunning Jr 2002), avoiding correlation of 1s elec-
trons of sulphur in any computation. All the calculations have
been performed with the CFOUR program package?.

The results show that the trans conformer is the most sta-
ble and has a difference in energy of 421 cm™' with respect to
the cis-HCSSH. This value is in reasonable agreement with the
experimental value given by Bak et al. (1978), which differs only
by 71 cm~!. Molecular structures were obtained with the same
method shown above. All the results are listed in Table A.1.

Dipole moments were also calculated and extrapolated to
the CBS limit with a similar procedure (Halkier et al. 1999).
For these dipole calculations, we used similar basis sets, but
augmented with diffuse functions to ensure correct evaluation
of this property: that is, the light atoms used the aug-cc-pVnZ
basis sets (Kendall et al. 1992) and the sulphur atoms used
the aug-cc-pV(n+d)Z basis sets (Dunning Jr et al. 2001). The
computations were carried out using the CBS + CV equilib-
rium geometries, i.e. the best estimated structure obtained with
the additivity assumption from Eq. (A.l). The final values are
shown in Table A.2. Owing to its higher computational cost,
the barrier energy to trans — cis conversion was computed at the
CCSD(T)/cc-pVTZ level, with the frozen-core approximation,
giving a value of 3762 cm™'.

3 www.cfour.de
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Table A.1. Equilibrium geometries and energies of trans-HCSSH and cis-HCSSH are reported.

Basis set Energy (Hartree) C=S (A) C-S (A) S-H(A) C-H(A) £S=C-S(°) £C-S-H(°) £H-C=S (°)
trans-HCSSH

cc-pVTZ —834.692586  1.6259 1.7412 13418  1.0896 12827 95.49 110.23
cc-pVQZ —834.739631  1.6223 17352 13421  1.0891 128.09 95.61 110.43
cc-pV5Z —834.754180  1.6212  1.7332 1.3420  1.0891 128.04 95.64 110.50
CBS’ —834.767911  1.6201  1.7314 13420  1.0891 127.98 95.66 110.54
cc-pwCVQZ(fc) —834.743529  1.6214 17341 13415  1.0891 128.09 95.61 110.44
cc-pwCVQZ(ae) —835.433398  1.6173 1.7297 1.3394  1.0877 128.11 95.61 110.44
CBS+CV¢ -835.457780  1.6161 17270 13398  1.0877 127.99 95.66 110.54
cis-HCSSH

cc-pVTZ —834.690500  1.6247 1.7454 13412  1.088I 123.75 96.59 114.16
cc-pVQZ —834.737690  1.6211 17391 13413  1.0877 123.58 96.79 114.33
cc-pV5Z —834.752258  1.6200 1.7370 1.3412  1.0877 123.52 96.83 114.39
CBS” —834.765988  1.6189 1.7352 1.3411  1.0877 123.46 96.86 114.45
cc-pwCVQZ(fc)  —834.741583  1.6202 1.7380 1.3407  1.0877 123.56 96.80 114.34
cc-pwCVQZ(ae) —835.431447 16161 17336 13385  1.0862 123.55 96.82 114.37
CBS+CV*¢ -835.455852  1.6149  1.7309 13389  1.0862 123.45 96.88 114.48

Notes. All the values were computed at the CCSD(T) level of theory. > Bond angle in degree. ®» CBS extrapolation using the additivity assumption
shown in Eq. (A.1) without core-valence correction, AEcy. © Final best estimated values, calculated using the complete additivity assumption
shown in Eq. (A.1).

Table A.2. Dipole moments of trans-HCSSH and cis-HCSSH.

Basis set U, (Debye)  up (Debye)
trans-HCSSH

aug-cc-pVTZ 1.4788 0.1950
aug-cc-pvVQZ 1.4870 0.1957
aug-cc-pV5Z 1.4807 0.1939
CBS* 1.4800 0.1935
aug-cc-pCVQZ(fc) 1.4863 0.1945
aug-cc-pCVQZ(ae) 1.4822 0.1934
CBS+CV? 1.4766 0.1924
cis-HCSSH

aug-cc-pVTZ 2.0756 1.6323
aug-cc-pvVQZ 2.0896 1.6474
aug-cc-pV5Z 2.0878 1.6448
CBS* 2.0861 1.6428
aug-cc-pwCVQZ(fc) 2.0883 1.6489
aug-cc-pwCVQZ(ae) 2.0834 1.6464
CBS+CV? 2.0829 1.6403

Notes. All the values were computed at the CCSD(T) level of theory.
@ CBS extrapolation using the additivity assumption shown in Eq. (A.1)
without core-valence correction, AEcy. ® Final best estimated values,
calculated using the complete additivity assumption shown in Eq. (A.1).
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