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Abstract 

In this work, a series of potential energy surfaces (PESs) of S2O was constructed in order to 

get the most accurate ab initio band origins of this massive molecule. The convergence of the coupled 

cluster energies with respect to both basis set size [aug-cc-pCVXZ, X=T, Q, 5, and 6] and the order 

of the excitation [CC(n), n = 2, 3, and 4] was analyzed. For the first time, the band origins of 

32S2
16(18)O were variationally calculated with the error of 0.5 cm-1 using the ab initio PES. The 

vibrational energies of the most abundant six isotopologues of S2O were predicted. 
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I. Introduction 

A good knowledge of spectral properties of sulfur containing species is important for various 

ecological applications including the detection of volcanoes gas emissions, which are a natural source 

of sulfur oxides in the atmospheres [1]. Among small sulfur containing molecules, disulfur monoxide 

(S2O) was relatively less investigated in terms of full-dimensional ab initio potential energy surfaces 

(PESs) compared to, for example, SO2 and SO3 [2–4, and reference therein]. 

In the early spectroscopic studies by Schenk [5], S2O was associated with some unknown 

species belonging to a lower oxide of sulfur (“sulfur monoxide”) which is produced by a high voltage 

electric discharge in a mixture of sulfur vapor and SO2. The infrared and ultraviolet spectra examined 

after by Jones [6] suggested that the molecular geometry could correspond to the C2υ point group. For 

this reason, the observed spectra cannot occur due to the diatomic SO, but rather due to S2O2(C2υ), 

which was proposed in [6, 7]. The unambiguous and dominant presence of S2O in samples (prepared 

in the same way as in [5, 6]) was established by Meschi and Myers [8] by mass spectrographic and 

molecular weight analyses. 

According to the microwave spectra studied by Meschi and Myers [9], Cook et al. [10], and 

Tiemann et al. [11], S2O has a bent S–S–O structure with a bond angle of 118o; two components of 

its permanent dipole moment are both nonzero at the equilibrium configuration [9]. The accurate 

substitution rS structure was determined by Lindenmayer [12] using the rotational transitions of four 

isotopic species (32S2
16O, 34S32S16O, 32S34S16O, and 32S2

18O). Information on the rotational transitions 

were then extended by Thorwith et al. [13] who observed the vibrational satellites from 14 excited 

vibrational states including the first detection of the 33SSO and S33SO species. 

The Doppler-limited diode laser spectra recorded by Lindenmayer with coauthors [14, 15] 

allowed to resolve several hundred rovibrational transitions belonging to the stretching ν1 and ν3 

bands of both 32S2
16O and 32S2

18O. The high-resolution study in the region of the low frequency 

bending mode were carried out recently at the SOLEIL synchrotron facility by Martin-Drumel et al. 

[16]. Accurate sets of molecular parameters for the (000), (010) and (020) states were determined by 

combining both the far-infrared and millimeter-wave measurements. The high-frequency part of the 

recorded synchrotron spectra included the ν3 and ν3+ν2–ν2 bands which were later analyzed in [17]. 

Vibronic transitions into the first excited electronic state of S2O (�̃� 1A�̃� 1A ) were the 

subject to a variety of experimental and theoretical studies [18–21, and references therein]. 

Particularly, pre-dissociative features of the 
1C A%  state were examined by Zhang et al. [21] from the 

observed vibronic progression associated with the S-S stretching mode. The monotonically 

decreasing collision-free lifetimes for bands with υ(S-S) ≥ 3 indicated on the existing the pre-

dissociation process that can be due to the intersection with the repulsive 
1D A%  state at energies of 
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about υ = 6. The vicinity of the 
1C A%  and 

1D A%  states at larger S-S bond length agrees with the 

theoretical predictions [22, 23]. According to Muller et al. [24], the vibrational structure of the 
1X A%  

state has a local-mode character and it can be satisfactory reproduced without nondiagonal resonance 

terms up to ~13000 cm-1 in contrast to that of the 
1C A%  state. Along with the asymmetric bent S2O, 

two isomers of the C2v symmetry (cyclic and open-SOS) are possible. The spectrum of the cyclic-

SOS was assigned by Lo et al. [25, 26] while open-SOS was not observed. These two isomers can 

have a close frequency of the asymmetric S-O stretch whereas their intensities differ about one order 

of the magnitude as it was calculated by Denis [27]. 

Without a doubt, the construction of the variationally computed line list of S2O will help to 

interpret its high-resolution spectra including the line intensities of cold and hot bands. To this end, 

we have systematically applied high-level ab initio methods to calculate the potential energies of S2O 

in its ground electronic state in order to construct an accurate PES. Next section gives the details of 

the analytical model of the PES as well as ab initio and variational approaches applied in this work. 

Obtained results are discussed in Section III, followed by the conclusion in Section IV. 

 

II. Method 

The analytical model of the S2O (Cs) PES was expressed as a Taylor series expansion by the 

powers of the following 3 coordinates 
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where bSS = 2.3 Å-1 and bSO = 2.8 Å-1. The grid of the nuclear configurations of S2O was constructed 

by sampling its two bond lengths [r(SS) and r(SO)] and one bond angle [α ≡ ∟SSO]. The total grid 

included 1362 points covering the 0–7000 cm-1 energy range. Although the correct dissociation limit 

is out of the aim of this work, the De(S–SO) value in our PES well correlates with the experimental 

estimation (~30000 cm-1 [21]). The ab initio energies were fitted with the RMS error not greater than 

0.4 cm-1 using 60 expansion terms. 

The single- and double-excitation coupled cluster method with a perturbative treatment of 

triple excitations [CCSD(T)] implemented in the MOLPRO package [28] was employed as a “basic” 

approach in this work. The main advantages of CCSD(T) are well-known: it provides smooth and 

size-consistent ab initio energies. Moreover, the contribution from the high-order excited 

determinants can be included into the PES by the consecutive scaling to the triples (CCSDT), 

quadruples (CCSDTQ), pentuples (CCSDTQP), and other high-levels of the excitation available in 

the MRCC package [29]. Since the cost of the calculations rapidly increases with the excitation level, 
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the CCSDT and CCSDT(Q) methods were applied with cc-pVTZ basis set (hereafter, VTZ) while for 

CCSDTQ, the cc-pVDZ basis set (hereafter, VDZ) was used. Note that the convergence of the 

contributions of the high-order excitations is actually fast with respect to the basis set size as it was 

demonstrated for different molecules, for example, [30]. 

The energies of the CCSD(T) method were kept close to the complete basis set limit (CBS) 

by employing the Dunning’s augmented correlation-consistent orbital basis sets with the core-valence 

electron correlation [aug-cc-pCVXZ, hereafter, ACVXZ, X=T, Q, 5, and 6]. Total ab initio energies 

(Hartree-Fock+correlation) were then extrapolated with respect to the basis set size using the 

following functional: 

                                           2
exp 1 exp 1X CBSE E A X B X         .                                   (2) 

In addition, we tested the explicitly-correlated F12x{x=a, b} versions of CCSD(T) in a combination 

with the cc-pCVQZ-F12 (hereafter, CVQZ-F12) basis set that provides the accuracy comparable with 

the CCSD(T)/ACV6Z level with less computation costs [31]. 

 

 

Fig.1. Typical dependence of the correlation energy on the order of the excitation. Solid line is the 

three-point extrapolation by Eq. (3) without the energy of the CCSDTQP level 

 

As it will be seen in the next Section, the contribution of the high-order excitations changes 

the ab initio band origins of S2O very significantly. Although it is possible to achieve the agreement 

between the theory and experiment within 1 cm-1 by combining the ACV5Z basis set with the 

excitations up to the CCSDTQ level (see Table II), it is evident that the correlation energy of the 

quadruple level is far from the full configuration interaction (FCI) limit. Since one point at the 
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CCSDTQP/VDZ level already takes about 1 month, we extrapolated the coupled cluster energies to 

the FCI limit as follows 

                                                             expn FCIE E A C n     ,                                                   (3) 

where nE  and FCIE  are correlation energies (without Hartree-Fock contribution); n corresponds to 

the level of the excitation: n = 2 (CCSD), n = 3 (CCSDT), and n = 4 (CCSDTQ). Note that the 

correlation energies of the same basis set size (VDZ) were considered in Eq (3) and these energies 

were reproduced by Eq. (3) with the error less than 10-8 a.u. An example of the extrapolation is 

demonstrated in Fig. 1 for the first point in our grid (r(SS)=1.89070475 Å, r(SO)=1.45935399 Å, and 

α=118o) for which the correlation energy of the CCSDTQP/VDZ level was additionally calculated. 

The reader can see the exponential type behavior that is true for all other points given in 

Supplementary Materials (file “fci(dtq)_info.dat”). 

Along with the high-order electronic excitations, the contributions due to the scalar relativistic 

effects (relativistic) and diagonal Born-Oppenheimer correction (DBOC) were included into the 

PESs. The relativistic correction was calculated using the Douglas-Kroll-Hess (DKH) scalar 

relativistic Hamiltonian available in MOLPRO. The DKH Hamiltonian of the eighth order was 

combined with the ACVTZ-DK basis set. The energy contributions from higher order transformations 

were found to be less than 10-4 cm-1. DBOC was calculated at the HF-CCSD/VTZ level in the CFOUR 

package [32] using the nuclear masses of the main 32S2
16O isotopologue. 

The total grid composed of 1362 nuclear configurations was applied for calculating the ab 

initio energies using the CCSD(T)/ACVTZ and CCSD(T)/ACVTZ-DK methods as well as for the 

explicitly correlated [CCSD(T)-F12x{x=a, b}/CVQZ-F12] version, and when computing the DBOC. 

The time demanding but high-quality methods were employed for the limited number points of the 

grid in order to get the smooth energy differences which were then fitted and extrapolated for the 

nuclear configurations of the total grid. Particularly, the CCSD(T)/[ACVQZ–ACVTZ] and 

CCSD(T)/[ACV5Z–ACVTZ] energy differences computed for 400 nuclear configurations were fitted 

with the RMS deviation of 0.05 cm-1 using the PES expansion including the 4th order terms. For the 

largest currently feasible ACV6Z basis set, the CCSD(T) energies were calculated for 110 points 

while the contributions from the high-order electronic correlations, namely [CCSDT-

CCSD(T)]/VTZ, [CCSDT(Q)-CCSDT]/VTZ, and [CCSDTQ-CCSDT(Q)]/VDZ, were included from 

200 points. It is worth mentioning that a similar strategy for constructing ab initio PESs was also 

applied for other molecules (see, for example, CH4 [33], H2CO [34], NH3 [35], C2H2 [36], and CH3 

[36]). All the ab initio energies calculated in this work are available in Supplementary Materials. 

The nuclear motion calculations were carried out from our home-made variational computer 

code TENSOR [38–41] applied with success for computing accurate spectroscopic line lists of 

semirigid and nonrigid molecules [42–46, and references therein]. To achieve a convergence better 
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than 10-4 cm-1 for the vibrational levels up to 5000 cm-1, 5456 basis functions were used for the 

symmetry block A . As an additional test of the convergence, we applied the well-known DVR3D 

computer code [47]. For all the vibrational levels considered in this work, the difference between 

these two methods was found to be less than 10-4 cm-1 which confirmed the choice of our vibrational 

basis set. Note also that contrary to DVR3D, the TENSOR computer code provides eigenvalues with 

a full quantum assignment. For all variational calculations presented below, the atomic masses were 

employed in the kinetic energy operator to approximately include the non-adiabatic effects (see [48] 

for more details). 

 

III. Results and discussion 

In this article we follow a conventional vibrational assignment for triatomic molecules: υ2 is 

the bending mode while υ1 and υ3 are the S–O and S–S stretching ones, respectively. All vibrational 

levels have the same symmetry A . Consequently, the symmetry label will be omitted hereafter. 

 

Table I. Ab initio equilibrium geometry of S2O at the CCSD(T) level of theory 

Level re(SS) re(SO) αe(Deg.) E0(a.u.) 

CCSD(T)/ACVTZ 1.897083 1.466116 117.79500 –871.3246099228 

CCSD(T)/ACVQZ 1.884423 1.456646 117.96889 –871.4949855247 

CCSD(T)/ACV5Z 1.881262 1.454058 117.95978 –871.5621707188 

CCSD(T)/ACV6Z 1.879938 1.453343 117.96394 –871.5849793841 

CCSD(T)-F12b/CVQZ-F12 1.880035 1.453169 117.96188 –871.5855095621 

CCSD(T)-F12a/CVQZ-F12 1.879956 1.453238 117.96264 –871.5984315610 

CCSD(T)/CBS(TQ56Z) 1.879298 1.452747 117.96005 –871.5997821471 

CCSD(T)/CBS(TQ5Z) 1.879438 1.452568 117.95355 –871.6013307853 
Notes: the presented geometries correspond to the bottom of the fitted PESs. Bond lengths are in Ångström; bond 

angle is in degrees.  

E0 is the ab initio energy at the equilibrium geometry. 

 

The impact of the size of the basis set on the equilibrium geometry of S2O at the CCSD(T) 

level can be seen from Table I. The explicitly-correlated F12x{x=a, b} methods give rather accurate 

results: the corresponding values lie between those provided by the largest ACV6Z basis set and those 

obtained by the extrapolation to the CBS limit. Below we will consider two variants of the 

extrapolation: when the CCSD(T)/ACV6Z energies are included or not in order to analyze how much 

the accuracy of the final vibrational levels can be improved. At this stage, one can see that the bottom 

of the CCSD(T)/CBS(TQ5Z) PES is a little bit lower than that of the CCSD(T)/CBS(TQ56Z) one. 
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Table II. Ab initio band origins (in cm-1) of 32S2
16O at the CCSDTQ (first line) and extrapolated FCI 

(second line) levels of the theory compared to the high-resolution measurements 

Band Exp. 
Exp. – Calc. 

ACVTZ ACVQZ ACV5Z ACV6Z F12a F12b CBS(TQ5Z) CBS(TQ56Z) 

ν2 380.310a 9.340 

9.975 
2.435 

3.022 
0.366 

0.940 

–0.213 

0.355 

–0.205 

0.364 

–0.340 

0.228 

–0.827 

–0.261 

–0.675 

–0.109 

ν3 679.136b 19.647 

22.147 
3.150 

5.426 
–0.169 

2.051 

–2.045 

0.155 

–2.679 

–0.483 

–2.715 

–0.517 

–2.054 

0.134 

–2.567 

–0.378 

2ν2 760.386a 18.721 

19.994 
4.901 

6.078 
0.775 

1.927 

–0.400 

0.741 

–0.386 

0.757 

–0.657 

0.485 

–1.607 

–0.470 

–1.307 

–0.171 

ν2+ν3 1056.936b 28.978 

32.134 
5.558 

8.441 
0.179 

2.993 

–2.280 

0.509 

–2.912 

–0.127 

–3.087 

–0.301 

–2.898 

–0.123 

–3.258 

–0.483 

ν1 1166.454c 24.470 

27.475 
7.419 

10.208 
0.670 

3.405 

–0.902 

1.814 

–1.401 

1.313 

–1.802 

0.910 

–3.281 

–0.576 

–2.511 

0.197 

Total RMS 
21.271 

23.568 

5.016 

7.085 

0.499 

2.423 

1.442 

0.922 

1.888 

0.732 

2.034 

0.543 

2.309 

0.362 

2.266 

0.302 
Notes: all our PESs included the following corrections: relativistic, DBOC, and high-order electronic correlations – up 

to the CCSDTQ level (first line) and up to the extrapolated FCI limit (second line). The details can be found in section 

II. The best result (in terms of rms) for each basis set is highlighted by bold font. 
aMartin-Drumel et al. [16]; 
bThorwirth et al. [17]; 
cLindenmayer et al. [15]. 

 

Table III. Impact of the corrections on the equilibrium geometry of 32S2
16O 

Level re(SS) re(SO) αe(Deg.) 

CCSD(T)/CBS(TQ56Z) 1.879298 1.452747 117.96005 

+Relativistic(ACVTZ-DK) 1.879657 1.453036 117.96619 

+DBOC(CCSD/VTZ) 1.879659 1.453043 117.96410 

+CCSDT/VTZ 1.879798 1.452479 117.89744 

+CCSDT(Q)/VTZ 1.884849 1.456234 117.86653 

+CCSDTQ/VDZ 1.883727 1.455242 117.86443 

+FCI(DTQ)/VDZ 1.884348 1.455670 117.85870 

Empiricala 1.88424(11) 1.45621(13) 117.876(4) 
Notes: presented geometries correspond to the bottom of the fitted PESs. Bond lengths are in Ångström; bond angle 

is in degrees.  
aObtained by Lindenmayer et al. [15] without accurate infrared data on the ν2 band. 

 

In the case of S2O the accuracy of the predicted band origins depends mainly on two factors: 

the basis set size and the order of the electronic excitations. Although both factors lead to the increase 

of the absolute value of the correlation energy, their contribution to the calculated band origins has 

opposite signs. According to Table II, “Exp.–Calc.” values gradually decrease when going from the 

“ACVTZ” to “ACV5Z” columns and then they change the sign at “ACV6Z” (see first lines in the 

mentioned columns). In other words, the completeness of the basis set size has a positive contribution 

to the predicted band origins. The completeness of the electronic correlations, on the contrary, results 

in diminishing of some energy values that becomes evident when comparing the results given in the 

first and second lines for each basis set size in Table II. 



8 

Particularly, we found that the PES constructed by combining the ACV5Z basis set size with 

the electronic correlations up to the CCSDTQ level provides rather accurate ab initio band origins of 

S2O (with the rms deviation of 0.50 cm-1). However, for the next ACV6Z basis set the CCSDTQ level 

is not enough to compensate the growth in band origins. The same is true for the explicitly-correlated 

F12x{x=a, b} methods as well as for two extrapolations with respect to the basis set size. To achieve 

a better agreement, the contributions from the higher-order electronic correlations have to be included 

in the cases of the bigger basis set sizes. Note that for molecules such as NH3 [35] or CH3 [37], the 

CCSDT(Q) level was enough for reaching an agreement within 1 cm-1 in band origins, even under 

the CBS limit since the contributions from the CCSDTQ and CCSDTQP levels were relatively small. 

Since the complete inclusion of the CCSDTQP level was not computationally feasible so far for S2O, 

we made the extrapolation to the FCI level as it was previously discussed in Section II. As a result, 

the band origins calculated from the CBS(TQ56Z) PES became the most accurate ones (rms deviation 

of 0.30 cm-1). Another CBS(TQ5Z) PES provides comparable results with rms deviation of 0.36 cm-

1 and turns out to be the best choice if the computationally cost ACV6Z basis set is not considered.  

 

Table IV. Impact of the corrections on the band origins of 32S2
16O 

Band 
+Rel. +DBOC +CCSDT +CCSDT(Q) +CCSDTQ +FCI(DTQ) Total 

V1 V2 V3 

0 1 0 –1.070 0.043 0.266 –4.971 1.289 –0.566 –5.009 

0 0 1 –2.044 0.018 0.071 –15.810 4.344 –2.189 –15.609 

0 2 0 –2.144 0.086 0.500 –9.903 2.530 –1.137 –10.068 

0 1 1 –3.109 0.061 0.314 –20.824 5.627 –2.775 –20.707 

0 3 0 –3.224 0.130 0.702 –14.798 3.726 –1.712 –15.176 

1 0 0 –3.478 0.019 3.501 –24.307 8.292 –2.708 –18.680 

0 0 2 –4.068 0.037 0.222 –32.103 8.897 –4.471 –31.486 

0 2 1 –4.180 0.104 0.525 –25.799 6.861 –3.366 –25.854 

0 4 0 –4.309 0.174 0.876 –19.661 4.879 –2.293 –20.333 

1 1 0 –4.549 0.061 3.711 –29.248 9.511 –3.283 –23.796 

0 1 2 –5.130 0.079 0.439 –37.153 10.168 –5.077 –36.674 

0 3 1 –5.256 0.148 0.705 –30.736 8.050 –3.961 –31.050 

1 0 1 –5.510 0.037 3.477 –40.070 12.520 –4.930 –34.476 

0 5 0 –5.400 0.220 1.024 –24.499 5.996 –2.879 –25.539 

1 2 0 –5.624 0.104 3.887 –34.140 10.677 –3.862 –28.957 

0 0 3 –6.073 0.054 0.453 –48.846 13.646 –6.841 –47.607 

0 2 2 –6.197 0.122 0.624 –42.165 11.391 –5.688 –41.912 

0 4 1 –6.337 0.193 0.857 –35.640 9.196 –4.562 –36.293 

1 1 1 –6.577 0.080 3.673 –45.068 13.745 –5.526 –39.673 

0 6 0 –6.497 0.266 1.147 –29.322 7.083 –3.472 –30.795 

1 3 0 –6.704 0.148 4.031 –38.985 11.792 –4.445 –34.162 

2 0 0 –6.923 0.037 7.321 –49.928 17.354 –5.545 –37.685 

0 1 3 –7.132 0.097 0.640 –53.928 14.902 –7.466 –52.886 

0 3 2 –7.269 0.166 0.779 –47.139 12.569 –6.303 –47.196 
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1 0 2 –7.522 0.056 3.532 –56.358 16.966 –7.254 –50.581 

0 5 1 –7.425 0.238 0.983 –40.513 10.302 –5.167 –41.582 

1 2 1 –7.648 0.123 3.836 –50.021 14.920 –6.125 –44.916 

0 7 0 –7.600 0.313 1.250 –34.145 8.150 –4.074 –36.106 

1 4 0 –7.789 0.193 4.145 –43.791 12.864 –5.031 –39.409 

0 0 4 –7.996 0.079 7.465 –59.664 18.578 –9.290 –50.827 

2 1 0 –8.061 0.072 0.759 –61.147 18.479 –6.129 –56.027 

0 2 3 –8.196 0.141 0.797 –58.971 16.111 –8.096 –58.214 

0 4 2 –8.347 0.211 0.907 –52.079 13.704 –6.923 –52.527 

1 1 2 –8.585 0.098 3.706 –61.400 18.188 –7.869 –55.863 

0 6 1 –8.518 0.285 1.083 –45.363 11.373 –5.779 –46.918 

1 3 1 –8.724 0.167 3.968 –54.930 16.046 –6.729 –50.203 

2 0 1 –8.945 0.055 7.208 –65.638 21.466 –7.801 –53.654 

0 8 0 –8.710 0.361 1.337 –38.992 9.214 –4.685 –41.476 

1 5 0 –8.879 0.239 4.233 –48.579 13.908 –5.624 –44.702 

0 1 4 –9.072 0.123 7.568 –68.785 19.815 –9.934 –60.285 

2 2 0 –9.116 0.115 0.916 –61.902 19.506 –6.711 –57.194 

0 3 3 –9.265 0.185 0.924 –63.977 17.274 –8.730 –63.589 

1 0 3 –9.515 0.074 3.662 –73.162 21.631 –9.677 –66.987 

0 5 2 –9.431 0.257 1.008 –56.987 14.799 –7.548 –57.902 

1 2 2 –9.652 0.141 3.848 –66.400 19.360 –8.489 –61.191 

0 7 1 –9.617 0.332 1.162 –50.195 12.413 –6.397 –52.301 

0 0 5 –9.805 0.211 4.070 –64.835 22.163 –10.296 –58.492 

1 4 1 –10.032 0.090 1.137 –78.484 18.638 –8.850 –77.500 

2 1 1 –10.012 0.097 7.356 –70.619 22.633 –8.407 –58.951 

0 9 0 –9.827 0.408 1.412 –43.901 10.303 –5.310 –46.916 
Notes: given values are the differences in the band origins (in cm-1) when the corresponding correction is taken into 

account. For example, the “DBOC” column means the difference in the band origins calculated at the 

[CCSD(T)/CBS(TQ56Z)+Relativistic+DBOC] and [CCSD(T)/CBS(TQ56Z)+Relativistic] levels of the theory. 

First 50 levels are presented. A total list up to 5000 cm-1 is given in Supplementary Materials. 

 

As it was expected, the corrections due to the high-order electronic correlations had the biggest 

contributions to the potential energies of S2O while the effect of DBOC was the smallest one (Tables 

III and IV). According to Table III, a good agreement was obtained for the equilibrium geometry 

after adding all the corrections. Moreover, we have estimated the pure ab initio rotational constants 

of the ground vibrational state by applying a novel approach [49] for deriving effective Hamiltonians 

directly from ab initio PESs without using perturbation theory. It led to the following values (in 

MHz): A0 = 41913.2435, B0 = 5060.6425, and C0 = 4508.0907 which agree within 2.2, –1.55, and –

0.93 MHz respectively with the recent empirical data from [16]. 

Among the three types of vibrational modes, the inclusion of the high-order electronic 

correlations was significant for all the vibrational bands involving the stretches (υ1 and υ3). Although 

this is a “usual” situation for the most of the molecules it should be mentioned that the corresponding 

contributions were extremely large even for the fundamentals, namely ≈15 cm-1 and ≈13 cm-1 for ν1 

and ν3, respectively. This means that CCSD(T) gives rather approximate results for molecules with a 

large number of electrons. Another interesting feature associated with the coupled cluster approaches 
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can be seen from the differences between the accurate and perturbative levels: both CCSD(T) and 

CCSDT(Q) overestimated the contribution of the correlation energy into the band origins of S2O. A 

similar result was already obtained for NH3 [35], for which the CCSDTQ-CCSDT(Q) difference was 

also of positive sign. 

The shifts due to the relativistic effects cannot be neglected as well. The minimal contributions 

were about of 1, 2, and 3 cm-1 for the ν2, ν3, and ν1 bands, respectively, and then they proportionally 

increased for overtones and combination bands. Finally, DBOC took the third place in terms of 

contributions: ≈0.02 cm-1 for ν3 and ν1, and ≈0.04 cm-1 for ν2. 

 

Table V. Ab initio band origins (in cm-1) for the 32S2
18O isotopologue compared to the available 

high-resolution measurements by Lindenmayer et al. [15] 

Band Exp. Calc. Exp. – Calc. 

ν3 677.322 677.702 –0.380 

ν1 1124.757 1124.561 0.196 
Note: the CBS(TQ56Z) PES was applied for variational calculations. 

 

Table VI. Band origins of the most abundant six isotopic species of S2O predicted from our final ab 

initio PES 

Band 32S2
16O 

(0.900117) 

32S34S16O 

(0.040273) 

34S32S16O 

(0.040273) 

32S33S16O 

(0.007107) 

33S32S16O 

(0.007107) 

32S2
18O 

(0.001850) 

V1 V2 V3 

0 1 0 380.419 377.765 377.6157 379.0675 378.986 369.237 

0 0 1 679.514 669.866 670.1701 674.5556 674.705 677.702 

0 2 0 760.557 755.247 754.9528 757.8537 757.693 738.223 

0 1 1 1057.419 1045.186 1045.356 1051.145 1051.221 1044.387 

0 3 0 1140.418 1132.452 1132.017 1136.363 1136.126 1106.959 

1 0 0 1166.257 1154.351 1166.051 1160.126 1166.152 1124.561 

0 0 2 1353.206 1334.008 1334.782 1343.34 1343.722 1349.586 

0 2 1 1435.049 1420.230 1420.268 1427.458 1427.464 1410.833 

0 4 0 1520.003 1509.378 1508.808 1514.594 1514.284 1475.439 

1 1 0 1543.952 1529.443 1540.923 1536.496 1542.402 1491.351 

0 1 2 1728.643 1706.928 1707.574 1717.496 1717.809 1713.794 

0 3 1 1812.410 1795.003 1794.912 1803.502 1803.438 1777.04 

1 0 1 1844.476 1823.090 1834.738 1833.474 1839.469 1801.069 

0 5 0 1899.307 1886.019 1885.326 1892.542 1892.165 1843.649 

1 2 0 1921.386 1904.274 1915.53 1912.605 1918.390 1857.924 

0 0 3 2021.159 1992.505 1993.941 2006.433 2007.144 2015.703 

0 2 2 2103.811 2079.577 2080.097 2091.381 2091.627 2077.77 

0 4 1 2189.503 2169.506 2169.29 2179.276 2179.145 2143.009 

1 1 1 2219.549 2195.634 2207.097 2207.259 2213.156 2165.123 

0 6 0 2278.318 2262.364 2261.564 2270.195 2269.761 2211.568 

1 3 0 2298.565 2278.851 2289.88 2288.46 2294.121 2224.28 

2 0 0 2316.368 2292.843 2315.949 2304.253 2316.151 2234.283 

0 1 3 2394.166 2363.061 2364.372 2378.192 2378.837 2377.489 

0 3 2 2478.715 2451.960 2452.357 2465.002 2465.182 2441.516 

1 0 2 2516.526 2485.780 2497.456 2500.714 2506.721 2471.501 
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0 5 1 2566.326 2543.737 2543.402 2554.78 2554.585 2508.731 

1 2 1 2594.364 2567.918 2579.197 2580.787 2586.585 2528.963 

0 7 0 2657.020 2638.390 2637.512 2647.536 2647.060 2579.159 

1 4 0 2675.490 2653.174 2663.976 2664.06 2669.598 2590.405 

0 0 4 2683.477 2645.454 2647.778 2663.935 2665.090 2676.115 

2 1 0 2691.393 2665.321 2688.106 2677.982 2689.706 2598.769 

0 2 3 2766.908 2733.350 2734.538 2749.686 2750.265 2739.049 

0 4 2 2853.358 2824.080 2824.357 2838.361 2838.477 2805.034 

1 1 2 2889.054 2855.849 2867.359 2871.991 2877.911 2832.964 

0 6 1 2942.872 2917.689 2917.242 2930.005 2929.750 2874.196 

1 3 1 2968.931 2939.952 2951.044 2954.064 2959.763 2892.595 

2 0 1 2993.534 2960.684 2983.441 2976.629 2988.346 2909.768 

0 8 0 3035.390 3014.068 3013.155 3024.536 3024.044 2946.367 

1 5 0 3052.153 3027.231 3037.816 3039.397 3044.817 2956.256 

0 1 4 3054.087 3013.679 3015.88 3033.332 3034.420 3035.522 

2 2 0 3066.207 3037.604 3060.026 3051.507 3063.033 2963.183 

0 3 3 3139.393 3103.379 3104.445 3120.921 3121.435 3100.385 

1 0 3 3182.414 3142.423 3154.216 3161.851 3167.917 3135.869 

0 5 2 3227.739 3195.937 3196.095 3211.457 3211.510 3168.319 

1 2 2 3261.329 3225.662 3237.006 3243.013 3248.845 3194.217 

0 7 1 3319.130 3291.348 3290.804 3304.94 3304.633 3239.384 

0 0 5 3340.292 3292.982 3296.461 3315.978 3317.707 3330.901 

1 4 1 3343.251 3311.740 3322.643 3327.096 3332.693 3271.173 

2 1 1 3365.765 3330.445 3352.962 3347.603 3359.194 3313.107 

0 9 0 3413.392 3389.351 3388.476 3401.157 3400.689 3321.725 
Notes: 

ZPE(32S2
16O) = 1122.814 cm-1 

ZPE(32S34S16O) = 1110.478 cm-1 

ZPE(34S32S16O) = 1116.608 cm-1 

ZPE(32S33S16O) = 1116.474 cm-1 

ZPE(33S32S16O) = 1119.625 cm-1 

ZPE(32S2
18O) = 1094.885 cm-1 

Abundances are given in brackets. The applied ab initio CBS(TQ56Z) PES included the contribution of the DBOC of the 

main isotopologue (32S2
16O) in all cases. The shift due to DBOC is small compared to other corrections (0.14 cm-1 in 

average in Table IV). The dependence of DBOC on isotopic masses was estimated as ~0.01 cm-1. 

The first 50 levels are presented. The complete list up to 5000 cm-1 is given in Supplementary Materials. 

 

Note that the abundance of the 34S isotope is about 4 % which is rather big when comparing, 

for example, with 13C (1 %) or 18O (0.2 %). The microwave spectra of 34S32S16O and 32S34S16O were 

observed in the early work by Tiemann et al. [11]. The rotational transitions of 32S2
18O were also 

recorded later by Lindenmayer [12] both in its ground and first vibrational (bending) state. Thorwith 

et al. [13] detected the rotational spectra of 33S32S16O and 32S33S16O for the first time. To our 

knowledge, the infrared spectra of the minor species were less studied. For example, Lindenmayer et 

al. [15] presented the empirical molecular parameters of the ν3 and ν1 bands of 32S2
18O. The 

corresponding band origins agree within 0.4 cm-1 with the calculated from the CBS(TQ56Z) ab initio 

PES (Table V).  
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Since the six above mentioned isotopologues give a considerable contribution to the 

absorption spectra of S2O in natural abundance, we have provided for the very first time in this work 

the whole set of accurate vibrational levels up to 5000 cm-1 for all these species. According to Table 

VI, when the central atom 32S is substituted by the heavier ones (34S and 33S) the frequency of the 

bending mode changes less than those of the two stretches. As expected, the substitution of the outer 

sulfur (oxygen) impacts mainly on the bending and the S–S (S–O) stretching modes. Note that the 

predicted origins of the ν2 and ν3 bands of 34S32S16O and 32S34S16O differ by 0.3 cm-1 while those of 

33S32S16O and 32S33S16O differ by only 0.2 cm-1. The abundancies of these two isotopologues being 

the same, their spectra can be more easily resolved by analyzing those bands where the υ1 mode is 

involved. 

 

IV. Conclusions 

In this work, 16 ab initio potential energy surfaces (PESs) of S2O were constructed and 

validated. For the first time, the agreement within 1 cm-1 was achieved for all band origins which 

were experimentally studied by high-resolution. As the best compromise (less demanding in terms of 

computational resources and accurate in terms of band origins), it was shown that an accurate ab 

initio PES can be obtained by making the calculations with the CCSD(T)/aug-cc-pCV5Z method and 

including the corrections from the quadruple level [CCSDTQ] of the electronic excitations. In the 

case of the complete basis set (CBS) limit, the CCSDTQ level becomes insufficient but the correlation 

energy can be further included by the extrapolation to the full configuration interaction (FCI) limit. 

It allowed to calculate the band origins of 32S2
16O and 32S2

18O with the error of 0.5 cm-1 by applying 

the CBS(TQ56Z) PES. Note that the CBS(TQ5Z) PES provided results within 0.1 cm-1 in terms of 

rms deviation. Similarly to the CBS limit, the accuracy of the extrapolated FCI limit can be increased 

if the correlation energies of higher orders of the excitation (particularly, CCSDTQP) will be included 

into the extrapolation functional. The achieved accuracy can be considered as one of the proofs of the 

validity of the advanced ab initio methods for molecules with a relatively large number of electrons. 

The band origins of the most abundant six isotopic species of S2O predicted from the validated 

ab initio PES can be applied as a good starting point for further high-resolution studies of these 

unstable species. 

 

Supplementary Material 

Supplementary Materials include the C++ code for the analytical models of the constructed the most 

accurate ab initio PESs; the ab initio points for the nuclear configurations considered in this work; 

the band origins of the six isotopic species predicted up to 5000 cm-1. 
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