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The global minimum of sixteen-electron triatomics is pre-
dicted to be linear by the Walsh rules.[1] Indeed, for molecules
containing first-row elements (for example CO2, N2O) this is
a well-established principle.[2] Regarding heavier elements,
though, the situation is often more complicated. First, the
bonding changes dramatically when going from the first to
second or higher rows in the periodic table; for example,
classical p bonds are not readily formed when heavy elements
are involved.[3] This substantial difference in bonding is
vividly demonstrated, for example, by the curious case of
HPSi, which was recently shown to possess a nonlinear
bridged structure.[4] Second, potential energy surfaces can
become very flat and complex, even for simple molecules, as
shown by the plethora of exotic structures that Si2H2

provides.[5] Thus, it is not surprising that exceptions to the
Walsh rules have been encountered in the case of heavy-
element compounds. As an example we mention the fourteen-
electron triatomic Si2S, for which the instability of Si�Si
p bonds leads to a singlet ring with C2v symmetry as the global
minimum.[6]

In line with the Walsh rules, quantum-chemical calcula-
tions predict that for the sixteen-electron triatomics EE’2 (E =

C, Si, Ge; E’= O, S), the linear form is the global minimum
but that non-linear isomers exist as local minima (Table 1).
These isomers appear to be cyclic; that is, stabilized by a bond
between the two chalcogen atoms. The energy difference
between linear and cyclic isomers decreases upon inclusion of
heavier elements, suggesting that doubly substituted species,
such as SiS2 and GeS2, possess cyclic forms that are
sufficiently stable to make them plausible candidates for
laboratory detection. However, there is presently no exper-
imental evidence for any of the cyclic isomers shown in

Table 1. With respect to SiS2, Davy and Holiday predicted an
energy difference of 18.2 kcal mol�1 between the linear and
cyclic form based on quantum-chemical calculations at the
CCSD/TZ2P level of theory.[7] Experimentally, however, only
the linear isomer has been comprehensively characterized by
Schnçckel and Kçppe by means of Raman spectroscopy.[8]

In the following, we present the first observation and
characterization of cyclic SiS2 as the result of a joint
theoretical and experimental effort. As SiS2 has a substantial
dipole moment (mb� 1.4 D), the method of choice for its
detection in the gas phase is rotational spectroscopy. To guide
such measurements, highly accurate theoretical predictions
are indispensable.[9] For SiS2, searches were based on quan-
tum-chemical calculations using state-of-the-art coupled-
cluster techniques[10] and additivity schemes[11] (see Exper-
imental and Theoretical Methods) to obtain a best estimate
structure and the corresponding rotational constants Ae, Be,
and Ce. The resulting rotational constants were further
augmented by computed vibrational corrections[12] so as to
provide the spectroscopically relevant constants A0, B0, and
C0 (B0 = Be + DBvib with DBvib as the zero-point vibrational
correction).

A search for SiS2 was undertaken using the discharge
products of H2S and SiH4 by means of Fourier transform
microwave spectroscopy using experimental conditions that
optimize lines of previously detected Si2S

[6] (see Experimental
and Theoretical Methods). With these settings, a � 0.5%
search in frequency was performed around the predicted
fundamental rotational transition J = 11,1–00,0 at 11 513 MHz
(A0 + C0). A candidate line only 3 MHz higher in frequency
than the prediction was found that possesses all the required
characteristics of SiS2: The line is discharge-dependent and
requires the presence of both silane and hydrogen sulfide,
indicating that the carrier is most likely composed of both
sulfur and silicon. There was no detectable Zeeman effect in
the presence of a strong permanent magnet mounted close to
the spectrometer (as expected for a closed-shell molecule),
and no additional fine or hyperfine structure was observed. In
total, nine rotational b-type transitions were assigned to cyclic
SiS2. To confirm line assignments, all of the measured
transitions were linked to one another using double-reso-

Table 1: Energy difference between the cyclic and linear form of EE’2 and
the geometrical parameters for the cyclic species.[a]

CO2 CS2 SiO2 SiS2 GeO2 GeS2

DE[b] 143.1 69.4 59.2 19.3 33.8 6.53
a(E’-E-E’)[b] 72.6 75.7 57.7 61.5 53.4 59.0
r(E’�E)[b] 1.3193 1.7330 1.6541 2.1188 1.7702 2.2038
r(E’�E’)[b] 1.5625 2.1265 1.5971 2.1681 1.5916 2.1712

[a] E = C,Si,Ge; E’= O,S. Energy difference DE [kcal mol�1] , angles a [8] ,
bond lengths r [�]. [b] CCSD(T)/cc-pVQZ level of theory.
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nance techniques.[13] Overwhelming evidence that the lines
arise from SiS2 and from no other molecule is provided by
detection of selected rotational transitions of the rare isotopic
species 29SiS2 and 28Si34S32S [despite the low natural abun-
dance of 29Si (4.7 %) and 34S (4.2 %)] at exactly the shifted
frequencies expected from the calculated molecular structure.
Sample rotational spectra of cyclic SiS2 are shown in Figure 1.

Spectroscopic constants for all of the isotopic species were
determined from a nonlinear least-squares analysis using
a standard asymmetric-top Hamiltonian (see the Supporting
Information for complete data sets). By a simultaneous fit of
three rotational constants, A, B, and C, and four quartic
centrifugal distortion constants, a root-mean-square (rms)
accuracy of better than 1 kHz could be achieved for the
parent isotopic species, which is well within the estimated
experimental uncertainty of 3 kHz. For the rare isotopo-
logues, only the three rotational constants were released in
the fit and the centrifugal distortion parameters were kept
fixed at their calculated values.

In Table 2 the experimentally determined rotational
constants as well as their theoretical predictions for all
isotopologues are given. The agreement between the theo-
retical predictions and the experimental values is very good,
to about 0.25% and better.

As the rotational constants are inversely proportional to
the moments of inertia about the three principal axes of the
molecule, rotational spectroscopy is an ideal technique for the
determination of the structural parameters. Determinations
of bond lengths to an accuracy on the order of 0.010 �[11a] by
a least-squares minimization of the structural data with
respect to the measured constants is normally possible. This
accuracy can be improved to better than 0.001 � if zero-point
vibrational corrections are taken into account.[11b] The
equilibrium geometry shown in Figure 2 was obtained in
a least-squares fit with respect to the experimental moments
of inertia after correcting for vibrational effects calculated

quantum-chemically. The statistical uncertainties are much
smaller than 0.0001 �/0.018, but the method is assumed to
have intrinsic uncertainties of about 0.0005 �.[9] The structure
determined in this fashion closely agrees with the purely
theoretical structure, which is assumed to have an accuracy of
better than 0.001 �.[14]

Two features play a key role in the stabilization of cyclic
SiS2. First, the tendency to form p bonds in the linear
arrangement compared to CO2 is diminished, primarily
because hybridization between the s and p orbitals of the
central atom E is not as pronounced.[3] The lack of hybrid-
ization allows for a smaller E’-E-E’ angle. Second, the
strength of the single bond between the chalcogen atoms,
the formation of which leads to the cyclic local minimum, is
greater for sulfur than for oxygen.

This effect is also seen in the Walsh diagram of SiS2, that is,
in the plot of the orbital energies as a function of the E’-E-E’
angle (Figure 3). Upon bending, the p orbitals, which are

Figure 1. Fourier transform microwave spectra of the fundamental
b-type rotational transition for the three isotopic species of SiS2

discussed in the text. The instrumental lineshape results from the
Doppler splitting of the Mach 2 supersonic molecular beam interacting
with the two traveling waves that compose the standing wave of the
confocal mode of the Fabry–P�rot cavity. Integration times were
approximately 15 s for the normal species and 2 and 5 min for Si34S32S
and 29SiS2, respectively.

Table 2: Rotational constants of 28Si32S32S, 29Si32S32S, and 28Si34S32S.[a]

Experiment Calculated[b]

28Si32S32S
A0 7876.6558(29) 7870.4
B0 6788.5884(13) 6804.5
C0 3639.88541(73) 3643.1

29Si32S32S
A0 7687.6208(22) 7681.4
B0 6788.7144(18) 6804.5
C0 3598.8984(12) 3602.2

28Si34S32S Experiment Calculated[b]

A0 7817.6872(20) 7811.7
B0 6577.9718(18) 6593.3
C0 3566.1760(13) 3569.4

[a] Values given in MHz. 1s uncertainties (in parentheses) are given in
units of the last significant digit. [b] For the level of theory, see
Experimental and Theoretical Methods.

Figure 2. Semiexperimental equilibrium structure (bond lengths in �,
angles in 8) of cyclic SiS2 as obtained from the experimental rotational
constants of SiS2 and its isotopologues corrected for zero-point
vibrational effects. Parameters obtained using coupled-cluster calcula-
tions (see Experimental and Theoretical Methods) are given in italics.
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degenerate in the linear form, split. The transition from the
linear to the cyclic form is accompanied by a change in orbital
occupation, which occurs at an angle of approximately 908.
The Walsh diagram thus indicates a high transition barrier
between the two isomers, which is essential for the kinetic
stabilization of the cyclic form. The diagram shows only subtle
deviations compared to CO2. The first important difference is
the extent to which the 11a1 orbital is lowered in energy upon
decrease of the E’-E-E’ angle. Furthermore, the 10a1 orbital is
destabilized with respect to the 3pu orbital of the linear form
in cyclic CO2 while being stabilized in SiS2. As the qualitative
sketch shows, both the 11a1 and the 10a1 orbital include
bonding interactions between the two sulfur atoms. Thus the
major difference between CO2 and SiS2 is the degree of
stabilization upon formation of the chalcogen–chalcogen
bond. The S�S bond is only slightly longer (ca. 2.156 �)
than a usual S�S single bond (ca. 2.055 � in case of H2S2

[15]),
which is a further indication for strong bonding interactions
between the sulfur atoms.

It is not surprising that the S�S single bond is a pivotal
feature in stabilizing cyclic SiS2. The S�S single bond is among
the most stable homonuclear single bonds in the periodic
table, which is one reason for unusual structures found in the
sulfur allotropes, including a large variety of Sn rings.[15, 16] SiS2

is an example of a class of sulfur compounds where this
variety might even be extended by substitution of one sulfur
atom with other second-row elements.[17] Apart from SiSn,
interesting examples include PSn, H2SiSn, and HPSn. The PSn

species are isoelectronic with the cations Sn
+, which have been

detected by means of mass spectrometry up to n = 56.[18]

Along the same lines, SiSn corresponds to the doubly charged
cations Sn

2+, which to our knowledge are yet unknown
experimentally. Compared to the homoatomic cations Sn

+

and Sn
2+ the substituted species are often polar and thus are

readily amenable to detection by rotational spectroscopy.
Generally, the relationship between electronic and geometric
structure in charged sulfur clusters might be studied in a more
comprehensive manner by means of the substituted species
ESn (E = second-row element).

Apart from its theoretical interest, cyclic SiS2 is also
a plausible astronomical molecule, especially in light of the
high abundance with which diatomic SiS is found in astro-
nomical sources, such as the prototypical late-type star IRC +

10216.[19] From spectroscopic constants derived from the
present work, the centimeter-wave spectrum of SiS2 can now
be predicted with sufficient accuracy so that astronomical
searches can be undertaken with confidence with large radio
telescopes, such as the Effelsberg 100 m or the Green Bank
Telescope.

In conclusion, the first characterization of cyclic SiS2

exemplifies the growing importance of theory in chemistry.
Quantum-chemical calculations were not only essential for
guiding the experiments: theoretical predictions on the
stability of the compound preceded and motivated the
experimental search. Furthermore, this study of SiS2 provides
a new perspective on the ubiquitous Walsh rules as it
demonstrates the experimental accessibility of non-linear
minima for sixteen-electron triatomics with heavy atoms.

Experimental and Theoretical Methods
Fourier transform microwave spectroscopy: All the measurements
presented herein were performed using the spectrometer described in
Ref. [20]. Cyclic SiS2 was formed in the throat of a nozzle by applying
a low-current dc discharge to a short gas pulse created by a fast
mechanical valve. The gas phase molecular beam was formed by
a mixture of silane (SiH4) and hydrogen sulfide (H2S) heavily diluted
(0.1%) in neon. To yield the strongest lines, the discharge potential
was 1.2 kV and the flow rate (at standard temperature and pressure)
was about 25 cm3 min�1 at the 6 Hz pulse rate of the nozzle with
a stagnation pressure behind the valve of 2.5 kTorr.

Quantum-chemical calculations were performed using the
CFOUR suite of programs.[21] The best-estimate structure for SiS2

was obtained at a level denoted as fc-CCSD(T)/cc-pV1Z + DT/cc-
pVTZ + DQ/cc-pVDZ+Dcore/cc-pCV5Z[11] with the frozen-core
CCSD(T) contribution extrapolated to the basis-set limit (indicated
by cc-pV1Z) and augmented by corrections for a full CC singles,
doubles, triples (CCSDT) treatment (using the cc-pVTZ basis), for
the effect of quadruple excitations at the CC singles, doubles, triples,
quadruples (CCSDTQ) level (using the cc-pVDZ basis), and for core-
valence correlation effects treated at the CCSD(T)/cc-pCV5Z level.
Vibrational corrections for the rotational constants were obtained at
the CCSD(T)/cc-pCVTZ level of theory using second-order vibra-
tional perturbation theory.[9]
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Figure 3. Angular dependence of orbital energies in SiS2. Unoccupied
orbitals are printed in italics. Important for the stabilization of cyclic
SiS2 are the 10a1 and 11a1 orbitals; the qualitative sketch demon-
strates bonding interactions between the sulfur atoms.
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